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FOREWORD

Since early 1990s, there has been an increasing demand for compact, integrated
and miniature products for use in our daily lives as well as for industrial appli-
cations. Consumer products that we use and interact with every day are not only
continuously getting smaller, but also are loaded with more integrated multi-
functionalities. Similar trends have also taken place in other devices such as
portable and distributed power generation devices (batteries, fuel cells, micro-
turbines), electronic cooling systems, medical devices (pace makers, catheters,
stents), sensors, etc. As a consequence, components for such devices and systems
also get smaller down to micro/meso-scales, with a near future expectation into
nano-scales. Micro-fabrication techniques for silicon materials have been well
established and utilized in manufacturing of micro-electronics devices. There
have been hundreds, if not thousands, of books written about semiconductors,
micro-electronics and related micro-fabrication processes. Hence, their adaptation
is apparent for systems such as Micro-Electromechanical-Systems (MEMS) for
use in aforementioned miniature devices and products. However, these techniques
are mostly limited to silicon as a starting material. When complex and integrated
products are required, for cost effective design and use of metallic components,
thus far, well-known macro-fabrication methods such as forming and machining
were adapted into micro/meso-scales mainly using intuition and experience.

In this work, a collection of esteemed authors from a broad range of back-
grounds and institutions worldwide has prepared, possibly one of the first exten-
sive books on micro-manufacturing processes for mainly non-silicon materials.
The main goal was to gather the experience, technological know-how and sci-
entific findings in a wide variety of topics and applications in a synergistic and
coherent book for the benefit of students, researchers, engineers, managers and

vii



viii FOREWORD

teachers who would start their investigations studies, preparations or careers with
a concise set of information.

The first chapter, written by Drs. M. Koç and T. Özel, summarizes the
recent developments and findings on micro-manufacturing, including the size
effects, applications, tooling, etc., reported in the literature with examples and
applications. In the second chapter, prepared by Dr. K. Teker, a summary of
well-known micro-fabrication methods for silicon materials is presented to allow
readers to compare them with the processes described in the rest of the book. The
third chapter, which is prepared by Drs. T. Makino and K. Dohda, describes the
issues in modeling and analysis for micro-manufacturing processes along with a
comparison of different modeling approaches. Drs. O. Karhade and T. Kurfess
present metrology, inspection and quality control aspects at micro-scales, and
describe alternative methods to do so. Dr. A. Bandyophadyay and his colleagues
discuss micro-layered manufacturing processes to be used for medical devices,
sensors, etc. made out of metals and plastics in Chapter 5. In Chapter 6, Dr. Wu
and Dr. Özel describe some of the micro-manufacturing processes based on laser
processing with several examples and discuss long and short pulsed laser-material
interactions. Micro Injection Molding process for polymers is presented by
Dr. Yao in Chapter 7 while Micro-mechanical Machining is introduced
in Chapter 8 by Dr. Özel and his associate. Dr. Koç prepared Chapter 9
with his colleague Dr. Mahabunphachai on micro-forming processes such
as micro-forging, micro-stamping, micro-hydroforming and size effects. Dr.
Rahman and his group cover in Chapter 10 micro-EDM processes including
descriptions of equipment development. Dr. Fu Gang explains the micro Metal
Injection Molding process in Chapter 11 with several examples of applications.

We would like to thank all of the authors who contributed to this book. We
also extend our thanks to Ms. Anita Lekhwani of John Wiley who assisted us in
all stages of preparing this book for the publication.

Muammer Koç and Tuǧrul Özel
June 2010
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Figure 1.4 Illustration of two types of scaling effects: “grain size effect” and “fea-
ture/specimen size effect.”
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Figure 5.3 Basic processing steps in layered manufacturing.



Figure 7.8 Steps involved in through-thickness embossing of discrete microparts.

(a) (b)

Figure 8.17 FEM simulation of micromilling: (a) AL2024-T6 aluminum and (b) AISI
4340 steel [8].

(a) (b)

Figure 8.18 Predicted temperature distributions (◦C) in the cutting zone during
micromilling: (a) AL2024-T6 aluminum and (b) AISI 4340 steel [8].
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CHAPTER 1

FUNDAMENTALS OF
MICRO-MANUFACTURING
MUAMMER KOÇ
Center for Precision Forming (CPF—National Science Foundation IUCRC), Virginia
Commonwealth University, Richmond, VA
Istanbul Sehir University, Turkey

TUĞRUL ÖZEL
Manufacturing Automation Research Laboratory, School of Engineering,
Industrial and Systems Engineering, Rutgers University, Piscataway, New Jersey

1.1 INTRODUCTION

During the last decade, there has been a continuing trend of compact, integrated
and smaller products such as (i) consumer electronics—cell phones, PDAs
(personal digital assistant), etc.; (ii) micro- and distributed power generators,
turbines, fuel cells, heat exchangers [1–4]; (iii) micro-components/features
for medical screening and diagnostic chips, controlled drug delivery and cell
therapy devices, biochemical sensors, Lab-on-chip systems, stents, etc. [5–8];
(iv) micro-aerial vehicles (MAV) and micro-robots [9–12]; and (v) sensor and
actuators [13,14] (Fig. 1.1). This trend requires miniaturization of components
from meso- to micro-levels. Currently, micro-electromechanical systems
(MEMS), mostly limited to silicon, are widely researched and used for
miniaturized systems and components using layered manufacturing techniques
such as etching, photolithography, and electrochemical deposition [15,16]. Such
techniques are heavily dependent on technologies and processes originally
developed for micro-electronics manufacturing. However, MEMS have some
limitations and drawbacks in terms of (i) material types (limited to silicon in
combination with sputtered and etched thin metallic coatings), (ii) component
geometries (limited to 2D and 2.5D), (iii) performance requirements (i.e., types
of mechanical motions that can be realized, durability, and strength), and

Micro-Manufacturing: Design and Manufacturing of Micro-Products, First Edition.
Edited by Muammer Koç and Tugrul Özel.
© 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.
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2 FUNDAMENTALS OF MICRO-MANUFACTURING

(a) (b)

(c)

Figure 1.1 (a) Micro-channel chemical reactor, components are manufactured by laser
micro-machining [20]; (b) pattern of concentric 127 μm channels of varying depth up to
125 μm cut into a brass workpiece; (c) SEM photograph of the front view of the 127 μm
diameter two-flute end mill [21].

(iv) cost (due to slow and sequential nature of processes that are not amenable
to mass production).

These issues lead the way for researchers to seek alternative ways of pro-
ducing 3D micro-components with desired durability, strength, surface finish,
and cost levels using metallic alloys and composites. Micro-machining processes
have been widely used and researched for this purpose [15–17]. For instance,
the laser micro-machining is used to fabricate micro-structures (channels, holes,
patterns) as small as 5 μm in plastics, metals, semiconductors, glasses, and
ceramics. Aspect ratios of 10:1 are claimed to be possible with this process.
As a result, micro-scale heat exchangers, micro-membranes, micro-chemical-
sensors and micro-scale molds can be fabricated with micro-machining. However,
these processes are not appropriate for high-volume-low-cost applications [18,19].
Figure 1.2 depicts representative parts and features manufactured using mechan-
ical micro-machining process.

As an alternative, micro-forming (micro-extrusion, micro-embossing, micro-
stamping, micro-forging, etc.) processes have been considered and researched
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(a) (b)

Figure 1.2 (a) lead frame (pitch 300 μm) blanks stamped for electronic connectors [19];
(b) Sample micro-extruded/forged parts.

as a prominent processing method because of their potential capabilities to
produce a large volume of components cost-effectively [19,22–25]. Examples
of micro-extruded parts are shown in Fig. 1.2. Micro-forming poses some
difficulties because of the size and frictional effects associated with material
forming processing. For micro-components in the ranges of interest (0.1–5 mm),
the surface area/volume ratio is large, and surface forces play important roles. As
the ratio of feature size to grain size becomes smaller, deformation characteristics
change abruptly with large variations in the response of material [26]. Thus, new
concepts are needed to extend forming processes to micro-levels. Early research
attempts indicate that micro-forming is feasible but fundamental understanding
of material, deformation, and tribological behavior in micro-/meso-scale is
necessary for successful industrialization of micro-forming [24,27].

The development of novel methods and use of alternative instruments for
accurate and cost-effective measurement of material properties are needed in
micro-forming process and tool and product design. As is well known, both
solids and fluids exhibit different properties at the micro-scopic scale. As the size
scale is reduced, surface and size effects begin to dominate material response and
behavior. Consequently, material properties obtained on regular scale specimens
are no longer valid for accurate analysis and further design. Mechanical, tribo-
logical, and deformation properties deviate from bulk values as the characteristic
size of the micro-components approaches the size scale of a micro-structure, such
as the grain size in polycrystalline materials [22,27]. The ultimate challenge and
the fundamental underlying barrier in the advancement of micro-forming pro-
cesses are to be able to characterize these properties at the micro-scale in an
accurate and reasonably cost-effective manner.

1.2 MICRO-FORMING (MICRO-SCALE DEFORMATION PROCESSES)

Micro-forming is defined as the production of metallic parts by forming with
at least two part dimensions in the submillimeter range [27]. When a forming
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process is scaled down from the conventional scale to the submillimeter range,
some aspects of the workpiece such as the micro-structure and the surface topol-
ogy, remain unchanged. This causes the ratio between the dimensions of the part
and parameters of the micro-structure or surface to change, and is commonly
referred to as the size effects .

The trend toward further miniaturization—in particular, in the field of elec-
tronics, consumer products, energy generation and storage, medical devices, and
micro-systems technology (MST)—will persist as long as consumers still seek
for compact devices with heavily integrated functions. Metal forming processes
are well known for their high production rate, minimized material waste, near-net-
shapes, excellent mechanical properties, and close tolerances. These advantages
make metal forming suitable for manufacturing of micro-features, especially
where a high-volume-low-cost production is desired [19,28]. However, the well-
established metal forming technology at the macro-scale cannot be simply applied
in the micro-levels due to the so-called “size effects” on the material behavior. At
the micro-level, the processes are characterized by only a few grains located in the
deformed area; thus, the material can no longer be considered as a homogeneous
continuum. Instead, the material flow is controlled by individual grains, that is,
by their size and orientation [29]. As a result, conventional material properties are
no longer valid for accurate analysis at this level. Furthermore, the deformation
mechanism changes abruptly with large variations in the response of material as
the ratio of grain size to the feature size decreases. Surface interaction and friction
force become more prominent as the ratio of the surface area to volume increases
[26,28]. These issues have been investigated to better understand, define, and
model the “size effects.” Additional size effects concerning the forming process
are forming forces, spring-back, friction, and scatter of the results.

A micro-forming system comprises five major elements: material, process,
tooling, machine/equipment, and product as illustrated in Fig. 1.3. The size effect
is a dominant factor in design, selection, operation, and maintenance of all these
elements. For example, a major problem in micro-forming lies in the design and
manufacturing of the tools (i.e., dies, inserts, and molds). Small and complex
geometries needed for the tools are difficult to achieve, especially when close
tolerances and good surface quality are desired. Special tool manufacturing tech-
niques are required to overcome these difficulties. Carefully selected tool material
and simple shaped/modular tools can help reduce the cost of tool making and the
degree of difficulty regarding the tool manufacturing, and increase tool life.

A vital challenge for micro-machine and equipment is the required precision
at a high-speed production. In general, positioning of the micro-parts during the
production process requires an accuracy of a few micrometers to submicrometers
depending on the part type and ultimate use. In addition, as the part size is
extremely small and the part weight is too low, handling and holding of micro-
parts becomes very difficult due to adhesive forces (van der Waals, electrostatic,
and surface tension). Therefore, special handling and work holding equipment
need to be developed to overcome these difficulties in placing, positioning, and
assembling the micro-parts. Also, clearance or backlash, between a die and a
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 Tooling
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Figure 1.3 Micro-forming system.

punch that could be negligible at the conventional scale, can be a problem when
the total required stroke to form the micro-part and clearance lies in the range
of a few hundred micrometers [27]. Another challenge concerns the accurate
measurement, inspection, and monitoring system of the process and dimensional
parameters during and after the forming process. Automation systems for the
micro-manufacturing are another issue that will eventually need to be studied
and improved for the high-volume-low-cost production process.

1.2.1 Size Effects in Micro-forming Processes

For the accurate analysis and design of micro-forming processes, proper modeling
of the material behavior at the micro-/meso-scale is necessary by considering the
size effects. Two size effects are known to exist in metallic materials. One is
the “grain size” effect and the other is the “feature/specimen size” effect (see
Figure 1.4). The former is generally represented by the Hall–Petch law, which
states that the material strengthens as the grain size decreases. The latter is
observed when the miniaturization of the part occurs resulting in the decrease
of the flow stress. Although the first studies on “feature/specimen size” effect
were as early as the 1960s, up until now, no models quantitatively describe
the phenomena. In order to implement the miniaturization effect into simulation
tools, a quantitative description of the phenomena is necessary. In this chapter, an
attempt has been made to quantify the size effect on the flow stress by considering
the fundamental properties of single and polycrystal plasticity.
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Grain size scaling Feature/specimen size scaling
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Figure 1.4 Illustration of two types of scaling effects: “grain size effect” and “fea-
ture/specimen size effect.” (A full color version of this figure appears in the color plate
section.)

According to Armstrong [30] and Kim et al. [31], the size effects can be inves-
tigated under two categories—the “grain size effect” and the “feature/specimen
size effect.” The “grain size effect” has been known to follow the Hall–Petch
equation [32,33]. This effect purely depends on the average size of the material
grains and is the dominant effect on the material response at the macro-levels.
However, as the feature/specimen size reduces to the micro-scales, the “fea-
ture/specimen size effect” has also been reported to have considerable impact on
the material response, and thus manufacturability.

Depending on the material testing methods or metal forming processes, the
“feature/specimen size effect” could be further divided into two distinctive
effects: the “feature size effect” and the “specimen size effect.” In general,
the “specimen size” can be referred to as the diameter of a billet (rod) or
the thickness of a blank (sheet) to be tested or formed, while the “feature
size” could be regarded as the smallest feature (channels, radii, protrusions,
etc.) on the final part that these specimens will be formed into. For example,
in an extrusion process of micro-pins, the specimen size would be the initial
diameter of the rod/billet, while the feature size would be the diameter of the
reduced section. In the case of micro-channels formed on an initially flat thin
sheet blank, specimen size will be regarded as the thickness of the blank, while
micro-channels will be the feature of interest and their dimensions (i.e., width
and height) will represent the feature size. Similarly, in a bulge test of thin sheet
blank, the specimen size will be the blank thickness, while the feature size will
be the bulge diameter. With this distinction between the specimen size and the
feature size effects, it is obvious that a tensile test could be used only to study
the effect of the specimen size but not the feature size on the material behavior.

Even though these size effects can be distinguished based on the above dis-
cussion, as the grain, specimen, and feature sizes get smaller and smaller into
the micro-scales, their effects are coupled, and therefore should be considered
together. Koç and Mahabunphachai [34] proposed the use of two characteristic
parameters N and M to couple and represent these interactive effects, where
N is defined as the ratio between the specimen and the grain sizes, and M is
the ratio between the feature and the specimen sizes. By defining N and M , all
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TABLE 1.1 Type of Size Effects and Characteristic Parameters

Size Effects

Grain Size Specimen Size Feature Size

Tensile test d t0, D0 —
Bulge test d t0 Dc

Stamping process d t0 Dc

Extrusion process d D0 Dc

Characteristic parameter N = t0/d or D0/d M = Dc/t0 or Dc/D0

combinations of the interactive effects, that is, grain-to-specimen, specimen-to-
feature, and grain-to-feature sizes, can be represented and quantified using N,
M , and N × M , respectively. A summary of different types of size effects and
their corresponding characteristic parameters is presented in Table 1.1, where d
is material grain size, t0 the specimen thickness, D0 the specimen diameter, and
Dc the die cavity.

The “specimen size effect” (t0 or D0) on the material flow curve as a measure
of material response was observed in various tensile test conditions for a variety
of materials such as CuAl alloy [35], CuNi18Zn20, CuZn15 [36], CuZn36 [37],
and aluminum [38,39]. While the grain size shows a strong effect on the material
response at all length scales (i.e., from macro- to micro-scale), it is not until the
N value is around 10–15 that the “specimen size effect” starts to influence the
material response [31,38,40]. In general, the tensile test results showed a decreas-
ing trend of the flow stress with the decreasing specimen size (i.e., decreasing N
value) as illustrated in Fig. 1.5a and 1.5b. Similar observations were reported in
upsetting tests of copper, CuZn15, and CuSn6 [19] as illustrated in Fig. 1.5c, and
in bulging test of CuZn36 [37] as illustrated in Fig. 1.5d. This trend of decreasing
flow stress with decreasing N value was rather consistent based on the results
of various studies. However, as N is reduced close to a range of 2–4, several
researchers had reported an increase in the flow stress as N is decreased further.
For instance, the tensile test results of 99.999% Al rods by Hansen [38] showed
an increase in the flow stress as N decreases from 3.9 to 3.2 (Fig. 1.5a). Similar
results were also observed in micro-/meso-scale hydraulic bulge testing of thin
CuZn36 blanks [37], where the flow stress was found to increase as N value
decreases from 5 to 3.3 (d = 60 μm, t0 reduced from 0.3 to 0.2 mm) as shown
in Fig. 1.5. An increase in the flow stress was also observed as N is reduced
close to 1 (single crystal deformation) as reported in bending tests of CuZn15
and aluminum 99.0–99.5% [36,39]. Nevertheless, in the tensile test results of
CuNi18Zn20 specimens by Kals and Eckstein [36], a continuous decrease in
the flow stress was reported as N decreased from 25 to 2.5 (i.e., d = 40 μm,
t0 = 1.0, 0.5, and 0.1 mm) as shown in Fig. 1.5b. A summary of the effect of N
on the flow stress based on the findings reported in the literature is presented in
Fig. 1.6.
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Figure 1.6 Grain versus specimen size effect on the flow stress as a function of N .

In contrast, studies on the “feature size effect” are only few and quite recent.
In a study by Michel and Picart [37], thin blanks of CuZn36 with initial thickness
of 0.25 mm were bulged using two different bulge diameters of 20 and 50 mm,
corresponding to M = 80 and 200, respectively. They observed a decrease in
the material flow stress when smaller bulge diameter was used. Their results
revealed the effect of the feature size on the material response. Unfortunately,
no discussion or explanation for this phenomenon was provided in their publi-
cation regarding the feature size effect (i.e., bulge diameter). A comprehensive
understanding of the feature size effect (Dc or M ) is still lacking and requires
further investigations, both qualitatively and quantitatively, due to an impressing
fact that micro-/meso-scale channel or feature arrays on a large surface area are
increasingly used and needed for a wide range of end products for enhanced
heat/mass transfer purposes.

1.2.2 Numerical Modeling of Micro-scale Deformation

Finite element analysis (FEA) is an important and respected research tool used
to support, and in some cases, explain the results obtained from the experiment
or derived from traditional approaches of theory. As with any tool, its effective-
ness depends heavily on the skill and dedication of the researcher who guides
its use. This is especially true in micro-forming research where properties of
material differ from conventional scale, and the ambiguous characterization of
the deformation mechanism and surface interaction is not fully understood. Since
the length scale of the micro-forming processes is in the range of a few hundred
micrometers, which is between the macro-scale (millimeter) and the molecu-
lar scale (angstrom), both continuum mechanics and molecular dynamics (MD)
simulations appear to be legitimate candidates.
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MD deals with simulating the motion of molecules to understand the physical
phenomena that derive from dynamics molecular interactions. The goal of MD
simulations is to understand and to predict macro-scopic phenomena from the
properties of individual molecules making up the system. With continuing
advances in the methodology and the speed of computers, MD studies are being
extended to larger systems, greater conformational changes, and longer time
scales. The results available today make it clear that the applications of MD
will play an even more important role in the future [41].

On the other hand, in continuum mechanics, material and structural properties
are assumed to be homogeneous throughout the entire structure for a simplifying
approximation of physical quantities such as energy and momentum. Differen-
tial equations are employed in solving problems in continuum mechanics. Some
of these differential equations are specific to the materials being investigated,
and are called constitutive equations, while others capture fundamental physical
laws such as conservation of mass or conservation of momentum. The physi-
cal laws of solids and fluids do not depend on the coordinate system in which
they are observed. Despite the fact that continuum mechanics completely ignores
the heterogeneity in a structure, the continuum mechanics simulation has been
successfully used in a wide range of application in many research fields. Con-
tinuum mechanics was originally intended to model the behavior of structural
components, with dimensions of order 0.1–100 m or so. To apply the continuum
mechanics in micro-scale analysis, the issue we need to address is the actual fact
that the material is highly inhomogeneous at this micro-level, and that as a result
the stress and strain fields are nowhere being near uniform and homogeneous.

The obvious advantage of the MD simulation over the continuum mechanics
simulation is that it gives a route to dynamical properties of the system: transport
coefficients, time-dependent responses to perturbations, rheological properties,
and spectra. The predictions are “exact” in the sense that they can be made as
accurate as we like, subject to the limitation imposed by the computer budget [42].
However, since MD simulations start at the scale of an atom and the time on the
order of femtoseconds, running simulations to large size and times is prohibitive.
In fact, in terms of computing power, there is a competition between the time and
size scales as illustrated in Fig. 1.7 [43]. Note that nonlocal continuum mechanics
theories involve adding strain gradients or dislocation density evolution equations
that include a spatial length scale.

Figure 1.7 shows that as the simulation time (inversely related to the applied
strain rate) increases, the computational power is the main constraint that limits
the size of the block material. Similarly, as the block size increases, the compu-
tational times require fairly large applied strain rates (i.e., short simulation time).
Strain rates lower than the order of 106 s−1 are not feasible at this time in atom-
istic simulations. For example, a 10-nm cubic domain of a metal can be simulated
only for times less than around 10−10 s, even on very large parallel machines
[43]. This computational limitation is the major factor that prevents the extensive
use of MD simulations in an analysis of structures larger than nanometer scale.
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Figure 1.7 Schematic of strain rate and spatial size scale effects on computing and the
regions where local and nonlocal continuum theories are applicable [43].

1.3 MICRO-MACHINING FOR DISCRETE PART
MICRO-MANUFACTURING

There is a growing need for fast, direct, and mass manufacturing of minia-
turized functional products from metals, polymers, composites, and ceramics.
The demand for miniaturized meso-(1–10 mm)/micro-(1–1000 μm) devices with
high aspect ratios and superior surfaces has been rapidly increasing in aerospace,
automotive, biomedical, optical, military, and micro-electronics packaging indus-
tries [44,45].

In the last two to three decades, the micro-manufacturing processes such as wet
etching, plasma etching, ultrasonic, and LIGA (German acronym for lithography,
electroplating, and molding), which are a result of the explosion of activities in
MEMS, have been developed and widely used for manufacturing micro-parts
[44,46]. However, most of these methods are slow, and limited to a few silicon-
based materials [46]. Also, the MEMS-based methods are typically planar; that
is, 2.5D processes that are not capable of fabricating many of the miniature parts
that consist of true three-dimensional (3D) features, for example a micro-mold for
a plastic injection of micro-parts [46]. Moreover, a majority of these processes
require a high setup time and cost, hence they are not economical for small batch
size production. In short, the limitations of the MEMS-based methods in terms
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of material choices, part dimensions, and production sizes make these processes
unsuitable for manufacturing of many complex miniature parts.

Since the MEMS-based methods are not capable of meeting every demand,
other alternative processes such as mechanical micro-machining (e.g., micro-
milling) combined with numerical control (NC) machine tool technology
[47–49]—micro-electro-discharge machining (Micro-EDM), laser beam micro-
machining (LBM), and focused ion beam (FIB) machining —offer alternative
fabrication methods [50] to bridge the gap between meso- and micro-scale
direct manufacturing of discrete parts or dies and molds for micro-forming
micro-injection-molding-type massmanufacturing micro-parts (Fig. 1.8).

Mechanical micro-machining (or tool-based micro-machining) as scaled down
versions of turning, milling, and drilling is rapidly gaining momentum in indus-
trial applications because of its viability to directly produce miniature 3D func-
tional parts from a wide range of materials with high precision [48,52–54].

LBM is another alternative to produce features in micron sizes using long
(nanosecond ) and short (femtosecond ) pulsed lasers as shown in Figure 1.9 on
transparent/translucent, nonconductive, and elastic polymers (acrylic, polycar-
bonate, PEEK (polyetheretherketone), PMMA (polymethylmethacrylate), PDMS
(polydimethylsiloxane), elastomers, and others) and difficult-to-process materials
(hard metals, ceramics, diamond, and glass) for a variety of applications ranging
from biosensors to micro-fluidic devices, solar-cell surfaces (see Figure 1.10),
metallic medical devices (coronary stents) to optical and photonic devices.

A

Metal
master

Si
master

µ-Milling

µ-Milling Conventional
tool making

Mold
fabrication

µEDM

Mold insert
(micro)

Injection molding

Polymer materials

Micro-fluidic system
Polymer

Large volume

Laser machining
µ-Milling

Electroforming

Polymer
master µGrinding

B

Figure 1.8 Micro-machining processes for micro-injection molding [51].
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(a) (b) (c)

Figure 1.9 Pulsed laser beam micro-machining: (a) Holes drilled with a Ti sapphire
system (120 femtoseconds) in air and (middle) in vacuum. (b) A hole drilled by an Nd:
YAG laser (λ = 1.06 μm; pulse width = 100 ns, P = 50 mW, 2 kHz). Source: All images
were taken from the entry side of the Kovar foil. (Courtesy of Sandia Manufacturing
Science and Technology Center, http://mfg.sandia.gov).

(a) (b)

1 mm1 mm

70 µm

Figure 1.10 (a) Design of multifunctional solar cell surfaces and (b) surface texturing
with laser scribing [45,50].

Micro-manufacturing processes have different material capabilities and
machining performance specifications. Machining performance specifications
of interest include minimum feature size, feature tolerance, feature location
accuracy, surface finish, and material removal rate (Table 1.2). Mechanical
micro-machining utilizes miniature cutting tools, ultra-high-speed spindles and
high precision machine tools. However, there exist some technological barriers.
These can be on the size of the cutting tool; for instance, the diameter of small
production micro-drills is about 25 μm, and the diameter of micro-milling
tools is about 20 μm [17,48,52,53,55–57]. It can have limitations on feature
tolerance with error compensation between 250 and 500 nm, or on the flat and
round surface produces; for example, roughness of micro-drilled hole walls
is about 10–50 nm and roughness of diamond machined surfaces is about
5 nm [17,48,52,53,55–60]. These limitations are a result of several factors
such as lack of technologies to fabricate viable and economical smaller cutting
tools, accuracy and repeatability of machine tool drives, tool deflections and
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vibrations (especially in micro-milling process), size effect, and minimum chip
thickness requirements in mechanical micro-machining processes, which is
always a problem in ductile- and coarse-grained polycrystalline micro-structure
metals [48,53,59,61].

There is also a growing need in parallel for high precision and accuracy
metrology instruments. Capability of metrology instruments can be summarized
as resolution limit of many optical instruments is about 1 μm, of scanning elec-
tron micro-scopes is about 1–2 nm, of laser interferometers is about 1 nm, and
of scanning probe micro-scopy is about 0.1 nm [45,50].

However; despite its benefits, scaling down the mechanical machining process
from the macro- to micro-scale is not as easy as it sounds. Many factors that
can be neglected in macro-scale machining suddenly become significant in micro-
scale machining; for example, material structure, vibration, and thermal expansion
[52–54,60]. As a result, the application of micro-mechanical machining process
is still limited. Many technological obstacles need to be resolved, and many
physical phenomena need to be well understood. In this chapter, a brief review
of micro-mechanical machining is presented.

1.3.1 Size Effects in Micro-machining Processes

Despite its success in manufacturing macro-scale parts, scaling down the mechan-
ical machining process into micro-scale production encounters several difficul-
ties(see example of micro-parts in Figure 1.11). It is important to note that as
the mechanical machining is scaled down, many physical and mechanical proper-
ties of material removal process, which are less pronounced in macro-mechanical
machining, play very important roles in micro-mechanical machining. As a result,
there are some specific issues that occur only in mechanical machining at micro-
scale; for example, size effect and minimum uncut chip thickness.

The term size effect in metal cutting (chip formation) processes is often
referred to as nonlinear increase in the specific cutting energy with decreasing
undeformed chip thickness. Vollertsen et al. [62] presented a decreasing trend
in shearing energy per unit volume for machining processes with data for SAE
1112 steel from Taniguchi et al. [63] and tensile tests from Backer [64] as shown
in Fig. 1.12.

Given that flow stress, in most metals, increases as strain rate increases, the
strain rate sensitivity of flow stress also increases rapidly in the range applicable
to machining type processes (>104 s−1); therefore, specific cutting pressure could
increase as undeformed chip thickness decreases.

Performance of mechanical micro-machining processes is influenced by work
material micro-structure; for example, anisotropy, crystalline orientation, grain
size, and boundaries [65–67]. Most commonly used engineering materials such
as steel and aluminum have the length of crystalline grain size between 100 nm
and 100 μm, which is comparable to the size of micro-feature. Therefore, in
micro-mechanical machining, shearing takes place inside the individual grain
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TABLE 1.2 Fundamental Principle, Capabilities, and Performance Specifications
of Micro-manufacturing Processes

Process Principle Minimum Tolerance Production Materials
Feature Size Rates

Micro-extrusion Plastic
deformation
by force

50 μm 5 μm High/mass
Fair
accuracy

Ductile
metals

Micro-molding/
casting

Melting and
solidifica-
tion by
heat

25–50 μm 5 μm High/mass
Fair
accuracy

Polymers/
metals

Mechanical
micro-
machining

Chip
formation
by force

10 μm 1 μm High MRR
High
accuracy

Metals/
polymers/
ceramics

Micro-EDM Melting/
breakdown

10 μm 1 μm High MRR
High
accuracy

Conductive
materials

Excimer laser Ablation by
laser beam

6 μm 0.1–1 μm Low MRR
High
accuracy

Polymers/
ceramics

Short-pulse laser Ablation by
laser beam

1 μm 0.5 μm Low MRR
High
accuracy

Almost any

Focused ion
beam

Sputtering by
ion beam

100 nm 10 nm Very low
MRR
High
accuracy

Tool—steels,
nonferrous,
plastics

Figure 1.11 Meso-scale stepper motor (10 mm × 10 mm × 5 mm) machined by Micro-
EDM process. Source: Courtesy of Sandia Manufacturing Science and Technology Center.
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Figure 1.12 Increasing shear stress during material separation for decreasing unde-
formed chip thickness in several micro-manufacturing processes [62].

instead of along the grain boundary as in macro-mechanical machining. Char-
acteristic dimesions of crystals (grains) on polycrystalline metarials, and phases
on multiphase materials, are commensurate with the tool dimensions and uncut
chip thickness values. Both elastic and plastic behavior of individual crystals
are anisotropic, and therefore the cutting action experiences different mechanical
properties when passing through different grains [56,66–68]. Thus, machining
force magnitudes, rake face friction, and elastic recovery will vary during the
process. In summary, micro-structure of work material plays an important role
in mechanical micro-machining.

As an example, the size effect is demonstrated with measured specific forces
in flat end milling process using miniature end mills with decreasing feed per
tooth, and hence undeformed chip thickness in Fig. 1.13. As it can be seen, the
undeformed chip thickness values less than 1 μm create a nonlinear increase in
specific cutting forces measured [60].

In micro-mechanical machining, owing to limited strength of the edge of the
micro-cutting-tool, the uncut chip thickness is constrained to be comparable or
even less than the size of the tool edge, and as a result a chip will not be generated.
The chips will be generated, and material removal will be achieved only when
the uncut chip thickness reaches a critical value, the so-called minimum chip
thickness [69]. Minimum (or critical) uncut chip thickness is considered to be a
measure of the highest attainable accuracy [70,71]. No chip is produced with a
chip thickness less than a critical value, and the entire material is forced under
the cutting tool and deformed. Especially, in micro-milling, the elastic portion of
the deformation recovers after the tool passes [52,72,73].
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Figure 1.13 Size effect on the forces acting on the flat end milling tool during full
immersion milling: (a) effect of reduction in feed per tooth on feed force; (b) effect of
reduction in feed per tooth on normal force (two-flute end mill, 30 helix angle, N = 6000
rpm) [60].

The minimum chip thickness requirement significantly affects machining pro-
cess performance in terms of cutting forces, tool wear, surface finish, process
stability, etc. [55,72,73]. Hence, knowledge of the minimum chip thickness is
important for the selection of appropriate machining conditions. In order to
estimate the normalized minimum chip thickness, researchers have resorted to
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Ø5 µm
Ø4 µm 

(a)

(b)

Figure 1.14 (a) Cutting edge of a tungsten carbide (WC) micro-end-mill under SEM
indicating a large cutting edge and corner radius [59]; (b) 500 μm diameter micro-end-mill
and edge radius [76].

experimentation [72,73], MD simulations [74], and micro-structure-level force
models [56], as well as to analytical slip-line plasticity-based models [75].

The minimum chip thickness is considered to be related to the resistivity of
the material against plastic deformation, such as indentation hardness. It is found
to be strongly dependent on the ratio of chip thickness to cutting edge radius and
on the workpiece material/tool combination. Some images depicting tool edge
radius are given in Fig. 1.14 as examples. It was seen to be between 5% and
38% of the edge radius for different materials [75].

Numerical models have been created for micro-machining of single crystalline
materials (copper and aluminum) and polycrystalline materials (aluminum
alloys, cast iron, and steels) with an aim to understanding of deformations
including micro-structure and grain size effects and the influence of tool edge
radius on micro-milling [56,60,74,76–78]. Micro-machining-induced plastic
deformation, white layer formation, subsurface alteration, and residual stresses
on the fabricated materials are analyzed through the FEM (finite element
method)-based process simulations. Furthermore, by using FEM-based process
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(a) (b)

Figure 1.15 FEM simulation of micro-milling: (a) AL2024-T6 aluminum and (b) AISI
4340 steel [60].

simulations, micro-end-mill tool geometry and machining parameters can be
investigated (Fig. 1.15) [60].
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31. Kim G, Koç M, Ni J. Modeling of the size effects on the behavior of metals in
micro-scale deformation processes. J Manuf Sci Eng 2007;129:470–476.

32. Hall EO. Deformation and ageing of mild steel. Phys Soc Proc 1951;64(B381):
747–753.

33. Petch NJ. Cleavage strength of polycrystals. J Iron Steel Inst 1953;174:25–28.
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CHAPTER 2

MICRO-FABRICATION PROCESSES
IN SEMICONDUCTOR INDUSTRY
KASIF TEKER
Department of Physics & Engineering, Frostburg State University, Frostburg,
Maryland

2.1 INTRODUCTION

The electronics industry has been growing rapidly in the past several decades.
This growth has been driven by new developments in integrated circuit (ICs).
Silicon has been the most popular material to build ICs. The micro-fabrication
techniques used for IC fabrication have also been used to fabricate a variety of
structures such as thin film devices and circuits, micro-magnetics, optical devices,
micro-mechanical structures, and micro-electromechanical systems (MEMS). In
some applications, these devices and structures have been integrated into chips
containing electronic circuits.

This chapter discusses the common micro-fabrication techniques used for
both ICs and micro-machines. The first part introduces the crystal structure
of Si, crystal growth, wafer production, oxidation of silicon, and other semi-
conductor substrates (SiC and GaAs). Next, chemical vapor deposition (CVD)
is introduced. In this technique, source gases are introduced into a reactor to
form a desired film on the surface of a wafer. Furthermore, thin film depo-
sition techniques based on the physical process are discussed (sputtering and
evaporation). Later, lithography, the technique used to transfer patterns onto a
substrate surface using a photosensitive material (photoresist, PR) is discussed.
Finally, subtractive pattern transfer techniques, dry etching and wet etching,
are presented.
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2.2 SEMICONDUCTOR SUBSTRATES

2.2.1 Silicon

Silicon has been the most important semiconductor material for the electronics
industry and is likely to retain this position in the foreseeable future. Silicon
comprises about 26% of the earth’s crust.

Solids exist in crystalline and amorphous forms. In crystalline solids, atoms
are arranged in a periodic array over large atomic distances, that is, a long-range
order exists. This long-range atomic order is absent for amorphous materials.
Crystalline materials can be classified as single crystals and polycrystals. If the
periodic arrangement is perfect and extends throughout the entire solid, it is
called a single crystal. However, if the solid is composed of many small crystals
or grains, it is named polycrystalline material. The silicon starting materials for
ICs have the single-crystal form.

Crystals are described by their most basic structural element, which is called
unit cell. The unit cell represents the symmetry of the crystal structure in which
all the atomic positions in the crystals may be generated by translations of the
unit cell integral distances along each of its edges. In crystalline materials, it
is very convenient to describe directions and planes. Labeling conventions have
been established in which three indices or integers are used to designate planes
and directions. Crystal planes are described by Miller indices as (hkl). Any two
planes parallel to each other are equivalent and have identical indices. The Miller
indices are determined as follows:

1. The intercepts of a plane are expressed as integral multiples of the lattice
parameters a, b, and c.

2. The reciprocals of the three integers found in step 1 are taken.
3. These three numbers are changed to the set of smallest integers by division

or multiplication using a common factor.

Similarly, the crystallographic directions are expressed as three integers in a
bracket [uvw]. For cubic crystals, the direction [hkl] is perpendicular to a plane
with the same there integers (hkl). If either a direction or a plane is known, its
perpendicular counterpart can readily be determined.

Silicon has a diamond-cubic crystal structure, a structure that can be thought of
as two interlocking face-centered cubic lattices. The three-dimensional exhibit of
a Si crystal structure is shown in Fig. 2.1. Each atom has four nearest neighbors,
which determine the electronic structure of silicon. Si is a group IV element and
has four valence electrons. Each of these four electrons is shared with one of its
four nearest neighbor atoms by forming a covalent bond for each shared electron
pair. Since all valence electrons in a Si crystal are involved in bonding, no free
electrons are available for the conduction of electrical current. However, these
covalently bonded electrons can be excited (thermally or optically), and thus
can be made available as free electrons for electrical conduction. A common
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Figure 2.1 Silicon unit cell (diamond-cubic crystal structure).

method of changing the electrical conductivity of a semiconductor is introducing
electrically active impurities into it by a method named doping . Group V ele-
ments are used as substitutional donors (n-type), while group III elements are
used as acceptors (p-type). Upon incorporation into the Si crystal, donors give
up an electron, whereas acceptors receive an electron. Both positive (holes) and
negative charge (electrons) carriers contribute to the electrical conductivity. Fab-
rication of ICs and micro-machines requires a method for n- or p-type doping
of the semiconductor substrate, usually in selective regions of the substrate. Two
common doping methods are diffusion and ion implantation.

2.2.2 The Manufacture of Silicon Wafer

The fabrication of ICs takes place on silicon substrates having very high crystal
quality. The importance of using single-crystal material for the transistor regions
of ICs was reported by Teal in 1949 [1]. He stated that defects at the grain
boundaries of the polycrystalline material reduce the performance of the devices
dramatically. Therefore, it is very critical to use a high-quality single-crystal
Si substrate to fabricate semiconductor devices. The method of achieving a
high-quality single-crystal Si wafer involves the following steps:

1. The raw material (e.g., quartzite, a type of sand) is refined to produce
electronic grade polysilicon (EGS).

2. This EGS is used to grow single-crystal silicon by Czochralski (CZ) growth
or float-zone (FZ) crystal growth.
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The CZ growth involves the solidification of a crystal from molten silicon. The
EGS is loaded into a fused silica crucible in an evacuated chamber. The loaded
crucible is heated to about 1500◦C under inert gas ambient. Then, a small seed
crystal (about 5 mm in diameter and 10 cm in length) is lowered into the crucible
so that it comes into contact with the molten silicon. The seed crystal must be
properly oriented, because it will be a template for the larger crystal, called the
boule. The seed crystal is pulled up at a controlled rate. Both the seed crystal and
the molten silicon crucible are rotated in opposite directions during the pulling
process. It is very critical not to stir the melt to prevent incorporation of oxygen
from the crucible into the silicon crystal during growth. The FZ process is
another major technique to grow single-crystal silicon. A high-purity polysilicon
rod is passed through an RF heating coil, which creates a localized molten zone
from which the single crystal ingot grows. The Si comes into contact only with
the ambient gas in the chamber. Thus, the FZ-grown crystals have higher purity
than the CZ-grown crystals. FZ-grown Si is ideal for applications requiring low
doping levels (e.g., detectors and power devices). Today, boules of silicon can
be up to 300 mm in diameter and 1–2 m in length [2]. In Fig. 2.2, the basic
processing steps for silicon wafer are summarized.

2.2.3 Oxidation of Silicon

One of the most significant advantages that makes silicon a superior semiconduc-
tor material is its ability to form chemically stable silicon dioxide. When silicon
is exposed to an oxidizing ambient (oxygen or stream of steam) at elevated tem-
peratures (between 700 and 1300◦C), a stable oxide forms. This process is known
as thermal oxidation. Silicon can even oxidize at room temperature forming a thin
native oxide having a thickness of about 2 nm. When the oxidation takes place
under water vapor, it is called wet oxidation, and when the source is pure oxygen,
it is called dry oxidation. The oxidation reaction takes place at the SiO2 –Si inter-
face. Thus, as the oxide grows, silicon is consumed and the SiO2 –Si interface
moves into silicon. The high temperature helps diffusion of oxidant through the
surface oxide layer to the SiO2 –Si interface to form oxide rapidly. The thermal
oxidation process involves three steps: (i) gas-phase transport of oxidizing species
to the surface; (ii) diffusion of oxidizing species through the formed oxide to the

Crystal growth

Shaping

Wafer slicing

Wafer lapping

Etching

Polishing

Cleaning

Inspection

Packaging

Figure 2.2 Basic processing steps for silicon wafer.
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SiO2 –Si interface; and (iii) oxidation reaction at the SiO2 –Si interface [3]. The
oxidation rate depends on the crystallographic orientation of the Si, doping level,
and the pressure of the oxidizing gas. For example, a (111) surface oxidizes about
1.7 times more rapidly than a (100) surface. SiO2 formed by thermal oxidation
is used as an insulator layer, a mask, and as a sacrificial layer.

2.2.4 Silicon Carbide (SiC) and Gallium Arsenide (GaAs)

Silicon carbide (SiC) with many superior characteristics, such as wide bandgap,
high thermal conductivity, high saturated electron drift velocity, high breakdown
electric field, chemical stability, and resistance to radiation damage, has been
expected to meet the requirements for high-temperature, high-frequency, and
high-power applications. Moreover, its electrical stability well over 300◦C, makes
it an excellent material for micro-machines. It also exhibits piezoresistive prop-
erties. SiC can be doped by both n- and p-type impurities, and it allows a natural
oxide to be grown on its surface. SiC has many different polytypes, and the
two most common SiC polytypes are 3C-SiC (cubic) and 6H-SiC. Currently,
6H-SiC substrates are commercially available for high-temperature and high-
power applications.

Gallium arsenide (GaAs) is an important III–V semiconductor material that is
used in the fabrication of devices such as microwave frequency ICs, infrared light-
emitting diodes, laser diodes, solar cells, and optical windows. GaAs circuits have
been manufactured commercially for applications requiring high speed and low
power. Although, GaAs enables production of faster devices in the IC industry,
its use is partly limited because of its high cost. GaAs is used as a substrate
for the epitaxial growth of other III–V semiconductor compounds. Table 2.1

TABLE 2.1 A Comparison of the Properties of Some Common Semiconductor
Materials

Si GaAs 3C-SiC 6H-SiC GaN Diamond

Lattice constant (Å) 5.43 5.65 2.36 a = 3.09 a = 3.189 —
c = 15.12 c = 5.185 —

Band gap (eV) at 300 K 1.11 1.43 2.23 3.02 3.39 5.5
Maximum operating 250 150 >600 >600 — 1000

temperature (◦C)
Melting point (◦C) 1420 1238 Sublimes >1800 — Phase change
Breakdown voltage 0.3 0.4 — 3 5 10

(108 V/cm)

Electron mobility 1400 8500 1000 600 900 2200
(cm2/(V s))

Hole mobility 600 400 40 40 150 1600
(cm2/(V s))

Saturated electron drift 1 2 2.7 2 2.7 1.5
velocity (107 cm/s)

Thermal conductivity 1.5 0.5 5 5 1.3 20
(W/cm)
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compares several properties of the common semiconductor materials used in ICs
and micro-machining.

2.3 CHEMICAL VAPOR DEPOSITION (CVD)

CVD refers to the formation of a condensed phase from a gaseous medium
of a different chemical composition [4]. The reactant gases are introduced into
a reaction chamber and are reacted at a heated surface to form a solid film
(Fig. 2.3). It is distinguished from physical vapor deposition (PVD) processes
such as evaporation or sputtering, where condensation occurs in the absence
of a chemical change. CVD is used extensively in semiconductor industry for
deposition of a wide range of materials from insulators to metals. A CVD process
can be summarized in the following steps:

1. Transport of reactant and carrier gases in the main gas flow region from
the reactor inlet to the deposition zone.

2. The reactant gas species are transported to the wafer surface. This transport
takes place in the gas phase.

3. The reactants are adsorbed to the growth surface, and these adsorbed species
are named as adatoms .

4. The adatoms migrate to the growth sites on the surface on which chemical
reactions take place to form a solid film.

5. The gaseous by-products are desorbed from the deposition surface. These
by-products diffuse through to the main gas flow region away from the
deposition zone toward the reactor outlet.

2.3.1 Types of CVD

CVD can be categorized according to the type of heating, the operating pressure,
the reactant sources, etc. On the basis of the type of heating used, the reactors
are classified as hot-wall and cold-wall reactors. In hot-wall reactors, the whole
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Reaction
chamber 

Figure 2.3 A simple CVD reaction chamber.
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Figure 2.4 Top view of a multi-wafer CVD reactor with radial flow configuration.
Arrows show gas flow distribution inside the reaction chamber.

tube is heated up along with its content, with the source of heating usually being
resistance heating. Thus, the film-forming reactions take place on the reaction
chamber walls as well as on the substrate. Cold-wall reactors are usually heated
up by means of RF induction or infrared radiation of the substrate, leaving the
chamber walls reasonably cool. In addition, on the basis of the reactants used,
the process is called metalorganic CVD (MOCVD) if one of the reactants is a
metal organic. Figure 2.4 shows the top view of a multi-wafer MOCVD reactor
with radial flow configuration. On the basis of the operating pressure, CVD
reactors may be grouped as atmospheric pressure CVD (APCVD) or reduced
pressure CVD. Also, the reduced pressure group is divided into two groups:
(i) low-pressure CVD (LPCVD), in which the energy source is entirely thermal
and (ii) plasma-enhanced CVD (PECVD), in which the energy source is partially
plasma. In some cases, the use of a plasma lowers the growth temperature.
Figure 2.5 illustrates the CVD reactor types graphically [5].

2.3.2 Advantages and Disadvantages of CVD Growth

The advantages of CVD growth are as follows:

• Flexible
• Abrupt interface
• High purity
• Simple reactor
• Uniform
• Large scale
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• High growth rate
• Selective growth
• In situ monitoring

However, there are disadvantages too:

• Expensive reactants
• Many parameters to control accurately
• Possibly hazardous precursors

Flow through an isothermal, constant-diameter tube at relatively low flow
velocities usually used in CVD reactors will be laminar, with parallel flow veloc-
ity vectors in the direction parallel to the walls. The magnitude of the gas velocity
will be a smooth function of its radial position with a value of zero at the walls.
Laminar flow has a characteristic Reynolds number and given by

NRe = νρd

μ
(2.1)

where ν is the velocity along the pipe, d is the tube diameter, μ is the absolute
viscosity, and ρ is the fluid density. The crossover point for the transition between
laminar and turbulent flows is typically between 2000 and 3000. Thus, in order to
ensure that CVD reactors operate in a laminar flow regime, the Reynolds number
should usually be two decades below the critical value.
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Figure 2.5 CVD reactor types.
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The boundary-layer model may provide insight for the everyday operation
and reactor design. This is the most widely used model for the calculation of the
growth rate in the mass-transport-limited regime for most vapor phase crystal
growth systems. It takes the velocity boundary layer (a transition region between
the solid surface and the free gas stream) as a truly stagnant layer through which
mass transport takes place only by diffusion. The boundary-layer thickness, δ(x),
is defined as the distance from the interface at which the velocity component
parallel to the wall becomes 99% of its free stream value, v , and is given by the
condition that for x >δ(x)

δ(x) ∼= 5

(
μx

ρv

)1/2

(2.2)

where x is the distance measured from the leading edge of the substrate. The
thickness of the boundary layer decreases with increasing flow velocities. Also,
the boundary-layer thickness increases with distance from the leading edge of
the substrate. These led to the idea of tilting the susceptor to compensate for
gas-phase depletion effects and an increasing boundary-layer thickness along the
flow direction because of the developing concentration profile. This model has
proved to be a useful approximation for analysis and interpretation of experi-
mental results [6].

2.4 LITHOGRAPHY

IC and micro-machine fabrication require lithography, the technique used to trans-
fer patterns onto a surface of substrate. The most widely used type of lithography
is photolithography. An advanced IC can have more than 20 masking layers.
Therefore, a significant portion of the total cost in semiconductor manufacturing
is due to lithographic processes.

The basic steps of lithographic process are shown in Fig. 2.6. As an example,
an oxidized Si wafer and a positive PR (a thin layer of photosensitive material)
combination were used. The PR is applied as a thin film to the substrate by spin
coating. Subsequently, the coated PR is exposed to a form of radiation (e.g.,
ultraviolet light) through a mask. The mask contains clear and opaque features
that define the pattern to be created in the PR layer. The regions in the PR
exposed to the radiation are made soluble in a developing solution known as a
developer. The radiation-exposed wafer is rinsed with a developer to remove the
PR from the exposed areas leaving a pattern of bare and PR-covered oxide on the
wafer surface. The PR pattern is the positive image of the pattern on the mask.
If the unexposed regions are removed by the developer, then a negative image
results. The resist is called a negative resist. Following development, the wafer is
immersed in a solution of HF acid to remove the oxide selectively from the bare
oxide regions without attacking the PR and the underlying Si. The PR protects
the underlying oxide layer. Following the oxide etching, the remaining PR can
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Figure 2.6 Basic steps of a lithographic process with positive photoresist and an oxidized
Si wafer. The asterisk shows the stage of etching or adding process.

be removed with a strong acid such as H2SO4 or organic solvents. The oxidized
Si wafer with etched windows can be used in further fabrication. The PR has
two primary roles: (i) precise pattern formation in the resist and (ii) protection
of the substrate during a variety of subtractive (e.g., etching) or additive (e.g.,
ion implantation) processes. Although both positive and negative PRs are used
in semiconductor micro-fabrication, the better resolution capabilities of positive
PRs make them a superior choice for smaller features.

A mask is defined as a substrate that contains patterns that can be transferred
to a wafer surface. A photomask consists of a very flat glass or quartz plate
(transparent to UV light) with a thin chromium pattern (absorber), which is
opaque to UV light. The absorber pattern on the mask is fabricated by e-beam
lithography, which can produce higher resolution than photolithography.

2.5 PHYSICAL VAPOR DEPOSITION (PVD)

The PVD technique is based on the formation of the vapor of the material to
be deposited as a thin film. PVD techniques such as evaporation and sputtering
are widely used for deposition of many kinds of thin layers in ICs and micro-
machines. In general, the PVD process sequence can be described as follows:

1. The source material (solid or liquid) is converted to the vapor phase.
2. The vapor is transported from the source to the substrate surface across a

region of low pressure.
3. The vapor can condense on the substrate surface to form a solid film.
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Figure 2.7 A simple diffusion-pumped evaporation system for thin film deposition.

Thermal evaporation was extensively used for the deposition of metal layers in
early semiconductor technologies. Currently, sputtering is used more often com-
pared to evaporation because of (i) better step coverage ability and (ii) better
alloy composition. Evaporation involves molten samples because of the need
for high vapor pressures required for high deposition rates. Figure 2.7 shows a
simple diffusion-pumped evaporation system for thin film deposition. A sample
vapor pressure of 10 mtorr or higher is required for reasonable deposition rates.
Evaporation can be classified into three groups: (i) resistive, (ii) inductive, and
(iii) electron beam evaporation. In the resistive method, a metal is evaporated
by passing a high current through a highly refractory metal filament or a boat.
The resistive evaporation is very susceptible to contaminations from the heating
filament or boat. The resistive evaporation is not widely used in industrial appli-
cations. In inductive evaporation, a water-cooled RF coil surrounds a crucible
with the source material to be evaporated. Inductively heated systems are very
good and efficient for higher temperature refractory metals deposition. Neverthe-
less, contamination is still a problem due to crucible heating. This adverse effect
can be avoided by heating only the source and cooling the crucible. The method
for improving the contamination issue is electron beam evaporation. In electron
beam (e-beam) evaporation, an electron beam gun (3–20 keV) is focused on the
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source material that is situated in a recess in a water-cooled copper hearth. The
electron beam is magnetically deflected onto the source material, which melts
locally. Thus, the source metal forms its own crucible resulting in less crucible
contamination problems. E-beam can produce high-quality deposition at very
high deposition rates. Despite these advantages, e-beam evaporation can cause
X-ray damage to the substrate and the equipment is very complex compared to
the other two techniques.

Sputtering is a major technique for metal layer deposition in ICs and micro-
machines. It was first discovered by Grove in 1852 [7], and developed by
Langmuir in 1923 [8]. It is a parallel-plate plasma reactor in a vacuum chamber
(Fig. 2.8). The target material to be deposited is bombarded with high-energy
ions created in plasma. The cathode and anode in a sputtering system are closely
spaced (less than 10 cm) to collect a great number of ejected target atoms. Sput-
tering is preferred to evaporation because of (i) wider choice of materials, (ii)
better step coverage, (iii) its being better at producing alloys, and (iv) better
adhesion to the substrate. For elemental metal deposition, DC sputtering is pre-
ferred because of high deposition rates. However, an RF plasma technique is
used for insulating layers [9]. The sputter deposition rate depends on the ion flux
to the target material, the target material, and the transport of the ejected atoms
to the substrate. A minimum ion energy is required for each target material. This
energy is in the range of 10–30 eV [10], below which sputtering does not occur.
The sputter yield (described as the number of atoms ejected per incident ion)

Power
supply

Target
material

Wafers 

Pump 

Gas
inlet

Figure 2.8 A parallel-plate sputtering system chamber.
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is strongly dependent on the ion energy. In the range of sputtering, the yield
increases with the incident ion energy and mass. The sputter yield increases as
the square of the ion energy up to about 100 eV, and linearly with the energy
up to 750 eV. The yield increases very little until the start of ion implantation
[11]. Furthermore, the maximum sputter yield takes place at an ionic energy of
about 1 keV. Target materials such as Cu, Pt, and Au have high sputter yields,
whereas Ta and Mo have low sputter yields.

When an energetic ion strikes the surface of a material, several events can take
place. The ion energy dictates the type of interaction. Ions with very low energies
(< 5 eV) may get reflected by the surface of the target material. At energies
about 10 eV, the ion may get adsorbed to the surface of the target material. At
much higher energies (>10 keV), the ion penetrates into the bulk of the sample
before slowing down and depositing its energy. Thus, these high-energy ions are
embedded in the target. At intermediate incident ion energies, part of the ion
energy is transferred to the solid in the form of heat and crystal damage; another
portion of the energy ejects atoms from the surface of the target material. The
ejected atoms and clusters have energies of about 10–50 eV, which is about
one hundred times more than the energy of the evaporated atoms. Therefore,
the sputtered atoms have higher surface mobility compared to the evaporated
atoms. This results in improved step coverage of the deposited atoms on the
substrate surface in sputtering. It is desirable that as many of the sputtered atoms
as possible be deposited on the substrate. For a deposition rate of 40 nm/min,
two layers of deposited film will form about every second. As the complexity
of deposited compounds and materials for devices increases, sputtering can still
provide solutions for the semiconductor industry.

2.6 DRY ETCHING TECHNIQUES

Etching is a selective material removal from the substrate by physical or
chemical processes with an etchant. The main objective of etching, in general,
is to transfer the pattern created by the mask onto the wafer surface precisely
by selectively removing the material from the uncovered regions. Dry etching
involves gas or vapor phase and includes physical, chemical (plasma etching),
and physical–chemical etching (ion-enhanced etching). The efficiency of etching
is evaluated by etch rate, selectivity, uniformity, surface quality, reproducibility,
surface damage, and pattern transfer precision. Etch rate can be defined as the
rate of removal of material from the selected regions.

Physical etching occurs by accelerating argon or other inert ions in an electri-
cal field toward the substrate. Etching mechanism is due to momentum transfer
from incident ions to the etch surface. Since physical etching involves high-
energy ions, etching rate is almost material nonselective, that is, the etch rates
of various materials are close. In general, the physical etch rate is very small
(only ∼20–50 nm/min) relative to the chemical etching methods. Moreover,
ion striking can create dramatic damage to the substrate surface. This could be
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reversed by annealing. Another limitation of the physical etching is the lack
of precise pattern transfer onto the substrate surface. This could be due to a
number of factors that can be caused by the nonvolatility of reaction products
or ion–surface interactions. Some of these limitations in physical etching are:
(i) faceting (angled walls and features), (ii) ditching or trenching (due to glancing
incidence of ions), and (iii) redeposition of etched material on the walls (espe-
cially for high-aspect ratio features). Despite these limitations, physical etching
continues to find applications in semiconductor fabrication.

In chemical (plasma) etching, reactive chemical species produced in the
plasma are transported to the substrate surface for etching. The etching gas is
chosen to generate species that react chemically with the substrate to be etched.
The reaction products are removed by the vacuum system. The function of the
plasma is to supply reactive etchant species. The advantages of the plasma etch-
ing are: (i) high etching rates, (ii) isotropic etching, (iii) very selective etching,
(iv) eliminating high-energy ion damage, and (v) no need for high vacuum (pres-
sure >1 mtorr). Effective plasma etching takes place in several steps: (i) reactive
chemical species are generated from the feed gas by the plasma; (ii) these
reactive species must diffuse to the surface of the substrate and be adsorbed;
(iii) a chemical reaction takes place resulting in a volatile by-product; and
(iv) the by-product must be desorbed, diffused away from the substrate, and be
exited by the main gas flow out of the etch reactor. The smallest rate determines
the overall etching rate. In some cases, plasma may not be required to generate
reactive neutrals. For example, etching of Si with xenon difluoride (XeF2)

does not need plasma to generate the etching reactive species. A Si etch rate
as high as 10 μm/ min has been reported with XeF2 [12]. It has also been
reported that XeF2 exhibits very high etching selectivity over silicon dioxide,
silicon nitride, aluminum, and PR. One of the biggest shortcomings of the solely
chemical etching is the problem of undercutting associated with the isotropic
etching. Thus, purely chemical etching is not suitable for etch features smaller
than 1 μm. Therefore, adding a physical component to a chemical etching can
provide better etching solutions.

Dry etch processes based on a combination of physical and chemical etching
offer controlled anisotropic etching and higher selective etching than physical
etching. In ion-enhanced etching, ion bombardment can induce a reaction by
making the surface more reactive for the reactive plasma species (e.g., by creating
surface damage). The etch rate achieved by ion-enhanced etching is significantly
higher than in physical etching. For instance, the etch rate of Si in Ar physical
etching is about 10 nm/min, while the etch rate is about 200 nm/min for a
reactive gas such as CCl2F2. Furthermore, ion-enhanced etching can generate
precise transfer of the mask pattern to the substrate with good etching selectivity
with various materials. Chlorine-based plasmas are often used for anisotropic
etching of Si, GaAs, and aluminum-based metallizations. Chlorinated sources
such as CCl4, BCl3, and Cl2 have high vapor pressures. Moreover, both these
sources and their etch products are easier to handle than the bromides and iodides.
Etching rates as high as 1.0 μm/ min is possible in ion-enhanced etching.
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2.7 WET BULK MICRO-MACHINING

In wet bulk micro-machining, features are created in the bulk of the substrates
such as silicon, SiC, GaAs, and InP by isotropic or anisotropic wet etchants. Wet
etching is the main processing for bulk micro-machining [13–15]. The common
isotropic etchant solution for Si is a combination of HF and nitric acid (HNO3)

in water. The overall reaction is given by

Si + HNO3 + 6HF → H2SiF6 + HNO2 + H2 + H2O (2.3)

Mostly, acetic acid is used as a diluent instead of water. Nevertheless, the
etch profiles created by isotropic wet etchants are difficult to control and usually
cause undercutting of the etch mask (Fig. 2.9). The significant undercutting can
limit the use of isotropic etchants in micro-machining.

Anisotropic etchant allows the formation of features defined by the crystal-
lographic planes in the silicon substrate. The most common anisotropic etchant
for Si is potassium hydroxide (KOH). The etching is called anisotropic, because
the etching rate is high in <100> direction and low in <111> direction. Etch
ratios for these two directions can be several hundred. In single-crystal Si, the
angle between the {100} and the {111} planes is 54.74◦. If a mask opening is
properly aligned with the primary orientation flat (the [110] direction), only the
{111} planes will be introduced as side walls from the beginning of the etching.

(a)

Etch mask 

(b)

Etch mask 

Figure 2.9 Isotropic etch profiles of Si with (a) and without (b) etchant solution agitation.
Both etch profiles also show significant undercutting of the etch mask.
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54.74°

<111>

<100> SiO2 etch mask 

Figure 2.10 Cross section of anisotropically etched features in a (100) Si wafer.

A square mask opening will result in an etch feature in the shape of an inverted
pyramid, and the etch depth is determined by the intersection of the {111} planes.
If the etch is stopped before the intersection of the {111} planes, then a truncated
pyramidal etch cavity is formed (Fig. 2.10). The anisotropic etchants along with
the proper mask alignment provide practical solutions in commercial applica-
tions. For example, a membrane of a piezoresistive pressure sensor is formed
using anisotropic wet etching of Si wafer.

2.8 SUMMARY

Micro-fabrication processes used in both ICs and micro-machines have been
discussed. Thin film deposition techniques such as CVD and PVD have been
presented. Further, subtractive pattern transfer techniques, and dry etching and
wet etching, have been discussed. Finally, lithography, the technique used to
transfer patterns onto a substrate surface, has been presented.
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CHAPTER 3

MODELING AND ANALYSIS
AT MICRO-SCALES
TAKEHIKO MAKINO and KUNIAKI DOHDA
Department of Engineering Physics, Electronics & Mechanics, Nagoya Institute of
Technology, Nagoya, Japan

3.1 INTRODUCTION

Why does micro-scale manufacturing have to be distinguished from macro-scale
manufacturing? In this chapter, the answer is presented by showing how phenom-
ena occurring in micro-scale manufacturing have to be treated differently from
those in macro-scale. Of course, if scaling down can be completely applied to
conventional macro-scale manufacturing and the relative precision of the products
is high enough compared to the case of macro-scale manufacturing, the physical
world in micro-scale is considered to be totally the same as that in macro-scale.
Micro-manufacturing does not simply mean the manufacturing of small-sized
materials. It means the manufacturing of materials the micro- or smaller-scale
phenomena of which have to be directly considered in modeling and analysis.

Modeling and analysis have two aims, as summarized in Table 3.1. One is
numerical prediction of practical processes. It is useful for promoting the effi-
ciency of product design. In this case, phenomenological models usually involve
many parameters so that the calculated results match as much as possible with
the experimental findings. In this case, the physical meaning of the parameters
tends to be unclear. The other aim is to understand the mechanism of the key
phenomenon related to a process. For this purpose, the physical origin of the
phenomenon has to be well described in the model. The model requires less
number of parameters the physical meaning of which is clear. In this chapter, the
focus is on the investigation into the latter aim.

The manufacturing process discussed in this chapter is limited to micro-scale,
to be more accurate, micro/meso (between macro and micro)-scale metal forming.
“Metal forming” is a process in which metals are shaped through deformation
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TABLE 3.1 Aims of Modeling and Analysis

Aim Numerical Prediction Elucidation of Mechanism

Model Phenomenological model Physical model
Scale Macroscopic Microscopic
Parameters Fitted to experimental value With physical meaning

by a harder tools that have opposite shape of the desired part. The forming
process involves the flow of material, plastic deformation, along the tool sur-
face without loss of the material’s volume. The micro-structure of the material
changes after forming. Forging and extrusion are the typical processes of metal
forming. In metal forming, as shown in Fig. 3.1, plastic deformation charac-
teristics of polycrystal of metallic element, friction behavior of material/tool
interface, and the interrelationship between these two factors have to be con-
sidered. Micro/meso-scale metal forming applies conventional macro-scale tech-
niques to sub-millimeter-scale metal forming with modifications. Hereafter, the
term micro/meso-scale will be rephrased as micro-scale for simplicity.

In the following sections, how these factors are treated in macro-scale and
how these should be expressed in micro-scale are shown.

3.2 LIMITATION OF CONTINUUM MODELS AT MICRO-SCALES

In macro-scale metal forming, the deformation characteristics can be treated by a
continuum model. Plastic deformation is described by a criterion of yielding and
a constitutive equation (stress–strain relationship). Von Mises’ (Huber–Mises)

Material

Interface
Tool

Figure 3.1 Important elements of a typical metal forming process.
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criterion of yielding is

(σy − σz )
2 + (σz − σx )

2 + (σx − σy )
2 + 6(τ 2

yz + τ 2
zx + τ 2

xy ) = 6k 2 (3.1)

where σ and τ are stress components, and k is a material-yielding parameter.
This criterion physically means that yielding begins when the elastic energy of
distortion reaches a critical value. Constitutive equations indicate the relationship
between stress and strain as of a macroscopic physical value in materials. Reuss’
equation is

dε
p
ij = σ ′

ij dλ (3.2)

where dεp and σ ′ are plastic strain-increment and deviatoric stress, respec-
tively, and dλ is a scalar factor of proportionality obtained by the experimental
stress–strain curve. This indicates a relationship between stress and plastic strain-
increment.

The models are categorized as phenomenological ones. In that sense, the con-
tinuum model of plasticity is usually expressed by the parameters obtained by
pilot experiments such as tensile tests.

Both from the physical and the microscopic points of view, plastic deformation
is caused by slips of close-packed crystallographic planes of crystals. The slips
are caused by the movement of dislocations, which is one type of lattice defects,
line defect, formed in crystals. The dislocations move along the close-packed
direction (slip direction) on the close-packed plane (slip plane) of the atoms
in a crystal. Activation of a slip system (a combination of slip plane and slip
direction) occurs when the shear stress acting at the slip system is high enough. If
five independent slip systems activate at the same time, deformation of a crystal in
a polycrystalline, in which mutual restriction exists, can occur in any direction.
Therefore, if there are enough crystals in a material that have well-dispersed
orientations, the characteristics of plastic deformation of the outer shape can be
considered to be uniform and isotropic.

In micro-scale, materials are not assumed to be uniform, because the crystal
grains in small-sized materials are relatively large, compared to the outer size of
the material as shown in Fig. 3.2. In this case, the number of crystals is limited
and nonuniformity of deformation is pronounced. Whether the stress and strain
can be treated as having a macroscopic value, from start to finish, depends on
the ratio of the size of the crystals to the outer size of the material. If the ratio
is small (close to zero), the material under deformation behaves uniformly, even
if the outer size is smaller than 0.1 mm.

Each crystal grain having various crystallographic orientations deforms by
slips along the crystallographic planes in it. Therefore, further deformation causes
nonuniformity in the stress–strain relationship among individual crystal grains.
If a process is planned to manufacture a metal part by using deformation, usually
some preforming processes (steps) are applied before the final forming process.
Deformation applied to the material previously is accumulated as “texture” in the
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Large-sized material Small-sized material

Figure 3.2 Crystal grains and the outer size of materials.

material during consequent processes. If the final process is to be simulated by
using a conventional continuum model, experimental results of multiaxial tensile
tests are necessary as input parameters after the series of preforming processes
before the simulation of the final forming process. For example, anisotropy in
plastic deformation is expressed for yield criterion in terms of parameters and
stress components, as

F (σy − σz )
2 + G(σz − σx )

2 + H (σx − σy )
2 + 2Lτ 2

yz + 2M τ 2
zx + 2N τ 2

xy = 1
(3.3)

where F, G, H, L, M , and N are anisotropic coefficients, and σ and τ are stress
components (if material is isotropic, L = M = N = 3F = 3G = 3H ) [1]. The
relationship between stress and plastic strain-increment also contains anisotropic
coefficients. Similarly, if several consequent processes are to be simulated one
by one, experimental results in each case need to be gathered and applied to each
simulation step as input parameters. These approaches, particularly the latter case,
are obviously impractical. The history of deformation applied to the material
can hardly be treated in conventional models. However, the history affects the
micro-scale forming more strongly than the macro-scale forming, because small-
sized materials usually undergo more processes than large-sized materials do
(e.g., further rolling passes). Hence, the developed texture during such processing
before the final shaping operation strongly affects the final shape, quality, and
micro-structure of the small-sized product.

Similar to the case of deformation characteristics, the friction in macro-scale
metal forming is usually described by a phenomenological model. The friction
can be treated as uniform so as to be expressed using a constant as

F = μN (3.4)
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where F is the frictional force, μ is the coefficient of friction, and N is the
normal force. This expression comes from the friction law in the case of friction
without macroscopic deformation. The experiments needed for determining the
coefficient are such as ring compression test for friction with plastic deformation.
The friction between the material and the tool affects the sliding and deformation
of the material at the interface. The effect of friction on deformation is more
significant in micro-scale than in macro-scale because the ratio of the area of the
contact surface to the volume of the workpiece is larger.

Microscopically, friction during relative sliding is caused mainly by adhesion
of a softer material on the contacting points of the bumped surface of a harder
tool. If the material deforms macroscopically during metal forming, the adhesion
occurs on a wider area of the surface of the tool. In this case, the adhesion behav-
ior keenly affects the friction. Nonuniformity in friction between the material and
the tool is averaged and weakened in macro-scale, if not diminished. However,
in micro-scale, the difference in friction appears significant from one part to
another because the tool surface manufactured by another mechanical process,
such as cutting and polishing, is not uniform microscopically. Additionally, the
friction changes as the process progresses. The characteristics are hardly fitted
to the parameters that will be expressed in a simple function as usually done in
modeling on macro-scales. The nonuniformity of contact surfaces and the conse-
quent variations in friction condition have to be taken into account seriously in
micro-scale. However, the problem is how to take into a model accurately and
appropriately.

To model the deformation and friction in micro-scale, the physics of the form-
ing should be captured better than in macro-scale. There is no established way
of modeling micro-scale metal forming. In Sections 3.3 and 3.4, possible ways
of modeling of deformation and friction are discussed, respectively.

3.3 MODIFIED CONTINUUM MODELS

To modify the limitations of continuum models in micro-scale deformation anal-
ysis, crystal plasticity is the most important factor to be considered. Attempts
to apply crystal plasticity to macroscopic stress–strain relation were started by
Taylor [2]. He assumed the following three points:

1. Plastic strain in each crystal is equal in a polycrystalline aggregate.
2. Yield shear stress for each slip system is equal (Taylor’s isotropic hardening

rule).
3. A combination of slip systems acts so that the total amount of the slips is

minimized.

As a result of these assumptions, the total shear strain of a crystal in a polycrys-
talline is related to the macroscopic plastic strain by using a Taylor factor,
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∑

r

∣∣dγ (r)
∣∣ = M dE p

ij (3.5)

where dγ (r) is the shear strain-increment of the r th slip system, M is a Taylor
factor, and dE p is the macroscopic plastic strain-increment. In contrast to the
continuum model seen in Section 3.2, the yielding condition is determined by
the critical shear stress for each slip system.

As a combined approach of the Taylor’s crystal plasticity model and a finite-
element method, the finite-element polycrystal method (FEPM) has been devel-
oped [3,4]. Each element in the finite-element method is accounted for each
crystal that has a unique crystallographic orientation in a polycrystalline. The
FEPM can simulate polycrystal plasticity by introducing a virtual external force,
which is treated as a kind of initial strain, acting on each node, expressed as

Ku̇ = F + Fp (3.6)

where K is a stiffness matrix, u̇ is a matrix of nodal displacement increment, F
is a nodal force matrix, and Fp is a matrix of the virtual external force caused
by plastic strain and plastic spin (rigid rotation of crystallographic orientation).
Change in the crystallographic orientation of crystals is determined by a mathe-
matical rotation rule. In the FEPM, the successive integration method is utilized
to determine the combination of active slip systems and the amount of the slip
(shear strain).

By using the information of crystal plasticity, the FEPM can treat deformation
history of a material. The FEPM has been used for analyzing the development
of anisotropy in macro-scale materials; however, this method is now applied for
analyzing the shape of materials after micro-scale forming. In this approach, the
parameter needed is limited to the critical shear stress acting at slip systems. The
physical meaning of the parameter is clear. Micro-scale phenomena have been
considered to represent crystal plasticity. The phenomena were rationalized to
the macroscopic stress and strain by combining the macro- and micro-scale. In
the next section, friction is considered as smaller-scale phenomena.

3.4 MOLECULAR DYNAMICS MODELS AND DISADVANTAGES

Modeling and analysis of the material/tool interface for the understanding and
estimation of frictional behavior in micro-scale is not straightforward. The behav-
ior of relatively moving heterogeneous surfaces cannot be described as “contin-
uum” any more. Besides, the experimental results available for modeling are very
limited because the actual interface consists of the tool and material surfaces plus
miscellaneous constituents such as oxides and oil. Even if enough experimental
results under strict condition can be obtained, the modeling other than contin-
uum approximation is not fairly under way. As described in Section 3.2, friction
that acts at the interface relates to the adhesion process. The adhesion process is
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considered to be understandable on the atomic scale rather than on a micro-scale.
A possible way of modeling is to go back to the atomic scale.

Molecular dynamics method is a calculation method that chases the movement
of “discrete” atoms or molecules by setting interatomic potentials that act on each
atom. The potential expresses the interaction between atoms. If the potential
can be determined appropriately for the material/tool interface, the dynamics
of atomistic interface will be predicted. The movement of the atoms (nuclei)
under interactions can be determined by classical mechanics using the Newtonian
equation

m
d2ri

dt2
= F = dφ

dri
(3.7)

where m is the mass of an atom, ri is the position coordinate of atom i , t is time, F
is the force acting on atom i , and φ is the interatomic potential. The interactions
between atoms are determined by the electrons around nuclei. The states of
electrons are determined by quantum mechanics using Schrödinger equation

Ĥ ψ = Eψ (3.8)

where Ĥ is a Hamiltonian that contains the operations associated with kinetic
and potential energies, ψ is a wave function that express electronic density, and
E is the energy of a system.

To determine the state of electrons, electronic-state calculations have been
developed. The electronic-state calculation is carried out by solving Schrödinger
equation by setting potentials that act on each electron. If the potentials are
decided only by the atomic numbers, the calculations are from first principles
(ab initio). In practical calculations, the potentials used are not usually true first-
principle potentials but “pseudo potentials” that concern only valence electrons
and contain some adjusting parameters. However, the practical calculations using
a set of pseudo potentials can predict a fairly wide range of physical properties.

To construct the atomic potentials from the electronic-state calculations, at
first, the electronic states were calculated for the arrangement of atoms that sim-
ulates an interface, for example, a surface and adhesive atoms, with changing
the distance between the surface and the atoms. Then, the changes in energies
calculated in the electronic-state calculations are fitted to atomic-potential func-
tions. In this case, the arrangement of atoms and the potential functions selected
decides the degree of approximation of the proposed model. The results are eas-
ily visualized and analyzed because the change of coordinates of each atom with
time step progressed is recorded.

Modeling using minimal amount of experimental results is important in the
present approach. Advantage of this method is that the parameters to be input are
only atomic numbers. Any combination of tool/material can be considered. This
means that the searching the tool material for lowering the friction is possible.
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There are no essential disadvantages in this approach. There are obvious
problems that come from treating on the atomic scale. The problems of the present
approach are limited number of atoms and short time scale. Although in the case
of plastic deformation, the microscopic strain is related to the macroscopic strain
by simple summation, until now the atomistic behavior at the frictional interface
has not been found to be directly related to the macroscopic view of friction.
This is a kind of “missing link” between scales.

In the following section, the atomistic behavior related to adhesion is viewed
and the proposal of how the atomistic behavior and micro-scale deformation
behavior are combined is presented.

3.5 EXAMPLES OF MICRO-SCALE MODELING APPROACHES
AND CROSS-COMPARISONS

(i) FEPM for anisotropy of plasticity under uniform friction, (ii) molecular
dynamics using interatomic potential derived by the first-principle electronic-
state calculation for frictional interface, and (iii) finite-element crystal plasticity
combined with molecular dynamics for anisotropy of plasticity under nonuniform
friction are presented as examples of micro-scale modeling approaches, with a
comparison between modeling and experimental results.

3.5.1 Finite-Element Polycrystal Method for Anisotropy of Plasticity
under Uniform Friction

In micro-scale metal forming, deformation characteristics of crystallites as
opposed to that of a macro-scale continuum object appear [5]. There is a risk
of undesirable distortion of the shape formed and worse tolerance because of
the strong anisotropy of the deformation of crystallites. It is, however, common
that the small-sized materials go through heavy deformation processes, for
example, drawing, as a result of being so small just prior to a final forming.
The crystal grain size and its orientation as a result of the thermomechanical
history of the material are factors crucial to prediction of the deformational
characteristics and the shape of the small parts. Therefore, an analysis method
that can treat the grain size, the crystal orientation, and its changes is required
to follow the history and predict the resultant deformational behavior. If the
macro-scale procedure is not applicable at micro-scale without modification,
necessary modifications will be proposed for the application. The purpose of
this section is to clarify the effect of a number of crystals in a material and
the effect of predeformation on deformation. The key results are confirmed by
experiments.

3.5.1.1 Methods. Here, a ring shape is employed because any variation in the
shape can be distinguished easily because of its large free surface. Moreover, ring
compression test is a well-known method for estimating the friction coefficient
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TABLE 3.2 Parameters of Materials

Crystal structure Face-centered cubic
Crystallographic orientation Random, textured
Number of elements 288, 384, 600, 900, and 1728
Young’s modulus, Poisson’s ratio 110 GPa, 0.34
Work hardening rule σ = 320 ε0.14

Friction Zero
Amount of compression 50%

between a tool and the material. By using the information of crystal plasticity,
the FEPM can treat the mechanical history of the material. The FEPM software
developed by Takahashi [4] was used in the present study.

The material parameters for copper are listed in Table 3.2. The work harden-
ing rule obtained by a tensile test is directly related to the yield shear stress of
single crystal. The profile ratio of the ring is 6:3:2 (outer diameter:inner diame-
ter:height). The free surface of this ring is 57% of the entire surface. The numbers
of elements that are equal to the numbers of grains are 288, 384, 600, 900, and
1728. These numbers are also related to the grain sizes of the rings when the
sizes of the ring are the same. In the case where the ring’s outer diameter is
0.6 mm, if the grain size assumes to be uniform, the estimated sizes correspond
accordingly to 52, 48, 41, 36, and 29 μm, respectively. The rings were com-
pressed by 50% using parallel flat tools having a rigid body. In this section,
the substance is focused on deformation behaviors in micro-scale. Therefore, the
friction between the material and the tool is assumed to be zero. To examine the
effect of predeformation on the shape after the final compression, ring-shaped
materials were deformed by various degrees of both tensile and compression
strain prior to the final deformation. After the predeformation, only the informa-
tion of the crystal orientation was applied to the original-sized (6:3:2) ring for
the final compression. A simple example for checking the crystal plasticity is
shown by compressed shape with changing the number of crystals in the same
initial outer shape.

3.5.1.2 Results. As the first step of the application of the FEPM for the anal-
ysis of compressed shape, the orientations of the crystals prior to the compression
are set to be random. Figure 3.3 shows the (111) pole figures of randomly ori-
ented crystals in the rings prior to the compression and the shape of the rings after
the compression. The numbers in the figure indicate the number of the elements.
The ring shape becomes more isotropic as the number of elements increases.
However, a roughness is found at both outer and inner circumferences.

To examine the possibility of controlling the shape, the crystallographic texture
is introduced by predeformation. Figure 3.4 shows the (111) pole figures of
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288 384 600 900 1728

Figure 3.3 The (111) pole figures of randomly oriented crystals and the final shape of
the rings.

10 20 30 40 50

Figure 3.4 The (111) pole figures of pre-tensioned samples and the final shape of the
rings.

pre-tensioned rings prior to the compression and the shape of the rings after the
compression. The number of the elements in the ring is 600. The numbers in the
figure indicate the percentage of the nominal strain as a result of the pre-tension.
The (111) plane directions concentrate on the tensile axis gradually as the pre-
tensile strain increases. The final shape of the pre-tensioned ring becomes smooth
as the pre-tensile strain increases.

Figure 3.5 shows the (111) pole figures of precompressed rings prior to the
compression and the shape of the rings after the compression. The initial orien-
tation of the ring is the same as that of the ring used in the pre-tensioned ring.
Almost half of the (111) plane directions concentrate around the compression
axis gradually as the compression strain increases. The final shape of the pre-
compressed ring becomes more distorted as the precompression strain increases.
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Figure 3.5 The (111) pole figures of precompressed samples and the final shape of the
rings.

3.5.1.3 Comparison with Experimental Results. As a typical face-
centered cubic metal, copper was chosen because its deformation characteristics
are simple compared to brass-type materials that tend to form more twins under
compression. The profile of the ring was 0.6 mm:0.3 mm:0.2 mm (outer diame-
ter:inner diameter:height). The ring shape was fabricated by drawing the tube and
cutting it. Both end planes were polished so that the surface roughness would be
0.05 μm. Some of the rings were annealed at 873 K for 2 h to make the grains
larger and to weaken the strong texture produced by drawing. The other rings
were used in their as-drawn state. The micro-structures of the rings are observed
by means of optical microscopy before compression. One of the end planes was
polished using water-resistant paper and diamond paste and then etched using
iron chloride. The rings were compressed by 50% using parallel flat tools having
a surface roughness of 0.1 μm. To obtain the plastic deformation characteristics
unrelated to the friction, the friction occurring between the material and the tool
was set to be as small as possible by using both PTFE (Polytetrafluoroethylene)
sheets about 25 μm thick and lubricant oil with a kinetic viscosity of 430 mm2/s.
Figure 3.6 shows the optical micro-graphs of the rings before and after the 50%
compression. The micro-structure of the annealed ring shows that the size of
equiaxed grains is distributed from 20 to 60 μm (Fig. 3.6b). The grains in the
as-drawn ring are heavily deformed and the grain diameter that is observed at
the end surface is about 8 μm (Fig. 3.6e). The shape of the annealed sample after
compression is coarse (Fig. 3.6c), compared to the as-drawn sample (Fig. 3.6f).
The dark contrast seen in (c) and (f) comes from the adhesion of the PTFE
sheet. Even after the compression, the as-drawn sample is highly isotropic.

It is found that the pre-tension is the most effective to reduce anisotropy. To
compare the effect of the predeformation on the relation between the number of
elements and anisotropy, the materials that have various numbers of randomly
oriented grains are pre-tensioned by 50% and compressed. Figure 3.7 shows the
(111) pole figures of pre-tensioned rings prior to the compression and the shape
of the rings after the compression. Compared to the results shown in Fig. 3.3, the
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Figure 3.6 The optical micro-graphs of the annealed and as-drawn rings before and after
the compression.

final shapes are smoother. This result suggests that the suitable predeformation
could potentially improve the accuracy of the shape of the deformed material.

The small number of crystallites in the material enhances anisotropy in micro-
scale deformation. Crystallographic texture can also enhance and, contrarily,
diminish the anisotropy. Precompression can enhance the anisotropy of com-
pressed rings. Pre-tension can diminish the anisotropy. Therefore, the appropriate
thermomechanical history facilitates control of micro-scale metal forming.

The micro-structure of the annealed ring (Fig. 3.6b) shows that the size of
equiaxed grains is distributed from 20 to 60 μm. In the FEPM analysis in the
present study, the volumes of the elements were set to be almost equal. Therefore,
to plot the experimental result in the figure of the predicted one, it is necessary to
count the number of grains. The number of the grains at the end surface can be
estimated to be about 160 (about 40 in one fourth of the surface). The numbers of
elements at the end surface of the rings, in which the total numbers of elements
are 600 and 900, are 120 and 180, respectively.

High isotropy of the as-drawn ring after the compression (Fig. 3.6f) comes
from a large number of grains and the strong texture. Taking into account that
the small-sized materials usually go through heavy deformation processes prior
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Figure 3.7 The (111) pole figures of 50% pre-tensioned samples and the final shape of
the rings.

to a final forming, the micro-scale phenomena hardly occur in general processes.
However, it is noted that the present results show the importance of the crystal-
lographic texture as a result of the mechanical history in micro-scale forming.

For macro-scale forming, anisotropy of the material has been treated by using
anisotropy parameters estimated by the experiments after each step of the form-
ing process. For the history-sensitive micro-scale forming, application of FEPM
enables the prediction of the deformation without using experimental measure-
ments. This is one specific advantage of the FEPM. It is possible to enhance
the accuracy of prediction by using EBSP (electron back scattering pattern) data
for the initial crystal orientation. However, the virtue of the present analysis
is the use of less number of parameters. It will be required to obtain more
information even if it is qualitative. This method is to be used for the analy-
sis of micro-scale deformation of materials that have strong anisotropy such as
hexagonal close-packed systems. Additionally, analyses of processes that are sen-
sitive to mechanical history, for example, micro-scale multistage forming, will be
promising.

3.5.1.4 Summary. The micro-scale deformation characteristics were investi-
gated by means of simple ring compression and an analysis method that concerns
polycrystal plasticity. The conclusions are as follows:

1. The FEPM analysis illustrates that the shape distorts in the case of the
small metal part containing a small number of crystallites that are randomly
orientated. The annealed ring was distorted in shape after compression.

2. The texture produced by tension is an effective means to control the shape
formed by compression. Conversely, the texture produced by compression
is not well suited for controlling the shape. The compressed as-drawn ring
showed very high isotropy. Appropriate thermomechanical history facili-
tates the control of micro-scale metal forming.
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3.5.2 Molecular Dynamics Using Interatomic Potential Derived by the
First-Principle Electronic-State Calculation for Frictional Interface

Using the atomistic model described in the previous section, adhesion behavior
occurring at frictional interface was investigated [6]. Figure 3.8 shows the atomic
model simulating ironing process by letting the rigid tool move parallel to the
material surface. The crystallographic plane of the rigid tool surface is (100).
In this model, periodic boundary condition is applied to the width direction
and semi-infinite flat plate is implemented. To apply the periodic condition to
both the material and the tool that have different lattice constants, the least
common multiple of the constants have to be considered. Difference between the
modeled and actual lattice constants is less than 1%. As constituent materials
in the model, TiC, TiN, and VC for rigid tool (hard coatings of tool surface),
and Al and Cu for deforming material are chosen. The interatomic potentials
that can express interface between heterogeneous materials are obtained by the
following procedures. Using a first-principle electronic-state calculation software,
ABINIT [7], the total energy of the arrangement of atoms shown in Fig. 3.9. The
atoms in the calculating cell are aligned as surface and adhering atoms. The
electronic calculation is executed for the infinitely aligned cells and the change
in total energy with varying distance between the adhering atoms (constituent of
deforming material) and the surface. To extract the interatomic potential from
calculated total energy, it is assumed that the total energy difference consists
of nine nearest neighbors for each material’s atom as shown in Fig. 3.10, the
interatomic potential that act between a pair of atoms (two-body potential), and
the potential function can be approximated as a Morse-type function, that is,

φ(r) = D1e−λ1(r−r0) − D2e−λ2(r−r0) (3.9)

where D1, D2, λ1, and λ2 are parameters, r is interatomic distance, and r0 is its
cutoff distance. By fitting these parameters in the function so as to simultaneously
satisfy the energy difference with replacing centered atom, as shown in Fig. 3.10,

Visualizing
direction

Tool surface (rigid)

Supporting plate (rigid)

Material

α

Moving direction
of tool

Figure 3.8 Atomic model simulating ironing process.
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Atom of light element

Metalic atom

Adhered atom

r

Figure 3.9 Configuration of atoms constituting tool and material for first-principle
calculation.

(a) (b)

Figure 3.10 Configuration of atoms: (a) an adhered atom is on a metallic atom and
(b) an adhered atom is on a light-element atom.

the potential curve is obtained as in Fig. 3.11. Figure 3.12 shows the extracted
interatomic potentials for heterogeneous pairs. Applying the potentials to the
ironing-process model, the movement of atoms at material–tool interface can be
chased.

Calculated results are visualized to be able to observe adhered atoms through
the rigid die from the direction perpendicular to the die. Material constituent
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Figure 3.12 Change in potential energy with atomic distance.

atoms are determined as adhered atoms when the atoms lie just below the die
and move at the same speed with the die for a certain period of time.

Figure 3.13 shows a snapshot of an ironing process at a certain moment.
Figure 3.14 shows adhered Al atoms at various die surfaces (TiC, TiN, and VC)
at the same time since the ironing started. In each surface, adhered atoms are
found on the whole contacting area and are arranged regularly. In this figure,
gray atoms are on the first layer and black atoms are on the second layer. In
order to check regularity, radial distributions of the atoms on the first layer for
various die are shown in Fig. 3.15. The regularity is ascertained by the existence
of peaks in the radial distribution, although the number of atoms is limited. There
is a relation between the arrangement of the first layer and the pattern of growth
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Visualized part

Figure 3.13 Snapshot of ironing process.

TiC/A1 TiN/A1 VC/A1

Figure 3.14 Arrangement of adhered atoms viewed through die.

of adhesion of the second layer. For example, in a TiC/Al system in which the
number of second-layer atoms is largest, the arrangement of the first-layer atoms
is very close to the array of crystal lattice of die surface. It is implied that the
arrangement of the first layer that is close to an fcc structure of Al triggers the
growth of the second or of more layers. On the other hand, in radial distribution
of other systems, TiN/Al and VC/Al, the number of second-nearest-neighbor
atoms is smaller than that of first-nearest-neighbor atoms. This implies that the
arrangement is different from the array of crystal lattice of die surface. Compared
to TiC/Al system, in these two systems, the arrangement of the first layer that is
different from the fcc structure of Al causes no further growth of adhesion.

Figure 3.16 shows adhered Cu atoms on various die surfaces (TiC, TiN, and
VC). The tendency of the adhesion on the first layer is different between the three
systems. In VC/Cu system, adhered atoms are found at whole contacting area and
are arranged regularly. In TiC/Cu system, the adhesion of the first layer is not
stable according to dynamical observation. In TiN/Cu system, no stable adhesion
is observed. It is expected that Cu atoms do not form stable arrangement on these
die surface. Figure 3.17 shows a radial distribution of Cu atoms on the first layer
for VC surface. Although the periodicity of the arrangement is recognized, the
arrangement of the first-layer atoms is not related to the array of crystal lattice of
the die surface. And it is hardly observed in the second-layer atoms. Because of
the difference in the fcc structure of Cu in the first-layer arrangement, no further
growth of adhesion is allowed.
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Figure 3.15 Radial distribution of first-layer atoms on various die surface.

TiC/Cu TiN/Cu VC/Cu

Figure 3.16 Arrangement of adhered atoms viewed through die.

These calculated results are usually difficult to compare with experimental
results. However, the following route has possibilities; the surface conditions
of the die during or after friction can be measured by Kelvin probe. Kelvin
probe measures a difference in contact potential. The value is the difference
in work function between surfaces of probe material and subject material. The
work function, a minimum energy of removing an electron from a material’s
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Figure 3.17 Radial distribution of first-layer atoms on various die surface.

surface, is very sensitive to surface conditions. The work function of surfaces
with adhered atoms can be predicted by the first-principle calculation. Therefore,
the combination of molecular dynamics calculation and first-principle calculation
is useful for comparing calculated and experimental results.

3.5.2.1 Summary. In this section, using the first-principle calculation
and molecular dynamics calculation, the atomic movement of material at
material–tool interface is tracked and the following are found:

1. Adhesion behaviors are found in various tool/material systems.
2. Adhered atoms on the first layer are regularly aligned. The arrangement is

affected by the array of crystal lattice of the die surface.
3. Growth of adhesion after the second layer is affected by the arrangement

of atoms on the first layer. When the arrangement of first layer is different
from the array of crystal lattice of the die surface, the growth of adhesion
is suppressed.

3.5.3 Finite-Element Crystal Plasticity Combined with Molecular
Dynamics (Injection Upsetting)

In Section 3.5.1, how anisotropy of plastic deformation occurs in simple ring com-
pression was discussed. In this section, applicability of FEPM to more complex
deformation, for example, the history of deformation with no axial asymmetry,
is described. Then, a model in which the coefficient of friction that is derived
by atomistic modeling presented in Section 3.5.2 is applied to the interface is
proposed [8,9].

As mentioned in Section 3.5.1, in micro-scale forming, materials are usually
formed by many steps before a final forming process. Although the state of the
material before forming very much affects the shape after forming, the state is
difficult to be identified. In order to identify the state before the final forming,
the effect of deformation history has to be predicted. An equal-channel angular
pressing (ECAP), which is one of the typical severe-plastic-deformation pro-
cesses, can be utilized to make a history of deformation. The ECAP is a process
in which specimens with a circular or rectangle cross section are extruded through
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(a) (b)

Figure 3.18 ECAP apparatus (a) schematic of dies and (b) appearance of apparatus.

a bent channel and given a strong shear deformation at the corner. The advan-
tage of ECAP is that the deformation mode is not of axial symmetry. Another
advantage of ECAP is that the cross section of the specimens does not change.
From these features, the degree of deformation can be controlled by using only
one set of dies and the process can be repeated several times with or without
changing the direction of deformation. Figure 3.18 shows the micro-scale ECAP
apparatus. The important part of this apparatus is the connection of the two chan-
nels at a specific angle. At the present stage, the diameter of the channels was
1.50 mm. The angle between the channels was set to be 90◦ by attaching two
cutoff edged blocks (dies) having small channels with high accuracy. To eject
the specimen, the following new specimen was fed to press the previous one to
complete the deformation of its entire length. Multipass (4-pass) routes in ECAP
are route A—repeat same orientation, Ba—repeat +90◦ and −90◦ of angular
rotations alternately (+: counterclockwise), route Bc—repeat +90◦ of angular
rotations, and route C—repeat 180◦ of angular rotations, as shown in Fig. 3.19.
In experiments, forward extrusion, a typical forging process for parts with axial
symmetry, was done as a subsequent forming process. Forward extrusion is the
process in which cylindrical specimens are pushed into a stepped (wide to narrow)
die.

3.5.3.1 Apparatus for Evaluating Anisotropy. For evaluating the
anisotropy of the final deformation, the use of an injection-upsetting test was
proposed. Injection upsetting is a process in which cylindrical specimens are
upset by being pushed through the channel in the upper die against the lower
die and injected to a gap between these dies. The typical shape after the process
is like the head of a nail. In the test apparatus, a flange-shaped upper die that
has an inlet channel is attached to a disk-shaped lower die with a clearance. The
cylindrical specimen in the channel is pressed against the disk-shaped die and
the injection-upsetting deformation can occur without buckling, even with the
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Route A

Route Bc

Route Ba

Route C

180°90°

90°

Figure 3.19 Multipass routes in ECAP process.

thinness. From the shape of the end face of the injection-upset specimens, the
anisotropy is evaluated by the deviation from a circular form because the end
face can deform radially without restraint of tool. For this test, it is not necessary
to change the shape of the specimens formed by prior deformation. Only the end
faces of the specimens have to be polished to ensure perpendicularity between
the faces and specimen axis after prior deformation. The apparatus attached to a
die set with a punch and shape of model for the injection-upsetting process are
shown in Fig. 3.20.

3.5.3.2 Experimental Conditions. The dimensions of the channel in each
apparatus are summarized in Table 3.3. The experiments were carried out by a
Shimadzu AG-IS 50 kN. The pressing speed was 1.0 mm/min. As-received (as-
drawn) pure aluminum with a 1.5-mm diameter was used as a starting material.

(a) (b) (c)

ø1

3.
5

0.
5

After deformation

Figure 3.20 Injection-upsetting test apparatus for evaluating anisotropy of pins:
(a) schematic of dies, (b) appearance of apparatus including die set, and (c) shape of
the model for the injection-upsetting process.
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TABLE 3.3 Dimension of Channels in Three Apparatuses

Apparatus Diameter (mm) Length (mm)

ECAP 1.50/1.50 20/2
Extrusion 1.50/1.00 15/1
Injection-upsetting test 1.00 0.50 (clearance)

Figure 3.21 Crystal orientations in entire specimen after ECAP processes of various
routes.

In all processes, a lubricant oil of high kinematic viscosity (430 mm2/s at 313 K)
was used to lower the friction.

Figure 3.21 shows the results of crystal orientations in the entire specimen
after ECAP processes of various routes. As a result of route A, zonal distribution
from [211] to [111] was distinguished. In route A and Ba, a strong texture at [111]
was observed. In route Bc and C, different distributions were observed. However,
a strong concentration at one orientation was not observed. Figure 3.22 shows
the calculated and experimental results of the shape of the end face after ECAP
processes of various routes. In experiments, the strong tendency in calculation
was not observed; however, the same tendency is seen in strong anisotropy in
route A and Ba. Especially in route Ba, the angle of inclination of anisotropy
in calculation corresponds to the experimental result. In route Bc and C, weak
anisotropy is observed in both calculated and experimental results. It is confirmed
that the FEPM calculation is applicable to prediction of the effect of complex
history on the final deformation.
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Figure 3.22 Calculated and experimental results of shape of end face after ECAP
processes of various routes.

3.5.3.3 Modeling of Friction. In macro-scale modeling, the condition of con-
tact between the tool and the material is assumed as uniform. On the other hand,
in micro-scale real world, the condition is nonuniform. Since the ratio of surface
to volume of material is large, the effect of contact conditions on deformation is
not negligible. Therefore, a new analysis method that can treat the nonuniformity
is needed.

As already shown in the previous sections, materials in micro-scale forming
have to be treated as polycrystalline. The distribution and the change in crystal
orientation of the material at the interface are likely to have an influence on
the interfacial friction. As a proposal of calculating method, condition of contact
between tool and material derived in atomic scale modeling is related to informa-
tion about crystal orientation. Although it is difficult that the adhesion behavior
in atomic scale is directly related to micro-scale friction behavior, crystal orien-
tation can be a setting condition in atomistic calculation, and the difference in
friction from the crystal orientation will appear.

In the rest of this section, the method that connects the atomistic model for
friction and the micro-scale model for deformation by means of crystal orientation
is proposed, and the effect of nonuniform contacting condition on deformation
will be discussed. The friction coefficients are evaluated in atomistic calculation
by changing the crystal orientation of material, using the interatomic potentials
derived in Section 3.5.2, and a numerical table of friction coefficients is produced
in advance. In crystal plasticity calculation for an injection-upsetting process, the
movement of interface, at which each crystal has a different crystal orientation,
is calculated under the condition of the precalculated friction coefficients.

3.5.3.4 Friction Coefficient Calculation. In Section 3.5.2, a method dealing
with the adhesion behavior in atomic scale is presented. In this section, the forces
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Figure 3.23 Example of a coefficient of friction for a crystal orientation of material.

acting at the interface are evaluated by using interatomic potentials derived in
Section 3.5.2 related to coefficients of friction. The friction coefficients are calcu-
lated from the normal and the lateral (frictional) forces acting between the atoms
in a rigid material (Al) and between the atoms in a rigid tool (TiC) by letting the
material slide on the tool. Because the atoms in the material and the tool are not
allowed to move, the calculation is static. Plastic deformation and adhesion of
material are important factors to be considered in estimating the friction during
forming. However, these two factors are essentially too dynamic to be introduced
to the pre-estimation of the friction coefficient, at the present stage of investi-
gation. The friction coefficients are obtained by changing the crystal orientation
of the material. The calculated coefficient is fluctuated periodically because of
a periodicity of the crystals as shown in Fig. 3.23. A coefficient for a crystal
orientation is obtained by averaging over the fluctuating part. The precalculated
coefficients of friction are utilized for the friction of crystal contacting at the
interface at each step of deformation calculation. The number of segmentations
of the crystal orientation is limited to 123.

3.5.3.5 Condition of Calculation. As a model to be calculated, injection-
upsetting process in which the cylinder with diameter of 1 and length of 3.5 is
injected to a space with clearance of 0.5 by upsetting up to 1.3. This process is
suitable to examine the effect of friction on deformation because the friction at the
contacting plane greatly affects the deformation. The initial crystal orientations,
shown in Fig. 3.24, are produced by the tension of a specimen with random orien-
tations, on the assumption that the specimen is in the as-drawn state. The material
used is pure aluminum the properties of which are Young’s modulus—70 GPa,
Poisson ratio—0.3, and hardening rule σ = 160ε0.25. Number of elements is
1568 (radial directional × circumferential × height wise = 7 × 16 × 14).

3.5.3.6 Results and Discussion. Shape of end face of an injection-upset
specimen with applying friction coefficients depending on crystal orientations
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Figure 3.24 Initial orientations of crystals in the material for the injection-upsetting
process.

(a) (b)

Figure 3.25 (a) Shape of end face after the injection-upsetting process and (b) the
resultant orientations of crystals at end face when friction coefficients depending on crystal
orientations are applied.

are shown with orientations of the crystals located at the end face in Fig. 3.25.
The orientations of the crystals are coded by gray level depending on the position
from the center of the end face. Figure 3.26 shows the shape and orientations
of a specimen with a uniform friction coefficient, for comparison. In both cases,
after injection upsetting, the orientations tend to incline from plane [211] to plane
[111]. Although the central part of the end face keeps in a concentric fashion
in both cases, the shape of outer circumference in Fig. 3.25 is more anisotropic
than that in Fig. 3.26. It was observed that the crystal orientations change with
displacement of upsetting and the amount of change in a crystal depends on the
position of the crystal at end face. In order to examine the effect of orientation
change on friction coefficient, the change in averaged friction coefficient for
the entire area, outer circumference, and central area of the end face is plotted



68 MODELING AND ANALYSIS AT MICRO-SCALES

(a) (b)

Figure 3.26 (a) Shape of end face after the injection-upsetting process and (b) the
resultant orientations of crystals at end face when uniform friction coefficient is applied.
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Figure 3.27 Change in averaged friction coefficient with displacement of upsetting.

against the displacement of upsetting in Fig. 3.27. Even considering that the
change in averaged friction coefficient is not continuous because of the limited
number of segmentations of orientation, it is confirmed that the averaged friction
coefficient for the entire area increases slightly and especially at the beginning of
upsetting, difference in the coefficients between the areas is large. As a result of
the difference, it is considered that the lack in uniformity of friction coefficient
causes the anisotropic shape of the end face in Fig. 3.25.

3.5.3.7 Summary. A method that connects the atomistic model for friction
and the micro-scale model for deformation by means of crystal orientation was
proposed, and the effect of nonuniform contacting conditions on deformation was
discussed. It was confirmed that the change in friction coefficient that depends on
the change in crystal orientation affects the deformation behavior. At the present
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stage, the method deriving friction coefficient from atomistic calculation needs
to be improved in the future.

3.6 SUMMARY, CONCLUSIONS AND REMAINING
RESEARCH ISSUES

In this chapter, modeling and analysis needed in micro-scale metal forming was
discussed from the point of view of a mechanism-elucidation-oriented approach.
By the approach shown above, the following points can be investigated:

1. effect of crystal plasticity on deformation;
2. effect of deformation history on deformation;
3. search of good combination of tool/material and surface modification;
4. relationship between material and its crystal state, and friction.

The knowledge obtained in modeling study can be applied to structure design
of micro-scale machines constructed by the parts made by micro-scale metal
forming. The control of inner structure such as orientation of crystals in parts
becomes more important in micro-scale design. In the field of nanotechnology,
calculation experiments have been already accepted. Molecular structures are
predicted by calculations and the function is discussed before experimental con-
firmation. Selection of materials and its combination will become significant in
future; therefore the development of the model using less experimental results is
required.

Remaining issues are related to interfacial phenomena. Modeling of friction
still has a long way to go. Combining deformation and friction is also a difficult
task. In the present case, the difference in crystal orientation was chosen to be
a variable that determines the frictional coefficient. This is nothing but a choice.
The adhesion phenomena are important for surface modification in surface science
and also for reducing friction in forming engineering.

From the point of view of a mechanism-elucidation-oriented approach, it is
more important to develop modeling of key phenomena than to enhance the
accuracy of numerical prediction.
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4.1 INTRODUCTION

Advances in micro-machining technology have enabled the design and devel-
opment of ever smaller and complex miniaturized products. To address this
miniaturization requirement, smaller dimensions, precise material properties, pre-
cise fabrication, stress-free components, and high reliability are being targeted.
Various metrology techniques are used for the measurement of these properties.
These techniques are critical also during component fabrication for monitoring
production processes, to ensure a high yield.

Quantification of these properties is very challenging as the measurement
needs to be taken on a micro-scale. On a micro-scale, the properties of mate-
rial differ from those of the bulk material. Furthermore, dimensional precision
required for micro-machined parts is more stringent as the overall dimensions
are reduced. Fabrication techniques are also significantly different from bulk
machining techniques (e.g., chemical deposition, oxidation and annealing are
used in micro-machining). These techniques may introduce high stresses in dif-
ferent components in the micro-machined parts, which may have a significant
impact on the functionality or reliability of those parts.

Conventional macro-scale metrology techniques can partially address these
issues. Extensive research is being done to develop newer metrology techniques.
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Some of these techniques are derived from macro-scale metrology and some are
fundamentally different from macro-scale techniques.

The metrology techniques are generally offline, meaning that the part needs
to be taken out of the production line and moved to the metrology tool in order
to be measured. This has a negative impact on the production cycle time and
early detection of defect cannot be achieved. Hence, significant research efforts
are directed towards enabling in-line metrology.

This chapter presents different metrology techniques for micro-scale compo-
nents. The techniques are mainly divided into spatial metrology, thermometry,
and characterization of material properties. Spatial metrology targets the external
and internal dimensions of the components. It also explores different metrology
techniques used for the measurement of dynamic quantities such as displacement
and vibrations. The methods include different approaches such as optical, tactile,
acoustic, and destructive. Thermal imaging is also discussed in detail for micro-
scale systems, as different thermal profiles during fabrication lead to different
mechanical properties of the micro-machined parts. Techniques used in the
metrology of mechanical properties of micro-machined components are also
reviewed.

4.2 SPATIAL METROLOGY

4.2.1 Optical Methods

4.2.1.1 Optical Microscopy. Optical microscopy is one of the oldest metrol-
ogy methods for the detection and measurements of micro-scale objects. It is a
fast and nondestructive metrology method enabling a submicrometer-scale reso-
lution. When combined with appropriate image-processing instrumentation, the
method is capable of measuring static and dynamic spatial dimensions. In optical
microscopy, a magnified optical image of the surface under observation is gen-
erated using a lens system. The image gives information mainly about the object
surface on the focal plane of the microscope. Hence, the dimensional information
is limited to the lateral dimensions.

The resolution limit of the image is governed by optical diffraction, which
can be empirically determined by the Rayleigh criterion. For digital analysis, the
image is usually captured by some hardware such as a charge-coupled device
(CCD) camera. The hardware and lighting conditions (e.g., coaxial and ring
lighting) may also affect the effective resolution of the metrology.

The metrology of micromachined components often requires locating the edge
of a part. This is difficult, as the observed location varies with lighting condition,
noise, and assumptions made in the edge position algorithm [1]. Other signif-
icant errors of optical techniques typically stem from interference, resonance,
shadowing, secondary reflections, and lens distortions [2,3].

An important limitation of optical microscopes for the inspection of micro-
scale parts is the inability to acquire true three-dimensional data. Some opti-
cal microscopes are integrated with software that employs image-processing
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techniques to determine the Z -height at which the scan is taking place. The state-
of-the-art software uses a projected Ronchi grid to determine the height at which
the microscope is focused on one region of the image [4]. If the region selected
has multiple focus points (i.e., the region selected is not in a single plane), the
algorithm assigns the average value to the Z -height. Further edge detection algo-
rithms are run to extract the X and Y data from the microscope image. This
technique, in theory, produces three-dimensional data from an image; however,
the algorithms used after finding the Z -height in one location of the image assume
that all of the data are in the same plane.

While most measurements using optical microscopy target a static part,
many micro-devices are dynamic and their dynamics must be characterized.
The dynamic measurement of out-of-plane dimensions is difficult. Stroboscopic
methods can be used in conjunction with optical microscopy to detect dynamic
displacements in the plane of interest. For example, optical metrology has
been combined with a phase shifting stroboscopic interferometer to obtain a
three-dimensional dynamic measurements [5].

4.2.1.2 Confocal Microscopy. Optical microscopy is designed to look at
the reflection of light from the surface at the focal plane. In cases such as three-
dimensional and/or semitransparent parts, where there is a significant signal from
the plane out of focus, optical microscopy does not yield good contrast. Confocal
microscopy is adapted from optical microscopy to eliminate out-of-focus light
to increase image contrast. This also enables three-dimensional image-slicing of
the object.

The confocal laser scanning microscope (CLSM) is currently the most widely
used confocal variation. It combines a confocal microscope with a scanning
system in order to gather a three-dimensional data set. A typical setup is shown
in Fig. 4.1. A CLSM consists of point illumination, point detection, and a
confocal lens system. Scanning is done mostly by moving the beam, which
alleviates focusing problems caused by objective lens scanning and is faster than
specimen scanning [6]. Different planes can be imaged by moving the detection
pinhole. With a scanning system added, the CLSM system has the ability to
scan multiple times on different imaging planes, resulting in a three-dimensional
data set. The CLSM enables measurement of dimensions that are in the range
of microns with nanometer accuracy.

A significant advantage that confocal microscopy has over other optical metrol-
ogy techniques is its ability to measure steep slopes of up to almost 90◦ on
a part with minimal surface roughness. Such a measurement requires a high-
resolution, high numerical aperture objective, which has a limited lateral mea-
suring field unsuitable for measuring the entire object. Because of this limitation,
a stitching procedure is needed to combine scans taken with several objec-
tives to form a global picture of the component being inspected. Mechanical
scanning has two disadvantages. First, it slows down the inspection process sig-
nificantly. Second, the accuracy of the results is limited by the variations in the
involved mechanical motions. Shin et al. developed a single-fiber-optic confocal
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Figure 4.1 Schematic of optics in confocal microscope.

microscope (SFCM) with a micro-electromechanical system (MEMS) scanner
and a miniature objective lens to overcome these disadvantages [7]. Riza et al.
demonstrated a CSLM without mechanical scanning, using an electronically con-
trolled liquid-crystal lens [8].

4.2.1.3 Fringe Projection Microscopy. Three-dimensional information can
be generated using a two-dimensional image by projecting known gridlines
on the surface and interpreting the gridline distortions. Fringe projection
microscopy makes use of this principle. This method is well known for surface
roughness metrology and has the advantage of high rates of data acquisition
[9]. In fringe projection microscopy, a known grid (optical fringes) is projected
on to the surface of interest. The surface nonuniformities distort the grid lines,
the distorted two-dimensional image is captured by an image-capturing device,
and the data is processed to interpret the surface roughness. An image-capturing
surface height variation using fringe projection imaging is shown in Fig. 4.2.

Resolution is dependent on the optical system and the data acquisition hard-
ware and is primarily dictated by the magnification and the aperture size of
the system. Typical resolutions are on the order of a 100 nm, though the tech-
nique has been used to reach resolutions of 20 nm [11]. Fringe projection is
viable for semirough surfaces (>300 nm RMS) because of its speed, but not
as good as confocal microscopy or white light interferometry for out-of-plane
resolution [12]. Despite the limitations in resolution, work has been done to use
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Figure 4.2 Fringe projection image-capturing surface height variation in the sample
[10].

fringe projection in the metrology of micro-machined parts. Dynamic imaging
of parts using fringe projection microscopy is also feasible [13]. This technique
also enables long working distances and can be used for in-line metrology.

4.2.1.4 Auto Focusing Probing. Another means of generating Z -height (out-
of-plane) information is to use the well-developed autofocusing technique com-
monly used in CD and DVD players. The autofocusing probe tracks the z-height
of a surface by scanning the area. At each point on the surface, the probe is
moved in the z direction, using a voice coil mechanism to focus on the surface.
A schematic of the setup of autofocusing probe is shown in Fig. 4.3. If the spec-
imen surface goes out of focus, the shape of the spot formed on the quadrant
photo-diode changes. This is used as a feedback signal to the voice coil and the
probe is moved until the specimen comes in to focus. The signal in voice coil
corresponds to the z-height variation on the specimen surface, as the focal length
of the optical system is constant.

Submicron accuracy in the z dimension can be obtained using this technique
[14]. This method has been incorporated to a three-dimensional noncontact coor-
dinate measurement machine (CMM) [15]. The displacement of a number of
discrete points can be captured into an image showing the surface of the sample
[16]. The dynamic bandwidth of a single point is shown to be about 10 kHz,
which is limited by the bandwidth of the voice coil and control algorithm.

Similar to many measurement techniques that rely on reflected light, the DVD
probe cannot focus on areas from which the light is not directly reflected back
to the probe, such as in the case of chamfers, fillets, and relatively steep walls
(<20◦ from horizontal). Additionally, relatively high reflectivity is required to
achieve focus. Dynamic imaging of the surface is also difficult because of slower
scanning speeds.
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Figure 4.3 Schematic of optics and mechanism in autofocusing probe.

4.2.1.5 Scanning Interferometry. Interferometry enables measurement of
the z dimension more precisely. The intensity of the interference of waves orig-
inating from different heights is highly sensitive to the difference between the
heights. Height differences smaller than wavelength of radiation used can be eas-
ily measured by this method. Scanning laser interferometry and scanning white
light interferometry (SWLI) make use of this principle.

In an interferometer, as shown in Fig. 4.4, within the objective, a light beam
is split, with one beam going to the sample surface and the other to a reference
surface. These light waves get reflected and interfere with each other, forming
a pattern of light and dark bands, called fringes. For scanning interferometers,
a piezoelectric crystal is used to create small movements in the objective in a
direction perpendicular to the surface of interest. As the reference surface within
the objective moves, the result of the combination of the reflected light varies.
On the basis of the interference pattern, or fringes, and the wave length of the
light employed, coordinate data can be extracted [17].

SWLI is currently used to perform dimensional measurement of micro-
machined parts [18]. White light interferometers have a subnanometer resolution
in the scanning direction, at best a submicrometer resolution in the lateral
directions, and can be used on a multitude of parts with different surface
finishes [19]. White light is commonly used in scanning interferometers because
it allows for higher resolution by comparing data from multiple wavelengths.
Additionally, it is possible to resolve step height changes greater than λ/4
[20]. This technique has the ability to quickly measure step height changes and
deflections. Additionally, when integrated with an image-processing system, it
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can provide lateral dimensions. However, the lateral resolution of commercially
available systems is inadequate, except when equipped with high-power
objectives, which severely limit the field of view. Additionally, these tools
are limited in their ability to measure sloped surfaces. As the objective power
decreases, the degree of identifiable slopes also decreases.

Despite these limitations, white light interferometry is heavily used in the
MEMS industry to determine surface roughness, structural support analysis,
deflection curve verification, and analysis of material properties. SWLI has also
been reported to be used to measure meso-scale devices with relative success
[21]. Dynamic metrology can be achieved with a white light interferometer using
stroboscopic illumination techniques. Veeco’s DMEMS system offers 15 Hz to
1 MHz frequencies and a 0.1-nm scale resolution [22]. The synchronized capture
of a set of three-dimensional measurement data is used to generate a video of
the moving system. An example of a 3D image of a micro-machined grating
structure captured by SWLI is shown in Fig. 4.5.

4.2.1.6 Micro-Fabricated Scanning Grating Interferometer—μSGI.
The micro-fabricated scanning grating interferometer, or μSGI, has been devel-
oped to allow parallel scanning of dynamic and static devices [23,24]. The μSGI
is based on traditional laser interferometry, but operates on the micro-scale. The
system, manufactured using standard silicon processing techniques, measures
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Figure 4.5 3D image of a micro-machined actuable grating structure captured by SWLI.
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Figure 4.6 (a) Schematic of micro-fabricated scanning grating interferometer.
(b) Schematic showing an array implementation.

distance by using a reflective diffraction grating. The diffraction grating is located
on a transparent substrate with a micro-lens, fabricated using a reflow technique.
The light is reflected from the diffraction grating, and the sample is collected by
photo diodes. The system is shown in Fig. 4.6. The diffraction grating is fabricated
on a membrane that can be actuated, which allows active noise reduction.

As with all interferometers, the intensity change due to displacement takes the
shape of a sine wave. The diffraction grating is made deformable to enable higher
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vertical displacement sensitivity by staying within the linear portion of the sine
wave, allowing a vertical resolution of 0.5 nm. The lateral resolution is 1 μm.

This system has several distinct advantages over traditional interferometry.
First, it has been designed to be produced in an array to permit faster inspection
by using several μSGI units in parallel. Second, the system has the ability to
perform both static and dynamic measurements. Noise reduction in the μSGI has
been achieved by a recurrent calibration-based method using high-bandwidth
tunable grating actuation. This algorithm shows more than 40 dB noise
reduction at low frequencies and a 6.5 kHz noise reduction in bandwidth.
The μSGI shows 2 × 10−5 nmrms/

√
Hz over a wide bandwidth (GHz) limited

by the photodetector [25]. This is further modified to measure long-range
distances [26]. An example of vibrating AFM scanned by a μSGI is shown in
Fig. 4.7.

4.2.1.7 Scanning Laser Doppler Vibrometry. Laser Doppler vibrometry
(LDV) is a noncontact vibration measurement technique using the Doppler Effect.

Figure 4.7 AFM cantilever actuated at its third resonance frequency is scanned by μSGI
and vibration amplitude is mapped showing two nodes.
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Figure 4.8 Schematic of scanning Doppler vibrometry.

LDV is designed to measure the dynamic displacements of components. A fre-
quency shift is observed when a beam is reflected by a moving object. If the
object is moving away from the source, then the reflected beam shows a lower
frequency. When it is moving toward the source, it exhibits a higher frequency.
This shift can be measured by making the reflected beam interfere with a ref-
erence beam. A scanned laser spot measures the dynamic profile of the surface
under observation.

A coherent laser light is passed through a set of beam splitters and lenses as
shown in the schematic in Fig. 4.8. The part of the beam from a fixed mirror
serves as the reference beam. The other part gets reflected by the moving object,
which carries the information about the displacement and the velocity of the
moving object. A Bragg cell, an acousto-optic device, is used to introduce a
frequency shift to the reference frequency. This prevents directional ambiguity
typical of interferometers [27].

LDV permits long working distances and is commonly used for nondestructive
dynamic metrology. The signal is dependent on the reflectivity of the sample
surface. Hence, measurement of dynamics of steep slopes is difficult. The lateral
resolution is limited by the diffraction optics. Lawrence et al. used LDV to
measure the dynamic vibrations of a two-axis micro-mirror MEMS [28]. LDV can
be combined with a scanning white light interferometer to measure the topography
of a sample surface [29].

4.3 DIGITAL HOLOGRAPHIC MICROSCOPE SYSTEMS

Digital holographic systems have been employed for many years to measure the
displacements of vibrating devices. In this technique, a digital camera is used to
record a hologram produced by making a reference beam interfere with a beam
reflected by the sample under test. The hologram is stored and then compared with
the hologram generated after object displacement or deformation. The deforma-
tion is quantified using standard phase shifting or other interferometric techniques.
These systems can achieve nanometer-level measurement of out-of-plane motion
of devices. The ability to measure motions up to several megahertz can be
achieved by combining holographic techniques with stroboscopic methods [30].
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Holographic systems with an off-axis configuration enable capturing information
of the entire part by single image acquisition. The image can be reconstructed
at any object plane and the digital holographic microscope (DHM) can be used
even at long stand-off distances (20–30 cm). The lateral resolution for the DHM
is relatively high (∼300 nm) and vertical resolution can be subnanometer [31].
However, this resolution is suitable either for static or for a low bandwidth
measurement [32].

There are different methods of image reconstruction, including the Fresnel-
approach, Fourier approach, and convolution-approach. Lensless Fourier hologra-
phy is the fastest and most suitable algorithm for small objects. Lateral resolution
ranges from a few micrometers to hundreds of micrometers without any addi-
tional optics [33]. Phase unwrapping is still necessary in digital holography since
the fringe-counting problem remains.

In time averaged electro-optic holographic microscope (EOHM), the sample
is exposed for an extended period of time (relative to the time period of
the frequency of vibration) to capture a single image. It is easy to use this
method to find the resonant frequencies and mode shapes using this method.
The bandwidth of operation is not limited, but in the time domain only one
frequency can be analyzed in a given measurement. The DHM method may
also suffer from aberrations such as spherical (for off-axis configuration), coma
or astigmatism, field curvature, or distortion [34].

4.3.1 Scanning Electron Microscopy

The lateral and vertical resolution of any optical metrology methods is limited
mainly by the wavelength of the light used. A shorter wavelength enables higher
resolution. The electron microscope uses electron beams, which are capable of
generating angstrom-scale resolution. Electron microscopes are mainly classified
as transmission electron microscope (TEM) and scanning electron microscope
(SEM). In TEM, the electron beam is passed through a thin slice of specimen
and it is imaged on the other side. SEM, on the other hand, operates by scanning
a focused beam of high energy electrons across a conductive sample contained in
a vacuum. As the electron beam hits the conductive surface, secondary electrons
are emitted. These secondary electrons are counted and used to create an image of
the sample. A schematic of SEM is shown in Fig. 4.9. Current commercial SEMs
offer a subnanometer lateral resolution and up to 2 million times magnification.
SEM is one of the commonly used metrology methods to image micro-machined
parts for visualization of three-dimensional structure and finer details [35].

SEMs scan the sample at video rate and hence measurement of high-frequency
dynamic vibrations becomes difficult. The frequencies that are multiples of the
video rate can be strobed with SEMs. For other frequencies, the amplitude of
lateral vibrations can be estimated by the blur area to find the Q-factor of dynamic
devices in a vacuum [36]. Wong and Wong implemented dynamic stroboscopic
in-plane imaging by time-gating the secondary electron detector signal. Dynamic
measurements with instantaneous velocities can be obtained by pixel blurring
analysis [37].
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Figure 4.9 Schematic of scanning electron microscope.

The accuracy of the images captured by the SEM is highly dependent on
machine capability and the specific part being examined [38]. Beam-sample inter-
actions (i.e., charging) can greatly influence the results. Additionally, despite high
resolution of the SEM, the output is typically generated from the electron detector
and displayed on a screen as a two-dimensional image. Since no coordinate data
are directly output from the SEM, performing any analysis other than line width
measurements directly with the SEM software becomes difficult. Thus, SEMs are
ideal for visualizing MEMS parts, but are inadequate for the quantitative analysis
of MEMS devices (Fig. 4.10).

SEM-based metrology has a number of other drawbacks. For the SEM, an
edge appears as an intensity change in the image [3]. Thus, the location of the
edge can vary greatly, depending on the image analysis technique used. This can
result in widely varying metrology results. The vacuum pressure in the SEM can
also induce warping in delicate MEMS devices under scan [39]. The vacuum
requirement and the need for a conductive target add to the complexity of SEM-
based micro-metrology.

An alternative SEM process is called X-SEM. This process is destructive and
requires the sample to be cross-sectioned. The cross section is then imaged in an
SEM. Often this technique is used to determine sidewall and height characteristics
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Figure 4.10 A sample image of micro-machined grating.

[40]. Top-down X-SEM process is used to characterize SEM images, which
require interpretation of intensity and the process is sensitive to sidewall geometry
[41]. Top-down SEMs are commonly used to characterize micro-structures.

4.4 MICRO COORDINATE MEASURING MACHINES—μCMM

A CMM is a contact method for measuring the surface topology of a part. A
probe scans the surface of the part and generates coordinates for surface points
at the location of contact. Small-scale CMMs are being investigated for their
possible use in geometric characterization of micro-machined parts [42]. These
devices have working volumes up to 400 × 400 × 100 mm [43]. Submicrom-
eter uncertainties are being targeted with nanometer resolutions [44]. Various
approaches are being taken to scale down components of a traditional CMM
[45,46]. The main issues yet to be addressed are the size, quality, and calibration
of the probe tip used for inspection. In addition, the design of a sensing system
to detect the small displacement forces of the probe still proves to be a chal-
lenge. Optical probes are also used to achieve nanometer-level resolution over
25 × 25 × 10 mm commercial three-dimensional CMM uses laser scanners with
multiple microscopes [47,48].

4.5 SCANNING PROBE MICROSCOPY

Scanning probe microscopy (SPM) is another form of contact technique that
offers high resolution. The two most widely used SPMs are scanning tunneling
microscope (STM) and atomic force microscope (AFM). In STM, a metallic
probe is brought into close proximity of a conductive surface so that a small
current flows between them. The current is held constant by a feedback control
scheme, allowing the probe to track the height of the surface [3]. Subangstrom
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resolution is attainable in the normal direction of the surface, and angstrom-scale
resolution is attainable in the lateral direction.

AFM has a resolution similar to that of STM, but it’s use is not limited
to conductive surfaces [49]. Measurement using an AFM is performed with a
sharp probe that collects a series of line scans across the surface of a part. The
topography of the part is measured by bringing the probe close to the specimen
and measuring the repulsive and attractive forces on the probe tip. Figure 4.11
shows a schematic of an AFM. The AFM cantilever has a sharp probe, which is
brought into close vicinity of the sample surface. Different surface forces such
as van der Waal’s force, mechanical contact force, and capillary force cause
deflection in the cantilever. These are detected by measuring deflection of an
optical beam. This signal is used as feedback to drive the AFM cantilever to
track the sample surface and record the topology of the sample surface.

Depending on the feedback force, an AFM is capable of working in both
contact and noncontact modes to collect surface data. In contact mode, the method
of data acquisition is similar to that for a profilometer, where the probe tip slides
along the surface of the specimen to measure the relative height changes. Shear
stresses that arise from sliding the probe tip across the surface of a part can be
eliminated by using a setup in which the probe tip oscillates as it traverses across
the surface, which is called the tapping mode. In noncontact mode, the van der
Waals forces between the probe tip and specimen are measured and converted to
coordinate data. Thus, it enables noncontact method and therefore eliminates tip
erosion [50]. This method has lower resolution and is less stable than the sliding
and the tapping modes.

There are certain limitations to SPMs, particularly in measuring high aspect
ratio parts. STMs, as previously mentioned, are limited to parts with conduc-
tive surfaces. Electronic inhomogeneities can also have significant effects on the
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Figure 4.11 Schematic of an atomic force microscope.
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topographical image generated from the probe [51]. Vibrations in the probing
mechanism also limit gap-width stability which, in turn, can affect the fidelity of
the measurements. All SPMs are limited, in the same sense as white light inter-
ferometers, to the maximum measurable slope changes in a surface or between
surfaces. When features with perpendicular sidewalls are scanned, the data typi-
cally exhibit a slope or curtain that is actually not present [52]. SPMs have atomic
resolution in the z (out-of-plane) direction, but are limited to a few micrometers
[53]. This limitation severely prohibits the inspection of high aspect ratio parts
with dimensions on the order of millimeters. Though these tools have extremely
high resolution, it is not feasible to collect scans that cover entire surface of a
part, given the limited scan range they offer.

Recently, AFMs have been successfully used to measure the sidewalls of
parts with a height of 2 μm [54,55]. Dynamic measurements can be achieved
by high-speed AFMs scanning using a mechanical feedback loop and resonant
scanning mechanism; however, this is a contact method [56]. An AFM with force
sensing integrated readout and active tip (FIRAT) uses high-bandwidth micro-
machined actuator, high interferometric resolution and possesses an extended
range [57,58].

4.5.1 Micro-computed Tomography

Computed tomography (CT) is a radiographic technique for nondestructive three-
dimensional testing. This technique was initially developed for medical imaging
and then evolved to image micro-machined components. CT inspection consists
of measuring a complete set of line-integrals involving the physical parameter of
interest over the designated cross section. Different mathematical algorithms are
used to reconstruct an estimate of the spatial variation of the parameter over the
desired slice [59]. The two-dimensional imaging planes are then stacked and a
three-dimensional image is rendered using software.

Figure 4.12 shows a schematic of a CT system. The specimen is placed on a
stage that can be translated and rotated. The X-rays passing through the target can
be magnified by optics and are then detected by a scintillator-camera detection
system. The acquired images are processed and reconstructed by a computer and
are displayed.
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Figure 4.12 Schematic of computed tomography system.
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CT provides nondestructive characterization of the internal structures of meso-
scale devices. Also, it can be used to inspect metallic or nonmetallic, solid or
fibrous, smooth- or irregular-surfaced specimens; however, some materials such
as Teflon cannot be viewed by CT scan [60]. The results can be used for quality
control, flaw detection, dimensional measurement, and reverse-engineering. There
is a possibility, however, that artifacts appearing in the resulting image due to the
physics of the system cannot be removed. The scan provides micrometer-level
resolution but complete scans are quite time consuming and require a significant
amount of data processing [61,62]. The processing that is done on the raw data
directly affects the outcome of an inspection, and current algorithms are not well
calibrated or verified to any internationally recognized metrology standard.

4.5.2 Scanning Acoustic Microscopy

Nondestructive inspection of the internal features of a micro-machined part is
challenging with optical methods or most of the contact methods. Scanning
acoustic microscopy (SAM) offers a way to penetrate through solid structures
and image the interfaces between different layers (Fig. 4.13). This technique is
being extensively used in semiconductor manufacturing industry for detecting
delamination, crack defects in Silicon, and underfill voiding [63]. Many of the
micro-machining techniques are derived from semiconductor industry, and acous-
tic microscopy can be used to visualize the internal features of micro-machined
components.

SAM uses acoustic waves in the frequency range of mega- to gigahertz. The
waves are generated by a transducer and are focused on to a specimen using
acoustic lenses. The waves usually need a medium, to travel through and hence
the parts to be scanned are either immersed in water or a column of water is

Acoustic transducer
Emitter and receiver

Multilayered
sample

Thickness
under view

Figure 4.13 Schematic of scanning acoustic microscopy.
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created in the path of acoustic wave. At each interface between the layers, part
of the acoustic wave is reflected back. If the difference between the acoustic
impedance of the two materials at the interface is high, then most of the wave
is reflected. Hence, voids in the structure can be easily detected by the reflection
mode SAM. The reflected waveform enables viewing different interfaces as they
are separated in time. The whole reflected waveform is called A-scan. If only
part of the waveform is gated to generate an image, then it is called C-scan.
A C-scan enables viewing a thin layer inside the specimen. In another mode of
scanning, the signal transmitted through the specimen is received by a sensor
underneath the transducer (T-scan). This enables viewing the defects throughout
the thickness.

SAM enables a nondestructive technique for reliability inspection of micro-
machined components. Cracks, delamination, voids, and stiction can be detected
by SAM [64–66]. A lateral resolution of a few microns and depth of field of
few millimeters can be obtained. However, the parts need to be immersed into or
exposed to some medium such as water. This may cause corrosion, stiction, and
other undesirable changes in the test parts. Acoustic Microscopy has also been
modified to scanning near-field microscopy (SNAM) to detect subsurface defects
of submicron size [67].

4.5.3 Thermometry of Micro-Machined Components

Many of the micro-machined electromechanical parts (MEMS) have heating ele-
ments (e.g., AFM cantilever with heated tip, heatuaters) [68,69]. Thermometry
(temperature measurement) of these parts is critical to ensuring their functionality.
Several different methods are used to detect the temperatures of micro-machined
components during and after fabrication.

4.5.3.1 Infrared Microscopy. Components at higher temperature emit
higher infrared radiation intensity. Micro-infrared radiation thermometry
techniques detect the infrared radiation emitted by the specimen and interpret
the temperature on the basis of the emissivity of the specimen. Typically these
systems are calibrated at different temperatures to account for changes in
emissivity with temperatures. Minimum spot size is dependent on the diffraction
limit as in optical microscopy and is usually about a few microns. Temporal
resolution of the order of 1 μs can be obtained for dynamic readings. This
method is typically used in the IC (integrated circuits) industry where the
temperature map of the heated device can be obtained by this method [70].

The drawback of using this method in scanning micro-fabricated parts is that
Silicon is one of the most commonly used materials in micro-fabrication and is
semitransparent to IR (infrared) radiation, which introduces uncertainties. Typi-
cally the IR receivers are cooled to reduce noise, however the cooled receivers
are usually bulky and not easy to use. New studies make use of bimaterial micro-
cantilevers to detect energy absorbed [71]. These are limited to a resolution of
3–5◦C.
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4.5.3.2 Thermal Reflectance Thermometry. This technique makes use of
small change in the reflectance of the material surface with the change in temper-
ature. The system is precalibrated for the material under observation. A visible
laser is used to measure the reflectivity of the specimen. A submicron spatial
resolution can be obtained by thermal reflectance thermometry as the spot size
depends on the diffraction limit of the visible radiation. Temperature map of the
specimen can be obtained with a dynamic response in picoseconds [72]. A tem-
perature resolution of few millikelvin can be obtained using this technique [73].
Surface properties such as roughness and coatings introduce uncertainties in the
calibration affecting the temperature reading accuracy.

4.5.3.3 Scanning Thermal Microscopy (SThM). Scanning thermal
microscopy (SThM) utilizes the principle of AFM. A temperature sensor
(thermocouple) is fabricated on the tip of the AFM cantilever. The cantilever is
scanned over the surface of the specimen and temperature map is recorded [74].
The main advantage of SThM is high spatial resolution of a few nanometers,
which is enabled by the AFM tip [75]. However, scanning rates are lower
compared to optical techniques and dynamic metrology over the entire surface
is difficult. Lack of good calibration techniques, contact resistance between the
tip and the specimen surface, friction effect and hysteresis limit the accuracy of
SThM.

4.5.3.4 Laser-Induced Fluorescence. Laser-induced fluorescence tech-
nique is used for thermal metrology of micro-machined and fluidic devices. In
this technique the specimen is seeded with a temperature-sensitive phosphor
dye and the fluorescence is monitored to measure temperature. A wide range
of temperatures can be measured using this technique [76]. The fluorescing
intensity is proportional to illuminating light intensity, dye concentration, and
the optical constant of the dye. Hence, measurement is highly dependent on the
setup [77]. For micro-machined parts, the need for surface modification also
limits the use of this method.

4.5.3.5 Laser Interferometric Thermometry. Another technique used for
thermal imaging is laser interferometric thermometry. This technique utilizes the
change in the refractive index of the material caused by changing temperature.
For IR radiation, a significant change in the refractive index of Silicon is observed
with temperature, which can be measured interferometrically [78]. Operationally,
an IR laser beam is projected on the surface of specimen. The reflections from the
top surface and bottom surface of the specimen interfere with each other to gener-
ate constructive or destructive interference depending on the length of the optical
path between the top and the bottom surfaces. With change in temperature, the
length of the optical path changes and the change can be detected by measuring
the intensity of the light interference by a photo-diode. Subkelvin temperature
changes can be detected by this technique. The readings are confounded with the
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strain in the specimen. Absolute temperature measurement is not possible. Also,
thermal imaging of a surface becomes difficult as the thickness of the specimen
must be constant over the region of interest.

4.6 METROLOGY OF MECHANICAL PROPERTIES

Mechanical properties such as Young’s modulus, fracture toughness, yield
strength, and relevant physical measurements such as stress and strain are critical
to design and reliability of the micro-machined components. For micro-machined
parts the properties of the bulk material are significantly different from the thin
film materials. Hence, the micro-machined components need to be tested for
the material properties. However, fabrication and handling of a specimen and
application of direct force on it is a challenging task. Different testing methods
are developed to measure the mechanical properties of the micro-machined
parts.

4.6.1 Raman Spectroscopy

Raman spectroscopy is an optical technique used for stress and temperature mea-
surement in which light is scattered from the surface of the specimen. The
scattering is a function of the stress and the temperature on the surface. This
technique is specifically suited for micro-machined components fabricated with
Silicon because of its high scattering cross section. In this method, a laser is
projected on the surface of the specimen. Part of this incident laser is scattered
because of the interaction of photons with phonons. This scattering is spec-
troscopic measure of these photons and gives information about the resonance
frequencies of the phonons. The phonon resonance can be interpreted to measure
temperature and stress in the material close to the surface. Optical diffraction
limit based micron level spatial resolution can be obtained with this method.
Also, it is limited to a submicron penetration depth. A stress resolution of 10
MPa and a thermal resolution of 5 K is reported [79,80].

4.6.2 Bending Test

For force measurement, a beam bending approach can be employed. In this
test, a micro-cantilever beam is deflected using a probe (Fig. 4.14). The applied
force is measured on the probe side and the deflection of the beam is measured
optically. Knowing the geometry of the beam and using the theory of bending,
Young’s modulus can be obtained. Further bending the beam until it fails in
fracture provides information about the yield strength and fracture toughness of
the sample material.

An AFM probe with known spring constant can be used to measure these
properties [81]. This is a relatively simple method to test the mechanical prop-
erties of micro-machined parts. Electrostatic pull-in is another form of bending
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Figure 4.14 Schematic of bending test using an AFM probe to deflect a micro-cantilever.
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Figure 4.15 Schematic of a tensile testing apparatus for micro-specimen.

test that can also be used to determine the mechanical properties of thin film
materials [82]. However, in most of the cases, linear bending theory can not be
applied because of high beam curvatures. Hence, data analysis becomes relatively
difficult and numerical analysis is required.

4.6.3 Tensile Test

In a tensile test, the specimen is pulled with known force from two sides and the
strain is measured to determine Young’s modulus, Poisson’s ratio, yield strength
and fracture strength (Fig. 4.15). The handling of the specimen and application
of a known force are challenging because of specimen’s small size. Different
gripping structures and mechanisms are used to overcome this problem. MEMS-
based grippers and loading structures are often employed. These use torsion-based
setups and electrostatic and piezoelectric actuators [83,84]. Better accuracy in
strain measurements can be obtained by using reflective lines deposited on the
material to generate fringes [85]. Digital image correlation (DIC) method is also
used to measure strain [86].
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Figure 4.16 Schematic of experimental setup used for measuring the stiction effect.

4.6.4 Interfacial Properties

Micro-machined components often have freestanding surfaces that lead to friction
and stiction. These properties depend on the environmental conditions, especially
humidity. Measurement of these interfacial properties is important for the reli-
ability of these components. In one of the methods used for the determination
of stiction force, the freestanding cantilever is retracted using electrostatic force,
and as it collapses due to the stiction force the electrostatic force is released. This
leaves an S-shaped beam where the freestanding length of the cantilever beam
can be used to calculate the stiction force (Fig. 4.16) [87] Electrostatic pull-in
force can also be transformed into a translational motion and friction force can
be determined [88,89].
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CHAPTER 5

MICRO-LAYERED MANUFACTURING
AMIT BANDYOPADHYAY, VAMSI K. BALLA, SHELDON A. BERNARD, and
SUSMITA BOSE
The School of Mechanical and Materials Engineering, Washington State University,
Pullman, Washington

5.1 INTRODUCTION

Layered manufacturing technologies (LMTs) produce complex-shaped three-
dimensional (3D) objects directly from a computer-aided design (CAD) model by
successive addition of material(s) in a layer-by-layer fashion without the use of
specialized tools, molds, or dies. These technologies also bridge the gap between
product conceptualization and product realization and are reasonably fast. LMTs
are also known as additive fabrication, solid freeform fabrication (SFF), and
sometimes also called, in the industry, by the names of specific applications
such as rapid prototyping (RP), rapid tooling (RT), and rapid manufacturing
(RM). These technologies are relatively new and have been developed since the
late 1980s. In the past, layered manufacturing (LM) applications were limited to
the development of prototypes and casting inserts, since mechanical properties
of parts and surface finish were inadequate for actual applications. However,
with the recent advances in the field coupled with postprocessing, a variety of
methods of production tooling, low-volume structural parts, customized implants
and parts, architectural designs, archaeological replicas, and artwork in wider
range of materials have been developed. To date, more than 40 LM processes
have been developed and many more are under development. The basic
paradigm is the same for all these processes, although specific process details
can vary widely. In the process, a 3D CAD model of the object is first created
and then decomposed into horizontal cross-sectional layer representations.
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Then trajectories will be generated for guiding material additive processes to
physically build/stack up these layers in an automated fabrication machine to
form the 3D object. Similarly, all LM processes have similar features such
as (i) arbitrarily complex 3D geometries can be built, (ii) automatic process
planning based on a CAD model, (iii) no part-specific tooling is required, but a
generic fabrication machine is used, and (iv) minimal or no human intervention
is required. In terms of practical use, the application of LM can be organized
into three separate categories:

• Rapid Prototyping (RP). molds, casting patterns, dies, medical modeling,
etc.

• Rapid Tooling (RT). sharp tests for the products and materials, saves lead
times (bridge tooling), and tools complex geometries (conformal cooling
channels).

• Rapid Manufacturing (RM). manufacture of artifacts for end-use,
low-volume production, for small series, complex geometries, customized
products, and products that would not be possible otherwise.

The introduction of these technologies has opened up exciting new possibili-
ties in product design, development, and manufacturing. The capabilities of LM
for competitive usage for prototypes, tooling, and end-use purposes are being
improved rapidly. Therefore, knowledge of these technologies and their effective
application are vital for the manufacturing and design industry.

5.1.1 History

The conceptual foundations of LM lie in topography and photosculpture tech-
niques dating back almost 150 years. These early technologies can be categorized
as manual “cut and stack” approaches to building a freeform object in a layer-
wise fashion. As early as in 1890, a layered method for making a mold for
topographical relief maps was suggested by Blanther [1]. In the nineteenth cen-
tury, photosculpture was developed to create 3D replicas of any object [2]. One
somewhat successful realization of this technology was designed by Frenchman
François Willème in 1860. Development of modern LMT started with a system
proposed by Munz [3] in 1951 with the similar features of the present stere-
olithography process. In his process, a transparent photo emulsion is selectively
exposed and fixed in a layer-wise representation of a cross section of an object.
When the process is repeated, the final transparent cylinder contains an image
of the object. Subsequently, the object is manually carved or photochemically
etched out to create a 3D object. Later in 1968, parallel work on developing this
technique was reported by Swainson [4] and Battelle Laboratories [5]. In 1971,
Ciraud first proposed a successful LM process that has all the features of the
modern LMT [6]. This process is essentially a powder deposition method with
an energy beam. Figure 5.1 shows the historical development of LM and related
technologies [7], and early parts produced by these techniques [8–10].
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Figure 5.1 Historical development of layered manufacturing [7] (left) and parts produced
by early LM techniques [8–10] (right).

The advent of CAD and programmable tools based on mathematical repre-
sentations of 3D solids devised by Herbert Voelcker in 1970, and developments
in several basic technologies such as lasers, materials, computing technologies,
computer-aided manufacturing (CAM), between 1960 and 1980, have also been
crucial in the birth of today’s LMTs. In 1986, Charles Hull patented a break-
through process, which he named “stereolithography,” (SLA) for automated
manufacture of accurate plastic prototypes, using an ultraviolet (UV) laser and
photo-curable liquid polymers [11]. The process was commercialized in 1988.
In 1987, Carl Deckard, a researcher form the University of Texas, came up with
layer-based manufacturing processes for metals, wherein he printed 3D models
by utilizing laser light for fusing metal powder in solid prototypes, single layer
at a time and this process was named “selective laser sintering” (SLS). In the
early 1990s, a number of new LM processes had been successfully commer-
cialized, which included, laminated object manufacturing (LOM), solid ground
curing (SGC), and fused deposition modeling (FDM). Early materials were pri-
marily polymeric and ceramic and metal-based systems were developed later. In
the mid-to-late 1990s, a major push was made in the area of generating tooling
for injection molding and other mold-based mass-production processes, lead-
ing to the development of a number of processes that involved the use of an
additively manufactured part somewhere in the process chain of making a tool.



100 MICRO-LAYERED MANUFACTURING

Fabrication of functional metallic components was also recognized soon. Laser
cladding-based metal fabrication technologies, laser and electron beam melting
(EBM) of powder beds, and ultrasonic consolidation (UC) of metal foils were
successfully commercialized in late 1990s. Current LMTs operate with an incred-
ibly high precision and create novel designs/parts at a fraction of the expense
of a full-scale manufacturing. In addition to creating the actual components for
product testing, LM is used to produce display models using alternative materials.
LM capabilities are becoming less and less of an exclusive domain of corporate
organizations as lower-end LM systems are already within the financial range of
committed individuals as the cost of LM steadily drops.

5.1.2 Process Steps

Basic fabrication processes used for making parts are of three types, namely
subtractive, formative, and additive [12], as shown in Fig. 5.2. The subtrac-
tive process starts with a large single block of solid material and the material
is removed at specific locations until the final desired shape is obtained. Sub-
tractive fabrication processes include turning, sawing, drilling, milling, planning,
grinding, electrical discharge machining (EDM), laser cutting, and water-jet cut-
ting. An additive process is the exact reverse of subtractive process, wherein the
material is manipulated and successive portions of it are combined to form the
desired part. Also, in additive process the end product is much larger than the
feedstock material. Majority of LM processes, welding, soldering, and brazing,
fall under the additive fabrication processes category. Examples of formative fab-
rication processes include forging, press working, and injection molding, wherein
a mechanical force is applied to a raw material to mold it into a desired shape.
Hybrid machines combining two or more fabrication processes are also possible.

Although process details may vary from one LM process to another, all LMTs
share common basic operating principles and process steps. Figure 5.3 shows the
flow diagram of the basic processing steps, which are

• CAD modeling
• Data conversion

Figure 5.2 Basic fabrication processes.
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CAD modeling
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Figure 5.3 Basic processing steps in layered manufacturing. (A full color version of
this figure appears in the color plate section.)

• Checking and preparation
• Layer-wise part building
• Postprocessing.

A number of iterations between processing steps 3 and 5 are required to achieve
a satisfactory model or the final part. As with other fabrication processes, process
planning is also an important step in LM processes. These five steps are discussed
in the following sections.

5.1.2.1 CAD Modeling. Layered manufacturing requires 3D digital data
describing a physical object as an input. Therefore, 3D CAD modeling is an
important prerequisite for LM and is one of the most time-consuming steps.
Many modern CAD or CAM systems can be used to generate the model.
Off-the-shelf parts for which no technical data are available, data acquisition
is made via reverse engineering using coordinate measuring machine (CMM)
or a laser digitizer, to capture the data points of the physical model and
reconstruct it in a CAD system. For LM, the CAD model must be a closed
volume with surfaces and solids as basic elements. This ensures that all
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horizontal cross sections, essential for LM, are closed curves to create the
final solid object. Invariably, the final part produced by LM will be slightly
different from that produced by the CAD model, depending on the LM process.
Therefore, care must be taken in designing the part and in specifying the
parameters for LM systems, to avoid poor utilization of the systems. For
example, difficult-to-build structures such as thin walls, small holes/slots, porous
scaffolds, overhangs, and supports have to be carefully considered during CAD
modeling. Therefore, designers and LM system users must closely work with
the systems to gain experience, with which they can utilize LM effectively.
However, availability of many different commercial LM systems with different
capabilities and requirements may pose some difficulties to CAD modeling or the
designers.

5.1.2.2 Data Conversion. The 3D CAD model is then converted into
ST ereoLithography (STL) format, which has been conceived by 3D Systems,
USA [13–15]. The STL format is industry standard because slicing a part, a
next LM processing step, is easier with STL format. The STL format allows us
to transfer the slicing operation into a routine of finding the interactions between
lines and triangles. Besides, the format makes the process reliable and robust,
and data processing tools to repair surfaces and STL files are readily available in
the market. The STL file format approximates the surfaces of the model, using
tiny triangles. A surface normal and a vector indicating the outward direction
perpendicular to the triangle’s surface represents the boundary of the solid
model. Currently, almost all CAD/CAM systems have the CAD–STL interface
and allow the user to adjust the maximum allowable deviation between the
original CAD model and the STL model. The maximum allowable deviation
depends on the desired feature resolution and the maximum STL size that a
system can handle. As with any system, the STL format is also not free from
inherent problems, which has led to the discovery of several new formats for
LMTs [16]. Some of the proposed formats are StereoLithography Contour (SLC)
[17], common layer interface (CLI) [14,18], rapid prototyping interface (RPI)
[19,20], and layer exchange ASCII format (LEAF) [21]. A detailed discussion
of these formats can be found in Chua et al . [16]. However, STL is still a
dominant file format for LMTs.

Application of LM in medicine utilizes computerized tomography (CT) scan
data to make models and customized implants, and some of the implants have
been successfully implanted in patients. The CT scan data can be converted to
models suitable for LM, using special CAD systems, STL-interfacing, and direct
interfacing. The main advantage of using CT data as an interface of LM is its
ability to make implants to suit specific sites and specific patients. However, a
specialized software is required to process CT data.

5.1.2.3 Checking and Preparation. STL files generated from CAD models
often suffer from various defects and contain no topological data. The defects may
arise from errors in the CAD models and tessellation algorithms in the CAD–STL
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interface. Typical errors include gaps (missing facets), overlapping facets, degen-
erate facets (all edges are collinear), and nonmanifold topology conditions [16].
These problems, if not fixed, can result in failure of subsequent operations on
the models. Therefore, it is always necessary to perform model checks before it
is being sent to LM systems for part building. Repairing invalid models is very
difficult [20]. However, manual repair of defective models is now routinely being
performed using specialized software such as MAGICS®, software developed by
Materialise, N.V., Belgium [22]. Other possible solutions are provided in Chua
et al . [16]. Once the STL files are made error-free, the LM system’s software
applies machine/process-dependant geometry corrections (such as shrinkage, dis-
tortions, postprocessing) to the STL files. Other LM process/machine-dependant
setup steps to prepare STL files for actual part building include (i) part ori-
entation, (ii) generation of support structures, (iii) slicing, (iv) selection of the
deposition path and the process parameters, and (v) build layout.

Part Orientation. Also known as build orientation, part orientation is very
important to achieving best part quality, reduction of build time, the support
structures, and the desired final properties in different orientations. Because
the parts are built layer by layer, the number of layers, decided by the
height of the part, determines the total build time. Also, machine-dependent
operations such as wide/narrow tool paths, calibration, and deposition head
positioning contribute to the total build time. The extent and location of the
support structures required for a model depends on part/build orientation.
Depending on the materials and the LM processes, the final parts may show
clear boundaries between each individual layers. These layer boundaries
may result in anisotropy in properties when measured parallel or normal to
the layers. Therefore, decision upon part/build orientation should consider
part quality, support structures, build time, and strength anisotropy.

Generation of Support Structures. Not all LM processes require generation of
support structures. For example, powder-bed-based processes, in which the
loose powder bed supports the overhang features during the build process.
Other processes, based on extrusion, often require support structures dur-
ing part building to prevent slumping or sagging of overhang features. In
general, LM systems come with system-specific software capable of auto-
matic support-structure generation based on part orientation. The downside
of these support structures is that they add to material cost, postprocessing
time, and build time. However, minimum support structures are required to
ensure best feature quality with reasonable build times.

Slicing. Generation of a series of closely spaced 2D cross sections, by inter-
secting a ray of virtual lines with the 3D object, of a 3D part is known as
slicing. The STL file along with the support structures is sliced into thin,
horizontal cross sections. The user can specify the layer thickness, usually
between 0.05 and 0.5 mm. The surface finish in the Z -direction depends
on slice/layer thickness, as the main error associated with slicing is the
staircase error, as shown in Fig. 5.4. Staircase error can be minimized by
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CAD model surface Part surface

Figure 5.4 Staircase error.

smaller layer thicknesses, but at the expense of increased build time. New
techniques such as “adaptive slicing” to minimize staircase error are under
development [23].

Deposition Path and Process Parameters. After slicing, the user can decide
how these cross sections are made. LM processes that use point- or line-
based deposition heads, for example FDM, require creation of a deposition
path that the machine will use to build each layer. An internal crosshatch
structure is generated between the inner and the outer surface boundaries of
the part. Support structures are generally created using coarser settings. The
deposition path allows the user to achieve the desired part strength, build
time, and surface finish. Important variables include orientation, deposit
width, and the distance between deposits. For other processes, the build
file is created with an appropriate choice of build/technological parameters,
which may include cure depth, laser power, drying time, drying temperature,
and other physical parameters. The cross sections created thus are system-
atically built, typically fully automatic and unattended, and then combined
to form a 3D object.

Build Layout. LM can build multiple parts concurrently in one operation, and
to fully utilize this capability, one should carefully consider the placement
of parts in the overall build layout, which can significantly affect the overall
efficiency of the process. It is generally desirable to arrange parts in such
a way that the uppermost parts in a build end at the same Z height, as this
offers the greatest operational efficiency. The number of identical parts that
can be built is subject to the overall build size constrained by the build
volume of the LM system.

5.1.2.4 Layer-wise Part Building. For most LM systems, this step is fully
automated and can run almost without human intervention. Building time can
vary from few hours to few days, depending on the size and the number of parts.
Figure 5.5 shows typical parts built using different LM machines at Washington
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(a) (b) (c)

Figure 5.5 Typical parts built using different LM machines at WSU (a) fused deposition
modeling (FDM-TITAN, Stratasys), (b) 3D printing (Imagene, ExOne), and (c) laser-
engineered net shaping (LENS, Optomec).

State University (WSU), Pullman. The support material, shown dark in Fig. 5.5a,
has to be removed from the parts produced using FDM. The method of support
material removal can be different for different LM systems. For example, some
processes require simple tools to breakaway the supports, some supports can
dissolve in water, some require grinding, and others can melt at low temperatures.
Part building details vary from process to process and application dependant, and
are discussed in detail in the subsequent sections of this chapter.

5.1.2.5 Postprocessing. Generally, at the final stage some manual opera-
tions with possible part damage are required. Therefore, utmost care has to be
taken in postprocessing. As with part building, the details of postprocessing also
vary from process to process and are discussed later. However, mandatory post-
processing steps required for some layered manufacturing systems are listed in
Table 5.1. Cleaning refers to removal of excess materials from the part inside
and outside. For example, this refers to removing excess powder from SLS parts.
Similarly, resin residing in the holes and supports has to be removed from the
parts produced via stereolithography (SLA). Table 5.1 indicates that SLA requires
highest number of postprocessing tasks. Also, the cleaning of SLA parts requires
special recommendations for safety reasons. It has been reported that accuracy
is closely related to the postprocessing treatments [24]. The final finish needs
secondary processes such as additional machining, milling to add the necessary
features to the parts, and sanding and painting to improve the appearance of the
parts.

TABLE 5.1 Essential Postprocessing Steps for Some LM Technologies

Postprocessing Selective Laser Stereolithography Fused Deposition
Sintering (SLS) (SLA) Modeling (FDM)

Cleaning Required Required Not required
Postcuring Not required Required Not required
Finishing Required Required Required
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Considering the numerous details involved in preparing the necessary input
for LM systems, proper documentation of all the geometrical and process details
is extremely important.

5.1.3 Advantages of Layered Manufacturing

Product design, concept realization/testing, product and material development,
and product manufacture can benefit from LMTs. The first direct benefit is its
ability to fabricate geometrically complex/intricate parts in a straightforward man-
ner and in a relatively short duration. Some LM processes allow us to produce
parts with different materials at different locations to meet site-specific service
requirements. In industry, the application of LM has been categorized into three
major groups and the specific advantages of LM in each group are summarized
below.

5.1.3.1 Rapid Prototyping (RP). Advantages of making a prototype of a
new design prior to actual production are very well established [16,25,26]. The
most significant benefit is savings on cost and time in the product develop-
ment/improvement cycle, as these technologies can produce parts quickly and
inexpensively. Savings on time and cost could range from 50% to 90%, depend-
ing on the size of production. Without significantly affecting the cost of lead
time, part design, size, and features can be optimized to meet customer require-
ments. Profits can be realized earlier on new products as fixed costs are lower.
Marketing as well as the customers can also benefit from the utilization of RP
technologies. RP is useful also in styling and product ergonomics. For example,
products such as a helmet, breathing apparatus, and driving masks require trial
and error to ensure best fit and comfort, and thus RP will provide immediate feed-
back to accelerate the development process. Layered manufacturing techniques
are powerful tools to take a right and quality product to the market sooner. Prod-
uct visualization, communication, and functional/performance testing are also
possible with RP.

5.1.3.2 Rapid Tooling (RT). Instead of making an RP part, LMTs can also
be used to make the mold that can be used to make a tool using other processes.
For example, an investment casting mold can be directly made from a thermal
plastic model. These technologies can be used to make various kinds of tooling
instruments such as dies, mold inserts, conformal cooling channels in an injection
molding tool, and other complex tool geometries, which are not possible with
any other techniques. Other benefits include the speed of fabrication and the
ability to fabricate tools from multiple materials, which can potentially increase
the productivity by 25–50%.

5.1.3.3 Rapid Manufacturing (RM). LMTs are increasingly used to make
functional parts via direct or indirect methods. The indirect method makes a neg-
ative mold of the part to be built using other processing techniques. Examples
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include patterns to make molding and die-casting for volume production. In
this way LMTs can be indirectly used to fabricate functional parts with met-
als, ceramics and other materials. Direct fabrication of functional parts is also
feasible using latest LMTs such as direct metal deposition (DMD), laser mate-
rial deposition (LMD), and hybrid RM processes combining laser deposition
and machining. Since the processes can produce complex parts, design restric-
tions based on manufacturability are completely eliminated with additional cost
and time savings involved in tool making. Customized products to suit individ-
ual customers can be easily fabricated, which significantly benefit the implant
manufacturing area. Advanced materials and other composite materials that are
difficult to process can be easily utilized to make functional end-use parts.
Finally, heterogeneous and functionally graded parts can be built without much
difficulty.

LMTs are being used also to repair worn or defective metallic components by
depositing precise amounts of materials at desired locations. It is also possible
to add features to existing parts. This allows efficient unification of LM capabil-
ities and conventional processing techniques for efficient material utilization and
economical part production. Effective usage of LM for prototyping, tooling, and
end-use purposes depends on a complete understanding of these technologies.

5.2 LAYERED MANUFACTURING PROCESSES

5.2.1 Classification

Layered manufacturing processes are characterized by great miscellany in terms
of feedstock form, basic principle, and the process by which the part is built.
Numerous LM processes available in the market can be classified in many ways
and here the major LM processes are classified according to the fundamental
process by which the part is built, as shown in Fig. 5.6.

Layered manufacturing

Powder bed
sintering

Selective laser sintering
selective laser melting

direct metal laser
sintering

electron beam melting

Stereo lithography
solid ground curing

poly jet stereo lithography
microlithography

Laminated object
manufacturing

ultrasonic consolidation

Laser engineered
net shaping

direct metal deposition
direct light fabrication

Fused deposition modeling
fused deposition of ceramics
melted extrusion modeling
multiphase jet solidification

3D Printing
multi jet manufacturing

ballistic particle manufacturing
rapid freeze process

Shape deposition
manufacturing

direct wire electronics
segment milling
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Photopoly-
merization Extrusion Lamination Printing Deposition Hybrid

Figure 5.6 Classification of layered manufacturing processes.
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5.2.2 Process Details

Various vendors of LM machines offer different machine-specific details for the
same LM process. In this section, only process-specific details are emphasized.

5.2.2.1 Powder Bed Sintering/Melting Processes. The technology of
powder bed sintering/melting processes, using a laser to bond powdered materi-
als into a solid part, was developed at the University of Texas at Austin, USA,
in 1989. This process, also known as SLS, was originally developed to create
plastic parts using thermoplastic powdered materials because of their low melting
temperatures, and the principle was later extended to metallic and ceramic pow-
ders. Currently, the SLS technology and machines are commercially available
from 3D Systems, USA and EOS GmbH, Germany.

In SLS, parts are built by focusing a fine laser beam onto a thin layer of
loose powder bed, which sinters/melts the particles with one another and with
the previous layer to form a solid layer. Then, the next layer is directly built on
top of this solid layer after another thin layer of loose powder bed is deposited.
The SLS process starts with deposition of a thin layer of fusible powder onto a
platform in fabrication chamber, using a counter-rotating roller. The first cross-
sectional slice of the CAD object is precisely drawn/scanned on this preplaced
powder layer by a finely focused laser beam under the guidance of an X–Y
scanner system. A schematic of a typical powder bed sintering process is shown
in Fig. 5.7. The heat generated due to the interaction between the laser beam and
the powder material is controlled to melt the powder to form the solid slice cross
section (Fig. 5.7a, right). The surrounding material remains loose and serves as a
built-in support for subsequent layers and overhang structures in the object. After
completing the first cross section, the build platform is lowered one layer/slice
thickness (typically 0.1 mm) to accommodate the powder for the next layer. Feed
piston in the powder delivery system is moved up by one layer thickness and

X–Y Scanning
mirror

Powder delivery
system

Roller
Fabrication
powder bed

Laser beam

Laser

Sintered
part Laser beam

Preplaced
powder bedSinteringSintered powder

Unsintered powder in
previous layers

(a) (b)

Powder feed
piston

Sealed chamber

Build piston

Figure 5.7 Powder bed sintering process (a) Schematic showing various components of
SLS (left) and layer-by-layer sintering process (right) (b) Commercial SLS unit. Source:
courtesy EOS GmbH
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the powder is deposited and leveled on top of the previous layer in the build
platform, using a roller mechanism preparing the next layer for sintering. These
steps are repeated and successive layers are fused together to form a 3D object
represented by the CAD model.

The fabrication chamber is sealed and maintained in an inert atmosphere,
which prevents oxidation and contamination of the final parts and explosion of
the loose powder. Once the building process is complete, the parts are allowed
to cool in the chamber and the excess powder is brushed away, and the final
finishing operations may be carried out depending on the application of the part.
As the sintering process requires high amount of heat, the energy required during
SLS of similar layer thickness is approximately 300–500 times higher than that
required for photopolymerization process [27,28]. To minimize the laser power
requirements of the process and to prevent warping of the parts, the powder beds
are maintained at temperatures just below the sintering/melting temperature of
the power, using auxiliary heaters [29]. The performance and the properties of
the final parts produced by SLS depend on various process parameters such as
laser parameters (power, spot size, pulse duration, and frequency), powder char-
acteristics (size, shape, size distribution, and packing density), scan parameters
(layer thickness, scan spacing, and travel speed), and temperature-related param-
eters (powder bed temperature and chamber temperature) [29]. It is important
to understand the interdependency and interactive influence of these parameters
on part quality. For example, the required laser power increases with increasing
melting point of the material, but decreases with the laser absorption capacity
and the particle size of the material. To maximize the surface finish, mechanical
properties, and dimensional accuracy of the parts, powder characteristics, laser
power, scan speed, and powder bed temperatures are to be carefully balanced.
Several studies [30–39] have been performed focusing on the influence of the
parameters involved in laser sintering on the properties of the final parts. Also,
the process does not require support structures, as overhangs and undercuts are
supported by the solid powder bed, which considerably reduces the build and
cleaning cycle times compared to other LM processes. However, finer particle
sizes (typically below 20 μm) pose problems in terms of spreading and handling,
although they produce more accurate and smoother parts.

Conceptually, SLS is the only technology that offers the capability to directly
process a wide variety of engineering materials, including thermoplastics, met-
als/alloys, ceramics, and their composites. Depending on the materials being
processed, the basic bonding methods in a powder bed process can be categorized
into two groups, namely direct and indirect methods. In direct method, the pow-
der bed consists of either single or two components [40]. In the single-component
direct method, the powder material is directly fused and sintered together using
a high-power laser beam. This method is widely used to process majority of
polymeric materials/composites and some low-melting-point metals/alloys. In this
case, sintering occurs as a result of incipient melting and solidification of powder
particles, whereas in conventional sintering, the bonding occurs predominantly
by solid-state diffusion. The two-component method consists of a mixture of two
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metal powders, one with a high melting point constituting the main structural part
and the other with a low melting point acting as a binder. The laser energy is
modulated to ensure complete melting of the low-melting constituent only, which
fills the pores between the high-melting-point solid powder particles, resulting
in a dense product upon solidification. This process is similar to classical liquid
phase sintering and is used to fabricate high-melting-point metallic parts. The
two-component indirect method uses a polymer-coated metallic/ceramic powder
or a dry mixture of polymer and metallic/ceramic powder as a feedstock. The
polymer melts and binds the particles together during laser irradiation and the
ceramic/metallic powder remains virtually unaffected by the laser heat. Because
of the polymer binder, the parts are usually porous and require subsequent debind-
ing/infiltration with a metal to produce dense parts. This process is best suited
for making ceramic parts, as majority of the ceramic materials are not suitable
for direct melting.

Several processes have been developed on the basis of the powder bed sinter-
ing/melting principle exclusively to produce direct functional metallic parts, as
the presence of low-melting-point components in the parts, produced by direct or
indirect two-component methods discussed above, is detrimental to their physi-
cal, mechanical, and chemical properties. Processes developed for direct metal-
lic component fabrication include selective laser remeling (SLM) developed at
Fraunhofer Institute for Laser Technology, Aachen, Germany, direct metal laser
sintering (DMSL), and EBM developed at Chalmers University in Sweden in
the 1990s and commercialized in 2001 by Arcam AB, Sweden. All these pro-
cesses use significantly high-power lasers, the latest X–Y scanning technologies,
and precise atmosphere controls. EBM uses a focused electron beam as the heat
source in place of a laser beam. The kinetic energy of the projected electron,
at half the speed of light, on the powder bed induces melting. As in SLS, the
electron-beam gun initially preheats the powder layer to reduce the distortion
in the final parts. Then the preheated layer is selectively melted at high beam
power or by decreasing the travel speed. Some of the advantages of EBM over
SLS include high energy efficiency, high-quality melts, high vacuum to elimi-
nate impurities, ability to process refractory and dissimilar metals, and rapid beam
manipulation and movement (in place of part movement). Some disadvantages
include requirement of high vacuum and electrically conductive materials, and
production of γ rays during processing. So far, EBM has been extensively used
to create a wide variety of complex structures, using pure Ti and the Ti-6Al-4V
alloy [41–45]. Laser sintering process has been used to create structures, using
a wide range of metallic, polymer, ceramic, and composites powders [46–56].

5.2.2.2 Photopolymerization Processes
5.2.2.2.1 Stereolithography. The Stereolithography process is the first com-
mercialized LM process developed and patented by Charles W. Hull in 1986.
Stereolithography is still regarded as a benchmark by which other technolo-
gies are judged. The process works on polymerization of a photo-curable liquid
resin—a polymer that solidifies as a result of electromagnetic irradiation, layer
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by layer to develop 3D objects. Many types of liquid photopolymers are avail-
able that can be solidified by exposure to electromagnetic radiation, including γ

rays, X-rays, electron beam, UV, and visible range [57]. However, majority of
photo-curable polymers used in commercial SLA systems are curable in the UV
range. There are a wide variety of photosensitive polymers containing fillers and
other chemical modifiers to meet the desired chemical and mechanical require-
ments. Although the basic SLA process is the same, commercial SLA machines
have wide variation with respect to the photopolymerizable materials, type of
radiation, method of exposure or scanning, and other aspects. Several companies
offer SLA machines and the most popular is 3D Systems, USA.

In SLA processes, the photopolymer is cured point by point, line by line, and
layer by layer on a build platform in a vat filled with a photo-curable liquid resin,
as shown in Fig. 5.8. The process takes place at room temperature and does not
require any controlled atmosphere. The process begins with the elevator setting
the build platform just below the surface of the liquid resin. The computer-
controlled X–Y scanning mirror then directs the focused laser beam on the
surface of the photo-curable liquid resin to polymerize, forming a solid two-
dimensional cross section corresponding to the first slice represented in a CAD
model of the object. The laser beam causes the polymer to harden precisely at the
point where the light hits the liquid polymer surface. The build platform is then
lowered by an elevation control system to cover the first solid layer with another
layer of liquid resin and a leveling sweeper moves across the surface to recoat the
next layer of resin on top of the previously cured layer. The laser beam then scans
the surface of the liquid resin according to the next slice cross section, forming
the next layer of the part. This process continues building the part in a bottom-up
fashion, until the system completes the part represented by a 3D CAD model.
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Part
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resin

Resin level
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Figure 5.8 (a) Schematic of stereolithography process, (b) Commercial SLA unit.
Source: courtesy 3D Systems, Inc.
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The part is then raised out of the vat, cleaned of excess polymer and support
structures, and then placed in a UV oven for complete curing. Depending on
the part geometry, the process builds support structures simultaneously with the
part.

The key strength of SLA is its ability to rapidly direct focused radiation of
appropriate power and wavelength onto the surface of the liquid photopolymer
resin [58]. The beam is focused on the surface of a liquid photopolymer, curing
a predetermined depth of the resin after a controlled time of exposure (inversely
proportional to the laser scanning speed). To ensure scan-to-scan and layer-to-
layer bonding during part building, the cure depth and the cured line width must
be controlled. Exposing the liquid polymer to a threshold with an appropriate
focused spot size is essential. Typically, the cure depth of the laser must be
slightly more than the layer thickness. Layer thickness typically varies between
0.025 and 0.5 mm and is user defined. Early SLA processes produced parts that
were fairly brittle and prone to distortion and warpage during curing. However,
recent advances in the technology have largely eliminated these problems. Also,
recent machines are equipped with high-power soli-state or semiconductor lasers
with adjustable beam size to accelerate the building process. The process can
achieve excellent surface finish and good dimensional accuracy on the order of
±100 μm. Some commercial systems (E-Darts, Autostrade Co. Ltd., Japan, and
COLAMM, Mitsui Zosen Corp., Japan) build parts on an ascending platform,
using a laser light transmitted through a transparent window at the bottom of the
resin chamber.

For various applications, a wide range of photo-curable resins are commer-
cially available with varying physical, chemical, and mechanical properties. These
can be classified as epoxy-, vinylether-, and acrylate-based resins. Acrylics cure
about 75% and 80% when exposed to UV light and epoxies continue to cure
once the polymerization is initiated by the light. Acrylate resins generally exhibit
higher viscosity and higher curl distortion. Epoxies and vinylethers exhibit almost
negligible curling tendency and superior mechanical properties, and are therefore
considered more suitable for most prototyping applications. Desirable character-
istics of a photo-curable liquid resin include high photo speed, good wettability
with the cured resin, low viscosity and shrinkage, low curling tendency, long shelf
life, and good mechanical properties. Parameters that influence performance and
functionality of SLA-processed parts are the physical and chemical properties
of the resin, the power, spot size and wavelength of the laser, the speed and
resolution of the optical scanning system, layer thickness, the recoating system,
and the type of postcuring process. Also, cure depth and cured line width must
be controlled, which are a function of laser power, spot size, and scan speed. A
number of studies are available describing the parameter effects [59–63].

Postprocessing steps include solvent cleaning; removal of support structures;
postcuring in UV oven; and finishing operations such as sanding, milling, pol-
ishing, and bead-blasting. Infusion of liquid monomers into the semicured part
results in swelling and therefore, the parts must be removed from the vat as soon
the building process is complete. A matter of concern in SLA is that the parts
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usually have some uncured regions, as a result of the cone features generated
by the laser during curing process, and require a postcuring process. Also, the
postcuring usually results in shrinkage leading to dimensional changes and dis-
tortion in the parts [58]. Concept models and prototypes for design verification
and form and fit issues are generally made using SLA. Rarely, the process is used
to make prototype tooling and low-volume production tooling. The SLA areas of
applications are restricted by the properties of the given material. End-use metal
parts can be produced through investment casting and sand casting processes
using patterns fabricated from these processes. The main limitation of SLA is
that only photo-curable resins are usable for part construction, which are expen-
sive and some of which exhibit bad odors and are toxic. Another disadvantage
is that the parts with enclosed and hollow structures are trapped in the resin.

5.2.2.2.2 Solid Ground Curing. SGC is developed and commercialized by
Cubital Ltd., Israel in 1991. This process has the advantage of curing the entire
layer of a photo-curable resin at a time, which overcomes the speed limitation of
SLA, where a point energy source is used for curing. SGC uses several kinds of
liquid and cured resins to create objects. A water-soluble wax is used to create
support structures and ionographic solid tones are used to create an erasable
image of the computer-generated cross section on a glass mask. SGC consists of
two main steps namely mask generation and layer fabrication, which are repeated
a number of times to complete the part. In the mask generation step, the first
cross-sectional image of the part is generated on a transparent substrate (glass
mask) by ionographic printing process, a technique similar to photocopying. The
image is formed by depositing a black electrostatic toner that adheres to the ion-
charged portions of the substrate. This is used to mask the uniform illumination
of the collimated UV lamp. Figure 5.9 shows the various stages of the SGC
process.

The layer fabrication stage starts with spraying a photosensitive resin on the
build platform as it passes under the resin application station. Then the build
platform is transferred to the UV light curing station, where the photo mask

Glass mask

Mask generation system

Part being built within
a wax support

UV light
Photopolymer

resin Vacuum Wax
Cooling plate Milling head

Figure 5.9 Schematic of solid ground curing (SGC) process.
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from the mask generator is placed above the build platform and aligned under UV
light. A shutter is opened allowing the photosensitive resin layer to be exposed
to UV light through the photo mask. When UV light is passed through this glass
mask onto the liquid resin, the resin is polymerized wherever light is allowed to
pass. The surrounding unexposed resin remains liquid, which is removed using a
vacuum. The glass mask is cleaned and a new mask is generated on the plate for
the next layer. Molten wax is spread into the empty space created after collecting
the unsolidified resin and the wax is solidified under a cooling plate. Then the
surface of the layer is milled to its exact thickness. This step also produces a
roughened surface of cured photopolymer, assisting adhesion of the next layer to
it. A new layer of photopolymer is then applied to this milled surface and the cycle
is repeated until the object is completely formed within a wax matrix. As each
layer is surface milled before generating a new layer, the SGC process facilitates
a high degree of accuracy in the Z direction. The process is self-supporting and
does not require external support structures as continuous structural support for
the parts is provided by the wax. The supporting wax is melted away or dissolved
during postprocessing.

In contrast to SLA, the SGC process is considered a high-throughput pro-
duction process and the high throughput is achieved by hardening each layer of
the photosensitive resin at once. Multiple parts can be created simultaneously
on the sample platform because of the large work space and the milling step
maintains vertical accuracy. Because the parts are completely cured during the
build process itself, no postcuring is necessary and associated shrinkage, warp-
ing, and curling problems are completely eliminated in SGC. The process lacks
widespread market acceptance because of high acquisition and operating costs
and the complex nature of the process requiring skilled workers to monitor. How-
ever, the benefits of this process have been utilized in other photopolymerization
processes by simplifying the fabrication procedures. One such process is Objet’s
polyjet process—a hybrid of material printing and stereolithography, developed
by Objet Geometries, Inc., Israel. The process uses printing technology to deposit
supports and build material combined with UV-curable materials. As shown in
Fig. 5.10, the machine consists of a multinozzle print head that slides back and
forth along the X -axis and deposits a thin layer of liquid polymer resin onto a
build platform according to the slice information. Immediately after deposition,
a UV bulb fitted to the print head emits UV light, which cures and hardens each
layer. The internal build tray moves down and the print head begins building
the next layer. Support structures are printed and cured simultaneously using a
different gel-like photopolymer that is water soluble. As with SGC, this pro-
cess requires no postcuring. Similar technology has since been introduced by 3D
Systems as part of their InVision line of 3D Printers.

5.2.2.2.3 Micro-Fabrication. In micro-fabrication, several processes have
been developed over the last few years whereby miniature objects are built
using lamps, lasers, and X-ray as energy sources [64–66]. The parts built
by these processes are highly complex and typically less than 1 mm in size.
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Figure 5.10 (a) The Objet PolyJet process and (b) actual machine. Source: courtesy
Objet, Inc.

These processes are known as micro-stereolithography (μSL) processes. The
μSL technique differs from conventional SLA method in that the focus point
of the laser beam remains fixed on the surface of the resin, while an x –y
positioning stage moves the build platform on which the part is made. One
μSL process has been commercialized by Micro-TEC GmbH, Germany. Their
machines use a He–Cd laser and are capable of constructing small parts with
layers as thin as 1 μm, with submicron precision and a feature definition of
less than 10 μm. μSL processes are widely used for building micro-parts in
micro-mechanics, micro-biotics (micro-actuators), micro-fluidics, and bone
scaffolds using polymers, ceramics, and composites [67–74]. The fabrication
of micro-ceramic parts uses homogeneous ceramic suspensions of monomer,
photoinitiator, dispersant, dilutents, etc. The green body ceramic micro-parts
are then postprocessed by binder burnout and sintering to obtain fully dense
ceramic parts.

5.2.2.3 Extrusion-Based Processes. Unlike photopolymerization pro-
cesses, where the feedstock material changes from liquid into a solid final
object, the extrusion-based processes use materials in a solid form, which are
melted, extruded, and then deposited into a desired shape. Extrusion-based
processes were originally developed for making plastic prototypes and currently
these processes have also been used to make functional metallic and ceramic
parts. There are three commercial systems available in this group: (i) FDM,
(ii) multiphase jet solidification (MJS), and (iii) melted extrusion modeling
(MEM). The FDM process was originally developed by Advanced Ceramics
Research (ACR) in Tucson, Arizona, and the technology has been significantly
developed by Stratasys, Inc. USA. MEM was jointly developed by Beijing
Yinhua Co. Ltd., China, and Tsinghua University, China. The unique advantage
of MJS is that it can be used to produce metallic or ceramic parts. The process
uses low-melting-point alloys or a powder-binder mixture that is melted and
extruded through a computer-controlled nozzle to build the parts layer by
layer. The Fraunhofer Institute for Applied Materials (IFAM) Research and
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Figure 5.11 (a) Fused deposition modeling process and (b) Stratasys FDM Titan. Source:
courtesy Stratasys, Inc.

the Fraunhofer Institute for Manufacturing Engineering and Automation (IPA)
joined together in developing MJS. Extrusion-based processes are currently the
best-selling processes for prototyping applications especially FDM machines by
Stratasys, Inc.

FDM fabricates parts by extruding molten thermoplastic material through a
small nozzle to form a thin “road” in a predetermined pattern on a build sheet to
complete the part layer by layer. The machine uses specialized software to create
user-defined tool paths and automatic support structures. Different materials are
used for support structures and building the part. A schematic of the FDM process
is shown in Fig. 5.11.

The process starts with feeding the extrusion head (or the liquefier) with a thin
filament of build material (typically φ 1 mm) by a roller mechanism. The filament
is then heated to a semiliquid state, then extruded through a nozzle, and deposited
on the build sheet as per the tool path in the X –Y plane. The solid filament is
used as a linear piston to extrude the material. The surrounding air in the build
envelop is maintained at a temperature below the build/support materials’ melting
point and the extruded material quickly solidifies and bonds to the previous layer
and the adjacent roads. The build chamber temperature control is very important
as it keeps the material already deposited warmer and ensures efficient interlayer
and inter-road bonding, which decides the mechanical strength of the part. When
the layer is completed, the build platform is lowered precisely to maintain the
constant standoff distance between the working surface and the extrusion tips. The
support and build materials are extruded using separate tips. The build process
deposits both the build and support materials in separate steps for each layer at a
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time. During switching between the build and support materials, one nozzle will
rise up so that it will not interfere with the material being laid down. The width
of the extruded material called “road width” can be controlled by the feed rate
of the filament. The layer thickness typically varies between 0.1 and 0.5 mm and
the road width between 0.25 and 2.5 mm. In some extrusion designs, with the
same basic operating principle of FDM, liquid-based slurries and other precursor
materials can be used in place of thermoplastic materials. The support structures
are removed during postprocessing, which are either mechanically removed or
dissolved in a water-based solvent.

FDM uses a wide range of thermoplastic build materials including acryloni-
trile butadiene styrene (ABS), polycarbonate (PC), polyphenylsulfone (PPSF),
investment grade waxes, polyolefins, polyamides, elastomers, nylon, and various
versions of these materials to meet various application requirements. These mate-
rials are also available in different colors. The most popular materials are PC,
a high-performance plastic, and PPSF, a high-performance plastic with excellent
chemical resistance, strength, and rigidity, typically used for medical applications.
A bioresorbable polymer poly(ε-caprolactone) (PCL) has also been developed and
used in FDM processes for tissue engineering applications [75]. Various metallic
and ceramic materials have been used to create fully dense and tailored poros-
ity functional parts, using FDM [76–80]. Normally, when working with metals
and ceramics, separate extrusion heads with heater settings, drive mechanisms,
and nozzle diameters are used. Important process parameters that affect the per-
formance and quality of the parts are road width, deposition speed, nozzle tip
diameters, filament feed rate, liquefier temperature and material viscosity, cham-
ber temperature, standoff distance, positioning accuracy, build material properties,
and part geometry. Several investigations show the importance of these param-
eters [81,82]. FDM has been extensively used to create designed, micro- and
macro-structured 3D porous structures. By changing the deposition angle in each
successive layer and the spacing between the material roads, parts with control-
lable pore morphology, size and connectivity, and complex internal structures
can be produced [75,79]. Similarly, 3D honeycomb ceramic structures with pre-
cisely controlled pore size, volume, and geometry have been produced using a
sacrificial wax mold [80]. The extrusion-based process produces parts for func-
tional/concept models for almost every industry, including automotive, aerospace,
business, medical, consumer products, and architecture. The advantages of the
extrusion-based process include easy-to-use, cost/time-effective, relatively inex-
pensive materials, and in some cases its water-soluble support material. Important
concerns are limited materials, wavy surface finish, limited size, and unpre-
dictable shrinkage of thermoplastics, leading to part inaccuracies. Appropriate
shrinkage compensation factors [83] and optimized deposition strategies [84]
are necessary to achieve high dimensional accuracy. The wavy surface finish
of the parts results from the elliptical nature of the material road and the sur-
face finish can be improved by using thinner layers and small nozzle sizes. The
total build time depends on the volume of the part being built and the support
structures.
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MEM works on the same basic principle as that of FDM, where the extruded
build material is deposited on a build sheet, using a three axis (X –Y –Z ) con-
trolled extrusion head. The extrusion head is capable of moving upwards between
the layers, which gives added capabilities. The MJS process uses low-melting-
point alloys or a powder-binder mixture, which is melted and extruded to build
the part in a layer-by-layer fashion [85]. In MJS, the feedstock material is in the
form of a mixture or liquefied alloy and therefore, the feeding and nozzle systems
are somewhat different from those of FDM. The material mix consists of 50%
low-viscosity wax and 50% metal or ceramic powder. Initially, the feedstock is
heated to a semisolid state in a confined chamber and is then squeezed through a
computer-controlled nozzle by a high-pressure pumping system, and deposited on
a platform layer by layer [85]. The extruded material solidifies as it is deposited
on the previous layer because of heat conduction. The bonding between the lay-
ers is achieved by partial remelting of the previous layer during deposition of a
fresh layer of the liquefied material. The main components of MJS are personal
computer, a computer-controlled positioning system, and a heated chamber with
a jet and a hauling system. The extrusion temperature of the molten material can
reach up to 200◦C and extrusion orifices vary from 0.5 to 2.0 mm. Important
process parameters include layer thickness, feedstock material (liquefied alloys or
powder-binder mixture), chamber pressure, build speed, jet specification, mate-
rial flow, and operating temperature. So far, the process has been used to create
functional parts for various industries (automotive, aerospace, biomedical, and
machine tools) from silicon carbide, stainless steel 316L, titanium, alumina, and
bronze powder.

5.2.2.4 Sheet Lamination Processes. LOM is a sheet lamination process
in which 3D objects are constructed by sequentially laminating the part cross
sections represented by a computer-generated slice. The process was developed
by Feygin in 1985 and the first LOM machines were manufactured in 1991 by
Helisys, Inc. USA (currently Cubic Technologies, USA). In this process [86–88],
layers of sheet materials such as paper, plastics, or composites are attached to
a stack and cut using a laser according to the one cross-sectional layer of the
part. Later, several processes have been developed using this principle, but with
different laminating/cutting methods and build materials. Some processes use
glues/adhesives for bonding the laminated sheets together, while others use weld-
ing or brazing techniques. The sheet laminating processes can be classified into
to two groups (i) processes that first bond the laminates to the substrate and then
form the desired shape (“bond-then-form” processes) and (ii) processes that form
the shape in each laminate and then bond it to the substrate (“form-then-bond”
processes).

5.2.2.4.1 Bond-Then-Form Processes. The LOM and paper lamination tech-
nology (PLT, Kira Corp. Ltd., Japan) using kraft paper as the build material,
and UC (Solidica, Inc., USA), which uses thin metal foils as the build mate-
rial, fall under this category. There are three basic steps involved in these
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Figure 5.12 (a) Laminated object manufacturing process and (b) actual printer. Source:
courtesy Cubic Technologies, Inc.

processes: placing the laminate, bonding the laminate, and cutting the laminate
into slice shape. LOM uses adhesive-backed paper laminates as the build material
and employ a heated roller to bond the laminates together. The sheet thicknesses
vary between 0.02 and 0.2 mm and continuous feeding of the material is achieved
with the help of winding and unwinding rolls. Figure 5.12 shows the schemat-
ics of a LOM process. The metallic build platform is initially covered with a
double-sided adhesive tape on which the first layer of the part is built. The build
sheet is fed to the platform from a supply roll and bonded to the substrate/or to
the previous layer, using a heated roller. The roller melts the plastic adhesive on
the bottom side of the build sheet and produces bonding between the laminates.
Computer-generated cross-sectional outline, the crosshatches, and the model’s
perimeter are then cut using a controlled laser to a depth equal to the sheet thick-
ness. The areas that are to be removed from the final object are diced into small
pieces, using a crosshatch pattern, which act as support material and can be easily
removed during postprocessing. The model is freed from the remaining sheet by
a perimeter cut. The build platform with the stack of previously formed layers is
lowered and a new section of material advances on top of the previously bonded
layer. Then the platform is again raised up and the heated roller bonds the fresh
sheet material to the previous layer. These steps are repeated until all the layers
are completed. The part comes out of the machine in an enclosed rectangular
block of laminates. PLT is another variation of LOM, wherein a laser printer
prints the binder/resin according to the cross-sectional data on a plain paper and
then bonds it to the substrate/previous layer with a pressure-assisted hot plate. A
knife then cuts the deposited paper as per the slice profile. In this process, the
removal of the support material is easy as it is not bonded to the previous layers
as in LOM. Commercial machines based on these technologies are manufactured
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by Solidimension, Israel (SD300 and XD700) and 3D Systems, USA (InVision
LD 3D Printer) [89].

Postprocessing of LOM parts involves removing the crosshatched pieces, sand-
ing, polishing, etc. Because the parts are made of paper, sealing with epoxy or
silicon spay is necessary to prevent moisture absorption, expansion, and warpage.
Some studies [90] indicate that the interlaminate strength of LOM-fabricated parts
depends on roller temperature, bonding speed, contact area between the paper and
the roller, and sheet deformation. Maintaining the working envelope temperature
is critical in achieving uniform lamination across the entire laminate area. Fin-
ished parts do not experience any shrinkage, warpage, or other deformations, as
the process does not involve any physical or chemical changes of the sheet mate-
rials. Potentially, any sheet material including plastics, metal, and ceramics, with
an adhesive backing can be used in LOM. Fully dense ceramic and function-
ally graded materials have also been made using LOM [91,92]. In these studies,
a low-melting-point polymer has been used as a binder between the laminates.
After the part construction, the green parts were debinded and sintered at high
temperatures by reaction bonding.

The basic principle of LOM has been successfully extended to create complex
3D parts from metal foils/sheets by employing ultrasonic welding. The process
is known as Ultrasonic Consolidation (UC). The UC technology was developed
and commercialized by Solidica, Inc., in 2000 [93]. Figure 5.13 illustrates the
UC process.

The UC machine consists of two basic systems namely an ultrasonic metal
welding system and a CNC milling platform. By alternate bonding and selec-
tive machining, the UC process creates solid objects with complex internal and
external geometries. The process uses a rotating ultrasonic “sonotrode” (textured
cylinder) that travels, with appropriate normal load, along the length of a thin
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Figure 5.13 (a) Schematic illustration of ultrasonic consolidation process and
(b) Solidica’s “Form-ation” UC machine. Source: courtesy Solidica, Inc.
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metal foil placed over a metallic substrate. The sonotrode oscillates, at ultrasonic
frequencies and micron-scale amplitudes, transversely in the direction of welding,
while traveling over the metal foil (typically 25 mm wide and 100 μm thick).
The dynamic stresses generated at the interface between the two mating surfaces,
as a result of oscillating shear and normal forces, produce plastic deformation at
the interface and breaks up the oxide film. The clean metal surfaces thus gener-
ated metallurgically bond together under the influence of plastic flow and atomic
diffusion. Then another foil/strip is deposited and welded adjacent to the previ-
ously welded strip. These steps are repeated until a complete layer is formed. At
the end of each layer, a CNC milling head shapes the layer to its slice contour.
Certain geometric features of the part are milled after several layers have been
made. The chips generated during milling are blown away using compressed air
and then foil for the next layer is deposited. The process is carried out at room
temperature or slightly elevated temperatures between 93 and 150◦C, using a
heated platen/anvil.

The UC process can produce complex metal parts with excellent dimensional
control and material properties because of the solid-state fabrication process
and ultrasonic bond quality characterized by fine grain structures. It is also
possible to insert miniature components such as sensors, strain gauges, com-
putational devices, and thermocouples into the machined cavities of the part
prior to encapsulation by subsequent material deposition, thus creating structures
with embedded functionality. UC has been successfully used to make parts, using
many metals/alloys including Al, Mg, Ti, Cu, and steel, and dissimilar materials
such as glass-metals, Al–Ti, and Cu–Al [94–97]. In addition to forming metal-
lurgical bonds, plastic flow generated by ultrasonic excitation is strong enough
to encapsulate a variety of reinforcing materials [98–100]. Amplitude of oscil-
lation, contact pressure, sonotrode texture, temperature, and weld speed are the
most important parameters that control the interfoil and foil–substrate bonding
[101–103]. Achieving 100% bonding during UC is difficult, but removal of sur-
face roughness of the previous layer prior to the deposition of a layer has been
shown to achieve 100% linear weld densities [104,105]. Some of the advan-
tages of UC include (i) incorporation of complex internal geometries, cavities,
channels, fibers, sensors, etc.; (ii) high feature accuracy (±0.05–0.12 mm) and
surface finish; (iii) negligible shrinkage, residual stresses, and distortion due to
solid-state processing; (iv) high fabrication speed; (v) minimal secondary machin-
ing operations; and (vi) the fact that the build can be stopped and restarted at
any time. The main disadvantage is that not all materials are suitable for UC,
especially those with high melting point and high strength and prone to oxida-
tion. Several research groups are working to extend this technique to a wide
variety of metals/alloys. The applications of the UC process include investment
casting, vacuum forming, blow molding, injection molding, and direct aluminum
prototype parts.

5.2.2.4.2 Form-Then-Bond Processes. In these processes, the contour of the
cross section is first cut from the sheet material and the sectioned contours are
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then stacked and bonded together. Form-then-bond processes are more popular for
making parts, using metallic or ceramic sheet materials. There are two commer-
cially available technologies that use the principle of form-then-bond: (i) offset
fabbers—by Ennex Corp., USA [106], and (ii) computer-aided manufacturing of
laminated engineering of materials (CAM-LEM)—developed by Case Western
Reserve University, USA. “Offset fabbers” uses an adhesive-backed sheet mate-
rial that is cut to represent the desired cross section, using a plotting knife. The
shaped laminate, along with parting lines and outlines of support structures, is
then placed on top of the previous layer and bonded to it. In the CAM-LEM
process, the contours of individual slices are laser cut from a sheet stock of
desired material, for example, a green ceramic tape. Figure 5.14 shows the step-
by-step process of CAM-LEM. The sliced sections are extracted from the sheet
stock and precisely stacked to form the original CAD model. After assembly,
the layers are laminated by warm isostatic pressuring (or other suitable method)
to ensure firm contact between individual layers, which promotes strong bond-
ing in the subsequent sintering. The laminated green parts are then fired into
a monolithic structure, using optimized sintering cycle. For 3D metallic parts,
laser-cut shapes/sheets have been bonded using diffusion boding, laser spot weld-
ing, and brazing techniques [107–109]. From-then-bond processes allow multiple
material types to be deposited in a single build, creating functionally graded
materials/structures. Also, the process can use adjustable build layer thicknesses,
allowing large volumes to be built with thicker sheets and regions that require
smooth surface finish with thinner sheets. The process also allows construction
of parts with internal voids and channels without manual waste removal, which
overcomes the problem of entrapped volume that plagues most of other LM
processes. The distinct characteristic of separate geometric formation step and
material bonding step eliminates the danger of cutting into the previous layers
and entrapment of fine unwanted foreign materials between the laminates, which
are associated with bond-then-form processes. As with other LM processes, these
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Figure 5.14 Schematic of CAM–LEM process and a CAM–LEM machine. Source:
courtesy CAM–LEM, Inc.
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processes also require support structures for overhanging structures and a precise
tooling/alignment system to ensure proper stacking of individual layers. Impor-
tant factors affecting the quality of the parts are the laser cutting, the indexing
and tacking, the alignment of the stacking process, the binding process, and the
sintering process.

In general, sheet lamination processes are characterized by little shrinkage,
residual stresses, and distortion problems compared to other processes. The main
advantages of these processes include (i) wide range of organic and inorganic
materials such as paper, plastics, metals, composites, and ceramics that are non-
toxic, stable, and easy to handle, (ii) high building speeds for large parts, and
(iii) high-precision and low material, machine, and process costs. The main dis-
advantages are (i) difficult to make parts with delicate thin walls and to control
parts’ accuracy in the Z -direction, (ii) integrity of the parts depends on the adhe-
sive strength of the glue used—low and inhomogeneous mechanical strength
for functional prototypes, and (iii) require elaborate postprocessing including
sealing.

5.2.2.5 Printing Processes. Printing-based LM processes can be classified
into two main groups—binder printing and direct printing. In binder printing
processes, the liquid binder is selectively printed on a powder bed that solidifies
and creates the shape of the desired cross-sectional slice by binding the powder
together. Direct printing processes involve creating the part by direct printing
of build material through a print head. Three-dimensional printing (3DP) was
representative of binder printing process, originally developed by faculty and
students of Massachusetts Institute of Technology (MIT) in 1993. This process
is very similar to powder bed sintering technology, but uses printing of liquid
binder, in place of laser, to bind the powder together and thus can operate at
very high speeds and low costs. The process begins with laying a thin layer of
powder bed in the build box (Fig. 5.15). A roller mechanism spreads the powder
from the feed box onto the build platform. Then the print head moves across the
loose powder bed selectively printing/spraying the fine liquid binder droplets,
according to the cross-sectional area of the first slice, onto the previously laid

Heater

X–Y positioning system
Binder print head

Binder
droplets

Unused
powderPart

Build boxFeed box

Powder spreader

Figure 5.15 Binder printing process and commercial 3D printer. Source: courtesy
Z Corp.
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powder bed. The printed binder upon solidification binds the powder together and
to the previous layer. The powder outside the part geometry remains loose and
acts as a support for subsequent layers. Typical print head contains a large number
of parallel nozzles that enable the head to print 50–80 mm of the layer profile
in a single pass. The build platform is then lowered (typically between 0.02 and
0.4 mm, depending on the powder size) by one layer thickness and a new layer
of powder is spread on top. The print head applies the binder according to the
data for the next layer. This process is repeated for all the layers to complete the
part at or near room temperature in ambient atmosphere. After part construction,
the binder is allowed to harden, loosely adhering powder is removed, and the part
is further processed. Some manufacturers (e.g., ExOne LLC) use certain type of
binders that require elevated temperatures to activate the binder forming a green
body and an interlayer drying step (under a heated plate) to expel the moisture
and to control binder spreading between the layers. Green parts generally exhibit
a low mechanical strength and should be handled with care. Parts made from
starch or plaster are often infiltrated with wax or epoxy, and sealed to prevent
moisture absorption.

It is extremely important to control the amount of binder sprayed/printed to
achieve high dimensional accuracy and part quality. Binder materials also vary
depending on the build material and final application. The typical binder volume
ranges between 10% and 20% of the part volume and depends on layer thickness,
type of material, and powder characteristics such as size, shape, size distribution,
and packing density. Other process parameters are binder characteristics (vis-
cosity, chemistry, wettability), powder bed packing density, binder droplet size,
drying temperature/time, and printing rate. For concept models, plaster and starch
are widely used as building materials. Metallic and ceramic powders can also be
used for generating tooling and patterns for various applications.

3DP LM machines are available from Z Corp., USA; ExOne Corp., USA;
Soligen Technologies, USA; and Therics, Inc., USA. The machines from ExOne
Corp. are designed for fabricating metal parts and Z Corp. machines use starch
and plaster formulations for part construction. Therics, Inc. produces machines
that are exclusively designed for manufacture of implantable drugs, solid oral
tablets, and tissue engineering products by printing micro-drops of binders, drugs,
and other materials. Soligen Technologies manufactures direct shell production
casting (DSPC) machines, which involve a patternless casting process for metal
parts and are used also for direct production of ceramic investment shells/cores.
In all 3DP processes, the parts’ accuracy depends on the ability to jet when and
where required, which depends on the jet size and motion control. Among LM
processes, 3DP is least expensive, five times faster, easy to operate, and can build
complex parts with complex color schemes. No support structures are required
and unused powder can be reused after screening, which minimizes waste. The
use of an off-the-shelf print head allows for inexpensive, quick replacement of the
system’s primary consumable component. Poor surface finish, textured surface
roughness, feature resolution, liquid binder spreading, and fragile nature of green
parts are some of the concerns associated with binder printed parts. Several
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studies have been carried out using binder printing technology to make metallic,
ceramic, and composite parts and functionally graded structures [110–118].

Two LM processes have been developed on the basis of direct printing technol-
ogy, where the build material is directly printed on a substrate in a layer-by-layer
fashion to complete the part. One of the processes, the ModelMaker, was devel-
oped and commercialized by Sanders Prototype Inc., USA (now Solidscape, Inc.)
in 1994. The other one, called rapid freeze prototyping (RFP), was developed
at University of Missouri-Rolla, USA by Dr. Ming Leu. RFP can make three-
dimensional ice parts of arbitrary geometry layer by layer by freezing water
droplets. The ModelMaker uses two print heads (one for the thermoplastic build
material and one for the supporting wax) that are used to melt and print the build
and support materials onto the build platform to form a layer cross section. Then
a cutter removes a ∼25-μm-thick layer from the top surface of the layer. The
wax is printed in the areas adjacent to the part, which serves as the support mate-
rial. Although the build times are high, a high degree of precision and surface
finish can be achieved in this process. Ballistic particle manufacturing (BPM) is
yet another process, in which molten thermoplastic material is sprayed onto the
substrate, using a multiaxis print head. Other commercial system based on direct
printing technology is 3D Systems’ MultiJet modeling technique. Low-melting-
point metals such as Sn, Zn, and Pb have been used in these direct printing
technologies [119,120]. Another interesting LM process is RFP, in which a cold
source is used to freeze the water point by point in a layer-by-layer manner to
create 3D ice parts from a CAD model [121,122] and the process has not yet been
commercialized. The most promising industrial application of RFP is investment
casting and silicon molding [123–125]. The advantages of ice patterns instead
of plastic/wax patterns are (i) elimination of shell cracking, (ii) easier to remove
without pattern expansion, and (iii) close dimensional tolerances, and cost savings
between 35% and 65%.

5.2.2.6 Metal Deposition Processes. In metal deposition processes, the
metal in the form of power or wire is completely melted, using a high-power
laser beam, and deposited layer by layer to form 3D objects. Various versions
of this technology are direct laser deposition (DLD), DMD, direct light fabri-
cation (DLF), laser-engineered net shaping (LENS), and others. LENS, the first
commercially available metal deposition technology, was originally developed
by Sandia National Laboratories, USA, and was commercialized by Optomec
Design Company, USA, in 1998. POM Group, Inc., USA, also manufactures
DMD machines with five-axis capability. Controlled metal buildup (CMB), a
metal deposition process that uses metal wire as the feedstock, was developed
by RoderTec GmbH and Fraunhofer Institute. This process also involves high-
speed cutting of each deposited layer to suit its corresponding slice contour and
thickness. Complete melting and solidification of feedstock material results in
fully dense parts in a single step in contrast to the porous and partially sintered
parts produced in powder bed processes. However, for specific application such
as load-bearing metal implants, fabrication of controlled porosity structures has
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Figure 5.16 (a) Schematic representation of metal deposition process and (b) Optomec’s
LENS-750 system.

been demonstrated [126,127]. The deposition process begins with directing a
focused laser beam on to a metal substrate placed on a numerically controlled
X–Y table, as shown in Fig. 5.16.

The laser beam generates a small molten metal pool on the substrate and a
predetermined amount of metal powder is then injected into the metal pool, which
melts and solidifies rapidly as the laser beam moves away. The substrate is then
scanned relative to the deposition head to write a thin line of solidified metal
along the line of laser scanning, strongly bonded to the substrate or previous
layer, with a finite width and thickness. As in FDM, each layer is formed by a
number of consecutive overlapping tracks. After each layer is formed, the laser
head, along with the powder delivery nozzle, moves up by one layer thickness
from the deposit (keeping the same standoff distance throughout the deposition
process) and the subsequent layer is generated. This procedure is repeated many
times until the entire object represented in the three-dimensional CAD model
is produced on the substrate, which can be a tailored to be a solid or a porous
object. The amount of overlap between consecutive tracks is generally 25% of
the track width (to create dense parts) and typical layer thicknesses are between
0.25 and 0.5 mm. The entire building process occurs inside a glove box filled
with inert gas, or in some versions the liquid metal pool is shielded with inert gas.
In general, these processes require support structures for building overhanging
features, but latest machines with 5- to 6-axis capability can easily generate
overhanging features without support structures [128].

Metal deposition processes are designed to produce fully dense functional
parts in metals and ceramics, and many metallic, intermetallic, ceramic, and
composite materials have been successfully processed [129–137]. The process
can use either prealloyed or a blend of elemental powders with size ranging
between 20 and 100 μm as feedstock materials. Multiple powder feeding system
can be effectively used to generate new alloys and composites in situ [138]. Major
process parameters for metal deposition processes include (i) laser beam diameter
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and power, (ii) laser focus point, (iii) laser travel speed, (iv) powder feed rate,
(v) scan spacing (laser beam overlap), (vi) time delay between successive scans,
and (vii) layer thickness. Other parameters such as the nozzle-to-surface distance
(standoff distance), nozzle gas flow rate, absorptivity, and depth of focus with
respect to the substrate also play important roles. Studies focusing on the effects
of the process parameters are available [139]. Laser power, laser travel/scan
speed and powder feed rate are interdependent and must be carefully balanced to
achieve constant standoff distance, between the deposit and the deposition head
and satisfactory builds. Similarly, the laser focus point has to be buried into the
substrate (∼1 mm) to ensure adequate substrate/previous layer melting and strong
interlayer bonding. However, for minimal dilution at the interface, the focus point
should be adjusted on or just above the substrate surface. Latest machines are
equipped with sophisticated accessories such as closed-loop melt pool control
system and automatic Z-height control system [140,141]. These systems also
facilitate fabrication of materials with functional gradient in composition across
the fabricate parts [142–145].

The intrinsic feature of laser-based metal deposition processes is that, at cer-
tain time, only a small volume of the material is thermally treated resulting in
extremely high-temperature gradients and cooling rates (typically between 103

and 105 K/s) leading to several micro-structural benefits [146] such as (i) suppres-
sion of diffusion-controlled solid-state phase transformations, (ii) formation of
supersaturated solutions and nonequilibrium phases, (iii) formation of extremely
fine, refined micro-structures with little elemental segregation, and (iv) forma-
tion of very fine second phase particles. By utilizing high cooling rates, it has
been recently demonstrated that bulk amorphous components, without losing
the amorphous structure of the feedstock, can be fabricated using laser-based
direct manufacturing techniques [147]. Depending on the process parameters, the
extremely complex nature of solidification during metal deposition produces a
wide variety of grain structures (columnar and equiaxed) [148,149]. Thermal his-
tories associated with metal deposition processes, being layer-based deposition
processes, involve remelting and numerous low-temperature reheating cycles.
Both experimental and modeling/simulation results showed that the deposited
materials experience significant rapid quenching during the initial stages of depo-
sition and the quenching effect decreases with an increase in the deposit thickness
or number of layers [150–153]. The reheating cycles can lead to stress relieving,
precipitation of secondary phases, etc. A number of research articles describe
micro-structural evolution in laser-deposited metal parts [154,155]. Significant
amounts of residual stresses can be generated during laser deposition and can
lead to cracking, especially in brittle and dissimilar material combinations. The
mechanical properties of laser-deposited materials are always superior to their
equivalent wrought or cast materials [156–158].

These processes can be used throughout the life cycle of the product for appli-
cations ranging from materials/alloy development to functional prototyping and
low-volume production. The main strength of laser-powder deposition processes
lies in their ability to produce fully dense parts with good metallurgical properties
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at reasonable speeds, without subsequent furnace processing. In addition to
economic advantages, the process enables fabrication of novel shapes, hollow
structures, and material gradients that are not otherwise feasible. An additional
benefit is its unique ability to add material to existing components for service and
repair applications. Objects fabricated are of a near-net shape, but will generally
require finish machining. The major limitations are poor resolution, build speeds,
difficulty in the production of parts with complex geometries, and surface finish.

5.2.2.7 Hybrid and Other Processes
5.2.2.7.1 Hybrid Layered Manufacturing Processes. Hybrid layered manu-
facturing processes have been developed to address some of the issues related to
metal-deposition-based LMTs. For example, laser-based deposition techniques,
which can produce functional metal parts with complex geometries, are currently
limited in terms of surface finish, geometric inaccuracies, and the need for sup-
port structures. The shape deposition manufacturing (SDM) process, developed
by Dr. Fritz Prinz at Carnegie Mellon University and later Stanford University,
is a hybrid layered manufacturing process that overcomes the above difficulties
by combining the flexibility of the additive layer manufacturing process with
the precision and accuracy attained with the subtractive CNC machining pro-
cess [159]. In SDM of metals, one of the three important deposition processes
is used to deposit individual segments of the parts at a deposition state to form
the layer of the part. Deposition processes include plasma spraying with droplet
diameters on the order of 1–10 μm, micro-casting (using conventional arc weld-
ing processes) with droplets of size 5–10 μm, and laser deposition [160–162].
After depositing each layer, the part is transferred to the shaping station, where
the deposited layer is milled to shape the layer contour, layer thickness, or net
shape, using a five-axis CNC machine. After milling, the part may be subjected
to shot-peening to control/relieve the stress buildup due to repeated thermal depo-
sition and machining. The part is then transferred back to the deposition stage
for the deposition of the next layer or sacrificial support material deposition. The
sequence of deposition of part material or support material depends on the parts’
geometry. These steps are repeated until the part is complete, after which, the
sacrificial support material is removed and the final part is revealed. The process
is schematically shown in Fig. 5.17.

The major difference between SDM and normal LM processes is that the
CAD model of the part is decomposed into slices or segments, each maintaining
the full 3D geometry of the outer surface. The advantage of decomposing the
part into segments (or “compacts”) is that it eliminates the need for machining
undercut features and the features are formed by deposition support or part mate-
rial onto previous layers or segments. The layer thickness depends on the local
geometry of the part and the constraints of the deposition process. The additive
and subtractive nature of SDM show considerable promise for producing dense
metallic parts in a quick and more economical way, and it has been used to
embed electronics and other components within the structure [163]. The advan-
tages of SDM include a wide variety of processable materials, variable layer
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Figure 5.17 Shape deposition manufacturing process steps.

thickness, ability to make heterogeneous structures and undercut features, and
disadvantages are required controlled atmosphere, large floor space and precise
position, and transfer mechanism [16].

5.2.2.7.2 Other Processes. Several processes have been developed on the
basis of the above described or other additive manufacturing approaches. Some
of the important processes are very briefly discussed below. Very similar to SDM,
segment milling manufacturing (SMM) is a new approach to construction of parts
segment by segment. In SMM processes, the part is split into segments (or plate-
like free partial bodies) and each segment is shaped using a milling machine
in combination with a deposition system. The shaped individual segments are
assembled to form the final 3D object. The segmentation process eliminates
the stair-case effect and produces parts with a smooth surface finish. Another
advantage of SMM processes is their achievable accuracy. The restricted part
geometries that can be segmented are a matter of concern. Commercially available
systems based on SMM include (i) layer milling manufacturing (Zimmermann
GmbH, Germany), (ii) stratoconception (Charlyrobot, France), and (iii) stratified
object manufacturing (MEC GmbH, Germany).

In recent years, advances in integration and processing techniques have
enabled micro-electronic and micro-electromechanical devices to shrink in
size dramatically. The use of lithographic techniques for micro-fabrication of
these electronic and mechanical devices/structures at the submillimeter level
requires expensive facilities, extreme processing conditions, and timescales
on the order of weeks to go from design to completed device. Direct write
(DW) technologies are a group of technologies that are capable of depositing,
dispensing, or processing (including subtractive) different types of materials
over various surfaces following a preset pattern or layout in a simple, fast,
economical, and highly versatile way. DW processes are characterized by the
use of computer-generated patterns and shapes for direct fabrication without
part-specific tooling. DW has the ability to fabricate micron-scale active and
passive functional devices directly onto structural parts and assemblies. The
benefits of utilizing these techniques are increased functionality, reduced size and
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weight, reduced cost, design simplification, reduction in component number, and
a reduction in time to market. The potential applications of DW technologies
include RF devices; displays; stealth materials; metamaterials; packaging;
sensors and harnesses; and electrical, microwave, and optical components.
Over the years, many different DW technologies have been developed [164],
which include inkjet DW, DW thermal spray, aerosol, laser direct etching,
matrix-assisted pulsed laser evaporation (MAPLE), nScrypt 3De (nano/micro
pen), and maskless meso-scale materials deposition (M3D). DW processes use
some sort of 3D programmable dispensing or deposition head to accurately apply
small amounts of material (10–25 μm wide and ∼5 μm thick) automatically to
form circuitry or other useful mesoscopic devices. Using these technologies, a
variety of materials can be deposited (metals, dielectrics, ferrites, semiconductor
and dielectric polymers, resistors, composites, and chemically reactive materials)
onto a variety of substrates (plastic, metal, ceramic, glass, and even cloth)
[164]. Integration of DW processes with other additive manufacturing processes
makes it possible to produce parts with completely embedded electrical circuitry
and other electronic devices with a huge application potential in electronics,
aerospace, and satellite industries.

Laser direct-write is a general term that encompasses modification, subtrac-
tion, and addition processes capable of creating patterns of materials directly
on substrates without the need for lithography or masks. For laser direct-write
modification (LDWM) or subtraction (LDW-), the material of interest is directly
irradiated and is either removed (laser micro-machining) or modified (melting,
sintering, and so on). In both cases, either pulsed or CW lasers can be effec-
tive. One method of laser direct-write addition process (LDW+) is MAPLE
(Fig. 5.18). The process begins with the material of interest in powder form and
combines it with a liquid carrier to form an ink (Fig. 5.18). This ink is spread on
a glass plate fixed approximately 100 μm from the substrate. A pulsed UV laser
irradiates the ink from behind the glass plate to propel a mass of material forward
onto the substrate below. A pattern of material is created on the substrates either
by x –y translation of the substrate or by raster scanning the laser beam.

The M3D process involves ultrasonic/pneumatic atomization of a liquid molec-
ular precursor or a colloidal suspension of metals, dielectric, ferrite, or resistor
powder, and the aerosol stream is delivered through a deposition head orifice
directed at the substrate that moves under computer control, so that intricate
geometries may be deposited [165]. Either laser chemical decomposition or ther-
mal treatment, often by a coaxial laser system, is used to process the deposit
to the desired state. Pen-based processes, such as Micropen and nScrypt 3De,
use dispensing nozzles (50 μm–2.5 mm in diameter) and a variety of metallic
and ceramic slurries or “inks,” to write intricate patterns. The electronic inks
are heated at low temperatures to evaporate any fluid, leaving behind the dried
metal or ceramic, and then fired to sinter the powders together. Two aspects
of the pen-based processes make them extremely useful: (i) fine line traces can
be deposited on nonplanar substrates and (ii) inks can be custom-designed for
specific functional needs. Thermal spray techniques for DW applications have
been demonstrated by researchers at the State University of New York at Stony
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Figure 5.18 Schematic of MAPLE process.

Brook [166,167]. With appropriate torch designs and powder particle size dis-
tribution, these processes were shown to result in satisfactory deposits (as thin
as 5 μm) of a wide range of materials. Thermal spray techniques offer certain
unique advantages in DW applications: (i) high writing speed, (ii) flexibility with
spray materials (metals, ceramics, polymers, or any combinations of these mate-
rials and incorporation of mixed or graded layers), (iii) useful material properties
in the as-deposited state, and (iv) very low thermal input during processing.

5.3 MATERIALS AND LAYERED MANUFACTURING CAPABILITIES

5.3.1 Materials

Several materials including thermoplastics, polymers, metals, and ceramics have
been used in a variety of layered manufacturing techniques (Table 5.2). Use
of composites (polymeric, ceramic, and metallic) in making functionally graded
materials is now being researched actively in a number of research laboratories
and universities. However, plastics/polymer-based materials dominate the materi-
als used in LM systems because of their availability and ability of a large number
of LM processes to handle/process plastics [35,52,53,55,70,75,82,115]. PC is an
industry-standard engineering thermoplastic and is suitable for creating concept
and function models and prototypes, investment casting patterns for metal proto-
types and casting tooling, etc. Owing to its high impact strength, tensile strength,
and compressive strength, PC and blends of it are used in myriad products such
as car interiors, toys, and medical-equipment cabinetry. In today’s auto industry,
many car interiors are built from the material. Hubcaps, too, are often made of
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TABLE 5.2 List of the Materials Currently being Used in Various LM Techniques

LM Technique Materials Used

Stereolithography Photocurable resins simulating engineering thermoplastics such as
polycarbonate (PC), nylon, acrylonitrile butadiene styrene (ABS),
polyphenylsulfone (PPSF), elastomers, and electro ceramics.

Fused deposition
modeling

PC, nylon, ABS, PPSF, PC/ABS blend, natural and synthetic
polymers for biological applications such as polyglycolic acid
(PGA), poly(l)-lactat (PLA), poly(dl)glycolacatat (PLGA),
polyvinyl alcohol (PVA), Polyhydroxyethylmethacrylate
(PHEMA), majority of ceramics including PZT, Al2O3, and
ZrO2, ZrO2 –Al2O3 composites, alumino-silicates, silicon
carbides, ceramic-metal composites.

Selective laser
sintering

Thermoplastics, polyamides, elastomers, polymer composites,
metals/alloys, ceramics, and metal–ceramic and ceramic–ceramic
composites. For example, nylon, glass/Al-filled nylon,
polystyrene, steel, calcium phosphate ceramics, PZT, Ti, carbon
fiber, Ti, CoCr, Al, NiTi, Ta, etc.

3D printing Polyamides, nylon, thermoplastics, ceramics (engineering,
structural, electronic, and biological), metals such as steel, Ti, Ti
alloys, CoCrMo alloy, etc.

Metal-deposition
techniques

Stainless steel, brass, CoCrMo alloys, Ni-based super alloys,
copper, aluminum alloys, tantalum and metallic matrix
composites, in situ composites and ceramets (WC–Co), etc.

Laminated object
manufacturing

Plastics and ceramic sheets.

a chrome-plated PC due to the high level of stress exerted on them at highway
speeds. Other applications include cell phones, business equipment, computer
products, and a wide variety of consumer products, such as appliances. Nylon
is another industry-standard engineering thermoplastic. This material is suitable
for creating models and prototypes that can withstand and perform in demanding
environments. It is one of the most durable RP materials currently available in the
industry, and it offers substantial heat and chemical resistance. Other thermoplas-
tics similar to nylon include ABS, PPSF, and a PC/ABS blend. Polyamide-based
powders (such as DuraForm PA and DuraForm GF from 3D Systems) are used
to create rigid and rugged plastic parts for functional applications. Polystyrene-
based materials with low residual ash content (such as PS 1500 and PS 2500
from EOS GmbH) are particularly suitable for making patterns for investment
casting. A number of proprietary polyamide-based composite materials rein-
forced with glass, metal shots, and other nano-sized fibers are also available
for production of parts with superior heat and chemical resistance. For biomed-
ical applications, several natural polymers such as collagen networks, alginate,
chitosan, fibrin, and hyaluronic acids or synthetic polymers such as polygly-
colic acid (PGA), poly(l)-lactat (PLA), poly(dl)glycolacatat (PLGA), polyvinyl
alcohol (PVA), Polyhydroxyethylmethacrylate (PHEMA), and chitosan (a chitin
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derivate) have been used. LM systems such as FDM, 3DP, stereolithography
(SLA), and SLS have used plastic/polymer-based materials and their composites
[54,56,67,69,79,92, 98–100,105,113,114,116,117,137,138].

A number of proprietary metal powders are available from machine manufac-
turers for producing functional tools through the two-component indirect process.
The most common powder combination is a stainless steel powder mixed with
a combination thermoplastic/thermoset binder, which is subsequently infiltrated
with bronze. Similarly, a number of commercially available binder-coated
ceramic powders (zirconia- and silica-based) can be used for producing molds
and cores for metal casting. However, a large number of investigators have
used a wide variety of metals, alloys, ceramics, and their combinations to make
functional end-use parts or rapid tools useful parts, using high-power laser-based
LMTs. The strength of these technologies lies in their ability to fabricate fully
dense metal parts with good metallurgical properties at reasonable speeds. A
variety of materials can be used such as stainless steel, brass, CoCrMo alloys,
Ni-based super alloys, copper, aluminum, tantalum, and composites [98–100,
105,113,114,116,117,137,138] can also be made by combining metal particles
[36,40–48,71,76,94–97,101,111,112,126–132,135,139,144,145,147,148]. Of
particular interest are reactive materials such as titanium. Most systems use a
powder feedstock, but there has also been work done with material provided as
fine wires. Material composition can be changed dynamically and continuously,
leading to objects with properties that might be mutually exclusive using
classical fabrication methods. Stucker et al [167] have successfully employed the
SLS process to produce complex-shaped ZrB2 –Cu composite EDM electrodes
with a more homogeneous micro-structure compared to a hot pressing route.
Similarly, Lu et al . [168] produced in situ TiC reinforced Cu electrodes,
using Cu, Ti, Ni, and C powder mixtures and employing a laser sintering
process. A number of investigators have extensively studied the formation of
metallic, ceramic, and composite functional parts, using laser sintering processes
[169,170]. Das and coworkers [171] employed a novel approach for fabricating
fully dense parts using the SLS process. Initially, the SLS process was used to
produce 3D parts with a gas impermeable skin, which encapsulates the porous
internal volume, by carefully controlling the process parameters. These parts
were then directly postprocessed to full density by containerless hot isostatic
pressing (HIP). The SLS/HIP approach was successfully used to produce
complex 3D parts in Inconel 625 and Ti–6Al–4V for aerospace applications.

The application of LMT to ceramics manufacturing is motivated by the
advances in engineering where methods of creating complex shapes are limited.
A particular advantage is the ability to create functional gradients in electro-
ceramic applications and to assist in metal–ceramic joining [172]. Ceramics often
incur high machining costs for low production numbers and high tooling costs in
injection molding of large batches. The use of solid free-forming as a RP method
enables a designer to evaluate new ceramic materials and designs under different
test conditions. Among the techniques used for LM of ceramic materials for struc-
tural and functional applications are stereolithography, FDM, SLS, LOM, 3DP,
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direct ceramic ink-jet printing, and laser chemical vapor deposition [173,174].
Some ceramic materials [173] used in these processes include ZrO2 –Al2O3

composites, alumino-silicates, silicon carbides, ceramic ink, and ceramic–metal
composites such as tungsten carbide cobalt, WC–Co, known as ceramet.)

5.3.2 Layered Manufacturing Capabilities

The capabilities of current LMTs can easily meet the industry requirements of
prototypes and models for visualization, form-fit, and ergonomic studies. How-
ever, the mechanical and functional properties of direct-manufactured end-use
products and rapid tools vary depending on the type of the LM process and the
material used for construction. Quantitative understanding of the effects of pro-
cess parameters, build style, support structures, and other factors on the surface
finish, dimensional accuracy, magnitude of shrinkage, residual stresses, distortion,
and mechanical properties of a part produced using each LM process is necessary
to enhance product performance. Each LM process has its own merits and demer-
its in terms of resolution, accuracy, required secondary/finishing operations, build
speed/total build time, usable materials, etc. Depending on the construction mate-
rial, part size/shape, required accuracy, final application, etc., an appropriate LM
process has to be selected after a careful comparison of all the available processes.
Accuracy and surface finish are two important considerations that must be traded
when choosing the build orientation during RM. LMTs produce parts in layers,
which invariably results in the “stair-case or stair-stepping” effect as a result
of finite thickness. Smooth surface finish with a less strain-stepping effect can
be achieved with the processes that produce thinnest layers—increases the total
build time. Among LM processes, inkjet-based and stereolithography processes
can achieve thinnest layers in the range of 10–15 μm with good surface finish as
well. The minimum layer thickness of powder-bed-based processes such as SLS
and 3DP depends on the minimum powder size that can be uniformly spread with-
out agglomeration or static self- charging or sticking to the spreader roller. Also,
these processes produce a rough and sandy surface appearance. Surface finish
also depends on the process-dependant parameters such as scanning pattern and
scanning speeds. Resolution is one of the factors that determine finish, appear-
ance, and accuracy. Currently, most layered manufacturing machines have “few
mils” resolution range that differs in different directions (X , Y , and Z ). Advanced
systems with specialized scanning and motion control systems can achieve much
finer features, but they are limited in the size of the parts they can fabricate.
The inkjet-based system from Solidscape is capable of very high resolution. In
all cases, the parts require postprocessing operations such as sanding, painting,
polishing, infiltration, and machining. A brief comparison of the available layer
thicknesses and achievable feature resolution in various LM processes is pre-
sented in Table 5.3. Surface finish and dimensional accuracy are influenced not
only by the materials and the postprocesses but also by the other factors such as
the machine, software algorithms, building accuracy, and shrinkage compensation
[175]. Accuracy is the greatest challenge of future LM processes.
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TABLE 5.3 Comparison of Layer Thickness and Resolution of Different LM
Techniques

Technique Resolution (mm) Layer Accuracy (mm)

X –Y axis Z axis Thickness (mm)

Stereolithography 0.2–0.3 0.025–0.762 0.010–0.05 ±0.1
Solid ground curing 0.1–0.15 0.1–0.15 0.1–0.2 ±0.5
3D printing 0.12–0.5 0.07–0.17 0.1–0.2 ±0.02
Fused deposition 0.25–0.5 0.05–0.75 0.05–0.76 ±0.13

modeling
Selective laser 0.07–0.5 0.076–0.5 0.08–0.15 ±0.13–0.7

sintering
Metal-deposition 0.02–0.5 0.1–0.4 0.08–0.4 ±0.1–0.5

techniques
Inkjet 0.03 0.1–0.2 0.03–0.1 ±0.13
Laminated object 0.07–0.25 0.05–0.5 0.07–0.3 ±0.1–0.25

manufacturing

All LMTs are fairly slow and typically take few hours to even days to complete
a part. Nevertheless, this is still considered as faster compared to conventional
subtractive processing, especially for complex parts. The total build time depends
on build speed and pre- and postprocessing steps required, which vary from pro-
cess to process. LM processes that are raster based are generally faster than the
processes that fabricate each layer in a vector fashion, and thicker layers con-
siderably reduce the build time. Thus, 3DP is faster than SLA, which is quicker
than FDM and inkjet-based processes. However, when accounting for the extra
pre- and postrun operations required for SLA and SLS (such as cleaning, curing,
warm-up, or cool-down), the overall time to produce the unfinished test part using
SLA or SLS will be significantly higher than in FDM. Because FDM does not
require additional pre- or postrun operations, it is very competitive in the overall
time to produce the part. Assessment of different LMTs in terms of building
speed, surface finish, and dimensional accuracy has been made quantitatively
for plastics [176–178] and qualitatively for ceramics [179–181]. Parts from pro-
cesses such as 3DP, SLS, and MJM are generally very fragile and require infiltra-
tion or binder burnout or sintering, depending on the construction material. Even
direct-manufactured end-use parts require final machining and other secondary
operations before acceptable finishes and tolerance are achieved. Powder-based
methods are self-supporting and do not require additional supporting structures
for overhangs and undercuts. All other methods require a support structure of
some kind which is fabricated right along with the part and require longer build
and postprocessing times. Different LMTs are compatible with a variety of mate-
rials including plastics, ceramics, and metals. Powder-bed-based processes, such
as 3DP and SLS, are very versatile compared to other processes and can use any
material that is available in power form. SLA and SGC processes are limited to
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photocurable polymers. Similarly extrusion-based processes are limited to mate-
rials with relatively low melting points. LOM was originally limited to papers
and being used with plastics, ceramics, and composites as well. Today’s LMTs
are being widely used for RT and direct manufacturing of end-use parts. The
appropriate selection of process depends on process capability to provide desired
characteristics to the specific tooling or final part and construction material. It is
important to note that there are no specifications available for important param-
eters such as accuracy and resolution for the rapid tools and final parts. One
reason for this is that these results, for all LMTs, significantly change depending
on the part geometry, material, and other factors. The comparison of different
LMTs to make RT and metal parts is presented in Table 5.4. Each technology has
its own advantages and market niche, which has allowed each of the machines’
producers to survive as a viable commercial enterprise.

5.4 APPLICATIONS OF LAYERED MANUFACTURING
TECHNOLOGIES

The use of LMTs span the spectrum of industries including automotive, aerospace,
medical, toys, and consumer products. The automotive and consumer products
industry are the largest users of LMTs (Fig. 5.19a). The possible application
of these technologies is virtually unlimited and can be categorized into three
major groups: RP, RT, and rapid/direct manufacturing. So far, RP (functional
models) has been the largest application class (Fig. 5.19b) for these technologies,
followed by rapid/direct manufacturing of parts, which is growing rapidly and
should eventually dominate the industry. Over the years, the LM industry has
grown into a billion-dollar industry (1.2 billion in 2008) and in the last three
years an average annual growth of 13.8% has been estimated [182,183].

5.4.1 Rapid Prototyping

The successful launch of a new product into today’s competitive markets depends
on fast, efficient product development, coupled with quick and flexible manu-
facturing processes. In the recent years, the benefits of layered manufacturing
processes are being increasingly realized and the LMTs have become an inte-
gral part of product design, development, and manufacture for various industries
using production materials ranging from plastic and nylon to ceramic, compos-
ites, and powdered metals. Clear communication is crucial during the design
process to prevent unexpected costs and delays in the production due to design
flaws. Rapid prototypes are being widely used as models for concept realization
and effective communication among various people, including designers, man-
ufacturers, and customers. Rigorous iterative testing for form, fits, ergonomics,
and functionality of a new design is possible, using functional prototypes, before
going into time-consuming and expensive traditional manufacturing. Several case
studies enumerating the benefits in terms of cost and time savings associated
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Figure 5.19 Percentage use of layered manufacturing worldwide (a) company/sector
wise usage and (b) application-wise usage [182,183].

with product development using LMTs are provided in Grimm [184]. Typical
prototypes made using different LMTs from different material and colors are
presented in Fig. 5.20. Photopolymerization processes such as stereolithography
(SLA), PolyJet and SGC, 3DP, SLS, and FDM are the most popular LM man-
ufacturing technologies used for prototype development. The prototypes made
of plastics/polymers can also serve as effective tools to analyze stress [185],
fluid flow [186], etc. Also, the ability to make prototypes in multiple colors
helps visualization of finite element analysis data in a physical model of the
part/design (Fig. 5.21a), which can be used to enhance communication and iden-
tify critical design changes. In healthcare applications, the prototypes are used
for presurgical planning—to reduce operating room time, implant precontour-
ing, physician–physician and physician–patient communication and education
(Fig. 5.21b). Similarly, physical models of complex molecules make visualiza-
tion and understanding of the structure and interactions of different molecules
simple for education, research, and development of drugs (Fig. 5.21c).

5.4.2 Rapid Tooling

Tooling is one of the slowest and most expensive steps in the manufacturing
processes and the tools are often complex in shape and require high dimen-
sional accuracy and surface finish. Fabrication of tooling by LMTs can make
conventional manufacturing processes faster, cheaper, and better. RT aims at
producing tools that last long with improved mechanical and thermal proper-
ties, incorporating shorter lead times and significant cost savings. Typically, RT
can save 75% or more of tooling cost and development times [187]. LMTs are
used in two different ways to make production quality machine tools: (i) Direct
tooling —molds and other tools are directly fabricated by a LM system and
(ii) Indirect tooling —LM-generated parts are used as patterns for making molds
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Figure 5.20 Typical prototype parts build using stereolithography (Source: courtesy 3D
Systems, Inc.), selective laser sintering (Source: courtesy 3D Systems, Inc.), 3D printing
(Source: courtesy Z Corp.), and fused deposition modeling (Source: courtesy Stratasys,
Inc.).

or tools. Typical tooling include (i) dies and inserts for injection molding, die-
casting, vacuum casting, and metal forming operations, (ii) sacrificial patterns
or shells for investment casting, (iii) patterns, cores, and molds for sand casting,
(iv) jigs and fixtures for automatic assembly lines, and (v) other tooling for series
production of plastic and metallic parts.

5.4.2.1 Direct Tooling. Direct tooling eliminates the inaccuracies associated
with replication techniques involved in indirect tooling techniques for making
molds or dies. The most significant advantage of using LMTs in direct tooling
is the ability to include additional features in the tool that are impossible by
conventional tooling techniques, such as conformal cooling/heating channels that
allow appropriate cooling/heating of the tool at desired locations. Some studies
have shown that these conformal channels can cut injection mold cycle times
by up to 40%. Specialized LM processes and materials have been developed
to meet specific application and material requirements for molding, casting, and
jigs/fixtures. The processes include SLA, SLS, LENS, DMLS, EBM, 3DP, and
LOM. Figure 5.22 shows some tools produced using LMTs.

SLA tools are generally produced with commercially available materials such
as Polypropylene, ABS, PC, Nylon 6:6 and composites. These tools are typically
used for injection molding of high- and low-density polyethylene, polystyrene,
polypropylene, and ABS plastics. Up to 500 parts have been molded from a
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(a) (b)

(c)

Figure 5.21 (a) Finite element stress analysis of piston-connecting rod-crank shaft
assembly represented in a 3D physical model (Source: courtesy Z Corp.), (b) skull, femur,
and tooth models derived from patients’ CT or MRI scan data (Source: courtesy Stratasys,
Inc.), and (c) a physical molecular model of a drug (Source: courtesy Z Corp.).

single tool, although 10–50 parts is more typical. The composites reinforced
with aluminum shots, etc. are more durable and can run for 1000–5000 parts.
Research into the development of high-temperature and filled resins is also being
undertaken by several organizations. Metallic molds that are durable for injec-
tion molding and die-casting are produced by SLS, LENS, EBM, and DMLS
using H13 tool steels, steel infiltrated with bronze, bronze, Inconel 625, tungsten
carbide, and titanium carbide cermets, and other alloys. These fully dense molds
with complex geometries have been used to cast hundreds of aluminum, zinc, and
magnesium parts. For making plastic parts, these molds can last up to 100,000 or
more cycles. UC has also been used to make metallic tools for injection molding.
Ceramic tooling produced by LOM, SLS, and 3DP are very strong and durable,
and could be used as tooling in a variety of manufacturing processes.

5.4.2.2 Indirect Tooling. Most of the RT types that are used today are
indirect—LM parts are used as patterns for making molds and dies for con-
ventional manufacturing processes. Almost all LM processes have been used to
create rapid indirect tooling for various applications. Several processes have been
developed to create a mold using LM-generated parts/tools and their accuracy
depends on the accuracy of LM processes that are used to create the pattern/part.
One of the most popular tooling applications of RP is the production of room
temperature vulcanizing (RTV) silicone rubber molds. Silicone rubber molds
are used to produce urethane-, epoxy-, and zinc-based alloy parts/prototypes.
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Fused deposition modeling
3D printing

Ceramic/sand moldInjection molding dieJig/fixture

Die insert with
conformal cooling

channels

Die-casting tool with
inserts

Metallic injection molding tool

Selective Laser Sintering

Figure 5.22 Production tooling made using fused deposition modeling (Source: courtesy
Stratasys, Inc.), 3DP (Source: courtesy Z Corp.), and selective laser sintering (Source:
courtesy EOS GmbH).

RTV molds are being used in vacuum casting, reaction injection molding, wax
injection molding, cast resin tooling, etc. to make thermoplastic parts such as
polypropylene and ABS. The patterns generated using LM processes are also
used to make soft and hard metallic molds, using spray metal tooling processes.
In these processes, an atomized metal is deposited onto a pattern using a spray
gun to make molds. Typical metals include lead/tin-based alloys, Al, Cu, and
steels. Spray metal tools have been used in many applications, including sheet
metal forming, injection molding, compression molding, and blow molding.
Various plastics including polypropylene, ABS, and polystyrene and difficult
process materials such as reinforced nylon and PC have been molded. Some
companies have used investment casting with RP models to produce metal
tooling. Most of the tools cast so far have been in aluminum, but there are some
examples of tool steel molds. By making a sacrificial RP model of the desired
cavity, the lost wax process can be used to replicate the part in a metal.
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5.4.3 Rapid/Direct Manufacturing

Rapid or direct manufacturing of end-use parts using LMTs is a natural extension
of RP. The number/type of products that are produced by LM machines is con-
tinuously increasing as new materials are being developed by various companies.
For large production runs, LMTs are not economical, but for short production
runs, LM processes are much cheaper as these do not require tooling. LMTs are
also ideal for producing custom parts tailored to the user’s exact specifications.
As with RT, the use of LMTs for rapid/direct manufacturing falls into two cate-
gories: indirect and direct. As discussed earlier, indirect manufacturing involves
manufacture of a pattern or a mold, and has been successfully adopted for man-
ufacture of end-use parts of plastics, ceramics, and metals [188]. In contrast,
direct manufacturing methods create final end-use components in a single oper-
ation. Direct manufacturing of functional parts using LMTs is rapidly growing
as many manufacturers have begun to realize the unique capabilities of additive
processes for direct part production. Some unique characteristics of LM pro-
cessed functional parts include complex geometries, multiple materials, controlled
local geometric meso- and micro-structures, lower costs and mass customization.
Virtually all LMTs are being used presently for RM. The processes that use
end-use materials for part construction are most popular including 3DP, SLS,
FDM, metal deposition, and related technologies. Photo-curable resins used in
photopolymerization-based processes (SLA, SGC, etc.) can simulate engineering
materials but can not replace them. Major LMTs used to make end-use final parts
are listed in Table 5.5. There are other technologies that are being adopted for
specific applications, for example, micro-stereolithography for the manufacture
of MEMS and DW technologies for electronic and other nano-devices. Typical
end-use parts produced by LMTs are shown in Fig. 5.23.

Aerospace and Automotive. The aerospace industry has been one of the early
adopters of LMT, because the aerospace parts are made of expensive mate-
rials in small quantities, are complex, and must meet stringent functional
requirements, which is ideal for the best utilization of LMTs. Fabrication of
jet engine components such as turbine blades with internal cooling channels
is a major area of interest. Several metal-deposition-based technologies have
been used to fabricate components using high-strength, high-temperature,
Ni-based super alloys with single-crystal structures [148,149]. Layered

TABLE 5.5 LM Technologies being Used for Rapid/Direct Manufacturing

Metal Parts Ceramic Parts Plastic Parts

Selective laser sintering Three-dimensional printing Selective laser sintering
Selective laser melting Fused deposition modeling Fused deposition modeling
Laser-engineered net shaping Selective laser sintering Stereolithography
Direct metal deposition Stereolithography Three-dimensional printing
Electron-beam melting
Three-dimensional printing
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Figure 5.23 Functional parts produced using LM technologies.

manufacturing is being applied also to the manufacture of composites for
aerospace use. Long-term applications include active skin materials for
drag reduction and spare part manufacturing for space missions. NASA
has identified additive manufacturing as an enabling technology for future
space missions. The vision is to make use of additive manufacturing for
large structures (including moon and Mars dwellings) and replacement parts
as well as for repair of damaged components in space [189].
The automotive industry also has great application potential for LMTs. The
ability to make complex parts using multiple materials for automotive appli-
cation can provide improved fuel efficiency, longer engine life, and lower
assembly costs. Several automotive manufacturers such as General Motors,
Ford, Daimler-Benz, Honda, BMW, and Volkswagen have already been
using these techniques for the manufacture of functional parts [190,191].

Electronics. In this area, the number of LM processes being used is more than
that in other application area. Direct manufacturing, using LMTs, is very
attractive for electronic parts because of their unique characteristics such
as small size, huge quantities, and batch fabrication. Elimination of tooling
in layered manufacturing is another strong driving force for low-volume
production of electronic components. Many electronic devices, compo-
nents, and transducers are made of repeated simple geometric shapes, and
the ability of LMT to create complex, compositionally/structurally graded
materials offers the field more design flexibility and powerful fabrication
techniques. Many electronic materials are amenable to deposition
techniques and many polymer-based materials with electronic properties
are commercially available. A number of commercially available DW
technologies offer the possibility of making meso-scale passive/active
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devices (semiconductor devices, resistors, conductive elements, capacitors)
directly integrated to any substrate materials (mechanical devices) and
these devices have very important applications in military, aerospace,
medical, and RF communication areas [163]. Antennas and waveguides
are among the less-typical components that can also be fabricated.
Semiconductor packaging and ceramic devices are being fabricated using
SLA. UC is being widely applied to make components with embedded
sensors, devices, and antennas for various applications (Fig. 5.24a).

Medical. A large number of research studies have documented the use of
LM in medical applications, which can be grouped in to four major cat-
egories: (i) visualization and surgical planning, (ii) customized prosthetic
implants, (iii) tissue engineering and scaffolds, and (iv) drug delivery and
micro-medical devices. LM systems are now routinely used to produce
physical models of biological structures and human anatomy to assist in
surgical planning, testing, and communication (Fig. 5.21b). Compared to
conventional MRI assessment, medical models allow a more precise diag-
nosis and procedural planning.

Prosthetic devices and implants for hip, knee, and spinal joints are now routinely
made using LMTs. Layered manufacturing processes have also been employed
to produce various artificial joints and load-bearing implants in biocompatible
materials such as titanium, CoCrMo, NiTi alloy, and others [126,127, 130–133,
144,145]. Customized prosthetics and implants based on the anatomical data
from imaging systems such as computed tomography have been investigated
[192–195]. These custom-made implants with exact anatomical shape of the
femoral/bone canal have been shown to have better in vivo life [196–199]
and reduce surgical time [192,193]. Plastic Surgery and craniomaxillofacial

4 mm

5 µm

Thin film-like
interconnects

Chemiresistor
vapor sensor

Figure 5.24 Metal-encased smart sensors fabricated using ultrasonic consolidation
(Source: courtesy Solidica, Inc.) and miniature electronic devices made using the MAPLE
technology (Source: courtesy Naval Research Laboratory).
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reconstruction prosthetics are also of very great interest. Some implants and
prosthetic devices fabricated using LMTs are shown in Fig. 5.25.

Fabrication of designed porous and bioresorbable scaffolds that mimic natural
bone are being made with calcium phosphate based ceramics, using SLS, 3DP,
FDM, and stereolithography. LMTs are ideal for generating scaffolds or bone
grafts with complex pore structure and dopants such as enzyme inhibitors and
diffusion barriers. In addition to bone, tissue scaffolds are being made using LMTs
for replacement or regeneration of other organs. Most tissue engineering strategies
for creating functional replacement tissues or organs rely on a design that closely
resembles the natural extracellular structure, a highly porous micro-structure with
interconnected pore networks that allow cell in-growth and reorganization, and
special surface chemistry and material characteristics that are spatially variable,
favor cellular attachment and proliferation, and exhibit controlled degradation.
Additive manufacturing technologies offer several advantages over conventional
techniques for producing scaffolds with these characteristics, and various pro-
cesses and biocompatible materials have been demonstrated [200–205]. There
are long-term prospects for entire, complex, vascularized organs to be fabricated
by such methods. The direct printing of living tissues is also being adopted.
Groups in both the US and Europe are using the inkjet technology to deposit
live cells. Envisiontec GmbH (Germany) produces the Bioplotter (TM), the first

Figure 5.25 Typical prosthetic devices and metal implants fabricated by LM technology.
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commercially available system expressly designed for depositing living cells.
Another important application of LMTs is fabrication of drug delivery systems.
Several articles describe functional benefits that can be achieved with current
drugs by LMTs [206–210]. Several types of oral dosage forms such as pulsed,
rapid, monotonic, or constant release can be produced. Incorporation of multiple
drugs in the same pill to synchronize the multiple functions is also being inves-
tigated. Complex devices with micron-level features that would deliver medicine
directly to the organ are being developed.

5.5 FUTURE DIRECTIONS

LMTs are changing the way companies design, develop, and manufacture the
products. A large number of organizations in various fields are exploring the
benefits of LMT to open up new opportunities in research, business, and edu-
cation. The use of LMTs for prototyping and modeling is well developed and
accepted in the industry and it is now being extended and researched for cre-
ating fully functional end-use products. Also, the use of LMTs in the product
design, development, and manufacturing sectors has increased from ∼25% to
∼39% over the last four years [89,183]. While the application of LMTs to date
has been significant, there is much to be done before LMTs realize their full
potential, specifically improvements in terms of (i) long build time for low-
to high-volume production, (ii) tight dimensional accuracy and surface finish,
(iii) lack of material options and their unsatisfactory properties, (iv) consistency
in process and product characteristics, (v) short-term and long-term property data
of rapid manufactured parts, and (vi) build envelope size [175] are necessary.

LM machines are still considered slow by some industry standards, as it can
take up to a day or more to make an average size part of few tens of cubic
inches with acceptable resolution. LM machine manufacturers are reducing the
build time on a continuous basis by utilizing faster computers, complex control
systems, and improved materials, which potentially make RM economical for a
wide range of products and materials. Improvements are also needed in build
envelope size and the fine performance parameters of additive manufacturing are
more important for RM than for RP applications.

Current commercial machines are accurate up to ∼0.08 mm in the x –y direc-
tion, but less in the build or in the z direction. Software improvements in terms
of errors generated during slicing such as strain-stepping effects, approximation
errors, and accurate compensation for material shrinkage are required to achieve
high dimensional accuracy and surface finish [211,212]. Development of closed-
loop and adaptive control systems with feed-forward and feedback capabilities for
LM machines can resolve repeatability issues and eliminate the requirement
for operator skills. Improvements in laser optics and motor controls are
expected to increase accuracy, and new polymers that are being developed are less
prone to curing and temperature-induced warpage.

The plastic prototypes produced from currently available plastic materials are
good for fit/form tests and visualization, but they are too weak for functional test-
ing. Stronger plastic materials and other novel materials such as composites will
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greatly expand the range of functional products that can be made by LMTs. The
mechanical properties of end-use plastic parts made by LMTs fall short of their
molded, machined, or cast counterparts. Also, the properties vary with the type
of machine, build orientation, and the type of material used. In addition, a quan-
titative understanding of the effects of process parameters, build style, support
structures, and other factors on the magnitude of shrinkage, residual stresses, and
distortion is rarely used to enhance product performance. Another material issue
involves freedom of choice. For example, there are thousands of commercial
thermoplastic grades available in the market, but only few graded thermoplastics
and photopolymers are available for LM systems. Many LM machine manu-
facturers and research labs are working to develop new materials including
plastics, photopolymers, ceramics, and metal matrix composites. While devel-
oping new materials, sustainable (green) materials that are recyclable, reusable,
and biodegradable must also be identified. It will take a very long time, though,
before LMTs will have access to a wide range of materials that are available for
conventional manufacturing processes.

Unlike prototypes or models, both short- and long-term properties are impor-
tant for the utilization of direct-manufactured products. The materials/products
developed from LMTs must be extensively characterized and tested. Lack of such
design data for the products manufactured using LMTs presents another barrier
to the adoption of direct manufacturing. Local composition control and micro-
structural design are two strong points of additive manufacturing that merit addi-
tional study. To support this, additional improvements in the current CAD soft-
wares are necessary to accommodate the use of complex local changes in prop-
erties such as geometry, graded and mixed material, and colors. New LMTs and
machines with better tolerances and speeds, multiaxis deposition, and wider range
of materials are being developed around the world. Greater benefits might be real-
ized by developing application-specific or material-specific machines for direct
manufacturing rather than all-purpose machines, as is the tradition with additive
manufacturing companies. All the above improvements will help the layered man-
ufacturing industry continue to grow worldwide. However, it should be noted that
LMTs can never eliminate the need for conventional manufacturing technologies
such as casting, forging, and injection molding for high-volume manufacturing.
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6.1 INTRODUCTION

The use of laser technology in the processing of materials for micro-products has
been reported over the last decade. Laser-based material processing on a micro-
scale has been used in thermal processing, shock peening, surface treatment,
cleaning of surfaces, welding, melting and polishing, scribing, as well as micro-
machining of basic geometric features on a variety of materials [1–12].

Lasers are usually categorized as two groups: continuous wave (cw) and pulsed
lasers. Conventional cw and pulsed laser irradiation and ablation is used in many
fields, such as material processing, machining, etching, deposition, sintering,
micro-fluidics, medical, and many other applications [13–19].

The use of lasers in micro-manufacturing is closely connected to the char-
acteristics of the laser. The main laser parameters to be chosen and controlled
are wavelength, λ (nm); average power (W) or energy (J); intensity (W/m2) or
fluence, (�) (J/m2); pulse duration, τ (s); pulse repetition rates (Hz); and peak
power (pulse energy/pulse duration) [9,11,16,20,21].

Pulsed lasers achieve much higher intensities than cw lasers and are the
preferred solution for the fabrication of micro-sized structures. Long-pulsed
(nanosecond, ns), short-pulsed (picoseconds, ps), and ultrashort-pulsed (fem-
tosecond, fs) lasers that are commonly used for repairing, trimming, marking,
scribing, texturing, welding, ablation, cutting, and drilling include among others
(i) Excimer lasers with ultraviolet (UV) wavelengths, (ii) Ti:sapphire lasers
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mode-locked, oscillator-amplified based on chirped-pulsed-amplification (CPA)
technique, with extreme peak powers usually in the order of 106 W with
700–980 nm wavelengths, (iii) copper vapor lasers with wavelengths between
578 and 611 nm, (iv) neodymium-doped yttrium aluminum garnet (Nd:YAG)
lasers with near-infrared, visible, and UV wavelengths at 1064, 533, 355, and
266 nm. Specific laser parameters for these lasers are given in Table 6.1.

Laser-beam machining uses an intensely focused, coherent stream of light (a
laser) to vaporize or chemically ablate materials. In general, pulsed lasers produce
a small heat-affected zone and a small recast layer on the machined surface by
causing material vaporization through high peak power and shorter interaction
time (Fig. 6.1). The differences between the long- (nanosecond) and short-pulsed
(picoseconds and femtoseconds) laser micro-machining are well experimented
(Figs. 6.2 and 6.3).

TABLE 6.1 Most Common Lasers Used for Laser Processing on a Microscale
and Their Parameters [4–6,9,14,22]

Laser Wavelength Power Pulse Fluence Pulse Repetition
Type (nm) (W) Energy (mJ) (J/cm2) Duration Rate

Q-switched 1064 1–35 W 8 mJ — 5–100 ns 1–400 kHz
Nd:YAG 532 0.5–20 W 5 mJ — 5–70 ns 1–300 kHz

355 0.2–10 W 3 mJ — 5–50 ns 15–300 kHz
266 0.5–3 W <1 mJ — 5–30 ns 15–300 kHz

Ti:sapphire 800 (central) 0.5–2 W 0.25–0.9 mJ — 100–150 fs 1–5 kHz
(700–980) — — — — —

Excimer- — — — — 10–20 ns 5–10 Hz
XeF 351 — — 1.8–9.1 — —
XeCl 308 — — 1.2–9.8 — —
KrF 248 — — 0.9–9.8 — —
ArF 193 — — 0.7–4.0 —

Figure 6.1 Illustration of heat-affected zones subjected to different laser types.
Source: courtesy of Clark/MXR corp.
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(a) (b) (c)

Figure 6.2 Pulsed laser-beam micro-machining holes drilled with a Ti:sapphire system
(120 fs) (a) in air and (b) in a vacuum, and (c) a hole drilled by an Nd:YAG laser
(λ = 1.06 μm; pulse width = 100 ns, P = 50 mW, 2 kHz). All images were taken from
the entry side of the kovar foil. Source: Courtesy of Sandia Manufacturing Science and
Technology Center, http://mfg.sandia.gov.

(a) (b) (c)

Figure 6.3 Laser ablation with (a) nanosecond pulse (3.3 ns and 1 mJ), (b) picosec-
ond pulse (80 ps and 900 μJ), and (c) femtosecond pulse (200 fs, 120 μJ) at 780 nm
wavelength [3].

Laser micro-machining is an alternative micro-manufacturing process used
for the production of micrometer-sized structures, using long- (nanosecond ) and
short-pulsed (femtosecond ) lasers on absorptive metals with applications includ-
ing hole drilling, removal of surface defects, and mask repair (Fig. 6.4) and
transparent materials such as glass and polymers with applications including fab-
rication of optical waveguides, micro-fluidic channels, and fabrication of photonic
devices.

6.2 LASER RADIATION, ABSORPTION, AND THERMAL EFFECTS

In ablation, the chemical bonds between atoms are broken by the excess amount
of laser energy absorbed by the valence electrons in the material. In laser radia-
tion regimes, the dominant process involved is the heating of the target material
through the liquid phase to the vapor phase, resulting in the expansion and expul-
sion of the desired target material [3,4,16,20]. This is accompanied by heating
and collateral damage to the surrounding area, the degree of which is determined
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70 µm

1 mm 1 mm

(a) (b)

Figure 6.4 (a) Design for multifunctional solar cell surfaces and (b) surface texturing
with laser scribing [23,24].

Vaporization front

Plasma

Melting front

Laser intensity

Substrate material

Absorption
region

Figure 6.5 Illustration of laser–material interaction [25].

by the rate of energy absorption and the rate of energy loss through thermal
conduction in the material. This collateral damage is often detrimental and is a
limiting factor when high-precision ablation is required or when it may present
a hazard, for example, laser surgery.

The advent of short-pulsed lasers opens up a new area for research and
applications in material processing. In laser micro-machining, short-pulsed and
ultrashort-pulsed lasers produce a very small heat-affected zone compared to
cw lasers (Fig. 6.1), enabling extremely localized laser heating on the micro-
scale. Localized micro-scale heating reduces thermal damage to the bulk material.
This damage is often detrimental and is a limiting factor when high precision is
required. The major processes in the laser–material thermal interaction include
radiation absorption and the associated thermal effects (Fig. 6.5).

In general, the limiting factor in the spatial resolution of laser ablation is
the diffusion of the heat coming out of the irradiated spot in metals. According
to Ivanov and Zhigilei [16], the laser energy is absorbed by the electrons and
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within femtoseconds is equilibrated among the electrons and slowly (within a
few picoseconds) transferred to the atomic vibrations, depending on the strength
of the electron–phonon coupling in the lattice.

A thermal equilibrium is formed within the lattice between the electrons and
the phonons. The heat flow from the irradiated surface to the bulk of the lattice
is considered as common thermal diffusion, and when the laser pulse duration
is comparable to or less than the duration of this equilibrium formation, a state
of thermal nonequilibrium is created by the laser irradiation, where the electrons
and the lattice have different temperatures (Fig. 6.6). At the continuum level, the
time of evolution of the lattice and electron temperatures, (Tl and Te), can be
described within a so-called two-temperature model (TTM ) by the two coupled
nonlinear differential equations given below.

Ce(Te)
∂Te

∂t
= ∇[Ke(Te)∇Te] − G(Te − Tl) + S (z , t)

Cl(Tl)
∂Tl

∂t
= ∇[Kl(Tl)∇Tl] − G(Te − Tl) (6.1)

where C and K are the heat capacities and the thermal conductivities of the
electrons and the lattice as denoted by the subscripts e and l, respectively, and
G is the electron–phonon coupling constant. The source term S(z,t) is used to
describe the local laser energy deposition per unit area and unit time during the
laser pulse duration. These equations can be solved by a finite-difference method
and the spatial and time evolution of the electron and lattice temperatures can be
obtained. The TTM is discussed in detail later.
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Modeling thermal diffusion during laser ablation of materials has been of great
interest for researchers. The publications by Chichkov et al . [3], Momma et al .
[4], Ramanathan and Molian [12], and Ki and Mazumder [20] are just to name a
few in this field. Often, the two-temperature coupled equations are solved under
the assumption that the electron and the lattice heat capacities and the thermal
conductivity remain constant in the laser ablation process. The solution is usually
valid for ultrashort to nanosecond pulse-width regimes.

Researchers have utilized the TTM to compute the temperatures of the lattice
and the electron with respect to short time period (from femto- to nanosec-
onds) in order to determine the transient behavior of the temperature fields
with the lattice of the work material which is induced by the pulsed laser
irradiation.

Numerical models are established for simulating ultrashort laser interaction
with the work material. The TTM is utilized to simulate the energy transport of
electrons and lattices. Specifically, ultrafast laser radiation is simulated by solving
heat conduction equations and using the finite-difference time-domain method.
The temperature histories of electrons and lattices are presented to demonstrate
the basic phenomenon of thermal energy generation and complex laser-beam
propagation with the targeted work material.

6.3 LASER PROCESSING OF MATERIALS

Selection of the optimum laser wavelengths is influenced by the minimum fea-
ture size and the optical properties of the work material. The characteristics of
absorption, reflectivity, and thermal diffusion of different kinds of materials are
shown in Fig. 6.7 and are summarized subsequently.

6.3.1 Laser Processing of Metals and Alloys

When radiation interacts with metals, the energy absorbed raises the temperature
level. However, if much of the radiation is reflected because of the surface char-
acteristics, the energy absorbed may not be sufficient to achieve the softening
of the material to substantially affect the process of removal of the material.
The use of short-pulsed lasers with a proper choice of laser parameters may still
achieve thermal softening in highly reflective metals. The mechanism is similar to
those related to laser-induced phase transformations, as reviewed by Grigoropou-
los et al . [26]. As shown in Fig. 6.7, aluminum is highly reflective. However,
copper and steel have better absorption at UV wavelengths. Zhang et al . [27]
studied laser micro-machining of copper, using a frequency tripled pulsed single-
mode Nd:YAG laser of 50-ns pulse duration and reported favorable experimental
results. The reflectivity of metals often decreases with temperature, and they are
effectively machined by Nd:YAG and CO2 lasers. Zhao et al . [6] reported favor-
able results on micro-machining of aluminum, using a femtosecond Ti:sapphire
laser.



LASER PROCESSING OF MATERIALS 165

0.1

0.0

0.2

0.4

T
ra

ns
m

is
si

on 0.6

0.8

1.0

EXCIMER Ti:Sapp.Nd:YAG CO2

Sapphire

Copper
Acrylic

Absorption depth Aluminum

Aluminum

Copper

Steel
Pyrex

Polystrene

Polycarbonate

3 mm thickness

Steel

1
Wavelength (µm)

10

Fused
silica

Figure 6.7 The relationship between wavelength and transmission for some metals,
polymers, glass, and ceramics [25].

6.3.2 Laser Processing of Polymers and Composites

Polymers exhibit strong absorption in the UV and deep infrared (IR) wavelengths,
but weak absorption at visible wavelengths. However, the reaction to lasers is
somewhat different in polymers, compared to that seen in metals. It is believed
that UV produces a cooler excitation in polymers. On the other hand, IR causes
the most molecular vibration and material change through thermal process. How-
ever, the properties of most polymers and composites are very strong functions
of temperature. This implies that even slight changes in temperature can have a
strong effect on machining and localized laser heating can be used effectively for
increasing the productivity and the product characteristics. At UV wavelengths
(200–400 nm), the material removal mechanism in polymers is generally ther-
mal evaporation. Below 200 nm, the polymeric material is removed typically by
chemical ablation.

6.3.3 Laser Processing of Glasses and Silica

Micro-machining of hard and brittle glasses finds applications in biochemistry,
biomedicine, lab-on-chip devices, sensors, and Bio-MEMS devices. Many
crystals and glasses exhibit strong optical absorption at deep UV and IR wave-
lengths, with much weaker absorption at visible and near-infrared wavelengths.
The absorption of light by some glasses can have a very nonlinear behavior. For
example, the transmission wavelength of Pyrex ranges from 300 nm to 3 μm,
but at 2.5 μm, the material has the best absorption. However, since glass is
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nonopaque, absorption occurs largely within the volume of the material, rather
than on the surface. Zhang et al . [28] studied micro-machining of glass materials
by laser-induced plasma-assisted ablation using a 532-nm laser and reported the
experimental results. Zhao et al . [6] applied a femtosecond Ti:sapphire laser for
micro-machining of fused silica successfully.

6.3.4 Laser Processing of Ceramics and Silicon

Synthetic CVD diamond is an attractive material, since it has various applica-
tions such as IR optical applications, detectors, sensors, and thermal management
systems. Among all materials, diamond is the most difficult one to be machined
because of its hardness and inertness, and, like glass, it is highly transparent
over a broad range of the optical spectrum. Laser etching of silicon permits a
wide variety of structures to be made, since it is independent of the crystal plane
orientation unlike wet etching. Various pulse lasers such as IR Nd:YAG [9] and
femtosecond (Ti:sapphire) lasers [17,29] have been used for machining of dia-
mond and silicon [20] for a number of years. Similarly, crystal growth from the
melt in the manufacture of silicon chips is followed by several processes of laser
machining to obtain the desired shape, size, and other characteristics of silicon
wafers. The focus in these processes is on melting and ablation caused by lasers.
The use of lasers with micro-machining techniques has not received much atten-
tion, though this approach enables better control of the product characteristics
and lower costs.

6.4 LASER PROCESSING PARAMETERS

There are several key parameters influencing laser ablation and directly affecting
the energy working on materials. Larger reduction in laser power or increases
in cutting speed will result in incomplete penetration of the cut zone, or poor
quality in laser ablation. Chen and Yao [18] investigated pulsed laser micro-
machining and its influence on dross attachment, burn, and recast layer thickness
by using designed experiments and statistical analysis. They identified that the
significant factors affecting dross attachment are average power, orifice size, and
tracking speed. They found that when the average power increases, the dross
attachment rating number decreases. Bordatchev and Nikumb [21] investigated
the relationship of energy with crater diameter, depth, and volume in pulsed laser
micro-machining by using designed experiments and statistical analysis. They
considered only pulse energy as a major controlled parameter. Shallow craters
were created in copper foil with a thickness of 70 μm by applying a single pulse
to one location and then moving the part to a new position for the subsequence
pulse. They obtained approximate relations between geometric parameters and
pulse energy. Many other research findings indicate the main parameters in laser
processing which will be discussed briefly next.
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6.4.1 Laser Spot Size and Beam Quality

Beam quality is measured by its energy, focus ability, and homogeneity. If the
beam is not of a controlled size, the laser-affected region may be larger than the
desired size with excessive slope in the sidewalls. Ho and Ngoi [30] reported a
subspot size micro-machining technique utilizing the phenomenon of short-pulsed
laser interference.

6.4.2 Peak Power

The peak power must be able to soften the workpiece for thermal processing,
but must not be strong enough to cause direct ablation. There exist optimum
values of laser-beam intensity such that extremely localized material softening
will occur. A higher peak power is required to cause ablation or melting and
vaporization of the target material. Peak power is the most important limiting
parameters for pulsed lasers and can be increased by reducing the pulse duration.

6.4.3 Pulse Duration

The effect of pulse duration on feature quality is significant in laser ablation.
Although the achievable average laser power and laser intensity decrease with
decreasing pulse duration, the peak power increases, effectively providing fast
irradiation and ultrashort laser–matter interaction. The short pulse duration can
maximize peak power and minimize thermal diffusion to the surrounding bulk
work material, leading to localized heating as discussed by Pronko et al . [2],
Malshe et al . [31], and Choi et al . [19]. Theoretically, the pulse duration should
not be longer than the thermal relaxation time for thermal diffusion. The advan-
tages of short-pulsed lasers such as very small heat conduction and very thin
liquid phase thickness are promising for future applications in precision thermal
processing of materials with minimal damage. Lasers with pulse durations of
few femtoseconds and high repetition rates are available for micro-processing
applications (Table 6.1) though femtosecond laser ablation is still thermal in
nature, and cannot completely avoid heat affected zone, recast layer, chemical
contamination, etc.

6.4.4 Pulse Repetition Rate

When the energy is sufficient, every pulse has a thermal effect on the workpiece.
It is necessary for successive spots to overlap for successful material removal e.g.,
in a series of drill operations. If the pulse rates were low, the energy would leave
the thermal zone and would be of no use. If the residual heat were retained by a
rapid repetition rate (limiting the time for thermal conduction), the thermal effect
on the work material would be more efficient. On the other hand, a pulsed laser
has an upper limit in pulse repetition (Table 6.1). A very high pulse repetition
rate (100 kHZ and above) may result in pulse laser irradiation behaving similar
to cw laser irradiation on some materials.
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Direct laser ablation can be performed by controlling laser-beam properties
such as laser energy, intensity, pulse duration, and wavelength. However, this
method requires additional capabilities for a typical laser beam generation and
delivery system. With the laser-beam interference technique, micro-machining
of even smaller features that are typically not achievable is possible. Ho and
Ngoi [30] reported a subspot size micro-machining technique by utilizing the
phenomenon of ultrafast pulse laser interference. The results show much more
reduction in machined feature size compared to the case of a noninterfered laser
beam. Holes of 300 nm were successfully drilled on a 1000-Å thick gold, using
the interfered laser beam.

Most of these methods are for fabrication of 2D or 2.5D features such as holes
and channels. Micro-machining of 3D geometrical features such as spherical, con-
ical, and cylindrical surfaces remains a challenge. Malshe and Deshpande [29]
studied femtosecond-pulsed laser micro-machining on optoelectronic materials
with 2D and 3D periodic patterns in the form of ripples, clusters, and combi-
nation of features. They found that the amorphous and defective areas in the
nanolaser region enable selective light trapping and surface passivation with-
out contaminating the surface. Choi et al . [19] proposed a 3D micro-machining
method called hole area modulation (HAM ). They reported that the laser ablation
depth was influenced by hole diameter on the mask, pitch, transferring velocity,
transferring distance, and the number of pulses. The machined cavity could be
converted to 2D distribution with depth information, and then the 3D cavity
will be generated. When the laser-beam properties cannot be altered, the HAM
method can be made an alternative solution by controlling the density of the
holes and the step size to improve the accuracy of the 3D geometry.

6.5 ULTRASHORT-PULSED LASER ABLATION

Nanosecond (ns) and ultrashort-pulsed (femtosecond to picosecond) lasers have
many current and potential applications in micro-machining of metals, semicon-
ductors, and dielectrics for the manufacturing of electronic, medical, optical, and
other devices, and they have the advantage of extremely high achievable radia-
tion intensities (and hence can ablate almost any material) and extremely short
pulse durations (and hence can realize precise material removal with a very small
heat-affected zone). The laser–material interaction and ablation mechanisms are
different for nanosecond and ultrashort-pulsed lasers because of the significantly
different pulse durations, which are discussed separately.

A lot of efforts have been devoted to the experimental and theoretical
studies of the ultrashort laser–matter interactions in recent years, and numerical
models based on comprehensive hydrodynamics [32–35] or molecular dynamics
[23,36–43] have been developed. Ultrashort laser ablation is a very complicated
process, and further work is still needed to completely understand the fundamen-
tal ablation mechanisms. Earlier investigations show that material removal during
ultrashort laser ablation may be realized through one or a combination of the
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following mechanisms, such as spallation, Coulomb explosion, phase explosion,
critical-point phase separation (CPPS), and fragmentation [23,33–46]. The
actual mechanisms depend on laser intensity, wavelength, material types, etc.

Multiple complicated physical processes may occur on different time scales
during and after an ultrashort laser pulse interaction with a target, which are
discussed subsequently.

6.5.1 Two-temperature Heat Transfer

When an ultrashort laser pulse irradiates a solid, the laser energy will be absorbed.
For metals, this is realized mainly through free carrier absorption [47], that is,
electrons in the conduction band absorb photons and obtain higher energy. In
semiconductors and dielectrics, electrons can be excited from the valance bands
to the conduction bands through photon (or multiphoton) ionization process.
Following the absorption of the laser energy by electrons, the energy will be
transferred from electrons to the lattice through electron–photon collision. The
typical timescale for the electrons and the lattice to reach thermal equilibrium is
around ∼1–10 ps, depending on the material. Hence, for laser pulses of shorter
than this characteristic time, the initial heat transfer process during laser–matter
interaction cannot be described by the commonly used one-temperature heat trans-
fer equation. Instead, the so-called two-temperature heat transfer equation needs
to be used. The one-dimensional (1D) form of the equation can be given as
follows [24,33,34,46]:

∂Ee

∂t
= ∂

∂z

(
ke

∂Te

∂z

)
− G(Te − Ti) + S (6.2)

Ci
∂Ti

∂t
= G(Te − Ti) (6.3)

where Te, Ti, and Ci are the electron temperature, the lattice temperature, and the
volumetric heat capacity of the lattice respectively, t is the time, z is the spatial
coordinate, S is the source term, ke is the electron thermal conductivity of an
electron, and G denotes the electron–phonon coupling constant, given by G =
Ce/τε, where τε is the mean energy exchange time for the electrons and the lattice.
The electron thermal energy per unit volume, Ee, is given by ∂Ee

∂ t = Ce
∂Te
∂ t , where

Ce is the electron heat capacity, and for semiconductors and dielectrics, it also
depends on the density of free electrons generated through photon ionization and
avalanche ionization. The lattice thermal conductivity is neglected in Eq. (6.3).
The two-temperature heat conduction equations are based on the assumption
that the energy distributions of both the phonons and the electrons are thermal
distributions characterized by distinct temperatures, that is, the lattice temperature
and the electron temperature, respectively [47]. Hence, the TTM is valid only
for times longer than the thermalization time for the electrons and the phonons
(i.e., the time needed for the electrons and the phonons to establish the energy
distribution to make their temperature definition meaningful). For times shorter
than the thermalization time, the electron and phonon temperatures lose their
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meaning and the use of the TTM is questionable. The source term S is given
by [24]:

S = ∂I (z , t)

∂z
− Eg

∂ne

∂t
(semiconductor and dielectrics)

= ∂I (z , t)

∂z
(metal) (6.4)

where I is the laser intensity and Eg is the band gap of semiconductors or
dielectrics. The last term on the right hand side of Eq. (6.4) for semiconductor and
dielectrics represents the energy consumed in overcoming the band gap during
free electron generation through the ionization process.

The laser-beam propagation, strictly speaking, is governed by Maxwell’s
wave equation. For the 1D situation, the following simplified equation is often
used [24,46]:

∂I (z , t)

∂z
= aI (z , t) (metal)[

(σ1 + σ2I (z , t))
na

na + ni
+ a

]
I (z , t) (semiconductor) (6.5)

σN I N na

na + ni
hwN + aI (z , t) (dielectrics)

where σ1 and σ2 are one- and two-photon ionization cross sections, h is Planck’s
constant, w is the laser frequency, na and ni are number densities of neutral
and ionized atoms, σN is the cross section for multiphoton ionization with
N photons (e.g., N = 6 for Al2O3 at 800 nm), and a is the free electron absorption
coefficient.

The free electron absorption coefficient a can be calculated on the basis of
the complex dielectric function, which can be calculated by [46,48–50]:

ε = 1 + (εg − 1)

(
1 − ne

n0

)
− nee2

ε0mew 2

1

1 + iv/w
(6.6)

where n0 is the valence band electron density, v is the collision frequency, ε0
is the permittivity of vacuum, e is the electron charge, εg is the dielectric con-
stant of the unexcited material, and me is the mass of an electron. The material
complex index of refraction n can also be obtained from the complex dielectric
function [50].

The free electron number density for metals can be obtained from the material
equation of state (EOS) model. For semiconductors (e.g., silicon), the electron
density can be described by the rate equation [46,48]:

∂ne

∂t
=

[
(σ1 + 0.5σ2I )

I

hw
+ δne

]
na

na + ni
− ne

τ0 + 1/Cneni
(6.7)
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where δ is the impact ionization coefficient [46]. The last term on the right hand
side of Eq. (6.7) describes the electron loss due to Auger recombination process
with C = 3.8 × 10−31cm6/s and τ0 = 6 × 10−12s for silicon [46,48].

For dielectrics, the evolution of electron number density is described
by [46,49]:

∂ne

∂t
= [σN I N + αIne]

na

na + ni
− ne

τ
(6.8)

where α is the avalanche coefficient and σN is the cross section for multiphoton
ionization with N photons (e.g., N = 6 for sapphire at 800 nm). The last term
on the right side describes the free electron loss with the relaxation time τ . It
should be noted that in Eqs. (6.7) and (6.8), for simplicity the electron spatial
transport through drift and diffusion has been neglected.

The free electron generation during laser interaction with dielectrics and semi-
conductors significantly affects the laser-beam propagation and energy absorption.
Figure 6.8 shows the calculated normalized laser intensity distribution in a silicon
target at t = 100 fs (laser full-width-at-half-maximum (FWHM) pulse duration:
100 fs, wavelength: 800 nm). If optical absorption due to the generated free
electrons is considered, most of the laser energy is absorbed at a depth of sev-
eral hundred nanometers. However, if free electron absorption is neglected, the
absorption depth increases significantly to several microns. Therefore, the laser-
induced free electrons play a key role in laser-beam propagation and energy
absorption.

6.5.2 Electron Emission from the Surface and Coulomb Explosion

Owing to the temperature increase and the excitation by laser photon flux, free
electrons may be emitted from the target surface. The total current density of
electrons emitted from a metal target surface can be calculated on the basis of
the target surface temperature [52]:

J =
∞∑

n = 0

Jn (6.9)

where J0 is the thermionic emission, J1 is one-photon photoemission, and Jn is
n-photon emission given by Bechtel et al . [52]:

Jn = an(e/hν)nAI n(1 − R)nT 2
e F

(
nhν − φ

kTe

)
(6.10)

where I is the laser intensity, R is the surface reflectivity, A is the Richardson
coefficient, hν is the laser photon energy, φ is the surface work function, k is
Boltzmann’s constant, Te is the electron temperature, an is a constant, and F(x)
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Figure 6.8 The calculated normalized laser intensity distribution in a silicon target at
t = 100 fs (laser pulse duration: 100 fs, wavelength: 800 nm). Source: Reprinted from
Appl Surf Sci, 255(9), Wu B, Shin YC., A simplified predictive model for high-fluence
ultrashort pulsed laser ablation of semiconductors and dielectrics, 4996–5002, Copyright
(2009), with permission from Elsevier [51].

is the Fowler function. Typically, only the first few terms on the right side of
Eq. (6.10) are important, and the other terms are generally negligible.

The surface electron emission may break the quasi-neutrality in the near-
surface region. As a result, an electric field will be generated, which can be
described by the well-known Poisson equation [46]. The charging of target sur-
faces may cause a subpicosecond electrostatic rupture of the superficial layers,
that is, the so-called Coulomb explosion process. Relatively speaking, this effect
occurs for dielectrics more easily, and it is often strongly inhibited for metals
and semiconductors because of their superior carrier transport properties [46].
Figure 6.9 shows the temporal profiles of the laser-induced electric field on the
surface (100-fs and 800-nm laser pulses). It can be seen that the electric field
induced in the sapphire target is much higher than that in the silicon and gold
targets. It also exceeds the critical electric field for Coulomb explosion, and can
induce the electrostatic rupture of a surface layer with a thickness on the order
of nanometers.

6.5.3 Formation of Early Plasma Due to Electron Emission

During ultrashort laser–material interaction, the emitted electrons from the tar-
get surface may cause the breakdown of the ambient gas because of cascade
ionization and may form a so-called “early plasma,” which occurs within a few
picoseconds after laser pulse starts. It was experimentally observed by Mao et al .
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Figure 6.10 (a) Shadowgrams and (b) phase shift maps of the plasma at four different
delay times (35-ps and 1064-nm laser pulse and copper target; Source: Reprinted with per-
mission from [Mao SS, Mao X, Greif R, Russo RE., Appl Phys Lett, 77(16), 2464–2466,
(2000)]. Copyright [2000], American Institute of Physics [54].).

[53,54] as shown in Fig. 6.10. The early plasma is generated because of the ambi-
ent air breakdown instead of the ionization of the target vapor. It is formed before
significant vaporization or hydrodynamic expansion of the target occurs.

The evolution of the early plasma in the ambient gas can be described by
the conservation equations of mass, momentum, and energy for each species
(electrons, ions, and neutral atoms). For electrons, the equations in 1D form are
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given by [53–55]:

∂ne

∂t
+ ∂(neve)

∂z
= Se (6.11)

∂(nemeve)

∂t
+ ∂(nemev 2

e )

∂z
= −∂Pe

∂z
+ nefe (6.12)

∂εe

∂t
+ ∂(εeve)

∂z
= −∂(Peve)

∂z
+ We + Qe + WL (6.13)

where t is time; z is the spatial coordinate; ve is the electron velocity; Se is the
source term for electron generation, which is mainly due to cascade ionization;
me is the electron mass; Pe is the electron pressure; fe is the force term including
three components: the force due to electric field, the force that has resulted
from elastic collisions between the electrons and the ions, and the nonlinear
ponderomotive force [55]; εe is the electron energy per unit volume, which is
given by εe = 1.5kTene + 0.5nemev 2

e [53]; We is the work done by the forces
exerted on electrons; Qe is the contribution from electron heat conduction; and
WL is the energy source term due to the absorption of laser energy. The governing
equations for the ions and the atoms are similar with a few minor differences,
one of which is that for neutral atoms no force (and hence no work done by the
force) is induced by the electric field.

6.5.4 Hydrodynamic Expansion

During ultrashort laser–material interaction, the absorbed laser energy will
increase the target material pressure near the surface. Hydrodynamic motion
may be driven by the pressure gradient. The target hydrodynamic expansion
process should be described by two-temperature hydrodynamic equations. For
metals, the equations in the 1D form are given by [34,56,57]:

∂ρ

∂t
+ ∂(ρu)

∂z
= 0 (6.14)

∂ρu

∂t
+ ∂(ρu2 + P)

∂z
= 0 (6.15)

∂

(
Ee + 1

2
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)
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+
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(
Ee + 1

2
ρeu2 + Pe

)]
∂z

= −∂qe

∂z
+ ∂

∂z

(
ke

∂Te

∂z

)
+ ∂I

∂z
− Qe - i(Te − Ti) (6.16)
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2
ρiu

2
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∂

[
u

(
Ei + 1

2
ρiu

2 + Pi

)]
∂z

= Qe - i(Te − Ti) (6.17)
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where t is time, z is the spatial coordinate, ρe is the electron mass density
(generally negligible), ρi is the ion mass density, ρ is the total density and can
be expressed as ρ = ρe + ρi

∼= ρi, u is the velocity, Pe is the electron pressure,
Pi is the ion pressure, P is the total pressure and can be expressed as P =
Pe + Pi, Ee, Te, Ei, and Ti, are the volumetric internal energies and temperatures
for electrons and ions, respectively, ke is the electron thermal conductivity, I is
the net laser radiation flux in the z -direction, Qe−i is the electron–ion coupling
constant, and qe is the radiative heat flux in the z direction, which is particularly
important for the high-temperature region and can be obtained by solving the
radiative transfer equation [58]. It should be noted that for simplicity some terms
(e.g., the deviatoric stress terms) are not shown in the above equations. When
the pressure gradient and the velocity are negligible, the above equations can be
simplified into two-temperature heat conduction equations (Eqs. 6.2 and 6.3).

The evolution of the thermodynamic state of the target material near the surface
can be obtained by solving the hydrodynamic equations or by using molecu-
lar dynamic simulations. Vidal et al . [33] solved hydrodynamic equations and
showed that under high laser intensities, the dominant material removal mech-
anism is the so-called “critical-point phase separation” process. Figure 6.11 is
the hydrodynamic simulation result from Vidal et al . [33], which shows that the
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Figure 6.11 (a) Density profiles as a function of position at 0, 10, 50, and 100 ps
with respect to the laser pulse. Laser pulse has 500 fs, 1 μm, normal incidence, and
10 J/cm2. The initial distance between the boundaries of the Lagrangian cells is 1 nm.
(b) Trajectories of a few Lagrangian cells in the density–temperature plane. The total
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superheated liquid; SCV, supercooled vapor; S, solid phase; V, vapor phase; and CP,
critical point. Aluminum target. Source: Reprinted figure with permission from [Vidal F,
Johnston TW, Laville S, Barthelemy O, Chaker M, Drogoff BL, Margot J, Sabsabi M.,
Phys Rev Lett, 86(12), 2573–2576, 2001], Copyright (2001) by the American Physical
Society, http://link.aps.org/doi/10.1103/PhysRevLett.86.2573, [33].
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thermodynamic trajectories of the material cells near the surface can be roughly
divided into two stages. During the first heating stage, the cells are heated very
rapidly to their maximum temperatures without any obvious density change.
After that, the density will decrease roughly following the relation T ∝ ρ2/3. The
simulation shows that the material cells, whose expansion trajectories enter the
unstable zone near the critical point (CP), will transform into a bubbles–droplets
transition layer as a result of thermodynamic instabilities. The mass above these
cells will be ablated, whereas the mass below will condense back onto the target.
This process is called critical-point phase separation (CPPS).

The MD simulation results from Cheng and Xu [36] also indicate that during
ultrashort laser ablation of nickel, the dominant ablation mechanism is CPPS
for high fluence, whereas for lower fluence it is phase explosion (the explosive
phase change process due to the homogeneous bubble nucleation and growth
when material liquid is superheated close to the CP in the thermodynamic two-
phase region). Assuming the CPPS mechanism, simplified physics-based models
based on the two-temperature heat transfer equations have been developed by Wu
and Shin [24,51] for high-fluence ultrashort laser ablation of metals, semiconduc-
tors, and dielectrics, which have shown good agreement with the experimental
measurements for the laser ablation rate. Some sample results are given in
Fig. 6.12.

However, the MD simulation results obtained by some researchers suggest that
CPPS may not be the dominant material removal mechanism for high-fluence
ultrashort laser ablation [40,41]. Therefore, further experimental and theoretical
studies are still needed to understand the exact material removal mechanism for
ultrashort laser ablation.
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6.6 NANOSECOND-PULSED LASER ABLATION

6.6.1 Ablation Mechanisms

It has been found from the earlier research that nanosecond-pulsed laser ablation
involves one or several physical mechanisms for material removal among surface
vaporization, phase explosion, and hydrodynamic expansion.

Surface vaporization is the liquid–vapor phase transformation across the
liquid–vapor interface. The vapor molecules that leave the liquid surface
(the melted surface of the target) are initially in a nonequilibrium velocity
distribution, and the distribution changes into equilibrium within a very thin
layer at the liquid–vapor interface, which is often called Knudsen layer [61,62].

Phase explosion is the homogeneous bubble nucleation and growth in the
target material superheated close to the thermodynamic critical temperature Tc in
the two-phase region of the thermodynamic diagram. The nucleation rate strongly
depends on the extent to which the target material is superheated [63,64].

Hydrodynamic expansion is the material removal process due to macro-scopic
hydrodynamic motion [65,66]. It should be noted that “normal boiling” (“the
appearance of heterogeneously nucleated bubbles which diffuse toward the outer
surface of a liquid and, if the surface is reached, may possibly escape” [63]) is
generally not important for the nanosecond-pulsed laser ablation process [63,64].

For low-intensity laser ablation, surface vaporization is typically the dominant
physical mechanism for material removal. However, as the laser intensity gets
higher, the target material may be superheated close to the thermodynamic critical
temperature, and homogeneous bubble nucleation and growth (phase explosion)
occurs. The ejection of liquid droplet–vapor mixture generated because of phase
explosion generally occurs at a delay time of several hundred nanoseconds [67,68]
after the laser pulse starts, and the ejection is through hydrodynamic motion and
therefore can be regarded as a hydrodynamic expansion process. Another situa-
tion where hydrodynamic expansion becomes the dominant mechanism is when
the target substrate is driven by a sufficiently intense laser pulse to a tempera-
ture above the thermodynamic temperature Tc. In this case, the sharp interface
between the condensed and gaseous phases disappears [65] and is smeared into
a macro-scopic transition layer (this is because when the target material tem-
perature is higher than Tc, it can be in only one phase—the supercritical state,
and thus the sharp interface between different phases disappears). Under such
conditions, the condensed target phase should contribute mass to the target vapor
phase mainly through hydrodynamic expansion, during which the target mate-
rial moves from the condensed phase region to the vapor region with its density
decreasing continuously to the vapor density. This mechanism is verified through
the experimental and modeling work by Wu et al . [66].

In summary, nanosecond-pulsed laser ablation can be divided into two stages
in terms of material removal mechanisms: the surface vaporization stage and
the subsequent hydrodynamic expansion stage (which results in the ejection of
vapor and/or liquid–vapor mixture). Homogeneous bubble nucleation and growth
(phase explosion) may also take place during these two stages, the significance of



178 MICRO-LASER PROCESSING

(a) (b)

Figure 6.13 (a) The calculated transient evaporation depth in the ablation of nickel by
a 248-nm and 26-ns excimer laser pulse with a fluence of 4.24 J/cm2 and (b) the ablation
depth in the ablation of nickel by a 248-nm and 26-ns excimer laser pulse. Source:
Reprinted with permission from [Wu B, Shin YC., J Appl Phys, 99(8), 084310, (2006)],
Copyright [2006], American Institute of Physics [69]; measurement from Xu [70].

which strongly depends on the extent to which the target material is superheated.
For low-intensity laser pulses, only the first stage occurs, while for very high-
intensity laser pulses, the second stage may dominate over the first stage.

For low-intensity nanosecond-pulsed laser ablation where surface evaporation
is the dominant mechanism, the process can be simulated by solving the heat
transfer equation in the condensed target and the gas dynamic equations in the
vapor and ambient gas phases. The governing equations in the condensed and
gaseous phases are coupled through the Knudsen layer relations at the target
surface. Figure 6.13 shows the evaporation depth calculated by Wu and Shin [69],
which agrees well with the measured ablation depth.

For nanosecond-pulsed laser ablation, the transition of material removal mech-
anism from surface evaporation to explosive phase change process is often
characterized by a jump of ablation rate above a certain threshold laser flu-
ence or intensity. This is because the material removal efficiency will be higher
for phase explosion than for surface evaporation. Some previous experimental
results for nanosecond-pulsed laser ablation of aluminum and silicon are shown
in Fig. 6.14, where the ablation rate jumps at a certain laser fluence or irradiance.

The ejection of liquid droplet–vapor mixture generated because of phase
explosion generally occurs at a certain delay time after the laser pulse starts. The
studies [67,68] show that this delay time is around several hundred nanoseconds.
Figure 6.15 shows the time-resolved shadowgraph image of nanosecond-pulsed
laser ablation of silicon, and liquid droplet ejection is not observed until around
400 ns. However, some investigations, such as by Xu [70] and Porneala and
Willis [71], show that the delay time may be much shorter. Hence, further exper-
imental and theoretical studies are still needed to clarify this issue.
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Figure 6.14 (a) The ablation depth per pulse for aluminum as a function of laser fluence
(5-ns and 1064-nm laser pulse; Source:Reprinted with permission from [Porneala C, Willis
DA, Appl Phys Lett, 89, 211121, (2006)], Copyright [2006], American Institute of Physics
[71]). (b) The ablation depth and volume for silicon (3-ns and 266-nm laser pulse; Source:
Reprinted with permission from [Yoo JH, Jeong SH, Greif R, Russo RE., J Appl Phys,
88(3), 1638–1649, (2000)], Copyright [2000], American Institute of Physics [67]).

Figure 6.15 Sequence of mass ejection images obtained by laser shadowgraphy for the
laser irradiance of 3.9 × 1010 W/cm2 during laser ablation of silicon (3-ns and 266-nm
laser pulse; Source: Reprinted with permission from [Yoo JH, Jeong SH, Greif R, Russo
RE., J Appl Phys, 88(3), 1638–1649, (2000)], Copyright [2000], American Institute of
Physics [67]).

6.6.2 Double-Pulsed Laser Ablation

In Forsman et al . [72], an interesting “double-pulse” effect has been observed in
nanosecond-pulsed laser ablation of metals. The feature of the effect is that when
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two nanosecond laser pulses, separated by a delay time of 30–150 ns, are applied
to ablate materials, the average ablation rate per pulse is significantly enhanced
compared to the conventional laser ablation situation, where laser pulses are
separated by ∼100 μs or longer. Figure 6.16 shows the laser pulse train in the
double-pulse (superpulse) format and the quality and efficiency enhancement due
to superpulse for nanosecond laser drilling of steels.

A hypothesis has been presented in Forsman et al . [72] to explain the fun-
damental mechanism for the double-pulse effect: the first laser pulse ablates the
target, generating a high-temperature plasma plume. The second pulse does not
directly strike the surface of the target condensed phase. Instead, it mainly inter-
acts with the plasma plume, and raises the temperature and the velocity of the
ablated material in the plume lingering above the target surface. As proposed by
Forsman et al . [72], this energetic plasma drives very rapid fresh material ablation
and inhibits ablated material redeposition, and the relative importance of each
process depends on the material and the depth of the hole being drilled. This
hypothesis has been supported by the simulation results using a physics-based
hydrodynamic model proposed by Wu et al . [73].

Figure 6.16 Top: laser pulse trains in conventional and superpulse (double-pulse) format.
Bottom left: quality enhancement due to superpulse for laser drilling of steel. Bottom right:
efficiency enhancement due to superpulse for laser drilling of steel. Source: Reprinted
with permission from [Forsman AC, Banks PS, Perry MD, Campbell EM, Dodell AL,
Armas MS, J Appl Phys, 98, 033302, (2005)], Copyright [2005], American Institute of
Physics [72].
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6.6.3 Nanosecond Laser-Induced Plasma

During nanosecond-pulsed laser–material interactions, the ablated material (and
even ambient air) may be ionized at sufficiently high laser intensities, generating
a plasma plume. The plasma may strongly affect laser propagation and energy
absorption, and hence its evolution plays an important role in laser ablation.
Many techniques directly utilize laser-induced plasma, such as laser-induced
breakdown spectroscopy, laser thin-film deposition, and laser synthesis of
nanomaterials. Therefore, the understanding of nanosecond laser-induced plasma
is very important, and extensive experimental and theoretical work has been
performed in this area.

The geometric evolution of laser-induced plasma can be observed with approx-
imately nanosecond resolution using an ICCD (intensified charge-coupled device)
camera. Figure 6.17 shows the ICCD images of plasma plume at different delay
times produced during nanosecond-pulsed laser ablation of aluminum in air.

The plasma temperature and the electron density can be deduced from the
plasma optical emission spectrum. The spectrum can be collected using a spec-
trometer. The plasma at nanosecond-scale delay times (or longer) is typically in
local thermodynamic equilibrium (LTE) [74]. If the plasma is also optically thin,
the method most commonly used for the determination of plasma excitation tem-
peratures is finding the ratio of relative intensities of spectral lines from the same

Figure 6.17 ICCD images of plasma plume produced during laser ablation of alu-
minum in air (6-ns, 532-nm, and 8.1 GW/cm2 laser pulse; Source: Reprinted figure
with permission from [Wu B, Shin YC, Pakhal H, Laurendreau NM, Lucht RP,
Phys Rev E, 76, 026405, 2007], Copyright (2007) by the American Physical Society,
http://link.aps.org/doi/10.1103/PhysRevE.76.026405, [66]).
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element and ionization stage. The Stark broadening of spectral lines can be used
to determine the electron number density. Neglecting the contribution from the
ion broadening, the relation between the FWHM (full-width at half-maximum) of
Stark broadened lines �λ1/2 and the electron number density is given by Griem
[75,76] and Bekefi [77]:

�λ1/2 = 2 w
( ne

1016

)
(6.18)

where w and ne (cm−3) are the electron impact parameter and the electron num-
ber density, respectively. The electron number density can be obtained from
Eq. (6.18).

The plasma induced by high-intensity nanosecond laser pulses at its early stage
is often optically thick leading to radiative trapping, and the continuum emission
may also be dominant. In this case, the above approach is not applicable. Pakhal
et al . [78] developed a radiative transfer model, which can calculate the emission
spectrum on the basis of the given electron number density and temperature. The
actual electron number density and temperature are the ones that produce the
best fit between the calculated and measured spectra. The relevant important
electronic transitions (e.g., bound–bound, bound–free, and free–free transitions)
have been considered in the model. Figure 6.18 shows the measured and fitted
plasma emission spectra.

The plasma induced by high-intensity nanosecond laser pulse has been simu-
lated by solving hydrodynamic equations supplemented by wide-range equations

Figure 6.18 Emission spectrum of laser-induced plasma at t = 100 ns (aluminum target,
∼6-ns, 532-nm, and 3.9 GW/cm2 laser pulse; Source: plots taken from Pakhal et al . [78],
With kind permission from Springer Science+Business Media: [Appl Phys B, Spectral
measurements of incipient plasma temperature and electron number density during laser
ablation of aluminum in air, 90, 2008, 15–27, Pakhal HR, Lucht RP, Laurendeau NM,
Figure 7b].).



LASER SHOCK PEENING 183

Figure 6.19 Comparison of model predictions with measurements of temperature and
electron number density of the plasma induced during aluminum ablation by a 6-ns laser
pulse at 8 GW/cm2. Source: Reprinted with permission from [Wu B, Zhou Y, Forsman
A, Appl Phys Lett, 95, 251109, (2009)], Copyright [2009], American Institute of Physics
[73], and measurements from Wu et al . [66].

of state (EOS) [66,73]. The model-predicted plasma temperature and electron den-
sity agree reasonably well with experimental measurements as shown in Fig. 6.19.

6.7 LASER SHOCK PEENING

6.7.1 The Process of Laser Shock Peening

Laser shock peening (LSP), also called laser peening in literature, is a process
to impart compressive residual stress into the near-surface region of metallic
workpieces, utilizing the high pressure of the laser-induced confined plasma at the
interface between the coating layer and the confining transparent layer (typically
water). The compressive residual stress generated can help improve fatigue and
other surface mechanical properties.

Figure 6.20 shows a schematic of the LSP process. The workpiece is coated
with a thin opaque coating layer, on which another transparent confining layer
(typically water) is applied. A laser beam, which typically has nanosecond (ns)
pulse durations and intensities in the range of GW/cm2, passes through the
transparent water layer and is absorbed at the coating–water interface, where
a “confined plasma” will be generated. The “confined plasma” can generate a
pressure pulse in gigapascal range (with a duration of two to three times laser
pulse length [82]) onto the workpiece surface. This will send a shock wave into
the workpiece and generate plastic deformation and compressive residual stress
in the near-surface region. During LSP, the workpiece experiences a very high
strain rate on the order of 106 1/s or higher [7].
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Figure 6.20 Schematic diagram for laser shock peening and the relevant physical
processes [81–83].

The coating layer serves to block the thermal effect from the laser pulse so
that the workpiece remains relatively cold during the process (otherwise thermally
induced tensile residual stress may be generated near the surface). The coating
material employed can be black paint or a metal foil, such as zinc, aluminum,
or copper foil [7,79]. In many scientific investigations, aluminum has often been
chosen as the coating material because of its relatively well-known properties. In
practical industrial applications, the water layer can be simply applied through a
nozzle.

The laser spot size at the coating surface can vary between ∼10 μm (also
called micro-LSP in this case; [80]) and a few millimeters. However, a larger
laser spot requires a higher pulse energy to obtain the required intensities of
∼1–10 GW/cm2.

6.7.2 Physics of Laser Shock Peening

Figure 6.20 also shows the major relevant physical processes involved in LSP.
A model that considers the major physical processes involved has been developed
by Wu and Shin [81–83], which can simulate the LSP process (without involving
free adjustable variables) starting with the laser pulse parameters and ending with
the residual stress generated.

During the LSP process, under sufficiently high laser intensities the dielec-
tric breakdown process may occur in the originally transparent confining layer
(e.g., water) through the multiphoton and avalanche ionization processes [81].
A “breakdown plasma” will be generated in this case, limiting the laser energy
that can reach the coating–water interface. Hence, it is not helpful to use too
high laser intensities during LSP. The laser power density employed in LSP
with nanosecond pulses is typically around 1–10 GW/cm2 for 1064 nm and
1–6 GW/cm2 for 532 nm [7]. The laser-induced pressure may saturate at higher
intensities.
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The laser pulse energy that reaches the coating–water interface is absorbed
there, creating a “confined plasma.” The confined plasma pressure has a peak
magnitude in gigapascal range and a duration of approximately two to three times
the laser pulse length. Figure 6.21 shows the pressure variation with time based
on the experimental measurements [84] and hydrodynamic simulation [82], where
the coating material is aluminum. Compared with laser-induced plasma in air and
vacuum, the laser-induced plasma in water during LSP has much higher densi-
ties, as shown in the hydrodynamic simulation results by Wu [86] in Fig. 6.22.
The “confined plasma,” strictly speaking, should be simulated by solving the
hydrodynamic equations supplemented by the wide-range EOS for water and the
coating material. In practical applications, the following simple analytical expres-
sion can be applied to estimate the induced pressure in a confining medium by a
laser pulse with constant intensity I0 [85]:

P(GPa) = 0.01

√
α

α + 3

√
Z (g cm−2s−1)

√
AI0(GW cm−2) (6.19)

where P is the pressure; α is the ratio of thermal energy to internal energy for
confined plasma (typically around 0.2–0.5, but the exact value can be obtained
by fitting the measured pressure); A is the surface optical absorptivity to the laser
beam; and Z is the reduced shock impedance defined by Z = 2/(1/Z1 + 1/Z2),
where Z1 and Z2 are the shock impedance of the coating and the confining
transparent layer, respectively.
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Figure 6.21 Pressure of the confined plasma induced during a 10-ns laser pulse–
aluminum interaction in water (simulation from Wu and Shin [82], and measurements
from Peyre et al . [84]; The figure is reprinted with permission from [Wu B, Shin YC,
J Appl Phys, 101(2), 023510, (2007)], Copyright [2007], American Institute of Physics
[82].).
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Figure 6.22 The density at the peak temperature location for the plasma induced
by 532-nm and 3-ns pulsed laser–aluminum interaction in air, vacuum, and water at
5 GW/cm2 Source: the figure is reprinted with permission from [Wu B., Appl Phys Lett,
93(10), 101104, (2008)], Copyright [2008], American Institute of Physics [86].

Owing to the high pressure of the confined plasma, a shock wave will be sent
into the workpiece. The plastic deformation occurs up to a depth at which the
pressure of the shock wave no longer exceeds the metal’s Hugoniot elastic limit
(HEL), which is defined as, under uniaxial strain conditions, the highest elastic
stress level in the direction of shock wave propagation. HEL is related to the
dynamic yield strength of the material as [84,87,88]:

σdyn = HEL
1 − 2υ

1 − υ
(6.20)

where υ is the Poisson’s ratio.
The transient elastic–plastic deformation and residual stress generation process

in the workpiece during LSP can be simulated using the finite element method
[84,87–90] based on material high strain rate constitutive relations and/or data.
The residual stress can be measured using the X-ray diffraction or incremental
hole-drilling method. Figure 6.23 shows the simulated and measured LSP-induced
residual stress in a 12Cr steel workpiece. It can be seen that a very large com-
pressive residual stress can be generated in a thick layer of ∼1 mm near the
workpiece surface. The dislocation activities induced by LSP have also been
studied using the dislocation dynamics (DD) approach [91]. It should also be
noted that for micro-LSP, where laser spot size is comparable to the material
grain size, the material cannot be regarded as homogeneous and isotropic. The
effects of specific micro-structures on LSP need to be considered during the study
and planning of the LSP process [92].
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Figure 6.23 Residual stress variation with depth for 12Cr steel workpiece after three
LSP impacts using 25-ns laser pulses (simulation (the line) from Wu and Shin [81], and
measurements (rectangles) from Peyre et al . [84]; Source: the plot is taken from Wu [81]).

For a quick estimation, the following simple analytical expressions can be used
for plastically affected depth, Lp, and the surface residual stress, σ suf, induced
by LSP [93]:

Lp = CelCplτ

Cel − Cpl
(6.21)

σsuf = − P

2[1 + λ/(2μ)]

[
1 − 4

√
2

πr
(1 + v)

CelCplτ

Cel − Cpl

]
(6.22)

where Cel and Cpl are the elastic and plastic shock velocities, respectively; r is
the radius of the impact; P is the shock wave pressure; τ is the pressure pulse
duration; and λ and μ are the elastic Lame’s constants of the target. The equations
are valid only when the shock pressure is greater than twice the material’s HEL.

Owing to plastic deformation, a dent will be left on the workpiece surface,
which is typically around a few hundred nanometers to a few microns. Therefore,
the induced surface roughness is generally less than that achieved by conven-
tional shot peening. Figure 6.24 shows the surface profile of 7075 aluminum
workpiece after one LSP shot, measured by white light interferometer, which is
also compared with the result from finite element simulation [94].

6.7.3 The Effects of LSP on Material Mechanical Properties

LSP can effectively increase the fatigue life and the strength of many common
metal materials, such as steel alloys [95], aluminum alloys [96], and titanium
alloys [97].
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Figure 6.24 Comparison of model predictions and experimental measurements for LSP-
induced dent profile on a 7075 aluminum workpiece; Source: the plot is taken from
Wu [94].
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Figure 6.25 The comparison of σmax − N curves for untreated, shot-peened, and laser-
peened 7075-T7351 alloys [96]. Source: The plot is reprinted from Int J Fatigue, 24,
Montross CS, Wei T, Ye L, Clark G, Mai YW, Laser shock processing and its effects on
microstructure and properties of metal alloys: a review, 1021–1036, Copyright (2002),
with permission from Elsevier [7].

Figure 6.25 shows the σmax − N curves for untreated, shot-peened, and laser-
peened 7075-T7351 alloys [96]. Compared with the untreated specimens, shot
peening provided an 11% increase in fatigue strength at 107 cycles whereas LSP
provided a 22% increase. The improvement with LSP should be due to the greater
depth of the induced compressive residual stress field [7].
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It has also been found that LSP can increase the fatigue strength of the welds
[7]. For example, the fatigue strength of welded joints of 18Ni(250) maraging
steel showed a 17% increase at 2 × 106 cycles after processing the heat-affected
zones by LSP [98]. LSP can also enhance the fatigue life of 5456 aluminum
alloy welds [99].

Besides fatigue life and strength, LSP has also been found to be more effective
than shot peening in enhancing the stress corrosion cracking resistance of the
thermally sensitized type 304 stainless steel [100]. It has also been demonstrated
that LSP can significantly improve the hardness properties of aluminum alloys
[101] and 304 stainless steel [99]. The surface hardness increase with the number
of laser shots in LSP for 304 stainless steel is shown in Fig. 6.26.

6.7.4 Advantages, Disadvantages, and Applications of LSP

Compared with conventional shot peening, LSP has many advantages. As
discussed earlier, under suitable process parameters, it may produce higher
compressive residual stress with greater plastic deformation depth and less
surface roughness increase [7,102]. This will lead to better enhancement of
the mechanical properties. LSP, because of its noncontact nature, can process
workpiece locations that are not accessible to shot peening. It can also process
very thin sections, where the shot peening can easily generate undesirable
damage. The LSP process can be controlled by varying the laser pulse intensity,
focal spot size and location, and the pulse number at each peening location.
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Figure 6.26 The increase of surface hardness for 304 stainless steel with the number of
laser shots in LSP [99]. Source: The plot is reprinted from Int J Fatigue, 24, Montross CS,
Wei T, Ye L, Clark G, Mai YW, Laser shock processing and its effects on microstructure
and properties of metal alloys: a review, 1021–1036, Copyright (2002), with permission
from Elsevier [7].
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One of the major disadvantages of LSP is its relatively low speed and high
cost in terms of the processed surface area. In order to realize the intensities of
the order of gigawatts per square centimeter, the laser pulse energy has to be
sufficiently large (hence the laser pulse repetition rate cannot be very high for a
given average laser output power) and the laser spot size has to be sufficiently
small (hence the area processed by each laser pulse is small). Therefore, LSP is
mainly applied for critical components/devices and situations where shot peening
is not applicable. For example, LSP has been applied in the aerospace industry
to process many aerospace products, such as rotor components, turbine blades,
discs, and gear shafts, and also in biomedical industries for implants and other
medical devices [7]. However, with the rapid development of laser technologies,
lasers with higher power and lower costs are becoming more and more available.
This will widen the LSP applications to higher volume components, such as
automobile parts, and other industrial equipment [7].
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CHAPTER 7

POLYMER MICRO-MOLDING/FORMING
PROCESSES
DONGGANG YAO
School of Materials Science and Engineering, Georgia Institute of Technology,
Atlanta, Georgia

7.1 INTRODUCTION

The use of polymeric materials in micro-devices and micro-systems has been
growing rapidly in the recent years. The advantages of using polymers as a
replacement for more conventional lithography-based materials, such as sili-
con and its derivatives, are evident considering the versatile properties and
mass-production capabilities of polymers. There are more than several thousand
different grades of polymeric materials available for designers to choose from.
More importantly, owing to the macro-molecular nature and consequently an
infinite number of possible molecular assemblies, polymeric materials hold large
degrees of freedom in structural formation. The resulting material properties are
extremely versatile, and different mechanical, optical, and electrical functions can
be achieved with these materials. Competing or even contradictory functionalities
(e.g., insulative vs. conductive, hydrophilic vs. hydrophobic, and transparent vs.
opaque) needed by a product may be easily realized with appropriate formulation
and selection of polymers. The recent developments in semiconductive polymers,
piezoelectric polymers, polymeric electrolytes, and other functional polymers, not
only allow polymers to be used as a substitute for silicon, metals, and ceramics
in many miniature devices and systems but also make possible applications that
could not be realized before.

Owing to their macro-molecular organic structures, polymers have processing
properties vastly different from those of their low-molecular-weight inorganic
counterparts, such as metals and silicon-based materials. In general, material
removal processes using mechanical means are not recommended for processing
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polymers. The primary difficulty in machining polymers arises from their large
elasticity and high sensitivity to heat, by virtue of which their machinability is
poor, and it is difficult to produce accurate dimensions and good surface finishes
by mechanical machining. Instead, material ablation processes using high-energy
beams such as ultrashort-pulsed laser have generated moderate interest in poly-
mer micro-fabrication; however, owing to relatively slow production rates and
poor control of dimensions in the depth direction, these radiation-based pro-
cesses are mostly suitable for prototyping purposes. An improved approach is to
employ photolithography for processing radiation-sensitive polymers. There has
been huge success in lithographic processing of polymer photo resists, particu-
larly with short-wavelength UV sources or X-rays. After developing the exposed
resist in appropriate media, high-aspect-ratio micro-structures can be obtained
even with tapered walls. However, this method is suitable only for a limited
number of specially formulated photo sensitive polymers.

Traditionally, polymers are processed by deformation and flow processes in a
softened state or in a liquid state. Unlike most ductile metallic materials, solid
polymers are either too brittle or too elastic, making controllable permanent
deformation a challenge. Even worse, a deformed polymer solid is subject to
a large amount of viscoelastic recovery over a long period of time [1]. There-
fore, a preferred approach is to use chemical or physical phase transitions to
control the polymer deformability during processing. For a polymer solid, this
requires a first transition from the solid state to a semisolid or even a liquid state
before deformation and a second transition to secure the shape after deformation.
Since most polymers are thermoplastic, this can be accomplished by heating the
polymer above its softening temperature (i.e., glass transition temperature (Tg)

for amorphous polymers and melting temperature (Tm) for crystalline polymers)
before deformation and subsequently cooling it below the softening temperature
after deformation. An important alternative approach is to start with monomers
or prepolymers in a liquid state. After flow and shaping, chemical reaction can
be activated by heat or by radiation to cure and solidify the material.

Because of their unique processing properties, polymers distinguish themselves
from silicon, metals, and ceramics in process development and product realiza-
tion. Volume production in the polymer industry is primarily by thermoplastic
shaping and forming processes. In terms of different process dynamics, these pro-
cesses can be further classified into three major categories: extrusion, molding,
and stretch forming. While extrusion is a continuous die forming process for long
profiles, molding is suitable for producing discrete parts by stuffing a resin into
a sealed mold cavity. In both extrusion and molding, the polymer is processed
in a liquid state primarily by shear deformation at a temperature well above the
polymer transition temperature. By contrast, stretch forming processes are charac-
terized by the elongational deformation of a shell-type membrane in a semisolid
state. To create a semisolid, rather than a liquid, the polymer is only heated to
a temperature slightly above Tg if it is amorphous or slightly below Tm if it is
semicrystalline. Among all commercially viable processes in polymer process-
ing, one of the most important processes is injection molding. Three-dimensional
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parts with compound curvatures, undercuts, threaded holes, bosses, reinforcing
ribs, and other intricate features can be produced in a single molding operation.

Over the past three decades, a considerable amount of work has been done
worldwide on adaptation of conventional polymer processing techniques, partic-
ularly molding processes, to micro-fabrication or even to nanofabrication. The
resulting technology is often referred to as micro-molding [2]. Three most widely
used micro-molding processes are micro-injection molding, hot embossing, and
casting [2–4]. These processes are able to deliver a replication resolution down
to 10 nm [2,5]. This is indeed surprising, considering the relatively large size
of polymer molecules. It is generally believed that the macro-molecule of a
size similar to that of the feature tends to adapt to the form of the mold. So
far, micro-molded parts have shown great commercial potential for a variety of
applications, including micro-fluidics, diffractive optics, LCD panels, sensors,
actuators, all-polymer electronics, and many others [2,4,6–8].

While earlier investigations into micro-molding were directed toward testify-
ing the ability of conventional molding processes for producing micro-structured
surfaces, the recent endeavors are more focused on process improvement, opti-
mization, and analysis. It should be acknowledged that micro-molding benefits
greatly from the broad knowledge base supported by the affluence of expertise in
the traditional polymer processing industry, which has led to standardized process
sequences, high level of automation, short cycle times, as well as to computer-
aided engineering [9]. However, a general consensus has also been reached in the
micro-molding community that rethinking is often required in order to success-
fully adapt a macro-scale molding process for micro-scale applications. Because
of the so-called size effects, the considerations of process setup, tooling, mate-
rial structuring, and simulation in micro-molding are quite different from those
in conventional molding. Therefore, appropriate handling of these size effects is
critical in successful micro-molding. On the one hand, special techniques need
to be developed for overcoming some scaling-caused processing difficulties, for
example, rapid cooling of a tiny polymer melt. On the other hand, more capa-
ble micro-molding processes may be invented if the unique material behavior
and process dynamics in micro-scale can be judiciously utilized. Research on
the development of hybrid processes under this framework has been conducted
[10–15]. Some newly developed processes [10,12] have also integrated the bene-
fits from other processing techniques, such as thermoforming and blow molding,
into micro-molding. The resulting processes may be more appropriately called
micro-molding/forming processes.

This chapter provides an overview of the state of the art in the micro-molding
technology, highlighting common micro-molding techniques, particularly
injection- and embossing-based micro-molding processes. To accommodate
readers not familiar with polymer processing, a brief account of conventional
molding processes as well as the processing properties of polymers is included.
The focus of this chapter is placed on describing the differences between
micro-molding processes and their macro-counterparts and the rationales for
the necessary modifications and improvements. Some basic process dynamics
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on micro-molding is also provided, aiming at gaining a more quantitative
understanding of these newly emerged processes.

7.2 POLYMERS FOR MICRO-MOLDING

Polymers, on the basis of their different hardening processes, can be divided into
two distinct groups: thermoplastic polymers and thermosetting polymers. Heating
and cooling can make a thermoplastic polymer undergo reversible phase transi-
tions from a solid state to a melt and then back to the solid state. Thermoplastic
polymers can be further classified into amorphous polymers and semicrystalline
polymers, depending on their ability to crystallize. By comparison, a thermoset-
ting polymer is hardened by irreversible cross-linking reactions under heat or
radiation. A cross-linked polymer cannot be melted but would degrade at an
elevated temperature. In terms of the degree of cross-linking, thermosetting poly-
mers can be further divided into two major groups: highly cross-linked rigid
thermosetts and lightly cross-linked elastomers. For elastomeric applications, the
glass transition temperature has to be substantially lower than room temperature.

Figure 7.1 shows typical modulus versus temperature curves for thermoplastic
polymers. An amorphous polymer experiences a large decrease in modulus,
approximately three orders of magnitudes, at Tg. Above Tg, the amorphous
polymer becomes a rubbery material. The width of the rubber plateau is
dependent on the degree of chain entanglement. When the rubber plateau
termination temperature (Tt) is reached, the polymer turns into a liquid. For
a semicrystalline polymer, the importance of Tg depends on the amount of
crystallinity. For a highly crystalline polymer, the effect of Tg is suppressed; in
this case, the polymer behaves as a typical crystalline material with a distinct
melting temperature, Tm, which marks the solid–liquid boundary in the phase
diagram. On the basis of the thermomechanical behavior of polymers, an
appropriate processing temperature window can be determined for micro-scale
molding and forming. In the case of micro-injection molding, a genuine polymer
liquid is needed. This requires that an amorphous polymer be heated above
its Tt and a semicrystalline polymer be heated above Tm. In hot embossing,
on the other hand, a semisolid or semiliquid material is more desired. For
this purpose, a polymer is only heated to a temperature slightly above Tg if it
is amorphous and to a temperature slightly below Tm if it is semicrystalline.
Such a low-temperature processing is considered helpful in achieving accurate
dimensions because of more controllable deformation patterns as well as reduced
influences from thermal shrinkage. As amorphous polymers are not subject
to large volumetric changes at the crystalline melting temperature, they may
be more suitable for precision molding. In fact, most reported micro-molding
research has been focused on several common amorphous polymers including
poly(methyl methacrylate) (PMMA), acrylonitrile-butadiene-styrene (ABS)
copolymers, polycarbonate (PC), and polystyrene (PS). More recently, cyclic
olefin copolymers (COC), because of their excellent dimensional stability, have
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Figure 7.1 Temperature dependency of modulus for A, amorphous polymer; C, highly
crystalline polymer; and S, semicrystalline polymer.

been widely reported in the micro-molding community [16–20]. Most amor-
phous polymers as mentioned above are also highly transparent materials with
excellent light-transmission properties and are thus suitable for optical devices.
However, it is worth mentioning that semicrystalline polymers are often desired
in structural applications, because of their better mechanical performance and
improved resistance to chemical/solvent attacks. High-performance semicrys-
talline polymers such as aromatic nylons, poly(ether ether ketone) (PEEK),
poly(phenylene sulfide) (PPS), and liquid crystalline polymers (LCP) may be
processed above their melting temperature, using micro-injection molding. For
achieving good dimensional accuracy of these polymers, the holding stage needs
to be carefully controlled for shrinkage compensation. It should also be noted
that thermoplastic polymers, especially amorphous polymers, may be dissolved
in appropriate solvents. The resulting solution can then be used in casting
processes such as spin coating and film casting. However, owing to extremely
large volume shrinkage during solvent extraction or evaporation, these processes
find only limited interest in forming thin film patterns.

While thermoplastic polymers dominate in micro-molding applications,
thermosetting polymers are advantageous in some special problems. For weak
templates, such as a brittle silicon master or a soft biological pattern, a
low-viscosity thermosetting prepolymer helps protect the master template from
damage and distortion caused by a high molding pressure [21–25]. Rigid ther-
mosetting polymers that have been successfully tested in micro-molding include
rigid polyurethane [21], epoxy [23], and various UV-curable resins [26–31]. The
viscosity of the prepolymers or oligomers for these polymers is exceptionally
low compared with that of thermoplastic polymers, and therefore low forces
such as gravitational forces, centrifugal forces, or even capillary forces can be
used in micro-molding. These low-pressure micro-molding processes are often
referred to as casting processes. Lightly cross-linked elastomeric thermosetts
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including elastomeric polyurethane [32] and poly(dimethyl siloxane) (PDMS)
[33–36] are also commonly used in micro-molding. Because of their excellent
demolding capabilities, these elastomers are also used for making soft molds
by transferring the original master pattern on a weak or fragile template to a
more durable elastomeric substrate. The elastomeric template is then used for
casting-based micro-molding. Soft molding with PDMS stamps [35,37,38] is an
example of this technology that has been successful.

7.3 TAXONOMY OF MICRO-MOLDING PROCESSES

Micro-molding has been a multidisciplinary field; the development of this field
has been contributed by researchers with diverse background in engineering
(including polymer engineering, mechanical engineering, electronics, chemical
engineering, and biomedical engineering) and science (including physics,
chemistry, and biology). This diversity has allowed expertise from different
areas of micro-molding to be cross-fertilized on the same platform, thus
enabling the development of innovative processes. However, because of the
multidisciplinary nature, different terminologies have been communicated by
different researchers. It is thus important to classify the existing micro-molding
processes on the basis of their common features from different perspectives.
Understanding a group of similar processes would facilitate the development of
new processes in a similar cluster.

As in conventional molding, the polymer in micro-molding undergoes coupled
mechanical and thermal influences in liquid, rubbery, and solid states. The result-
ing thermomechanical history determines the structure and the state of stresses
and thus determines the properties and performance of the micro-molded part.
Like conventional molding, micro-molding mainly uses three mechanisms for
applying the molding forces, namely, injection, compression, and casting. In the
injection mode, the process is called micro-injection molding, similar to conven-
tional injection molding, but with modified tooling and process setup. The hot
embossing process, operated in the compression mode, is basically a hot-mold
compression molding process. It is used not only for the fabrication of micro-
parts and micro-structured surfaces but also as a lithographic step for patterning
resist-coated silicon wafers. The latter case is often referred to as imprinting, for
example, nanoimprinting, suitable for patterning low aspect ratio surface struc-
tures. In the casting mode, low viscosity resins (e.g., monomers for PDMS)
are used. Because of the diminishing gravitational forces in micro-scale, micro-
casting is often assisted by vacuum or pressurized gases. Besides the three major
mechanisms, micro-molding also utilizes micro-scale surface forces. One widely
used surface force is surface tension. For example, casting can be facilitated by
the capillary effect. More interestingly, surface tension has been used as a reflow
force for creating smoother surfaces, for example, smoother micro-channels [39]
and curved surfaces, for example, micro-lense arrays [14,15].



TAXONOMY OF MICRO-MOLDING PROCESSES 203

The above classification is done on the basis of the loading configuration at
the boundary of the geometry and the body force acting in the domain of the
material. These boundary and body loads provide driving forces for deformation
but do not indicate the actual deformation mode. From the fundamental point
of view, these processes may be directly grouped in terms of different defor-
mation processes into three types: convective flow processes, bulk deformation
processes, and membrane stretching processes. Casting and injection molding fall
into the first type because these processes rely on fluidic convection for trans-
ferring the material to individual micro-features in the mold cavity. The stresses
developed in these processes are primarily contingent upon the deformation rate
or the strain rate, but not on the amount of strain. In bulk deformation pro-
cesses, the 3D deformation is controlled mostly by the strain and the locus of
an individual material point can be tracked on the basis of the strain history.
Hot embossing of amorphous polymers at temperatures close to Tg fits into this
category. Membrane stretching is widely used in conventional polymer process-
ing for structuring shell-type structures. Examples are thermoforming and blow
molding. Some hybrid micro-molding/forming processes such as rubber-assisted
hot embossing [10,40,41] and roll-to-roll shell embossing [42], in fact, can be
better described by membrane stretching. Understanding the basic deformation
modes and their different roles in micro-molding is an important step toward
better control of process dynamics for enhancing micro-molding quality.

For the end users of the micro-molding technology, the geometrical replica-
bility is often among the first few considerations in process selection. Figure 7.2
illustrates four types of representative structures that can be encountered in micro-
devices and micro-systems: surface micro-structures, discrete micro-parts, shell
micro-structures, and continuous micro-profiles. As different processes can have
different capabilities in replicating these geometries, micro-molding processes
may be arranged in terms of these geometrical patterns into four groups: sur-
face micro-structuring, shell micro-structuring, discrete micro-cavity molding,
and micro-profiling. For surface micro-structuring, the characteristic size of the
micro-structure is much smaller than the substrate thickness. During patterning,
surface micro-structures undergo localized deformation at the surface of the sub-
strate. Hot embossing is an excellent process for surface micro-structuring, even
with thin film substrates with a micrometer thickness. Injection molding may also
be used for surface structuring, but limited to relatively thick substrates. In con-
trast, shell structuring experiences deformation over dimensions larger than the
film thickness, and the patterned film is marked by shell-type geometry with a rel-
atively uniform shell thickness. Both injection molding and hot embossing may be
used for shell structuring, but with limited success. In particular, a matching pair
of mold surfaces is needed to define the shell pattern. This can cause an alignment
difficulty when the feature size reduces to micrometers. Furthermore, it is difficult
to injection mold into a shell with a micrometer thickness. Research is being con-
ducted in this area to develop more efficient, hybrid processes for uniform shell
structuring [10,40,41]. Discrete micro-parts are often referred to as parts with a
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Figure 7.2 Four different types of micro-structures typically involved in micro-
molding/forming: (a) surface micro-structures, (b) shell micro-structures, (c) discrete
micro-parts, and (d) continuous micro-profiles.

three-dimensional shape and a total weight in the order of a milligram or smaller.
Currently, micro-injection molding is considered the most effective process for
producing these parts. Hot embossing may also be adapted to this area of applica-
tions with relatively simple part geometries, but some modifications on tooling are
needed to provide a through-thickness action [11,43]. For the fourth type of struc-
turing, micro-profiling, the structure involved has a constant cross section, but
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with an extremely large or even continuous length. Examples are micro-cantilever
beams, noncircular optical waveguides, and high-wicking conduits. If the aspect
ratio is not large, these micro-profiles may be treated as discrete micro-parts and
injection molded or hot embossed; otherwise, continuous processes are needed.
Although profile extrusion is a well-established industrial practice, extruding of
micro-profiles is a difficult task because of the increased difficulty in shape com-
pensation for die swell at smaller sizes, as well as the increased surface tension
effect. Therefore, new processing techniques for overcoming these extrusion dif-
ficulties are awaited. Micro-profiles may be alternatively produced by continuous
micro-molding processes, such as roll-to-roll embossing; however, research needs
to be performed to test the technical feasibility.

From the materials perspective, the solidification or hardening mechanism
of the molding polymer notably affects the design and setup of the molding
process. Micro-molding processes may thus be categorized on the basis of dif-
ferent solidification mechanisms. The three major solidification mechanisms in
conventional molding, namely thermoplastic (either by vitrification for amor-
phous polymers or by crystallization for semicrystalline polymers), reactive (with
monomers or oligomers), and thermosetting (with prepolymers), also dominate
in micro-molding. However, other mechanisms that cannot be realized in con-
ventional molding may now work for micro-molding. Given the small amount
of polymer needed by a micro-part or micro-structured film and thus the easy
removal of the solvent by drying or coagulation, polymer solutions can become
suitable materials for selective micro-molding applications. Besides solution cast-
ing, a thin solid polymer film can also be plasticized by absorbing solvent vapors
and then resolidified by solvent extraction [44,45].

With regard to the types of thermal control, micro-molding can be grouped
into variothermal processes and constant-temperature processes. For thermoplas-
tic micro-molding, it is an established fact that a high mold temperature close
to the softening temperature of the polymer is required, particularly for molding
high-aspect-ratio micro-structures [46–48]. This thermal cycling may be elim-
inated by employing a nonthermoplastic plastication method, for example, a
solvent vapor-assisted method. Yao et al . [49] recently showed that constant-
temperature embossing can be achieved for slowly crystallizing polymers by
embossing the polymer at its amorphous phase and subsequently crystallizing the
polymer at the same mold temperature. For reactive and thermosetting polymers,
constant-temperature or even room-temperature micro-molding can be performed
by employing a nonthermal curing method, for example, UV radiation.

In conventional molding, the mold is typically made of a steel material.
Although a hard and durable mold material is desired in micro-molding, fab-
rication of a metallic micro-mold with well-defined micro-structures or even
nanostructures is costly and challenging. Therefore, silicon-based lithographic
materials are sometimes directly used as tooling materials in micro-molding.
However, silicon is rather brittle and thus may be used only for prototyping
purposes. To produce multiple molds, the silicon structures can be replicated by
casting to a relatively softer but tougher material, for example, acrylic, epoxy,
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and PDMS [50]. This soft tool is not hard and durable enough for micro-injection
molding, but is very much suitable for low-force processes, for example, casting.
In particular, PDMS has been widely used as a tooling material for soft molding
[37,38]. In terms of these different tooling materials, micro-molding processes
may be divided into two groups: hard mold processes and soft mold processes.

7.4 GENERAL PROCESS DYNAMICS OF MICRO-MOLDING

In this section, the general process dynamics of polymer molding/forming pro-
cesses are described first. Scaling analyses are then performed to understand the
size effects in miniaturization of these processes. This approach allows a logi-
cal comparison between micro-molding/forming processes and their macro-scale
counterparts. On the one hand, a huge knowledge base has been developed in the
traditional polymer-processing industry and has to be utilized fully. On the other
hand, new strategies for material processing and process development, based on
the understanding of the size effects in process dynamics, need to be developed
to overcome any new processing difficulties caused by scaling, and the potential
scaling advantages need to be utilized for developing more effective processes.
This practice would therefore help define a useful paradigm for the adaption of
known processes to miniature applications and more importantly for creating new
hybrid processes better serving the new applications.

Polymer molding and forming processes are transient processes involving
coupled momentum and heat transfer. Assuming the validity of the continuum
hypothesis, these processes can be modeled using the conservation equations for
mass, momentum, and energy, with appropriate boundary conditions represent-
ing the processing constraints imposed on the polymer and suitable constitutive
models describing the complex rheological behavior. The conservation equations
can be written as

∂ρ

∂t
+ ∇ · (ρv) = 0 (7.1)

∂(ρv)

∂t
+ v · ∇(ρv) = ∇ · σ + b (7.2)

ρcp

(
∂T

∂t
+ v · ∇T

)
= ∇ · (k∇T ) + w (7.3)

where ρ, k , and cp are the density, the thermal conductivity, and the specific
heat, respectively, v is a velocity vector, σ is a stress tensor, b is the body force,
t is time, T is temperature, and w is heat generation. The primary body force in
the momentum equation is the gravitational force. The main heat generation in
the energy equation is the permanent work converted into heat.

For thermoplastic polymer processing, the primary contribution to momentum
exchange comes from the stress tensor. Thus the inertial and gravitational effects
may be neglected. For the mold-filling stage, the effect of compressibility may
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also be neglected. Therefore, the mass and momentum conservation equations
can be simplified to

∇ · v = 0 (7.4)

−∇p + ∇ · τ = 0 (7.5)

where p is the pressure and τ is a deviatoric stress tensor. In fact, these two
equations and the energy conservation equation (i.e., Eq. (7.3)), together with an
appropriate constitutive model for the stress tensor, have been successfully used in
modeling traditional molding, forming, and die flow processes including injection
molding, compression molding, thermoforming, blow molding, and extrusion. In
a general format, the deviatoric stress tensor can be written as a function of the
strain rate history or strain history. The Weissenberg number and the Deborah
number can be calculated using the molding/forming geometry and processing
conditions, and then the Pipkin diagram [51] can be used to determine a suitable
constitutive model. Consider injection molding a polymer liquid at a temperature
well above Tm or Tt. The small relaxation time at this high temperature leads
to a small Deborah number; however, the Weissenberg number can still be large
because of the large strain rate occurring in the process. The resulting mate-
rial can be best modeled as a generalized Newtonian liquid, its viscosity being
dependent on the strain rate. Now consider a different case: thermoforming. The
thermoforming temperature is typically set between Tg and Tt for an amorphous
polymer, or slightly below Tm for a semicrystalline polymer. This processing
temperature yields a long relaxation time, much longer than the processing time.
Therefore, a large Weissenberg number and a large Deborah number would be
obtained for stretch forming processes. The resulting material can be treated as a
nonlinear elastic material. For any molding and forming process, a cooling pro-
cess is needed. A holding stage under pressure is also desired after the primary
deformation stage, in order to compensate for thermal shrinkage during cooling.
These stages are characterized by a small deformation rate but with an increasing
relaxation time. Thus a linear viscoelastic behavior of the material is expected. In
general, these three types of constitutive models are quite sufficient in describing
most problems in polymer processing. Some micro-molding processes, however,
due to the new processing strategies involved, may require the consideration of
more complex rheological behavior involving nonlinear viscoelasticity. Yet, the
above-mentioned three relatively simple models would be good starting models
for the analysis of the scaling behavior from conventional molding/forming to
micro-scale molding/forming.

It is desirable to perform the deformation/flow under an isothermal mold-
ing/forming condition [52–55]. This prohibits the stress to freeze into the part
during the deformation stage. When an adequate holding stage is subsequently
applied at the same isothermal condition, the stress can be relaxed. A scaling anal-
ysis can start from this relatively simple isothermal molding problem. Without
losing generality, the analysis can also start with a generalized Newtonian liquid
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with the stress tensor being a function of the velocity gradient and its transpose:

τ = F
(∇v, ∇vT)

(7.6)

Equation (7.5) can then be written as

−∇p + ∇ · F
(∇v, ∇vT) = 0 (7.7)

To study the scaling behavior of Eq. (7.7), one approach is to normalize the
position vector, x, in the Cartesian coordinate system by the characteristic size of
the cavity, L, and to obtain a new position vector, velocity vector, and gradient
operator expressed as

x̃ = x
L

; ṽ = v
L

; and ∇̃ = ∇
L

Equation (7.7) can then be written as

−∇̃p + ∇̃ · F
(
∇̃ṽ, ∇̃ṽT

)
= 0 (7.8)

Note that the normalization does not change the velocity gradient, that is,
∇̃ṽ = ∇v. It should be further noted that pressure and time are not affected by
the normalization. This simple analysis thus leads to the following important
scaling property:

p(t) → ṽ(t) and τ (t) (7.9)

This relation depicts a fact that if the same pressure is applied to cavities
having the same shape but different sizes, the same stress history and the same
normalized velocity history result. This relation is useful in developing scalable
processes in miniaturization.

The equation can be normalized differently to obtain different scaling relations.
For example, if the deformation in hot embossing can be considered as creep flow
with a constant viscosity η, the following useful equation can be derived:

−∇p̂ + ∇2v̂ = 0 (7.10)

where the normalized variables are defined as v̂ = ∂x
∂ t̂ , t̂ = t/tp, and p̂ = (tp/η)p,

and tp is the processing time. This equation gives a master curve for the
isothermal compression molding process with a shear-rate-independent viscosity.
Particularly, the following process dynamics can be predicted from this
master-curve equation:
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• The flow pattern is the same at the same t̃ . For example, consider two
different molding times (or two different processes), 1 and 10 s. Then, the
flow pattern is the same at the end of 0.5 s for the first process and at the
end of 5 s for the second process.

• If the molding time is reduced 10 times, the pressure will be increased 10
times.

A more useful scaling analysis is one on the thermal process. Creation of an
isothermal molding apparatus is more expensive than conventional molding with
a cold mold. It is understood that heat conduction, as a diffusion process, dom-
inates in small sizes, and therefore substantially increased cooling effects are
expected upon miniaturization. Hence, strategies for overcoming this scaling-
related processing difficulty need to be developed. For simplicity, viscous flow
with a constant viscosity is again assumed, and the energy generation is neglected.
In this case, the energy conservation equation can be rewritten as

(
∂T̃

∂ t̃
+ ṽ · ∇̃T̃

)
=

(
tf
L2

α

)
∇̃2T̃ (7.11)

where α is the thermal diffusivity. Thus, the normalized thermal response can be
written as a function of (tf/αL2), x̃, and t̃ :

T̃ (x̃, t̃) = F

(
tf
L2

α, x̃, t̃

)
(7.12)

To achieve a similar thermal history, tf needs to be approximately equal to L2.
This indicates that the filling time should be reduced 100 times if the size gets
reduced 10 times. Therefore, extremely rapid filling is needed in order to avoid
premature freezing of the polymer in the tiny cavity.

More complex constitutive models and other thermal effects including viscous
heating can be included in the above analyses but will result in more lengthy
derivations. However, the above exercises entail two important aspects in scal-
ing. First, the development of scalable processes should be considered so that
the knowledge from conventional processing can be gracefully adapted to new
miniaturization problems. For this purpose, a scaling objective can be set up, for
example, to reach the same deformation stress field as used for deriving Eq. (7.7),
and a scaling analysis can be performed to achieve this objective. Second, from
scaling analysis, strategies to overcome scaling-caused processing difficulty can
be developed. The exercise leading to Eq. (7.12) is an example.

Besides the mold-filling stage, the holding stage plays a significant role in
quality control. If an isothermal holding stage is assumed, as typically involved in
hot embossing, the analysis is indeed simple. As the deformation rate is minimal
in this stage, the whole holding stage can be deemed as an isothermal stress
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relaxation stage with a step strain at the start of the holding stage. A linear
viscoelastic model can be used to predict the stress relaxation process:

τ(x̃, t) =
∫ t

0
M (t − t ′)γ0(x̃)dt ′ (7.13)

where M (t − t ′) is a memory function and γ0(x̃) is the starting strain at the
beginning of the holding stage. If the starting strain is the same, the size of the
cavity does not affect the stress relaxation process.

The continuum hypothesis is followed throughout all the analyses in this
section. It should be noted that polymer molecules are quite large with the gyra-
tion radius easily reaching tens of nanometers. Wall slip can also occur at small
sizes approaching the gyration radius [56]. Therefore, when the feature size drops
to such a scale, molecular effects need to be included in the prediction. Surface
tension is not considered in the above analyses either. It is generally accepted
that in thermoplastic micro-molding, surface tension is not important [56,57], but
these effects can become overwhelming in low-viscosity casting processes.

7.5 MICRO-INJECTION MOLDING

The process sequence in micro-injection molding is similar to that in conventional
injection molding, involving mold closing, injection, holding, cooling, plastica-
tion, mold opening, and part ejection, as illustrated in Fig. 7.3. Some of these
stages, such as cooling and plastication, may occur concurrently. After the mold
closes, a ram or piston is used to inject a plasticized material into a sealed
mold, preferably air vacuumed before injection. The speed control mode is then
switched to the pressure control mode. The pressure-controlled holding stage
lasts until the gate freezes. The machine then plasticates a prescribed amount
of new material for the preparation of the next shot. At the same time, cooling
continues until a set ejection temperature is reached. The mold is then opened,
and the molded part is ejected. Figure 7.3 illustrates molding of only surface
micro-structures. The technology for molding micro-parts is considered similar.
As in the substrate for hosting surface micro-structures, runner and gates are used
to connect the micro-cavities. The runners are typically much larger than an indi-
vidual micro-cavity and are separated from the molded micro-parts by degating.
Because of the small size of a micro-part, special care is needed during ejection.
Ejection pins can be installed at the thick sections, for example, runners, near the
micro-part and the part can be pulled out during ejection. Alternatively, ejection
pads surrounding the micro-part can be used for more balanced ejection.

Note that the molding stages involved in micro-injection molding are almost
the same as those in conventional injection molding. However, owing to the
presence of micro-scale or even nanoscale features, different considerations on
machine and process setup are needed in order to achieve the necessary feature
replication.
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(a)

(c) (d)

(b)

Figure 7.3 Typical stages involved in micro-injection molding: (a) mold closing,
(b) injection and holding, (c) cooling and plastication, and (d) mold opening and part
ejection.

7.5.1 Micro-Injection Molding Machines

Compared to a bulkier injection molding machine used in conventional molding,
the following characteristics are desired for a micro-injection molding machine:
(i) accurate metering or dosing, (ii) small shot size, (iii) high injection rate,
(iv) short response time, (v) small but accurate clamping force, and
(vi) excellent stability and repeatability. Micro-injection molding machines
typically employ servo motors with precision ball bearing to achieve accurate
movement of the injection plunger. There are mainly four types of injection units
used: (i) reciprocating type, (ii) screw-plunger type, (iii) screw-plunger-plunger
type, and (iv) plunger type. For a relatively large shot size, for example,
around 5 g, a reciprocating injection unit works well. This type of injection
unit can be used in molding of micro-structured parts with a relative large
substrate or a plurality of micro-parts at a single shot. At smaller shot sizes, a
separate plunger for dosing and injection can be used. In this case, the screw
is used only for plastication. However, it is difficult to accurately control
the dose when a single plunger is used both for dosing and for injection.
An improved design employs two separate plungers, one for dosing and
one for injection. This screw-plunger-plunger type injection unit is currently
adopted in some well-known commercial micro-injection molding machines, for
example, Battenfeld Micro-system 50. For prototype micro-injection molding,
single-plunger screwless machines can be used. During each shot, a premeasured
amount of material is charged into the plunger chamber, softened by conduction
heating (often assisted by compression and spreading), and then injected into
the mold. Efforts were also made to develop new plastication and injection
mechanisms for micro-injection molding, for example, ultrasonic plastication
[58] and impact injection molding [59]. For more details on micro-injection
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molding machines, the reader is referred to recent articles by Chang
et al . [60] and Giboz et al . [8].

7.5.2 Rapid Thermal Cycling of Injection Molds

Macro-sized parts with low aspect ratio micro-structures, for example, compact
disks, can be molded using conventional molding processes without significant
modification of the tooling and the process. As the aspect ratio increases, both
mold filling and feature ejection become more difficult. One particular obstacle
in micro-injection molding comes from the difficulty in filling high-aspect-ratio
micro-structures. A conventional mold temperature significantly below the
softening temperature of the material would cause a premature freezing
problem; the polymer melt would prematurely solidify before the full feature
depth could be filled. This molding difficulty can be reduced by increasing
the mold temperature. This, however, may result in substantially increased
or intolerably long cycle time. To resolve the conflict, a mold with a rapid
heating and cooling capability is needed. An elevated mold temperature close
to or above the polymer softening temperature is used for mold filling, and a
cold mold temperature is used for cooling. Different names have been coined
for the technique as seen in the literature, for example, variothermal processes
[61–63], rapid thermal response molding [64], and dynamic mold temperature
control [65] but all deal with rapidly heating and cooling the mold.

As repeatedly heating and cooling a relatively massive mold mass takes con-
siderable time and energy, means for rapidly heating only the mold surface prior
to the injection stage is desirable. To facilitate this, the thermal mass on the mold
surface needs to be reduced. This can be achieved by thermally insulating the
surface layer from the bulk of the mold by a layer of thermal insulation. At the
same time, thermal mismatching between the surface portion and the remaining
mold should be minimized. Although a considerable amount of work [55,66,67]
in mold rapid heating dealt with a multilayer mold design involving heteroge-
neous materials, recent developments [64,68] have focused more on the use of
a single metallic material for mold construction. In particular, Xu et al . [69]
proposed a single metallic mold design with a low thermal inertia by employing
air pockets inside the mold. These air pockets function as thermal insulations,
and thus a separate thermal barrier layer made of a solid dielectric material can
be eliminated.

The methods used for mold rapid heating basically fall into three categories:
(i) electrical resistive heating, (ii) convective heating, and (iii) radiation heating.
When electrical resistive heating is used, an electrical current is directed to flow
at the mold surface. Confinement of the current density at the surface of a bulky
metallic mold can be achieved by known methods such as induction heating and
proximity heating. In the case of induction heating, an electrical coil passing
high-frequency current is placed near the mold surface to induce eddy current.
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Because of the so-called skin effect [70] at high frequencies, the Joule heating is
confined to the mold surface. At present, the induction heating method is proba-
bly the most popular method for mold rapid heating in micro-injection molding
[61–63,68]. The presence of the external coil as used in induction heating can
be eliminated by proximity heating [64]. In proximity heating, the facing mold
halves serve as a coil. The elimination of the external coil makes this method
useful in in situ mold temperature control after the mold is closed. Convective
mold heating with oil is an established practice in conventional injection mold-
ing. Convective heating is usually much slower than surface resistive heating
because convective heating is energy limited while the power input in resis-
tive heating can be easily changed. In conventional molding, electrical cartridge
heaters are also used for mold heating. Like oil heating, cartridge heating is a
slow heating method. However, the performance of these heating methods may
be improved in micro-injection molding applications, given the smaller size of
the mold. Smart engineering designs may be developed for enhancing the produc-
tivity of these methods for heating smaller molds. Radiation heating is typically
not used in conventional injection molding but represents a common practice
in other polymer processes such as thermoforming. In micro-injection molding,
infrared radiation has been used for heating relatively small mold inserts [71,72].
For this application, a transparent window is incorporated in the mold design.

The above description covers the basic methods used in mold rapid heating.
Compared with rapid heating, rapid mold cooling is relatively easier to achieve
as long as a low thermal mass is presented. When the energy from heating is
confined at the mold surface, the total energy to be taken away by cooling is
minimal. Thus, a rapid heating capability of the mold typically also infers a rapid
cooling capability. For such a mold, rapid cooling can be simply achieved in a
conventional way, for example, by circulating water in the mold base. When air
pockets or conformal air channels are used as thermal insulation near the mold
surface, the cooling medium can be directed into these air voids during cooling,
thus enhancing the cooling performance [52,64].

7.5.3 Processing Strategies for Micro-Injection Molding

Micro-injection molding frequently involves a large variation in flow thickness,
particularly for micro-structured articles, where micro-structures are placed on
the surface of a considerably thick substrate. This causes race tracking among
different flow fronts with different flow thicknesses. As a result, the material fills
the thick section first, and the flow may hesitate at the entrance to the micro-
structures, as shown in Fig. 7.4. If the mold should be cold and the hesitation
time should be longer than the freezing time of the polymer, short shot of micro-
structures would occur.

One feasible processing strategy for alleviating the premature freezing problem
is to increase the injection rate. The higher injection speed reduces the contact
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Hesitation

Figure 7.4 Race tracking of flow fronts caused by a vast difference in flow thicknesses.

time between the polymer melt and the mold. Additionally, the amount of vis-
cous dissipation increases at the higher injection speed, and further offsets the
unwanted cooling effect. According to numerical simulations [73] and experi-
mental measurements [74], the shear rate in high-speed micro-injection molding
could reach as high as 106 s−1, two orders of magnitude higher than that used
in conventional injection molding. Such high shear rates actually exceed the
endurance limit of most thermoplastic polymers. However, molecular characteri-
zation of micro-injection molded polyoxymethylene at such high shear rates did
not show a significant reduction in molecular weight [74]. This finding is some-
what surprising, but may be attributed to the rapid cooling effects occurring as
the material fills the cavity. It should be noted that the rheological properties
of polymer melts including the endurance limit are typically characterized on a
much longer time scale. Further, the measured shear rate is an apparent shear
rate; the actual shear rate could be significantly lower because of the possible
presence of wall slip at an extremely high injection speed.

There are some limitations associated with the high-speed injection method.
First, owing to the inertia of the plunger, there is a response time or a delay time
in the speed buildup process. In micro-injection molding, this response time could
be an important portion in the entire injection stage. Second, accurate control of
the switchover from speed control to pressure control is difficult for a small shot
size, again because of the inertia effect of the ram at a high speed. This could
result in inconsistent part quality. When micro-structured thick substrates are
molded, the micro-structures are not actually filled during the speed-controlled
injection stage but during the pressure-controlled holding stage. In the entire
speed-controlled injection stage, the material mainly fills the substrate. Therefore,
if designed appropriately, a pressure control scheme starting from the beginning
of the injection stage may be advantageous in micro-injection molding appli-
cations. A commercially available process called X-melt, developed by Engel
Machinery [75], uses the energy stored in the polymer melt to force the polymer
melt into the mold cavity. To put simply, the polymer melt is compressed to build
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up the pressure. During the compression stage, a shutoff valve is used to avoid
flow of the polymer melt from the barrel to the mold cavity. When the shutoff
valve is opened, the statically pressurized polymer melt expands into the mold
cavity, driven by the energy stored in the melt. Owing to this characteristic, the
process may be named expansion injection molding, but should not be confused
with expansion processes for foaming, which involves internal gas pressure in the
polymer melt. The main advantage of this method over the high-speed method is
that no injection ram is used and thus the inertia effect is minimal. Further, the
highest injection pressure is attained at the beginning of the injection stage. This
allows the polymer to flow at the highest speed at the beginning of the injection
stage, thus most effectively suppressing the premature freezing problem. Note
that in the speed control scheme, the injection pressure is nearly zero at the
startup. Because of the limited compressibility of the polymer melt, a possible
limitation of the expansion molding process is the large cushion material used
and thus an increased potential for thermal degradation.

The above discussion is rooted in the use of a cold mold in micro-injection
molding. When a mold with a rapid heating and cooling capability is available
and the mold can be rapidly heated to the polymer softening temperature prior to
the injection stage, the premature freezing problem can be eliminated. Yao and
Kim [54] proposed a different injection strategy for a near-isothermal molding
condition during filling. They proposed the use of a low-speed filling strategy
in hot mold filling instead of increasing the injection speed. At a low speed,
low pressure is involved, and the molecular orientations can be reduced. Further,
filling of cavities with different characteristic thicknesses becomes more scalable.
This helps reduce flow imbalance in the mold cavity.

7.6 HOT EMBOSSING

The standard hot embossing process is essentially an open-die compression
molding process, involving several sequential steps, as shown in Fig. 7.5. First,
a preheated thermoplastic film is placed between two heated mold platens at a
temperature above the softening temperature of the polymer. The elevated mold
temperature is considered necessary for pattern transferring because a cold mold
would result in premature freezing of the polymer. Next, the polymer film is
pressurized and shaped by closure of the mold and the micro-features on one
of the platens is transferred to the polymer film. Finally, the entire embossing
including the polymer and the mold is cooled to below the polymer softening
temperature, and the platens are separated for the removal of the embossed film.
Owing to its simplicity in tooling and process setup, hot embossing has been
widely used in polymer micro/nanofabrication. Another advantage over micro-
injection molding is the low stress developed in the process. In the compression
mode, the polymer melt flows a much shorter distance than in the injection
mold. The reduction in flow stresses helps improve the dimensional accuracy
and the stability of the molded part, and at the same time, protects the tool from
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Figure 7.5 Sequential stages involved in hot embossing: (a) preheating, (b) embossing,
(c) holding and cooling, and (d) ejection.

damage caused by large strains. Therefore, relatively brittle and/or soft materials,
for example, glass, silicon, or even rubber, may be used as mold materials.

While offering the benefits of its simple process and tooling setup, the hot
embossing process is subject to some processing difficulties. Because of the
open-die setup, significant lateral flow may occur when high embossing pressure
is needed for embossing high-aspect-ratio micro-structures, resulting in a large
reduction of the substrate thickness. The actual thickness of the embossed film
typically ranges from 20 to 200 μm, depending on the process parameters, the
polymer material, and the geometry of the mold [76]. When the target thickness
is larger than this range, it is difficult to build up high embossing pressure. For
this reason, thicker parts with high-aspect-ratio micro-features are often produced
by micro-injection molding. Furthermore, the standard hot embossing process is
designed for replicating surface features onto polymer substrates. Shell patterns
and discrete features (e.g., micro-gears, waveguides, micro through holes, among
others) are difficult to fabricate.

Some embossing-based process variants have been developed for addressing
the above limitations and enhancing the performance and productivity of the
standard hot embossing process. A brief account on these new developments is
given in the following sections.

7.6.1 Efficient Thermal Cycling

Thermal cycling of mold temperature is a built-in feature in hot embossing.
Unlike injection molding, hot embossing relies mainly on a hot mold for feature
transfer. Other strategies such as high-speed injection and expansion molding
used in micro-injection molding are difficult to implement in hot embossing.
Thus, the productivity of the hot embossing process hinges largely on the effi-
ciency of the thermal cycling. The three main types of heating approaches, namely
resistivity heating, convective heating, and radiation heating, as used in micro-
injection molding have also been investigated in hot embossing and have greatly
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Figure 7.6 Schematic setup of rapid thermal response hot embossing with proximity
heating and conformable air pockets.

enhanced the productivity. In particular, Kimberling et al . [77] implemented the
proximity heating method in hot embossing and reduced the standard cycle time
of several minutes or above to below 10 s. The embossing apparatus they used
is schematically shown in Fig. 7.6. The high-frequency proximity effect allows
the electrical current, and consequently the heating power, to get concentrated at
the mold surface. The conformable pockets at the mold surface not only work
as air insulation during the embossing stage but also provide channels for forced
convection of cold air during cooling. Additionally, owing to the simplified tool
design, other methods that cannot work in injection molding may now become
feasible in hot embossing. A fluid-based embossing process has been developed
by Chang and Yang [13], where a fluid (steam, gas, and oil) is used both as
a pressure medium for uniform pressing and as a heating and cooling medium
for the polymer film. The cycle time in this fluid-based system is approximately
30 s or shorter. Ultrasonic heating has also been introduced to hot embossing
for cycle time reduction [50,78]. With ultrasonic heating, the surface layer of the
embossing polymer can be rapidly heated in less than 10 s. The limitations of
this method, however, are the difficulty in replicating concaved features and the
fact that only extremely small area can be heated [13].

All the above methods for rapid thermal cycling involve heating and cooling a
single embossing mold. Yao et al . [79] have investigated the use of two stations,
one hot and one cold, for rapid thermal cycling. This embossing technique does
not rely on the complex design of the mold insert in achieving a low thermal iner-
tia, but rather it is developed as a processing strategy for enhancing productivity.
As illustrated in Fig. 7.7, two upper mold bases are employed; one is maintained
at a constant hot temperature and the other at a constant cold temperature. During
the embossing stage, the hot base is used as the backing for the stamp. When
the embossing stage finishes, the backing switches to the cold base. With this



218 POLYMER MICRO-MOLDING/FORMING PROCESSES

Figure 7.7 Process sequence in two-station embossing.

tool-setup strategy, the heating and cooling stages are decoupled, and thus rapid
thermal cycling is achieved. The attachment and separation of the stamp and the
two stations can be achieved in a nonmechanical manner, for example, using vac-
uum force. The cycle time using this two-station approach is in the order of 10 s.

7.6.2 Constant-Temperature Embossing

The thermal cycling problem may also be tackled from the materials perspective.
In theory, any material (not necessarily a thermoplastic) that can be softened and
solidified during processing can be used in embossing. If softening and solid-
ification could occur at the same temperature, constant-temperature embossing
would be possible. The recently developed solvent-assisted embossing method
[44,45] may be considered as a specific method in this category. As diffusion is
an efficient process at micrometer sizes, solvents including supercritical fluids can
rapidly diffuse into the thin polymer layer at the time scale of the process. The
absorbed solvent works as a plasticizer and allows the polymer to soften. After
the solvent is removed, the polymer is hardened again. In this case, the polymer is
processed at a constant mold temperature. Constant-temperature embossing can
also be achieved through chemical curing of monomers or oligomers. Among
such processes, the most noteworthy process is the UV-curing embossing pro-
cess [2,7], in which a UV-curable resin is cured by UV radiations. Rather than
using solvents or a chemical curing process, Yao et al . [49] have investigated
the feasibility of utilizing the unique property of slowly crystallizing polymers
for achieving constant-temperature embossing. Crystallizable amorphous polymer
films were embossed above the polymer’s glass transition temperature for pattern
transfer and subsequently crystallized for solidification at the same temperature.
The total cycle time with this processing strategy was found to be in the order
of half the time of crystallization of the polymer.

Solid-state forming is a standard method used by the metal forming industry.
The polymer is subjected to a large amount of elastic recovery if forged at
a temperature below its softening temperature. Earlier investigations [1,80]
showed that the dimensional recovery of the forged polymer micro-structures is
significantly affected by the process conditions as well as by properties of the
material used. However, it is worth mentioning that the method can be used for
devices with relatively low dimensional accuracy requirement, such as scaffolds



HOT EMBOSSING 219

for tissue engineering and heat convective surfaces for electrical packaging.
This process may be better controlled with enhanced prediction capabilities and
process optimization schemes. When imprinting micro-channels on a Teflon
substrate, Yao and Nagarajan [1] found that a combination of high forging
speed and proper dwell time can be used to effectively reduce the amount of
dimensional recovery. Recently, the interest in micro-feature embossing using
solid-state forming is growing. Superplastic materials, including amorphous
metals, in place of polymeric materials have been investigated by [81,82].

7.6.3 Through-Thickness Embossing

Currently, precise 3D micro-parts are produced mainly using micro-injection
molding. The molding results, however, are often compromised because of the
complex tool setup and the high amount of stresses introduced to the part during
injection molding. It is thus advantageous to use hot embossing, a low-stress
process with a simpler tool and process setup, for precision fabrication.

Heckele and Durand [83] developed a technique for producing through holes
by hot embossing. They used a substrate with two layers of different materi-
als. After embossing, the tool features protruded through the upper layer into
the lower layer. After removal of the lower layer, through holes were left on
the upper layer. Werner [84] described a process involving identical top and
bottom mold halves, both containing pins, whose top surfaces are attached to
each other upon mold closure. By this process, through holes with only a thin
residual layer remaining can be embossed. Mazzeo et al . [85] developed a tool
set for punching thin plastic films. They were able to emboss holes as small
as 500 μm in diameter. All the methods described above involve a through-
thickness action for fabricating through holes. Nagarajan et al . [43] prototyped
a hybrid punching and embossing process for through-thickness embossing of
3D parts. The embossing tool included a punching head and to-be-replicated
features in the socket behind the punching head. The built-in punching head
allowed a through-thickness action and provided a close-die environment for
embossing pressure buildup. The method was used to successfully emboss multi-
channel millimeter waveguides each of which weighed approximately 0.5 g. This
process can be further developed for through-thickness embossing of true micro-
parts. Kuduva-Raman-Thanumoorthy and Yao [11] used an embossing stamp with
through-thickness micro-cavities and performed a through-thickness embossing
step for fabrication of discrete micro-parts (Fig. 7.8), about 1 mg each. After
embossing, the embossed parts are attached to thin residual films of a thickness
less than 10 μm on both sides. The residual films are then mechanically detached
from the micro-parts during ejection.

7.6.4 Embossing of Shell Patterns

Polymer thin films patterned with micro-structures at a characteristic size greater
than the film thickness are difficult to fabricate using standard hot embossing.
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Figure 7.8 Steps involved in through-thickness embossing of discrete micro-parts.
(A full color version of this figure appears in the color plate section.)

Such shell micro-structures experience deformation over dimensions larger than
the film thickness, and the patterned film is marked by the shell-type geometry
with little change in the film thickness during the patterning process [42]. To
emboss shell patterns, a pair of matching dies is needed. Such a matching pair
requires extremely precise alignment of the mating surfaces. Small misalignment
in a micrometer level could cause a tool failure. Furthermore, the tiny space
between the matching surfaces may be easily jammed by the polymer, resulting
in an ejection difficulty and in worse cases, damage of the micro-structures on
the tool.

Figure 7.9 shows the reported methods for patterning shell-type micro-
geometries. A modified hot embossing method involving a soft countertool
was discussed by Dreuth and Heiden [42]. In this method, the second die is
replaced by a cushion material, as shown in Fig. 7.9b. The cushion material and
the polymer film are both softened by heat during embossing. After cooling
of the two materials, the cushion material is sacrificed, for example, dissolved
by a solvent, to recover the structured polymer film. The advantage of this
process is that alignment of mating surfaces is not needed. Ikeuchi et al . [86]
used this method for fabricating polymer membrane micro-channels. Paraffin
was used as a cushion material, and membrane micro-channels were fabricated
with two polymer films: PMMA film and poly(lactic acid) film. There are
some issues involved in the use of a sacrificial countertool. The thermoplastic
cushion material needs to be softened together with the embossing film, and
therefore the two materials need a similar softening temperature. Moreover, the
cushion material should have appropriate deformability. To address these issues,
a rubber-assisted embossing using rubber as a soft countertool was recently
developed by Nagarajan and Yao [10,40,41]. The sequential stages involved
in this process are schematically shown in Fig. 7.10. The rubber countertool
further helps with part releasing during ejection.

There also exist continuous processes for patterning/texturing thin polymer
films. These processes are based on roll-to-roll setups, involving a heated emboss-
ing roll and a pressure roll (Fig. 7.9d) for transferring the surface textures on
the embossing roll to a continuous film. The surface texture of the film modifies
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Figure 7.9 Different techniques for fabricating shell micro-structures: (a) hot embossing
using a pair of micro-structured dies, (b) hot embossing using a micro-structured die and
a countertool made of a deformable polymer, (c) micro thermoforming, and (d) roller
embossing.

its feel and appearance and is therefore desired in many end-use applications,
including packaging, diapers, raincoats, and disposable goods. However, in order
to use a roll embossing process for precision film structuring, accurate and spatial
control of the roll surface temperature is needed [87].

Efforts have also been made to scale down conventional thermoforming tech-
niques for precision structuring of polymeric films [2,88]. Truckenmuller et al .
[88] used a micro thermoforming process to pattern a 25-μm-thick PS film with
125-μm-deep and 250-μm-wide micro-channels. During this micro thermoform-
ing process, the film was held between a structured mold insert and a flat mold
platen and then thermoformed under the action of pressurized gas. Although this
method was successfully employed for thermoform micro-fluidic analysis chips,
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Stamp
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Figure 7.10 Rubber-assisted embossing process involving several sequential stages:
(a) startup; (b) embossing, holding, and cooling; and (c) mold opening.

it is not suitable for achieving a high aspect ratio of the channel [2]. Further,
uniform film thickness is difficult to accomplish.

7.6.5 Embossing Pressure Buildup

Standard hot embossing is an open-die compression molding process, as shown
in Fig. 7.11a. The process window is skewed toward very thin polymer films at
a thickness of tens of microns or smaller. In this case, the pressure is not indeed
an independent process parameter, but rather it depends on rheological properties
of the embossing polymer and the residual film thickness needed. This coupling
can be clearly seen in a simple axisymmetric embossing case with a Newtonian
viscosity:

p(r) = 3η
u

H 3
(R2 − r2) (7.14)

where r is a radial coordinate, R is the radius of the polymer disk, H is the
film thickness, u is the embossing velocity, and η is the viscosity. The standard
embossing setup may be slightly modified to create a close-die or near-close-die
environment, as shown in Fig. 7.11b–d. The first variation is to use a large poly-
mer film, allowing the polymer to be squeezed and accumulated at the periphery
of the stamp, as shown in Fig. 7.11b. Because a long embossing time, about 5 min,
is typically used in hot embossing, the accumulated material at the periphery can
be cooled significantly because of natural convection. The cooled material, in
turn, provides a flow resistance to the material inside the embossing area. The
resulting process would be more like a close-die process with less radial variation
in pressure. In the second case, a cold polymer substrate can be used, as shown
in Fig. 7.11c. In this case, the out-squeeze flow is restrained by the surrounding
cold polymer. As a result, only a restricted amount of polymer can escape, typ-
ically flowing upward along the wall [89]. Another case is shown in Fig. 7.11d
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A B C

Figure 7.11 Different hot embossing modes: (a) direct open-die embossing, (b) open-die
embossing with cooled polymer beads at location A, (c) nonisothermal embossing with
wall climbing flow at location B, and (d) near-close-die embossing with squeeze flow in
the clearance gap at location C.

where the embossing tool is modified to use a clearance gap for reducing the
out-squeeze flow.

Yao and Kuduva-Raman-Thanumoorthy [90] recently proposed that a stepped
landing area be employed for better pressure control and thickness control, as
shown in Fig. 7.12. The micro-structure stamp is placed in the recess cavity.
When a high embossing pressure is applied, a thin film is formed at the landing
area between the shoulder and the lower mold platen. With this tooling setup,
the embossed thickness is approximately equal to the recess depth. The accuracy
increases with the increase of the recess depth, thus favoring the replication
of micro-structures on thicker polymer substrates. The strategy described above
allows thickness control to be decoupled from pressure control.

Analytical solutions can be obtained for embossing with a stepped landing
area. Considering the much larger thickness in the cavity than in the landing
area, a uniform pressure inside the cavity can be assumed. With the coordinate
system in Fig. 7.12, the pressure field can be analytically solved, given a constant
viscosity:

p =
⎧⎨
⎩

3η(vz/H 3
s )(R2

s − r2), for r ≥ R

3η(vz/H 3
s )(R2

s − R2), for r < R
(7.15)

Hs(t )

W

r
z

R
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Figure 7.12 A polymer layer embossed by an embossing master with a landing shoulder.
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Figure 7.13 An embossing mold using a locating ring as a shoulder, comprising
(a) locating ring, (b) stamp, and (c) locking plate.

where p is the pressure, η is the viscosity, Rs and Hs are the radius and thickness
of the shoulder, and R is the radius of the embossing disk. From the above
equation, it can be seen that, with the shoulder, the embossing pressure is no
longer a parameter dependent on the residual film thickness. Rather than that, the
pressure can be adjusted by changing the dimensional parameters of the shoulder,
that is, Rs and Hs. The extra polymer at the shoulder also works as a cushion
material for shrinkage composition in the cavity during the holding stage. The
size of this cushion material can be varied by varying Rs. Last but not the least,
a uniform cavity pressure is obtained with the inclusion of the shoulder.

Often, the embossing stamp, the major component of the embossing mold, is
made of a lithographic material, such as silicon and quartz. These materials are
brittle, and therefore it would be difficult to fabricate a shoulder directly on this
material. In this case, a locating ring can be used, as shown in Fig. 7.13.

7.7 MICRO-MOLD FABRICATION

Micro-molding represents a cluster of replication-based processes. The final part
quality in micro-molding is therefore largely dependent on the quality of the
master pattern.

Many methods have been proposed for making stamps/molds for micro-
molding, including lithographic methods, replication methods, and material
ablation or removal methods. Lithography is a well-established technique,
particularly for patterning micro-structured silicon wafer. If only shallow
features are needed, lithography can also be used for patterning steel and
other more isotropic materials. For example, in the mold-making industry, for
many years, a wax coating and acid itching process has been used for creating
shallow micro-textures on mold surface. The micro-structures on a soft or
brittle substrate made of polymer resist, silicon, or glass can be transferred
to a more durable metallic material by the replication method. Different
coating-based techniques, including electroplating or electroforming, physical
vapor deposition, and chemical vapor deposition, can be used for feature
transfer. In particular, the well-known LiGA process is based on lithography and
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electroforming. Replication has also been used for transferring the pattern from
silicon to a polymeric material, and the patterned polymeric material is used as
a prototyping mold. With multiple soft molds created from a silicon template,
more parts can be replicated. However, these soft tools are mostly useful for
low-pressure and low-temperature processes. The soft molding method based
on PDMS is one such process. Studies of micro-mold making have also been
performed using hot embossing with a thermoplastic polymer [91]. A recent
review on micro-molds made of nonconventional materials is given by Malek
et al . [50]. For making a durable metallic micro-mold, material ablation or
removal methods are used more commonly. Micro-scale material removal can
be performed by mechanical micro-machining processes (e.g., micro-milling),
electrical discharge machining, electrochemical machining, and high-energy
beam machining processes (e.g., with ultrashort-pulsed laser, focused ion beam,
electron beam, and plasma). A comparison between different processes usable
for metallic mold insert fabrication has been given by Giboz et al . [8].

Smooth surface finishes are highly desired for a micro-mold. The surface
finish of the structures produced by material removal processes is typically rough,
compared with the size of the feature. In conventional mold making, burs and
unexpected asperities can be reduced by various types of no-contact polishing
processing, for example, ultrasonic polishing and electrochemical erosion. These
traditional methods may be adapted to micro-mold polishing, but so far there has
been little effort reported. Surface smoothness may also be improved by taking
advantage of some natural processes, for example, surface tension caused reflow.
For instance, Shiu et al . [39] created a pattern with a smooth surface finish
by embossing a polymer only half way into a mold with micro-channels. The
polymer pattern is then used as a stamp for embossing smooth micro-channels
on a second material. Alternatively, the smooth pattern on the polymer template
can be transferred to a metallic material by a coating-based replication method as
described earlier. In the case of a lens array pattern, different processes [14,92,93]
can be used to create a smooth surface.

As in convention molding, draft angles are also desired in demolding. As
pointed out by Heckel and Schomburg [2], most problems in micro-molding are
not caused by the filing of the mold, but by demolding. It is indeed a difficult task
to eject micro-features with an aspect ratio greater than 10 if no draft angle and
lubrication agents are employed. Some techniques, including inclined lithogra-
phy [94,95], underdosing lithography [96], and femtosecond laser machining, are
available for incorporating draft angles to a straight wall. In addition to the draft
angle, the mold surface often needs to be treated with fluorinated coating material
to lower its surface energy [29], thus improving feature releasing during ejection.

7.8 SUMMARY AND ONGOING RESEARCH

After three decades of research, micro-molding has evolved into a useful tool
for realization of polymer-based micro-devices and micro-systems. The primary
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advantages of using polymers in micro-fabrication arise from their versatile
properties and mass production capabilities. While thermoplastic polymers dom-
inate in micro-molding applications, thermosetting polymers are advantageous in
some special problems, particularly when a low-viscosity material is needed in
casting into weak master templates. The two major thermoplastic micro-molding
processes are hot embossing and injection molding, both of which have
demonstrated their great potential in precision, large volume production of
micro-components. The micro-molding technology has led to many innovations
in the emerging MEMS and lab-on-a-chip applications. For example, Fig. 7.14
shows a gallery of micro-molded parts produced by the author and collaborative
workers. These successfully micro-molded parts fall into three categories:
surface micro-structures, shell micro-structures, and micro-parts. They are used
in a wide range of applications including telecommunication, functional optics,
lab-on-a-chip applications, biomimetics, and tissue engineering.

Appropriate handling of size effects is an important step toward adaption
of conventional molding processes to miniature applications and development
of hybrid, innovative micro-molding processes. For successful micro-molding,
a logical comparison between micro-molding processes and their macro-scale
counterpart is needed. On the one hand, a huge knowledge base has been devel-
oped in the traditional polymer-processing industry and has to be utilized fully.
On the other hand, new strategies for material processing and process develop-
ment, based on the understanding of the size effects in process dynamics, need
to be developed to overcome any new processing difficulties caused by scaling,
and the potential scaling advantages need to be utilized for developing more
effective processes. Following this framework, a number of new, more effec-
tive micro-molding processes have been developed recently, including expan-
sion injection molding, ultrasonic-assisted micro-molding, variothermal injection
molding, rapid-thermal-response embossing, through-thickness hot embossing,
rubber-assisted hot embossing, and UV-curing roll embossing. These processes
facilitate better quality control in terms of replication fidelity and structural opti-
mization and also enable production of different types of micro-structures and
micro-parts more effective than by standard micro-injection molding and standard
hot embossing.

However, compared with the two-century industrial endeavor in plastics pro-
cessing, the history of micro-molding is relatively short. There are still a number
of problems waiting to be solved. In particular, new techniques have yet to be
developed in the area of process control, process modeling, and morphological
characterization. Processing-structure-property relations are of great importance
in polymer processing. However, many well-developed characterization proto-
cols for conventional molding fail in micro-molding applications because of the
resolution problem. Process control and monitoring is also difficult in micro-
molding. For example, measurement of pressure and temperature distribution in a
micro-cavity requires an extremely high resolution [97–100]. From the materials
point of view, there also exist huge opportunities for improvement. Applications
of stronger polymer composites including nanocomposites in micro-molding and
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Figure 7.14 A gallery of micro-molded micro-components: (a) injection-molded PS
submicron posts, (b) injection-molded HDPE micro-wells, (c) injection-molded high
aspect ratio HDPE micro-features, (d) hot-embossed PMMA lenses, (e) through-thickness
embossed ABS multichannel waveguide, (f) through-thickness embossed ABS micro-
part, (g) hot-embossed PET grooves, (h) two-station embossed micro-lens array, (i) lens
array from hybrid compression molding and reflow, (j) hot-embossed holographic surface,
(k) hot-embossed antirefractive surface, (l) rubber-assisted embossed ABS shell pattern,
(m) hot-embossed biomimetic surface, (n) UV roll embossed V-grooves, and (o) hot-
embossed porous PLGA scaffold.
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utilization of unique polymer behaviors to realize more effective micro-molding
processes are just among important future endeavors. Last but not the least,
there is much ongoing research in process modeling and simulation. The more
complex rheological behavior and more 3D geometries encountered in hybrid
micro-molding processes call for the inclusion of nonlinear viscoelasticity in
the modeling procedure, which is still a challenge for high Weissenburg number
deformation. Even more challenging is the modeling of nanomolding processes,
in which discrete effects may take place. Possible size effects on constitutive
relations and their consequences on the micro-molding behavior are still
unknown. Therefore, an important future research direction in micro-molding is
projected into the fundamental understanding of these size effects.
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8.1 INTRODUCTION

Mechanical micro-machining is a scaled-down version of tool-based traditional
material removal processes such as turning, drilling, and milling. Therefore,
this chapter is concerned with tool-based mechanical micro-machining processes
such as diamond turning, micro-turning, micro-drilling, and micro-milling. Other
micro-machining processes such as micro-grinding that utilize abrasive media in
removing material are also discussed in this chapter.

In the last two to three decades, micro-manufacturing processes such as
wet etching, plasma etching, ultrasonic micro-machining, and LIGA (German
acronym for lithography, electroplating, and molding), which are a result of the
explosion of activities in micro-electromechanical systems (MEMS), have been
developed and widely used for the manufacture of micro-parts [1,2]. However,
most of these methods are slow and limited to a few silicon-based materials [1].
Also, the MEMS-based methods are typically planar, that is, 2.5-dimensional
processes, which are not capable of fabricating many of the miniature parts that
consist of true three-dimensional (3D) features, for example, a micro-mold for
a plastic injection of micro-parts [1]. Moreover, the majority of these processes
require a high setup time and cost, and hence they are not economical for small-
batch-size production. In short, the limitations of the MEMS-based methods in
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terms of the choice of the material, part dimensions, and production sizes make
these processes unsuitable for the manufacture of many complex miniature parts.

In the mean time, the demand for miniaturized meso- (1–10 mm)/micro-
(1–1000 μm) devices having high aspect ratios and superior surfaces has been
rapidly increasing in aerospace, automotive, biomedical, optical, military, and
micro-electronic packaging industries [1,3].

There is a growing need for fast, direct, and mass manufacturing of minia-
turized functional products from metals, polymers, composites, and ceramics.
Since the MEMS-based methods are not capable of meeting every demand in
micro-manufacturing, alternative processes have to be developed. For this reason,
mechanical micro-machining as a scaled-down version of turning, milling, and
drilling has been rapidly gaining momentum in industrial applications because of
its viability to directly produce miniature 3D functional parts from a wide range
of materials, with high precision [4–6].

Currently, mechanical micro-machining is capable of fabricating miniature
parts as small as tens of micrometers to a few millimeters with very complex
features and close tolerances, using energy-efficient small machine tools [5,7–9].
The major advantage of mechanical micro-machining compared to the other pro-
cesses used to fabricate miniature parts is the process flexibility. Since there is
no limitation on machining shapes, many complex features such as 3D cavi-
ties and arbitrary curvatures, or high-aspect-ratio features such as long shafts and
micro-channels can be achieved using mechanical micro-machining. Even though
deep X-ray lithography using synchrotron radiation beams (LIGA process) and
focused ion beam machining process are capable of producing 3D submicron
features with very high accuracy, these processes are far more expensive than
mechanical micro-machining because of the need for very expensive and special
facilities. Furthermore, the setup cost of a mechanical micro-machining process
is very low and the material removal rate (MRR) is high compared to those of
MEMS-based methods; thus it is very much suitable for a small batch produc-
tion or even for a custom-made product. Also, mechanical micro-machining has
no limitation in terms of the type of workpiece materials, unlike most of the
lithography-based processes, which are limited to a few silicon-based materials.

Despite its benefits, scaling down the mechanical machining process from a
macro-scale to a micro-scale is not as easy as it sounds. Many factors that can
be neglected in macro-scale machining often become significant in micro-scale
machining—for example, material structure, vibration, and thermal expansion
[4,5,7,8]. Thus, application of mechanical micro-machining is still limited. Many
technological obstacles need to be resolved, and many physical phenomena need
to be well understood. In this chapter, the details and characteristics of mechanical
micro-machining are presented.

8.2 MATERIAL REMOVAL AT MICRO-SCALE

Despite its success in manufacturing macro-scale parts, scaling down mechan-
ical machining to micro-scale production encounters several difficulties. It is
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important to note that as mechanical machining is scaled down, many physical
and mechanical properties of the material removal process that are less pro-
nounced in mechanical macro-machining play very important roles in mechanical
micro-machining. As a result, there are some specific issues that occur only in
micro-scale mechanical machining, for example, size effect and minimum uncut
chip thickness . In this section, these issues regarding material removal on a
micro-scale are addressed.

8.2.1 Size Effect

At small chip thicknesses, the specific energy required to remove a unit amount of
material increases, and this phenomenon is referred to as the size effect [10,11].
The primary reasons include ploughing of the material under the tool due to
large negative effective rake angles; the elastic recovery of the material and the
normal and tangential pressure it applies to the flank face of the tool; the strain-
rate dependency and dislocation density/availability of the workpiece material;
and modified strain gradient in the primary deformation zone due to small uncut
chip thicknesses. The size effect has been experienced during finish machin-
ing, ultraprecision machining (UPM), and grinding [12–14]. Machining at small
chip thicknesses (compared to the edge radius) is considered to be ploughing
dominated, rather than shearing dominated [15].

Kopalinsky and Oxley [16] have shown that in the chip formation process,
as the undeformed chip-thickness decreases, the specific cutting pressure (force
in cutting direction divided by cutting area) increases. They explained that the
reason of this size effect is contributed to an increase of strain rate in chip
formation zone in inverse proportion to undeformed-chip thickness. Since flow
stress in most metals increases as strain rate increases, strain-rate sensitivity of
flow stress also increases rapidly in the range applicable to processes (>104 s−1)

similar to machining; therefore, specific cutting pressure could increase as the
undeformed-chip thickness decreases.

The term size effect in metal cutting (chip formation) processes is often defined
as the nonlinear increase of the specific cutting energy with decrease in the
undeformed-chip thickness. Vollertsen et al . [17] presented the decreasing trend in
shearing energy per unit volume for machining processes with data for SAE 1112
steel from Backer [18] and tensile tests from Taniguchi [19] as shown in Fig. 8.1.

8.2.2 Minimum Chip (Undeformed) Thickness

Another phenomenon, usually referred to as the minimum chip thickness , also
arises from the rounded edge geometry [20]. In mechanical micro-machining,
owing to the limited strength of the edge of the micro-cutting tool, the uncut-
chip thickness is constrained to be comparable to or even less than the tool edge
size and, as a result, a chip will not be generated. The chips will be generated and
material removal will be achieved only when the uncut chip thickness reaches
a critical value, the minimum chip thickness [20]. Minimum (or critical) uncut
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Figure 8.1 Increasing shear stress during material separation for decreasing undeformed-
chip thickness in several micro-manufacturing processes [17].

chip thickness is often considered a measure of the highest attainable accuracy
[12,13,21]. Below the critical chip thickness no chip is produced, and the entire
material is forced under the tool and deformed. Especially in micro-milling, the
elastic portion of the deformation recovers after the tool passes [22,23].

One of the major differences between mechanical micro-machining and macro-
mechanical machining is the ratio between the undeformed-chip thickness and
the tool edge radius. In macro-mechanical machining, this ratio is very large;
thus the Merchant conventional sharp-edge cutting model, which assumes that
the resultant force is affected only by shear along one shear plane and friction at
the rake face, can always be applied. However, the assumption that the tool edge
radius is perfectly sharp fails in the case of mechanical micro-machining, since the
undeformed-chip thickness is comparable to or even less than the relatively large
edge radius. In order to explain the mechanical micro-machining mechanism,
Kim and Kim [14] have introduced the round-edge cutting model considering
significant sliding along the clearance face of the tool due to the elastic recovery
of the workpiece material, and ploughing due to the large effective negative
rake angle resulting from the tool edge radius. Their experiment has shown that
the cutting forces can be better approximated using the round-edge cutting model
rather than the Merchant conventional sharp-edge cutting model, especially when
the undeformed-chip thickness is less than 1 μm.

The term minimum chip thickness is used in mechanical micro-machining
to explain the critical value of undeformed-chip thickness required to achieve
chip formation. Aramcharoen and Mativenga’s [24] explanation is that if the
undeformed-chip thickness is lower than the minimum chip thickness, the
material will be compressed by the cutting tool and then will recover back
after the tool passes, as a result of elastic deformation (Fig. 8.2). Thus, there
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Figure 8.2 Chip formation relative to the minimum chip thickness in mechanical micro-
machining [24].

is no material removal, and ploughing occurs. In another case in which the
undeformed-chip thickness is equal to the minimum chip thickness, the chip
starts to form through the shearing of the workpiece coupled with a portion of
elastic deformation and recovery. Hence, the material removed is of less than
the expected amount. The last case is when undeformed-chip thickness is greater
than the minimum chip thickness, the chip is formed, and material is removed
to the desired extent.

As mentioned earlier, when the minimum chip thickness is not reached, the
shearing will not take place. Therefore, if the depth of cut (turning case) or the
feed rates (milling and drilling case) are lower than the minimum chip thickness,
ploughing will take place until the minimum chip thickness is reached and then
the shearing will take place and the material is removed. In short, chip is not
formed during every pass of the tool. Instead, cutting occurs only when the
minimum chip thickness is reached and ploughing of the surface occurs when
the minimum chip thickness is not achieved. Moreover, Weule et al . [25] have
pointed out that this affects the surface roughness, especially when the ploughing
is dominant. It is still a question of how much the minimum chip thickness should
be and what factors affect the minimum chip thickness.

The minimum chip thickness is considered to be related to the resistivity of
the material against plastic deformation, such as indentation hardness. It is found
to be strongly dependent on the ratio of chip thickness to the cutting edge radius
and on the workpiece material/tool combination. It was seen to be between 5%
and 38% of the edge radius for different materials.

The minimum chip thickness requirement significantly affects the machining
process performance in terms of cutting forces, tool wear, surface finish, process
stability, etc. [22,23,25,26]. Hence, knowledge of the minimum chip thickness
is important to the selection of appropriate machining conditions. Researchers
have resorted to experimentation [22,23], molecular dynamics (MD) simulations
[27,28], and micro-structure-level force models [29], as well as analytical slip-line
plasticity-based models [30] to estimate the normalized minimum chip thickness.

8.2.3 Micro-Structure and Grain Size Effects

Most commonly used engineering materials, such as steel and aluminum, have
their crystalline grain size between 100 nm and 100 μm, which is comparable
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to the size of a micro-feature. Therefore, instead of shearing along the grain
boundary as in macro-machining, in mechanical micro-machining the shearing
takes place inside the individual grain (Fig. 8.3). It is widely reported that the
workpiece micro-structure has a significant influence on the mechanical micro-
machining process [29,31–34]. Characteristic dimensions of crystals (grains) on
polycrystalline materials and phases on multiphase materials are commensurate
with the tool dimensions and the uncut chip thickness values. Both elastic and
plastic behavior of individual crystals are anisotropic, and therefore the cutting
action experiences different mechanical properties when passing through different
grains. Thus, machining force magnitudes, rake face friction, and elastic recov-
ery will vary during the process [35–39]. Similar explanation can be offered for
cutting multiphase materials [29]. A number of studies focused on micro-cutting
characteristics and on the effect of crystalline orientation of soft and/or pure
materials (e.g., copper and brass) [33,39–41]. Micro-cutting of multiphase mate-
rials (e.g., medium carbon steel) has also gained interest, including pioneering
FEM modeling work on micro-cutting of pure materials [41] and heterogeneous
steels [29,34,42].

The features of a micro-machined surface are influenced by the crystallo-
graphic orientation of the grains, with three distinct cases: (i) machining of
amorphous materials; (ii) machining of single crystals; and (iii) cutting of poly-
crystalline materials [43–45].

The effect of the presence of micro-structures on the performance of
mechanical micro-machining is more pronounced in materials with multiphase
micro-structures such as steel. The structure of steel at the normalized state
causes considerable difficulty in mechanical micro-machining because of a dif-
ference in hardness and ductility between the pearlitic and ferritic regions, which
affects the constancy of the machining conditions. As a result, it is recommended
that machining of steel be performed in the hardened state which has fine

Figure 8.3 Grains on machined surface in micro-end-milling of brass with upmilling
strategy (fz = 0.1 mm, ae = 0.1 mm,Vc = 60 m/ min) [43].
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and equidistantly distributed carbides [46]. Multiphase materials also affect the
surface generation of mechanical micro-machining. Vogler et al . [22] have inves-
tigated the surface roughness value (Ra) in micro-milling of multiphase ductile
iron. They found that over the examined range of cutting conditions, the surface
roughness of multiphase ductile iron is higher than that of single-phase iron.
They claimed that the increase in surface roughness is due to interrupted chip
formation that occurs as the cutting edge moves between the multiple phases.

8.3 TOOL GEOMETRY, TOOL WEAR, AND TOOL DEFLECTIONS

The tool wear mechanism in micro-end-milling is highly dependent on the bond-
ing characteristics between the cobalt (Co) and tungsten-carbide (WC) grains.
The WC grains are often randomly distributed within the Co matrix, given the
average grain size of the carbide used for the micro-tools (400–700 nm). The
wear in carbide micro-tools is mainly due to the harder WC grains dislodging
from the softer Co matrix [33]. From this perspective, the wear behavior of
micro-tools closely resembles that of grinding tools. The amount of dislodging-
driven tool wear depends on the bonding strength and geometry and the cutting
configuration (the part of the tool that is engaged with the workpiece), in addition
to some minor thermal effects.

Tool breakage occurs under some cutting conditions, often unexpectedly.
Crack propagation in areas of high stress concentration is mainly responsible
for the tool breakage. Fracture mechanisms effective in the WC matrix
are (i) transgranular fracture of WC, (ii) fracture across Co binder region,
(iii) interfacial fracture along WC/Co boundary, and (iv) interfacial fracture
along WC/WC boundary (Fig. 8.4).

8.3.1 Tool Geometry and Coatings for Micro-Mechanical Tools

Cutting tool geometry seems to be a major barrier limiting the capability of
mechanical micro-machining. Conventional grinding can produce tools as small
as 1–2 μm in edge radius; however, a normal feed per tooth in micro-machining
is less than 1 μm to ensure a minimal tool deflection [9,48].

Fang et al . [49] have studied the performance of micro-end-mills with var-
ious types of geometry. Three types of micro-end-mills were studied, namely,
two-flute (commercial type) end-mills, triangle-based (�-type) end-mills, and
semicircle-based (D-type) end-mills (Fig. 8.5).

Triangle-based (�-type) end-mills with a tapered bodyand semicircle-based
(D-type) end-mills with a tapered body were also included in the study to inves-
tigate the effect of tool deflection. Their experimental results showed that at low
spindle speeds (20,000 rpm) and feed rates (<120 mm/min), all the three types
of end-mills worked properly. When the spindle speed was increased, two-flute
end-mills were unable to cut and were eventually broken. Nevertheless, �-type
and D-type end-mills were only chipped and worn down but were never broken.
This indicated that the rigidity of �-type and D-type end-mills is higher than
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(a) (b)

Figure 8.4 (a) Fracture mechanisms in WC: (1) transgranular fracture of WC, (2) fracture
across Co binder region, (3) interfacial fracture along WC/Co boundary, (4) interfacial
fracture along WC/WC boundary. (b) A worn micro-tool (250 μm radius) [47].

(a) (b) (c)

(d) (e)

Figure 8.5 Various types of flat-bottom micro-end-mill geometry. (a) Two-flute end-mill
with a helix angle, (b) �-type end-mill with a straight body, (c) D-type end-mill with a
straight body, (d) �-type end-mill with a tapered body, and (e) D-type end-mill with a
tapered body [49].

that of two-flute end-mills. The author also stated that the rigidity of �-type
end-mills is much higher than that of the other two; however, the machining
quality is poorer than that of the others [49]. In addition, they have presented
failure studies for various tool geometries and suggested that D-type end-mills
are more suitable for fabrication of micro-parts, since they have both rigidity and
machining performance (Fig. 8.6).

Schmidt and Tritschler [50] presented the potentialities of focused ion beam
cutting as an alternative to tool grinding. A WC two-flute micro-end-mill was
fabricated using an ion milling strategy. However, the manufacturing result was
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Figure 8.6 Tool failures of various tool geometries in mechanical micro-machining.
(a, d) Two-flute end-mills 0.1 mm in diameter, (b, e, g) �-type end-mills 0.1 mm in
diameter with a taper angle of 70.5◦, and (c, f, h) D-type end-mills [49].

found unsatisfying with respect to burr formation. They also noted that with the
optimized cutting parameters, better machining results may be achieved.

The geometries of micro-milling tools currently in use have been adopted from
macro-tools, assuming that chip formation and process kinematics are analogous
in both types of tools. However, micro-cutting is not a completely scaled-down
version of macro-cutting; the requirements of the design of micro-tools are some-
how different from those of macro-tools. Moreover, structural details such as rake
angle and twist angle impede further minimization. Considering these points,
Fleischer [51] has designed micro-milling tools based on the mechanism of the
micro-cutting process (Fig. 8.7), and has proposed single-edged micro-milling
tools, because the manufacturing tolerance of the tools is generally larger than
the feed per tooth, which leads to high cutting forces, high wear, and breakage.
The semicircular geometry was selected, since the result of FEM showed the
highest rigidity for this geometry. The tool was successfully fabricated using
wire electrical discharge grinding (WEDG). However, the machining results
showed increase in burr formation potentially caused by high edge roundness
and notchiness resulting from fabrication. Furthermore, the spiralization has not
been optimized.
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(a)

(b)

Figure 8.7 Micro-tool of (a) 50 μm diameter [51] and (b) 10 μm diameter [52].

It is generally known that coating can enhance tool performance; coated tools
normally outperform uncoated tools in terms of tool life and machined surface
quality. However, micro-tools for mechanical micro-machining suffer from the
coating, since coating layer increases the size of the tool geometry, especially
the cutting edge radius, which is the most critical tool geometry in mechanical
micro-machining.

Heaney et al . [53] have shown the possibility of coating fine-grained diamond,
of average grain size 30–300 nm, onto WC micro-end-mills (Fig. 8.8). The
performance of the diamond-coated tools was improved dramatically when dry
machining 6061-T6 aluminum. The fine-grained diamond coating reduced the
trust and the main cutting forces by approximately 90% and 75%, respectively,
compared with uncoated tools. The chip adhesion did not develop as long as the
coating remained intact. Furthermore, the surface generated for the coated tools
was uniform and no burr occurred.

Aramcharoen et al . [54] have studied the effect of micro-milling tool coat-
ing materials; they have reported that CrTiAlN-coated carbide micro-end-mills
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(a) (b)

Figure 8.8 Comparison of fabricated tool edges: (a) uncoated WC tool and (b) fine-
grained diamond-coated tool [53].

provide distinct advantages over uncoated carbide end-mills in terms of tool
wear reduction and machined surface quality. They also compared the effect of
coating materials on micro-carbide end-mills for machining-hardened H13 tool
steel (45 HRC). TiN, TiCN, TiAlN CrN, and CrTiAlN were PVD coated on two-
flute micro-carbide flat end-mills with a thin layer of 1.50 ± 0.15 μm, and then
the cutting performance was evaluated under the same cutting conditions. The
results indicated that TiN coatings offer the best performance in terms of tool
wear and chipping reduction, surface roughness improvement, and decrease in
burr size. Moreover, they found that at the beginning of cutting (burn-in-period)
the coated tools did not outperform the uncoated tool in terms of the surface fin-
ish quality. Hence, it implied that an ultrafine coating surface or self-lubricating,
low-friction top coat would be required for a better performance of coated carbide
micro-end-mills.

8.3.2 Tool Wear Mechanisms in Micro-Cutting

Wear is a very critical issue in mechanical micro-machining; a small wear at one
cutting edge of micro-tools would eliminate half of the cutting edge. As a result,
the cutting force may be increased twofold at the other cutting edge, which leads
to an increase in the stress at the shaft and tool breakage. Rahman et al . [55]
have studied the tool wear in micro-milling of pure copper and investigated flank
wear in micro-end-mills (Fig. 8.9). They found that the nonuniform wear occurs
at the corner of the side and end cutting edge and mostly the tool fails before
it is significantly worn out. Also, the helix angle plays an important role; they
found that the life of the tool was increased considerably by using a 25◦ helix
angle cutter. Moreover, tool life increases at higher depths of cut.

Malekian et al . [56] stated that factors that can be attributed to tool wear
in mechanical micro-machining are elastic recovery of the workpiece, dynamic
deflections, tool run-out, and low feed instability. The elastic recovery of the
material will increase the cutting forces and the contact area between the tool
and the workpiece at the flank face of the tool. This increased contact area
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(a) (b)

Figure 8.9 Typical flank wear in 1-mm-diameter micro-end-mills in machining of pure
copper: (a) fine grain WC with a 25◦ helix angle and (b) fine grain WC with a 30◦ helix
angle [55].

causes more flank wear to the micro-tools through more friction and rubbing.
Tool deflection due to the dynamics of the tool tip and tool run-out affect the
tool wear in several ways. Because of the tool deflection, the cutting process
may not be uniform; some cutting edge may engage more with the workpiece
and remove more material in one revolution. This usually results in an increase
of cutting forces on the cutting edge that engages more with the workpiece, and
consequently, the tool wears much faster on that cutting edge. Moreover, tool
vibration caused by the transition of shearing and ploughing when cutting with a
low feed rate generates intermittent impacts on the tool, resulting in cutting edge
chipping or even tool breakage.

Even though tool wear is undesirable, tool breakage seems to be a more
important problem in mechanical micro-machining. Unlike macro-mechanical
machining, in which the tool gradually wears, causes undesirable surface effects,
and eventually breaks, a tiny micro-tool can break when either the cutting edges
become dull (because of material loss or material buildup) or a chip clogs.
Tansel et al . [57] have studied the effect of wear in the micro-milling process.
They found that micro-end-mills break quickly as they wear out. This is due to
increased cutting forces of the dull tool causing the stress to exceed the strength
of the small-diameter end-mills. In addition, König et al . [58] have indicated that
the main reason for tool failure in the micro-drilling operation is chip clogging.

8.3.3 Tool Stiffness and Deflections under Dynamic Loading

Micro-tools, especially micro-end-mills and micro-drills, can be easily deflected
because of their high aspect ratio. Therefore, the problems concerning the accu-
racy of mechanical micro-machining are much more pronounced compared to
those of macro-mechanical machining.
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Especially in the fabrication of dies for micro-molding and micro-forming
applications, there is a need for the use of micro-end-mills with a high aspect ratio
(ratio of the cutting length to the cutter diameter). However, the higher the ratio,
the greater the tool deflections affecting the geometrical feature accuracy and
tolerances. It was demonstrated that the tool deflections create serious deficiencies
in feature accuracy [43] as shown in Fig. 8.10.

Dow et al . [48] identified a need for tool deflection compensation because the
decreasing feature sizes required micro-mold designs. The long, small-diameter
end-mills (diameters <1 mm) needed to create these high-aspect-ratio features
exacerbate the error due to tool deflection and ball ends compound the problem
even more because the force can be applied at different points and in different
directions around the end of the tool. Because the tool stiffness is significantly
different in the radial and axial directions, different deflections can be produced
for the same applied load. They offered a force model that was combined with
tool stiffness to calculate the deflection of the tool as a function of the depth of
cut, feed per revolution, and the geometry of the part (Fig. 8.11).

8.4 MICRO-TURNING

Micro-turning is performed mostly as diamond turning (or often referred to as
ultra precision machining), which is commonly used to produce very smooth
surfaces with highly precise geometries for optical and many other applications
[12,13,59–64]. As a cutting tool material, diamond is superb because of its
high hardness, stiffness, thermal conductivity, low friction (in air), and relative
inertness. This inertness ceases when the work material is readily able to absorb
carbon and these materials are identified in Section 8.4.1. With these materials

Figure 8.10 Tool deflections on the geometrical accuracy: (a) cross-sectional view of
a groove fabricated with micro-end-milling, and (b) FEA of buckling in micro-end-
mills [43].
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Figure 8.11 Tool deflection compensation using force modeling for micro-end-
milling [48].

the diamond will be readily absorbed by the workpiece unless the diffusion rate
can be significantly lowered, for example, by cryogenic cooling [60,65].

Elements with no unpaired d-shell electrons are regarded as diamond machin-
able. These elements include indium, tin, lead, zinc, plutonium, magnesium,
aluminum, germanium, silver, gold, copper, beryllium, and silicon. Elements
with unpaired d-shell electrons are regarded as non-diamond machinable. These
elements include uranium, manganese, nickel, cobalt, iron, titanium, chromium,
vanadium, rhodium, ruthenium, niobium, molybdenum, tantalum, rhenium, and
tungsten [59,60,66–68].

8.4.1 Diamond as a Tool Material

Diamond has three different species that are used for machining. Natural single-
crystal diamond is relatively expensive, has multiple crystal orientations thus
giving differing machining results, and contains impurities. In any event, single-
crystal diamond is heavily used in precision machining operations with compat-
ible materials. Single-crystal diamonds are brazed to a steel tool shank for use.
Although it varies widely depending on the precision of the cutting edge and the
size of the diamond (radius of the cutting edge <0.5 μm), the cost of a single-
crystal turning tool is typically on the order of several hundred to a thousand of
US dollars [59,60,66–69].

Polycrystalline diamond consists of small particles of diamond (on the order
of micrometers to tens of micrometers), which are mixed with a binder, normally
cobalt based. The cermet-type mixture is then formed and sintered into the shape
of the cutting tool. This is also brazed or attached to a steel shank for use in the
machining operation. Polycrystalline diamond is not used for optical applications
in a single-point turning operation because the material removal mechanism
primarily involves grinding rather than conventional chip-making. This results
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in a rougher surface and a “haze” in optical surfaces. Polycrystalline diamond
wheels are used in grinding operations, though. Polycrystalline diamond tools
generally cost more than other tool materials [59,60,66–68].

Synthetic diamond is used where the control on the impurities is important. It
has been found over the years that impurities in natural diamond are correlated
with variations in the wear rate of the cutting edge. Synthetic diamond is a
more controllable and predictable tool material. The cost of synthetic diamond
tools, though, is generally several times more than that of natural diamond tools
[60,65].

Diamond has most of the properties desirable in a cutting tool material. It has
the highest hardness, and hence is able to deform any other material. However,
its brittleness makes machining with diamond less than desirable in all applica-
tions especially for interrupted cutting. Diamond has a high modulus of elasticity
compared to tool steel, which gives it a high specific stiffness, which allows
the tool to withstand high machining forces with less tool deformation. Smaller
cutting edge deformation helps maintain precision machining. The critical ten-
sile stress of diamond is comparable to that of high-strength steels but diamond
can maintain this strength even at high temperatures, although it can transform
into graphite at high temperatures. Over many years of machining experience,
those materials that are generally machinable and those not machinable by dia-
mond have been identified. Those materials that are readily machined by diamond
include, but are not restricted to, aluminum, brass, gold, silver, tin, zinc, electro-
less nickel, most plastics including polycarbonate, fluoroplastics such as Teflon,
acrylics including polymethyl methacrylate (PMMA), styrene, propylene, silicon,
germanium, lithium niobate, zinc sulfide, gallium arsenide, and cadmium telluride
[36,59,60,65–68].

Brittle materials cannot withstand tensile stress without the propagation of
cracks within the material. This is one of the primary differences between the
behavior of brittle crystals and more ductile metals [70]. To reduce the presence
of residual cracks in the machined surface of crystals, a technique termed ductile-
regime machining is normally used. This technique uses a very small depth of cut
(uncut-chip thickness) to reduce the tensile stress induced in the surface of the
machined material. If the local stress intensity factor, caused by the local tensile
stress, is larger than the critical stress intensity factor, then a crack can begin at
a micro-scale discontinuity or grow if the crack already exists. Therefore, a very
small uncut chip thickness normally on the order of nanometers to submicrometer
is required to maintain sufficiently low stress intensity.

Materials that are considered difficult to machine generally cause chipping
of the diamond or dissolution of the diamond into the work material. These
materials are nickel alloys, beryllium alloys, ferrous alloys including stainless
steel, titanium alloys, and molybdenum alloys. The dissolution can be slowed
and the tool life extended if the machining takes place at cryogenic temperatures
(generally at a liquid nitrogen temperature of −150◦C). At these temperatures,
the ultimate material strength and the modulus of elasticity increase, while the
thermal conductivity drops markedly [69].
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Diamond has a very low coefficient of friction against many materials, in air.
On metals, tests have shown that the friction coefficient is a function of sliding
speed. Tests by Bowden and Freitag [71] of diamond on copper show a nearly
step increase in the coefficient at about 100 m/s. The change is from a coefficient
of about 0.03 to about 0.05. Similar tests of diamond on chromium show a jump
from about 0.06 to about 0.4 at a speed of about 200 m/s. It was observed
though that at higher speeds, the diamond was coated with a film of chromium
and so the coefficient is more a measure of chromium on itself. The wear rate
of diamond on plastics is also higher than on copper by several times. This is
generally attributed to the high localized temperature during machining plastics
because of the low thermal conductivity [12,13,61].

8.4.2 Diamond Micro-Machining

Diamond micro-machining is considered to be a finishing operation and diamond
tools are generally used with a nominal rake angle near zero degrees. In metals,
a slightly negative (a degree or two) rake angle can improve the surface finish,
whereas in plastics a slightly positive rake angle has the same effect. Primary
clearance angles are generally the same as for conventional machining, in the
range of 6–10◦ [12,13,61,69].

Micro-turning parameters are very different from those of conventional
machining. For a micro-turning operation, the radial depth of cut (RDOC) for
roughing is generally in the range of 50–15 μm for metals ranging from soft
(copper and aluminum) to hard (steel, titanium, and nickel) [12,13,61]. Roughing
cuts for plastic are generally on the order of several hundred micrometers in the
RDOC. A roughing feed is typically in the range of 10–40 μm/rev. The finishing
depth of cut is typically around 1 μm for hard metals and 3 μm for soft metals.
For plastics, the finishing cut is generally about 15 μm [36,59,60,65–68].

Diamond micro-machined surfaces normally have optical qualities with a very
low surface roughness (Ra < 5 nm). However, optical systems are normally made
of glass, which can withstand a relatively large amount of physical abuse without

(a) (b) (c)

Figure 8.12 Diamond micro-turning of micro-mechanical components. (a) Profile turn-
ing with micro-meter dimensions. (b) Micro-shaft with two different diameters. (c)
Aspherical press mold [72].
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scratching. Diamond-machined metals though, particularly copper and aluminum,
are very soft and can be easily damaged physically and chemically (Fig. 8.12).

8.5 MICRO-END-MILLING

As mechanical micro-machining has been gaining momentum because of its via-
bility to directly produce miniature functional parts, micro-milling in numerically
controlled machine tools has become a cost-effective alternative to rapidly fab-
ricate mostly 3D parts from metals, ceramics, and plastics in small batch sizes,
with an acceptable accuracy and precision (Fig. 8.13) [6,8,9,62,67,73,74].

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 8.13 Examples of high-accuracy micro-milled components and micro-structures
(adopted from Huo et al . [75]): (a) micro-trenches [73]; (b) micro-reactor (Courtesy of
Fraunhofer Institute of Production Technology IPT); (c) micro-mold [25]; (d) micro-gear
[4]; (e) 3D micro-machined part—Noh-mark (courtesy of Fanuc); (f) micro-projection
array (courtesy of Fanuc); (g) micro-needles array [76]; (h) micro-wall [77]; and (i) target
foil for nuclear fusion [78].
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Micro-milling using flat-bottom- or ball-end-mills at high rotational speeds
can achieve good accuracy, low surface roughness, and can provide high MRRs
with feature sizes as small as 5–10 μm, particularly with the recently developed
numerically controlled miniature machine tools [9,75,79].

Micro-end-mills (flat-bottom or ball-end) with diameters down to 25 μm,
mostly made of tungsten carbide on a cobalt matrix (WC–Co), are available
on the market. Some vendors offer micro-end-mills with diameters as small
as 5 μm. Such micro-end-mills are utilized in the direct fabrication of micro-
molds/dies from tool steels for injection molding and micro-forming applications
[25,46,50,80].

Improving the productivity of micro-milling requires the use of high MRRs
on a variety of materials. However, there are still issues associated with the
dimensional accuracy, quality of the surfaces generated, and the efficiency of the
tool—there may be a sudden tool failure.

Currently, uncoated and coated carbide micro-end-mills are utilized in direct
fabrication of micro-molds/dies from tool steels for injection molding and micro-
forming applications.

Increasing popularity of manufacturing of parts with micro-features has
sparked the interest of researchers to study the mechanics and dynamics of
micro-milling to improve the productivity and also to understand how it differs
from conventional milling [81–83]. The fundamental difference between micro-
milling and conventional milling lies in the scale of the operation, although
they are kinematically the same. However, the ratio of the feed per tooth to
the radius of the cutter is much greater in micro-milling than in conventional
milling, which often leads to an error in predicting the cutting forces [81].
The run-out of the tool tip even within microns greatly affects the accuracy
of micro-milling as opposed to the conventional milling [82]. Micro-milling is
subject to sudden tool failure because of its highly unpredictable cutting action
[83]. Chip formation in micro-milling depends upon a minimum chip thickness
[20] and hence it does not always occur, whenever the tool and the workpiece
are engaged, as opposed to conventional milling [32,84]. Tool deflection in
micro-milling greatly affects chip formation and the accuracy of the desired
surface, compared to conventional milling [48].

8.5.1 Micro-End-Mills

Micro-end-mills are made of sintered WC (some also with high-speed steel) [85],
which is composed of fine grains (∼0.4 μm) of WC (about 75%) embedded in
a cobalt (15%) binder (Fig. 8.14). Since diamond grinding cannot create cutting
edges smaller than the diameter of carbide grains, usually edge radii between 1.5
and 5 μm are fabricated on carbide micro-end-mills [86,87]. The relative size of
the cutting edge radius has serious implications on the efficiency of mechanical
micro-machining and on the overall tool performance as explained below.

The tool edge radius (typically between 1 and 5 μm) and its uniformity along
the cutting edge are highly important as the chip thickness becomes comparable
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Figure 8.14 (a) Optical image of a typical micro-end-mill that is 300 μm in diameter;
(b) SEM images of the bottom of the micro-end-mill; and (c) SEM image of a corner of
the tool with edge radius [53].

in size to the cutting edge radius [61,88]. Since the chip load is small compared
to the cutting edge radius, the size effect and ploughing forces become significant
on both surface and force generation in micro-milling [22,23].

8.5.2 Mechanics of Micro-End-Milling

In terms of process characteristics, micro-end-milling is almost the same as
macro-end-milling; the only difference is the size of tools. It is still the most flex-
ible mechanical machining process, capable of fabricating complex 3D shapes
such as a mold cavity. However, to successfully micro-machine miniature parts,
something beyond what is required in macro-end-milling is needed, such as
high spindle speed, high machine tool precision, low vibration. Reasons why
factors that are negligible in macro-end-milling often become significant in micro-
end-milling lie in its process mechanics and dynamics. Therefore, in order to
successfully implement the micro-end-milling process, it is necessary to under-
stand the mechanics and dynamics of micro-end-milling [89,90].

There are two main causes that result in fundamentally different mechanics and
dynamics between micro-machining and macro-machining: cutting process/tool
geometry and workpiece material characteristics .

In micro-end-milling, the ratio of the feed per tooth to the tool radius is
considerably higher compared with conventional macro-end-milling. The current
manufacturing method cannot fabricate end-mills, mostly made of WC–Co, with
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sharp edges because of limitations on the structural strength of the tool at the
edge. Widely available micro-tools have an edge radius ranging from 1 to 5 μm.
As the tool diameter decreases, the rigidity of the tool also decreases, which leads
to tool deflections under heavy chip load and sudden breakage of tool. This limits
the chip load, especially in micro-milling, to a few microns per tooth. At low feed
rates, the well-known size effect, originally discovered in ultraprecision diamond
cutting [20], becomes prominent in micro-milling. Specific cutting forces also
depend mostly on the ratio of the uncut-chip thickness to the tool edge radius.

The tool edge radius and small feed per tooth make the phenomenon of
minimum chip thickness very dominant in micro-end-milling. A minimum chip
thickness is observed where tool engagement with workpiece results in chip for-
mation. In full-immersion micro-end-milling, uncut chip thickness of tu(φ) varies
from zero to a full feed per tooth value of ft as shown in Fig. 8.15a. When the
cutter engages with the workpiece at the tool tip, a very small uncut chip thick-
ness is applied, which increases gradually as illustrated. The cutter rotation angle
(φ) at which the minimum chip thickness is achieved and chip formation begins
is termed the chip formation angle (CFA) as illustrated in Fig. 8.15b.

Hence the minimum chip thickness for micro-milling (tcmin) can be defined
as the formation of chip when the uncut chip thickness becomes greater than a
minimum chip thickness (tu>tcmin) at a certain rotation angle. Unlike precision
diamond turning, where diamond tools are up-sharp with a nanometric edge radius
and the uncut chip thickness is often constant [21,61], the minimum chip thickness
in micro-end-milling is greatly affected by the radius of the cutting edge (re),
which is usually greater than 1 μm (Fig. 8.16). The chip is not formed and mostly
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Figure 8.15 (a) Full-immersion micro-end-milling process and (b) chip thickness and
planar forces during full immersion [91].



MICRO-END-MILLING 255

(a)

(b)

Figure 8.16 (a) Cutting edge of a tungsten-carbide (WC) micro-end-mill under SEM
indicating large cutting edge and corner radius [33]; (b) 500 − μm-diameter micro-end-
mill and edge radius (re) [92].

elastic deformations are induced to the workpiece until the tool reaches a certain
rotation angle at which a minimum uncut chip thickness develops. A smaller
edge radius causes early formation of the minimum chip thickness, whereas a
larger edge radius will result in ploughing of the workpiece. Kim et al . [84]
experimentally determined that the minimum chip thickness depends upon the
ratio of the uncut-chip thickness to the cutting edge radius, which was claimed
to be between 10% and 25% for the ductile metals. Liu et al . [30] calculated the
minimum chip thickness and utilized a ratio λ = tcmin/re to describe it as function
of the edge radius. In that study, the minimum chip thickness to tool edge radius
ratio was found to be about 35–40% for micro-milling of 6082-T6 aluminum and
20–30% for AISI 1018 steel at a wide range of cutting speeds and edge radii.

8.5.3 Numerical Analysis of Micro-End-Milling

Attempts have also been made to understand the physics of the micro-machining
process in micro-end-milling, using FEM-based modeling approaches (Fig. 8.17)
[8]. Finite-element-based numeric models are created for micro-machining of
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(a) (b)

Figure 8.17 FEM simulation of micro-milling: (a) AL2024-T6 aluminum and (b) AISI
4340 steel [8]. (A full color version of this figure appears in the color plate section.)

aluminum and steels with the aim of understanding deformations including
micro-structures and grain size effects. Micro-machining-induced plastic
deformation, white layer formation, subsurface alteration, and residual stresses
on the fabricated materials are analyzed through FEM-based process simulations.
Furthermore, by using FEM-based process simulations, micro-end-mill tool
geometry and machining parameters can be optimized.

Dhanorker and Ozel [8] have developed computational mechanics-based finite
element simulations and predicted fully formed curly continuous chips at a tool
rotation angle of 65◦ for micro-milling of AL2024-T6 aluminum as shown in
Fig. 8.17a. They also observed a complete chip formation around a tool rotation
angle of 53◦ in micro-milling of AISI 4340 steel as shown in Fig. 8.17b under the
same cutting conditions. The predicted temperature distributions are also given in
Fig. 8.18. The maximum temperature in the cutting zone is predicted to be around
60◦C for AL2024-T6 aluminum and around 150◦C for AISI 4340 steel under the
same cutting conditions. Dhanorker and Özel [8] claimed that these temperatures
are very low compared to the temperatures under meso-milling conditions because
of the very small chip loads. They also claimed that tool failure is considered
to be typically due to temperature-dependent accelerated wear rates in high-
speed milling on a conventional scale. In contrast, temperature-dependent wear
cannot be dominant in micro-milling as evident in the predicted temperature
distributions shown in Fig. 8.18. They believed that highly fluctuating forces due
to a continuous shift between ploughing- and shearing-dominated cutting modes
in micro-milling are also responsible for the sudden tool failure and breakage [8].

In another study, Özel and Liu [91] investigated the influence of the edge
radius on the minimum chip thickness for micro-milling of 2024-T6 aluminum
by utilizing an analytical model developed by Liu et al . [30]. In their analytical
model, a workpiece material model and a slip-line field analysis are utilized to
estimate the minimum chip thickness for a given tool edge radius, feed rate, and
surface cutting speed.
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(a) (b)

Figure 8.18 Predicted temperature distributions (◦C) in the cutting zone during micro-
milling: (a) AL2024-T6 aluminum and (b) AISI 4340 steel [8]. (A full color version of
this figure appears in the color plate section.)

Özel and Liu [91] showed that the minimum chip thickness to edge radius
ratio for the work material of AISI 4340 steel is estimated to be between 30%
and 36% for the range of the edge radius 1–5 μm and for the range of the
cutting speed 120–360 m/min. For the work material of AL 2024-T6 aluminum,
the minimum chip thickness to edge radius ratio is estimated to be between 42%
and 45% for the range of the edge radius 1–5 μm and for the range of the cutting
speed 120–360 m/min as shown in in Fig. 8.19.

A particular cutter rotation angle at which the minimum chip thickness is
achieved and chip begins to form is termed the chip formation angle (CFA)
[91]. The CFA is found to be larger in micro-milling of AL2024-T6 aluminum
compared to micro-milling of AISI 4340 steel as shown in Fig. 8.20. This may
be due to the higher modulus of elasticity of AISI 4340 steel, in which case,
elastic tool deformations are smaller. Hence, plastic flow begins at a lower uncut
chip thickness [91].

In summary, Özel and Liu [91] showed that the minimum chip thickness
to edge radius ratio is estimated to be between 42% and 45% for AL2024-T6
aluminum and between 30% and 36% for AISI 4340 steel for the given ranges
of edge radius (1–5 μm) and the surface cutting speed (120–360 m/min). They
also determined the CFA and its variation under micro-milling conditions [91].

In addition, micro-milling may result in generation of surfaces with burrs and
increased roughness due to the ploughing-dominated cutting and the side flow of
the deformed material when the cutting edge becomes worn and blunter [26].

8.5.4 Dynamics of Micro-End-Milling

Although the dynamics of micro-milling is similar to the dynamics of end-
milling processes, cutter run-out at high rotational speeds, lower tool stiffness,
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Figure 8.19 Predicted minimum chip thickness in micro-milling of AL 2024-T6 alu-
minum: (a) varying edge radius and (b) varying cutting speed [91].

and nonlinear forces due to shearing- and ploughing-related mix cutting action
make micro-milling dynamics a significant factor in surface generation errors and
tool performance. Several studies have investigated dynamic force generation in
micro-milling [89,90]. However, the limiting factor is that the bandwidth of most
force transducers and dynamometers is lower than the tooth-passing frequency
at higher rotational speeds [8,33,56,93].
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Figure 8.20 (a) Chip formation angle versus tool edge radius and (b) chip formation
angle versus feed per tooth (AISI 4340 Steel) [91].

Various sensors such as acoustic emission (AE), accelerometer, and force
sensors are widely utilized to monitor tool wear and tool breakage and identify
stability diagrams (Fig. 8.21) in micro-end-milling. It is also well known that
force sensors with limited frequency bandwidth (<1 kHz) are not suitable for
monitoring micro-end-milling processes, in which tooth-passing frequencies are
in the order of 1–5 kHz for two-flute end-mills rotating at a rate between 50,000
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Figure 8.21 Stability diagrams for micro-milling using 1-mm-diameter end-mills [94].

and 150,000 rpm. However, an AE sensor bandwidth of 100 kHz–1 MHz
provides an operating region well above the tooth-passing frequencies, and
signal quality is not affected by the milling process dynamics [33,56,93,94].

8.5.5 Process Planning for Micro-End-Milling

In micro-milling, conventional strategies used in milling process planning become
ineffective because of the intricacies of mechanical micro-machining [95]. The
cutting forces with increased feed rate can easily snap the fragile micro-end-
mills. Tool path planning and selection of machining parameters are highly
important [96]. In addition, very low feed rates may not achieve minimum
chip thickness requirements. Therefore, advanced process planning strategies are
implemented for efficient micro-end-milling [91].

Özel and Liu [91] proposed a process planning guideline for successful
micro-end-milling of cavities on metal molds. Interrelation between the process
parameters (feed per tooth (ft), axial depth of cut (ADOC), RDOC, spindle
speed, (�)) and the achieved process performance has been analyzed for
a variety of cutting tool edge radii. They introduced a sequential process
planning consisting of a roughing and a finishing to achieve prescribed process
performance specifications.

In their study, the constraint of the achievable maximum feed rate is first
examined in terms of the machine tool capability. The manufacture of miniature
parts involves the feed drive making a lot of segmented moves within a short
distance, which allows an even smaller distance for the feed drive to accelerate
from 0 to the programmed feed per tooth of ft and to decelerate from, ft back to 0.
The maximum achievable feed per tooth (ft max) is defined as the feed at which
only a small fraction of the segmented distance (10%) is used for acceleration and
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Figure 8.22 Contour plot of the achievable maximum feed per tooth [91].

deceleration. The maximum feed per tooth (ft max) is limited by the acceleration
capability (a) of the feed drives, the segment length of the cut (d ), the spindle
speed (�), and the number of tooth of the micro-end-mill [91].

Figure 8.22 shows the maximum feed per tooth at different spindle speeds and
segment distance, assuming that the feed drive acceleration is 1 g(9.8 m/s2). It
is seen that the maximum feed per tooth decreases when the spindle speed �

increases and the segment distance d increases. For a spindle speed of 40,000 rpm
and segment distance of 2 mm, as used in this case study, the maximum achiev-
able feed rate is 33.5 μm/tooth [91].

In order to facilitate the process planning, time domain simulations were per-
formed for both roughing and finishing 2024-T6 aluminum. In the roughing
operation, the objective is to limit the cutting forces to avoid tool breakage and
maximize the MRR. Fig. 8.23 shows the contour map of the peak-to-valley force
in the normal to the feed (Y ) direction. It is noted that the peak-to-valley forces
increase rapidly as the ADOC increases beyond 140 μm for a range of feed
rates (around 5–10 μm/tooth). This range of feed rate is likely to be the range
in which low-feed-rate instability occurs. It is also noted that the cutting forces
are much more sensitive to the increase in the ADOC than the feed per tooth.
Since the ADOC and feed rate per tooth are both proportional to the MRR, the
optimal strategy of limiting the cutting forces while maintaining high MRR is the
combination of low ADOC and high feed rate. For example, to limit the cutting
force below 5 N, an ADOC of 100 μm and a feed rate of 20 μm/tooth would
be a good selection [91].

In the finishing operation, the objective is to minimize the form error, which
was quantified by the surface location error (SLE). For all the simulations, a 3-μm



262 MECHANICAL MICRO-MACHINING

200

180

160

140

120

100

80

60

40

20
5 10

Feed per tooth (μm)

Surface location error (μm)

A
xi

al
 D

O
C

 (
μm

)

15 20

1.4
1.6

1.6

1.8
1.8

2.2

2.4
2.42.4

2.4

2.62.8

2.
8

2.
8

2.
82.8

2.
8

3

3

3 3

3

2.8
2.8

2.6
2.6

2.8
3

2.6

2.2

2.2

1.8

2
2

2

Figure 8.23 Contour plot of the peak-to-valley force in newtons for micro-milling of
Al 2024-T6 [91].

spindle run-out is considered, which causes a 3-μm overcut. Figure 8.24 presents
the contour plot of the SLE in the plane of feed per tooth and ADOC. Similar
to the cutting forces, the SLE is also more sensitive to the ADOC. Because of
the existence of the spindle run-out, the SLEs are positive (overcut) under all the
conditions examined. The tool vibrations cancel part of the SLE caused by the
spindle run-out. It is also noticed that at the lower right corner of the plot, there
exists an isoline for an SLE of 3.0 μm, which indicates that the SLEs are not
influenced by the tool vibrations under these conditions (ft = 10–20 μm/tooth,
ADOC = 30–60 μm). If the spindle run-out can be accurately measured and
compensated, then the aforementioned process conditions are likely the optimal
process conditions for minimizing the form error. From the above analysis, it is
clearly seen that the spindle run-out plays a dominant role in the SLE. Therefore,
the development of the on-line measurement technique for spindle run-out is
crucial for improving the machining accuracy in micro-end-milling [91].

8.6 MICRO-DRILLING

Even though several methods exist for making micro-hole electrical discharge
machining, ultrasonic machining, laser beam machining, electrochemical machin-
ing, and micro-mechanical drilling, micro-mechanical drilling is widely used
because it can produce holes with good roundness, straightness, and surface
roughness in a short processing time. It is especially useful for machining com-
ponents with many holes, such as a nozzle, polarizing plate and photo-mask.
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Figure 8.25 Microd-rill with diamond abrasives [97].

Mechanical micro-drilling is widely used in the manufacture of printed cir-
cuit boards (PCBs), in which numerous micro-trough-holes have to be drilled.
Even though alternative methods such as laser or Electrical Discharge Machining
(EDM) drilling can sometimes replace mechanical micro-drilling, their perfor-
mances are not acceptable in PCB manufacture because of their inferior hole
quality and accuracy [97].
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Micro-drilling has important applications also in machining of ceramics.
Ceramic plates containing many micro-holes are used in diverse applications
such as catalytic converters, filters, MCPs (micro-channel plates) for electronic
amplification, electrical insulators, and thermal conductors in integrated circuits.
Lee et al . [97] have studied deep-hole micro-drilling of a ceramic green body.
They used WC drills with 1000 mesh diamond abrasives nickel-electro-deposited
on the surface (Fig. 8.25) [97]. Drilling was performed under the grinding
lubricant to decrease cutting temperature and remove alumina particle chips. A
feed rate of 10–80 mm/min and a fixed spindle speed of 150,000 rpm were used
for the drilling test. Their results showed that tool life of micro-drills decreased
linearly with feed rate because of abrasive wear and chip loading.

Another implementation of micro-drilling of brittle materials has been
attempted in monocrystalline silicon by Egashira and Mizutani [98]. Micro-tools
from WC with a D-shaped cross section and a cutting edge radius of 0.5 μm
were designed and fabricated using WEDG. By using the self-fabricated
micro-drills and utilizing ductile-regime cutting mode, the smallest machined
hole of 6.7 μm diameter can be produced. Moreover, they also showed that a
deep micro-hole (22-μm diameter and 90-μm depth) can be made using this
technique (Fig. 8.26).

Three important problems associated with micro-drilling are increase of the
cutting force, wandering motion of the drills, and tool breakage. As a drill bit
penetrates the workpiece, the cutting forces acting on the drill bit increase. The
friction between the flute and the cut surface of the workpiece caused from
the chip produced during cutting is a primary cause of cutting forces increase.
As a result, drilling of high-aspect-ratio holes becomes difficult. Micro-drilling
suffers from wandering motion during the inlet stage more than macro-drilling;
it generally takes a longer time until the wandering motion stabilizes. Maybe the
most serious problem of micro-mechanical drilling is tool breakage, especially
when drilling a deep hole. Because the rigidity of micro-drills is very low and
the tendency for the chip to clog inside the hole is high, tool breakage occurs
frequently, causing problems to manufacturers. Moreover, the use of cutting fluid
seems to be ineffective in micro-drilling; cutting fluid cannot penetrate into the

Figure 8.26 Micro-drill fabricated using wire electro-discharge grinding [99].
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cutting zone, reducing the tool–chip friction and cutting temperature. In short, the
increase of trust force during the micro-drilling process because of friction and
chip clogging and the increase of temperature within the hole lead to premature
tool breakage in micro-drilling.

To improve the tool life of micro-drilling, the use of peck drilling is recom-
mended. Peck drilling has been successfully used in conventional macro-drilling,
especially drilling of deep holes; it is a method in which a hole is drilled at an
intermittent feed in order to facilitate chip removal and tool cooling. Kim et al .
[99] have introduced peck drilling using trust force signal monitoring in deep
micro-hole drilling of steel. Through the monitoring system, the proper one-step
feed-length (OFSL) was determined to be about one-tenth of the tool diameter.
Their results showed a significant improvement in terms of tool life when using
peck drilling.

Despite the fact that peck drilling improves tool life in micro-drilling, it has
lower productivity compared to continuous drilling. Therefore, Cheong et al .
[100] have proposed an alternative to enhance the productivity of mechanical
micro-drilling by controlling the spindle rotational frequency. They created a
sliding mode control algorithm that can estimate the torque variation of the drill
from the variation of the spindle angular velocity and perform the control accord-
ingly. Since the increase of cutting forces was controlled, tool life, stabilization
of the wandering motion, and positioning of the holes were improved.

8.7 MICRO-GRINDING

Micro-grinding is a material removal technique by means of mechanical force.
It can provide a very good precision and surface finish to the produced parts.
In terms of application, micro-grinding is used typically for machining cylindri-
cal components and grooves with small dimensions and to obtain flat surfaces
with very fine finish [2]. Several applications of micro-grinding for processing
components include clock resonators, ferrite parts for electronic data record-
ing devices, ceramic parts for engine and bearings, germanium aspherics, and
infrared windows for optics application including fiber grating, pig tailing, lens,
dispersion compensation, and optical interconnection [101]. One advantage of
micro-grinding over other mechanical micro-machining processes is the ability
to machine hard and brittle materials. For example, micro-grinding is a common
technique used in the fabrication of WC micro-end-mills and micro-drill bits. In
addition, many of those hard and brittle materials are poor conductors and have
good chemical resistance, ceramic, for instance. Therefore, cutting by electrical
and chemical processes is not an option.

Generally, micro-grinding is done using a grinding wheel consisting of an abra-
sive and a matrix. The abrasive type, abrasive grain size, and type of matrix mate-
rials vary on the basis of the workpiece materials and the purpose of grinding. It
has been reported that by keeping the grain depth of cut less than 100 nm, smooth
surfaces of less than 10 nm peak to valley roughness can be achieved [102]. This
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can be done by two approaches. The first approach is to use a grinding wheel
with an ultrafine abrasive grain size. This can be achieved by developing deposi-
tion techniques. The second approach is to maintain the small wheel depth of cut.
This approach allows the use of coarse abrasive grain but high-precision machine
tool and accurate wheel dressing are required. A special wheel dressing tech-
nique such as electrolytic in-process dressing (ELID) developed by Ohmori and
Nakagawa [103] is a very successful technique to control the desired protrusion
of the grains on the surface of the wheel.

Micro-grinding of the flat or curved surface can be done using the ultra-
precision macro-grinding since the ultraprecision macro-grinding can achieve a
nanoscale tolerance and surface roughness. However, there are limitations on
micro-grinding of certain shapes such as grooves. A minimum tip radius of the
wheel strongly influenced by the abrasive grain size limits the rounding radius
when machining a concave shape such as V-grooves. The thickness and the diam-
eter of grinding tools also limit the achievable feature size of micro-grinding.
Micro-grinding of micro-grooves also suffers from severe edge chipping and
coarse surface. Ramesh et al . [101] have proposed a new micro-grinding method
using “high table reversal speeds” for reducing the grit cut load that complements
the micro-deterministic grinding. Their experiment showed that the increase in
the table reversal frequency reduced the grit cut load and thus enabled the pro-
duction of fine features. The high table feed also facilitates the ductile cutting
mode by maintaining the grit depth within the critical depth.

An extremely large-aspect-ratio cylindrical shape is very difficult to machine
using micro-turning, since such parts can be bent easily by small forces applied
from the tool tip. However, using ultrasonic-shoe centerless micro-grinding devel-
oped by Wu et al . [104], a micro-cylindrical component less than 100 μm
in diameter with an extremely large aspect ratio can be achieved (Fig. 8.27).

Figure 8.27 Tungsten-carbide workpiece fabricated with centerless micro-grinding
[104].
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Rather than using a regulating wheel as in conventional centerless grinding, a
plate-shaped ultrasonic shoe was used to support the workpiece and control its
rotational motion. The use of ultrasonic shoe eliminates the need for an extremely
thin blade and the spinning problem (workpiece springs from the blade because
of the surface tension of the grinding fluid adhering to the regulating wheel cir-
cumference surface); consequently, the micro-scale cylindrical component can be
ground successfully.

Grinding of planar surface or cylindrical shape of micro-parts can be done
using a macro-grinding wheel. However, to create a 3D micro-feature such as
micro-channel, a small-diameter grinding tool or a so-called “micro-abrasive pen-
cil” is needed. Aurich et al . [105] have presented a micro-shaft grinding tool with
a cylindrical tool tip diameter between 13 and 100 μm (Fig. 8.28). To provide
toughness to the tool body, the base material of the tool was ultrafine-grained
carbide with an average grain size of 0.2 μm. Then, the carbide micro-pin was
electroplated with diamond grains 1–3 μm in diameter. The grinding test on
WC was performed at a spindle speed of 60,000 rpm, a feed rate of 1 mm/min,
a depth of cut of 5 μm, and a tool diameter of 24 μm. The test indicated no
significant size errors due to tool run-out and no significant burr, but produced
very good surface roughness and very low edge radius. Furthermore, the indi-
vidual WC grains were cut instead of being pulled out of the cobalt binder.

Figure 8.28 SEM image of a grinding tool with a diameter of 45 μm and a tool surface
of 1–3 μm grit size [105].



268 MECHANICAL MICRO-MACHINING

Without ultrasonic

100

100

50

50

0

0

0

0 50 (μm) 100

50 (μm)

(μm)

(μm)

100
0

0

280

280

560
process:

periphal

grinding

vc = 30

vft = 100

ae = 0,1 μm

grinding

wheel:

D6.3

resin bond

workpiece:

Al2O3 + Ti(C,N)

Rs/35272 © IFW

m
s

560

(nm)

(nm)

With ultrasonic (22 kHz)

mm
mm

Figure 8.29 Influence of ultrasonic assistance in micro-grinding [106].

Denkena et al . [106] have used ultrasonic assistance to investigate the
improvements in surface generation and found out that the ultrasonic assistance
significantly affects and improves the surface roughness in ceramic finishing
(Fig. 8.29).

8.8 MICRO-MACHINE TOOLS

In parallel to the fast-growing needs for direct and mass manufacturing of minia-
turized functional products from metals, polymers, composites, and ceramics
using mechanical micro-machining processes, the trend in machine tool technol-
ogy has been moving toward developing ultraprecision machine tools with small
footprints [5,9,75]. Miniaturization of machine tools has some obvious advan-
tages such as reduction of energy consumption and saving space and resources.
There are several industrial ultraprecision turning and milling machines available
for the manufacture of high-precision components. However, most of these are
aimed generally at the optical-components market and are not well suited to the
manufacture of precision micro-components because of high investment costs
and lack of flexibility. Figure 8.30 shows some examples of industrial precision
machines with multiaxis micro-milling capabilities.

In this chapter, a brief overview of mechanical micro-machining processes,
turning, milling, drilling, and grinding has been given and their characteristics
are discussed with work cited from literature.

Mechanical micro-machining processes are being increasingly used in
the production of parts and products with meso-/micro-/nanoscale features.
Technological advancement of mechanical micro-machining is currently limited
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 8.30 Industrial precision machine tools with micro-milling capabilities (adopted
from Huo et al . [75]). (a) Kern micro (courtesy of Kern), (b) Sodick AZ150 (courtesy of
Sodick), (c) Fraunhofer IPT Minimill (courtesy of Frounhoufer IPT), (d) Makino Hyper2J
(courtesy of Makino, (e) Kuglar Micro-Master MM2 (courtesy of Kuglar), (f) Fanuc
ROBOnano (courtesy of Fanuc), (g) Precitech freeform 700 Ultra (courtesy of Precitech),
and (h) Moore Nanotech 350FG (courtesy of Moore Precision Tools).

by the size of the tools that can be produced cost effectively and used reliably
in meso-/micro-manufacturing systems.
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9.1 INTRODUCTION

Micro-forming is defined as the shaping of raw materials by plastic deformation
into a geometry with at least two dimensions in the submillimeter range [1]. When
a forming process is scaled down from conventional scale to the submillimeter
range, some aspects of the workpiece, such as the micro-structure and the sur-
face topology, remain unchanged. This causes the relation (or ratio) between the
dimensions of the part (i.e., thickness, width, length, height) and the parameters
of the micro-structure (i.e., grain size) or the surface (i.e., roughness) to change,
and is commonly referred to as the size effects . The size effect alters almost all
aspects of the forming process, including the material behavior, friction, heat
transfer, and handling of the part. Therefore, the well-established metal-forming
technology or the “know-how” meant for a macro-scale cannot be simply applied
on a micro-scale.

On a micro-scale, materials used in the manufacturing processes are character-
ized only by a few grains located in the deformed area; thus, they can no longer
be considered as a homogeneous continuum. Instead, the behavior of the material
is greatly affected by the size and orientation of individual grains [2]. Therefore,
mechanical properties (yield strength, flow stress, and elongation) obtained on a
macro-scale are no longer used on a micro-scale for accurate analysis. Further-
more, the deformation mechanism on a micro-scale would be different because
of large variations in the response of individual grains to applied loads. Surface
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interactions and friction become more pronounced on a micro-scale as the ratio
of the surface area to the volume increases [3,4]. These issues must be properly
addressed to understand the “size effects” and scale down the forming processes
to a micro-scale, in order to accurately predict process parameters such as forming
force and spring-back, while reducing the scatter of the results.

As stated by the similarity theory proposed by Geiger et al . [5], when all the
dimensions of the material specimen (i.e., workpiece) and tools are multiplied
by a geometrical scale factor, λ, and the time scale is fixed to one, the strain,
strain rate, and strain distribution will be scaled down by the same scale factor,
λ. Postulating the similarity theory in elastic and plastic material behavior, stress
and stress distribution should also be size invariant, that is, the same stress and
strain curve should be obtained for different values of the geometrical scaling
factor, λ. Nevertheless, while this theory may apply to the scaling down of the
process and tooling design on a macro-scale, a number of material tests and
forming experiments on a micro-scale have shown a significant deviation in the
material response (i.e., material flow stress and hardness), which violates the
similarity theory [6–9].

In the area of micro-scale sheet metal forming, decrease in flow stress with
decrease in the thickness of the sheet material has been observed through tensile
tests on different materials such as CuAl alloy [6], CuNi18Zn20 and CuZn15
[7], CuZn36 [8], and aluminum [9], as illustrated in Fig. 9.1. Several attempts
were also carried out to investigate the effect of the tensile specimen size and
geometry on the material flow curve. The specimen width was shown to have no
significant effect on material response as reported by Michel and Picart [8] and
Tseng [10]. However, in another study conducted by Sergueeva et al . [11], the
gauge length of tensile specimen was found to significantly affect the maximum
elongation values.

According to the well-known Hall–Petch equation, the material strength (i.e.,
flow stress) increases when the material grain size is reduced. However, Raulea
et al. [9] have pointed out that when the grain size is close to the thickness
of the sheet material (single-grain deformation), an inverse relation between the
flow stress and the grain size is observed (i.e., the flow stress increases when the
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grain size becomes larger). This inverse relation was also reported by Kals and
Eckstein [7] as illustrated in Fig. 9.2.

Another size-effect-related observation on the increase of scatter (variation)
of the test results was reported for a single grain over thickness [2,12]. This
large variation can be attributed to the pronounced effect of grain orientation;
and hence, to its anisotropic behavior, on a micro-scale, where grain size is in
the same range as the characteristic dimensions of a workpiece (i.e., thickness in
sheet materials). Large data scattering was reported (Fig. 9.3) when the ratio of
the sheet thickness to the grain size, φ, is less than 1 [9].
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In a similar study by Kals and Eckstein [7], the effect of the miniaturization
on material anisotropy was also studied. In their report, the vertical anisotropy
(r) was found to decrease with decreasing sheet thickness in tensile tests as
shown in Fig. 9.4. This means that the forming characteristics become worse
with reduction in sheet thickness, which could cause problems, especially in
deep drawing application. However, the plane anisotropy, �r , does not change
significantly with scaling down of the specimen dimensions.

In the field of micro-scale bulk forming, upsetting and compression tests using
copper alloys [12,13] have also shown a similar trend; that is, the flow stress
decreases with increased miniaturization. Experimental results of the upsetting
test of CuZn15 round billets are shown in Fig. 9.5.

Miyazaki et al. [6] as well as Engel and coworkers [1,2,7,12] explained the
variation in the material flow curve due to the size effects, by using a so-called
“surface layer model” (Fig. 9.6), and proposed the following: “the dislocation
movements in the grains located at the surface are less restricted than grains
inside the material; therefore, these surface grains show less hardening. Since the
ratio of the free surface grain to the internal grain increases with miniaturization
(i.e., thickness reduction or scaling-down of feature/part size), this would result
in a decrease of the flow stress.”

The size effects on the hardness of material were also investigated in a study by
Chen and Tsai [13]. The measured hardness indicates that the hardness decreases
as the specimen is downscaled to a small size. In addition, the material hardness
values were shown to be proportional to the flow stresses; and thus, could be used
to construct the material flow curve for downsized specimens where material data
could not be acquired from tensile or compression tests (Fig. 9.7).

The effect of miniaturization on friction was investigated using ring compres-
sion and double-cup extrusion (DCE) tests [2]. The ring compression test is based
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on the fact that the evolution of the inner diameter of a ring during compression
depends quite sensitively on friction. The results from the ring compression test
showed an increase in friction with miniaturization when an oil lubricant was
used. However, this trend was not observed in the case where no lubricant was
applied during the ring compression test [12]. To extend the study of the friction
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and lubrication, DCE tests were performed as shown in Fig. 9.8a. The DCE test
conditions are similar to those of the actual extrusion process because the test
involves a large surface area, large strain, and high forming pressure. In the case
of no friction (m = 0), both cups are expected to form to the same height value.
However, when the friction on the contact surfaces is not zero, less forming is
expected at the lower cup. The difference between the formed height values at
the top and the bottom can be used to indicate the magnitude of the friction. The
experimental results are shown in Fig. 9.8b. It can be seen that friction increases
with a decrease in specimen size.

The increase of friction in both ring compression and DCE tests is explained
by the model of “open and closed lubricant pockets,” (Fig. 9.9a) by Tiesler [3].
Roughness valleys that have a connection to the edge of the surface cannot keep
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the lubricant. These open lubricant pockets fail to distribute the load, resulting
in higher friction. On the other hand, closed lubricant pockets trap the lubricant,
which helps transmit the load, thus reducing the normal pressure on the asperities.
By reducing the size, the ratio of open to closed lubricant pockets increases as
illustrated in Fig. 9.9b, thus resulting in an increase in the friction force. Another
proof of the open and closed lubricant pockets model is the use of a solid lubricant
instead of a fluid lubricant. In this case, the mechanism postulated by the open
and closed lubricant pockets model is invalid, and consequently, size effects do
not occur [3].

In the following sections, the aforementioned size effects are discussed in
detail for different micro-forming processes.
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9.2 MICRO-FORGING

Forging is a bulk metal forming process that uses compressive forces to deform
a given workpiece into a desired shape. The feasibility of forging process on
a micro-scale has been investigated by Saotome et al. [14,15] using V-grooved
micro-dies of (100) silicon on superplastic material and amorphous alloys in
supercooled liquid state. In their study, micro-scale dies were fabricated using
photolithography and anisotropic etching techniques with the V-groove width
between 0.1 and 20 μm. The experimental results show good micro-formability
of both superplastic material and amorphous alloys in the supercooled liquid state
under very low stresses in comparison with a conventional plastic deformation.
They produced micro-pyramids and micro-gears of superplastic and amorphous
alloys in supercooled liquid state using the silicon dies.

Cold and warm forging of micro-scale parts using CuZn15 specimens hav-
ing a diameter of 0.5–4.8 mm was studied by Engel et al. [2]. The process
was carried out between 100 and 450◦C, being considered as a warm forming
process for the CuZn15 material. As expected, the reduction of flow stress was
observed with increasing temperature because of increasing recovery mechanism
(Fig. 9.10). The scatter of data was also reduced with increasing temperature
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mainly because of the additional slip systems that were activated at elevated
temperatures, enabling even grains of unfavorable orientation to deform, that is,
less inhomogeneity flow of material.

9.3 MICRO-EMBOSSING/COINING

Embossing or coining is a form of bulk forming that uses a large amount of force
to plastically deform only a small layer of surface on a workpiece to create precise
surface structures. Micro-scale embossing was performed by Otto and Bohm
[16,17] using a silicon die. Otto et al. embossed aluminum 99.5 material with
straight channel feature dies at room temperature (Fig. 9.11). From this study, the

(a)

(b)

Figure 9.11 SEM images of (a) etched Si die and (b) embossed gratings with groove
depth of 2.5 μm [16].
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feasibility of embossing micro-features that are smaller than the material grain
size without damaging the silicon die was verified. The second study by Bohm
et al. focused on the forming precision and die-wear issues for different micro-
geometries, applied loads, and workpiece materials. Specifically, two patterns
of silicon die features were used: complex and straight channel structures. For
the complex structure, aluminum, stainless steel, copper, and brass were used as
the blank material. The results show that complex structures could be formed
on all four materials with very high precision. However, in order to produce
such precise geometries, the necessary compression stress must be much higher
than the yield stress of the respective material. Moreover, for sharp edges at the
bottom, a further increase of the pressing force would be required.

On the other hand, for the straight channel geometry, only aluminum was
tested and the results had confirmed the feasibility of embossing micro-features
that are smaller than the grain size of the material (i.e., aluminum grain size
>3 μm, channel gap width = 1 μm). Finally, etched silicon dies were shown
to be capable of providing accurate molding on a micro-level, but the range
of use is limited to soft material and/or low compressive stresses. The life of
silicon dies strongly depends on the design of the micro-geometry and coating.
In another study by Hirt and Rattay [18], micro-coining of channel structures with
achievable aspect ratios (height-to-width) up to three was reported, as illustrated
in Fig. 9.12.

In a recent study by Wang et al. [19], coining experiments were carried
out at 400◦C on pure aluminum billets 3 mm in diameter and 2 mm in height
with four different material grain sizes (16,37,75, and 98 μm), using dies with
groove width varying from 40 to 120 μm. The plot of aspect ratios (rib height
to groove width, h/b) and the groove width (b) for two material grain sizes is
shown in Fig. 9.13. For a billet with grain size smaller than the groove width
(L = 16 μm), h/b ratio increased with increasing groove width. However, when

Figure 9.12 Micro-coined channels with achievable aspect ratios up to 3 [18].
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(a) L = 37 μm L = 98 μm(b)

Figure 9.14 SEM images of the ribs on billets with grain sizes of (a) 37 μm and
(b) 98 μm [19].

a billet with grain size larger than the groove width (L = 98 μm) was used, h/b
ratio decreased with increasing groove width. In other words, when the material
grain size is larger than the groove width, the forming is considered as the
single-grain deformation. The flow stress of the single grain is less than that of
the polycrystalline material because of less constraint on the surface layer [19].
Finally, even though the billet with larger grains could be formed in an easier
fashion (i.e., higher h/b ratio, regardless of groove width), the top of the rib was
found to be less even when compared to the billet with smaller grains (Fig. 9.14).
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9.4 MICRO-EXTRUSION

Geiger and Engel conducted experiments using the forward rod–backward can
extrusion process to investigate the size effects [1,12]. In their studies, two billets
of diameters 0.5 and 4 mm were used. As shown in Fig. 9.15, the ratio of cup
height to shaft length (hc/ls) increased with miniaturization with fine grains (grain
size of 4 μm), but did not increase with miniaturization with coarse grain (grain
size of 120 μm). These observed results could be explained by the effect of the
micro-structure of the specimen; that is, when the material grain size is larger
than the thickness of the cup wall, it is easier for the material to flow into the
shaft rather than into the cup wall. This example illustrates the importance of the
exact knowledge of the miniaturization effects for part, process, and tool design.

The quality of the product is also affected by miniaturization. For example, in
a backward micro-extrusion study by Engel and Egerer [2], irregular formation
of the rim was observed to be caused by grains of different size and orientations
passing through the clearance between the die and the punch, which is quite
smaller than the mean grain size, thus yielding an inhomogeneous material flow
and finally the observed irregular shape.
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Figure 9.15 Forward rod–backward cup extrusion: effect of micro-structure [1,12].
(a) Part originally was φ of 0.5 mm diameter and (b) effect of micro-structure.
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Figure 9.16 A forward-extruded micro-gear shaft: La60Al20Ni10Co5Cu5 amorphous
alloy, gear module = 50 μm, number of teeth = 10 [16].

In other examples of micro-extrusion studies, micro-forward and backward
extrusion of micro-gear shafts 50 μm in module and 500 μm in pitch diameter
have been successfully produced on amorphous alloys at comparably low forces
and high aspect ratios (Fig. 9.16). Amorphous alloys display perfect Newtonian
viscous flow and are suggested for the fabrication of micro-machines [16]. Cao
et al. extruded micro-pins of 0.48 and 1.2 mm diameter, using CuZn30 billets
of three different grain sizes of 32, 80, and 200 μm [20]. The grain size effect
on the flow stress was observed through the ram force. The results showed an
increase in ram force for billets of smaller grain size. In other words, the flow
stress of the material increases with decreasing grain size, a result that agrees
with the Hall–Petch equation [21,22].

9.5 MICRO-BENDING

Similar size effects were also observed in bending on a micro-scale; that is, the
material flow stress decreases with miniaturization (decreasing sheet thickness).
This observation was found to be consistent down to the single-grain deformation
region where the flow stress was observed to increase with further miniaturization
(i.e., ratio of sheet thickness to grain size, t/d , is less than 1) as shown in Fig. 9.17
[1,9,23]. This means that in the single-grain deformation regime with a given
sheet thickness, the flow stress would increase with increasing material grain
size. This result clearly contradicts the theory of metal forming on a conventional
scale, where the flow stress would decrease with increasing grain size according
to the Hall–Petch relation [21,22].
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Figure 9.18 Strain distribution from bending experiment: (a) fine grain and (b) coarse
grain [1].

The effect of grain size on the strain distribution in bent specimens was also
discussed in the same study by Geiger et al. [1]. Sheet blanks of CuZn15 with an
initial sheet thickness of 0.5 mm were bent and the strain distribution was plotted
as shown in Fig. 9.18 for fine grains (10 μm) and coarse grains (70 μm). The fine
grain blank (Fig. 9.18a) shows a typical distribution of strains as observed in a
bending process, whereas the coarse grain blank (Fig. 9.18b) shows a disturbed
strain distribution due to the irregular orientation of the grains. This may be the
reason for an increase in bending force when only a single grain is located over the
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thickness as the deformation mechanism will be minimized with a single-grain
structure, as opposed to finer and multiple grains that would have additional
deformation paths (i.e., more grain boundary motions and slip lines).

9.6 MICRO-STAMPING

Stamping is a process in which a metal sheet is formed by pressing it into the
shape of a pair of dies (female and male dies), Fig. 9.19a. Mahabunphachai
and Koç [24,25] conducted stamping experiments on thin blanks of SS304,
SS316L, SS430, Ni270, and Ti grade 1 and 2, all with an initial thickness of
51 μm, by using rigid dies with micro-channel arrays 0.75 mm in width and
height (Fig. 9.19b). The results showed the feasibility and process capability
in producing micro-channel arrays from thin metal sheets (Fig. 9.19c). A sim-
ilar study of micro-channel stamping was performed by Peng et al. [26], but
instead of a rigid punch, polyurethane rubber was used as a soft punch with
0.1-mm-thick SS304 blanks. The effects of the material grain size, friction, and
hardness of the soft punch on the formability were investigated numerically and
experimentally.

(a) (b)

(c)

Stamping F

Male 

Female 

Figure 9.19 Micro-stamping basics, sample die set, and Bipolar Plates (BPPs) for fuel
cells [26].
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9.7 MICRO-DEEP DRAWING

Deep drawing is a sheet forming process in which a sheet blank is radially drawn
into a forming die by a punch. At the micro-level, Saotome et al. [27] conducted
a study of the micro-deep drawing process by using thin steel sheets of thickness
(t) below 0.2 mm and punch diameter (Dp) ranging between 1 and 10 mm. The
characteristic ratio, Dp/t , varied between 10 and 100 in their experiments. It
was observed that the limiting drawing ratio (LDR) decreases with increasing
Dp/t . The effect of the blank holder pressure (p) was clearly recognized above a
Dp/t of 40. As Dp/t increased, the required blank holder pressure increased. In
addition, the effect of punch radius (Rd) on drawability was observed only below
a Dp/t of 15. Higher blank holder pressure was required as Rd/t decreased.

In order to investigate the applicability of the geometrical similarity law in
the micro-deep drawing process, another set of experiments was conducted with
specimen thicknesses of 0.05, 0.1, 0.2, and 1.0 mm in the same study. The results
are shown in Fig. 9.20.

The ratio of the maximum punch force measured during the experiment (Pexp)

to the maximum punch force calculated on the basis of Hukui’s and Yoshida’s
equation (Pcal) is shown in Fig. 9.20. The results show that the value of Pexp/Pcal

is very close to unity for Dp/t above 40. This suggests that the geometrical
similarity is held true for Dp/t exceeding 40. However, when Dp/t is below 20,
the Pexp/Pcal ratio deviates from unity, and the effect of the die radius becomes
remarkable. Furthermore, in the case where Dp/t = 10 and Rd/t = 5, bending
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Figure 9.20 The Pexp/Pcal ratio under various conditions [27].
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Figure 9.21 Micro-deep drawing cups with punch diameters between 1 and 8 mm [28].

is considered to be the dominant forming mechanism since the blank holder
pressure has little effect on the drawability and no effect on the working material
during the latter half of the drawing process.

Micro-deep drawing of cups of diameters between 1 and 8 mm on CuZn37
material (thickness between 80 and 300 μm) was performed in a more recent
study by Witulski et al. [28]. The cups were drawn successfully as shown in
Fig. 9.21. The punch force was measured during the experiments and the results
later used for comparison with the simulation. The validated finite element models
were further used to study the effects of other process parameters such as friction
coefficient, transverse anisotropy, drawing gap, and blank holder gap, on the
overall drawability.

Aluminum 99.5 foil with a thickness of 20 μm and mild steel foil with a
thickness of 25 μm were deep drawn using a 1-mm-diameter punch by Vollertsen
et al. [4]. The final shapes and the friction force measured during the deep
drawing on a micro-scale were compared with those measured on a macro-scale
in Figs. 9.22 and 9.23, respectively. Wrinkling was observed at the flange of
the micro-cup and not found on the macro-scale. The friction force was found to
decrease in both macro- and micro-cups when lubricant was applied; however, the
amount of the decreased friction force was significantly higher in the micro-cup
than that in the macro-cup.

Punch force was also compared between the two scales. It was found that the
forming force was much higher than the calculated value for the micro-cup, while
the force for the macro-cup was almost equal to the calculated value. Therefore,
the friction coefficient in micro-forming is much greater than that in macro-
forming. Vollertsen et al. also investigated the variation in the friction coefficient
at the flange and the die radius by using strips of St14 material that is 1 mm
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Figure 9.22 Comparison of macro- and micro-deep-drawn cups [4].
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Figure 9.23 Comparison of the effects of lubricant [4].

in thickness. They found that the friction coefficient was unequal at these two
locations, and it depended on the applied normal pressure [4].

9.8 MICRO-HYDROFORMING

Hydroforming is a type of sheet/tube forming that uses a high pressurized fluid
medium to press a piece of material into a die shape. At the micro-scale, the
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first study of micro-hydroforming to fabricate micro-features (grooves) on thin
foils of AISI304 stainless steel (2.5 μm thick) and pure copper (3.0 μm thick)
was performed by Joo et al. [29]. Successful forming of thin foils into sev-
eral micro-channel shapes with the channel dimensions of 10–20 μm in width
and 5–10 μm in height, using a static pressure up to 250 MPa, was demon-
strated as shown in Fig. 9.24. Nonetheless, only the copper foil could be fully
formed into a concentric channel shape, while the stainless steel foil could
not be fully formed into any channel shapes. Furthermore, the effect of inter-
channel distance (i.e., distance between two consecutive channels) was clearly
seen from the thickness distribution in the case of copper foil. The results
showed extreme thinning up to about 75% when a narrower interchannel dis-
tance of 1 μm was used compared to the wider channel spacing as shown in
Fig. 9.25.

Recently, Mahabunphachai and Koç investigated the size effects on the mate-
rial behavior and the formability of thin stainless steel sheets, using hydraulic
bulge testing and micro-channel hydroforming [30,31]. In their study, thin blanks
of SS304 of 51 μm thickness and three different grain sizes of 9.3, 10.6, and
17 μm were bulged into five different die diameters between 2.5 and 100 mm
(Fig. 9.26a). The test results showed a decrease in flow stress with increasing
grain size from 9.3 to 17 μm, and with decreasing bulge diameter from 100
to 10 mm. However, as the bulge diameter was decreased further from 10 to
2.5 mm, an opposite trend was observed; that is, the flow stress was found to
increase with decreasing bulge diameter. Fabrication of micro-channel arrays

Figure 9.24 Hydroformed micro-channels on ultrathin copper foil [29].

Figure 9.25 Effect of interchannel distance on the thickness distribution of the copper
foil [29].
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using hydroforming on the same thin blanks of SS304 0.46–1.33 mm in width
and 0.15–0.98 mm in height was also carried out by the same researchers. The
results showed the insignificant effect of grain size on channel formability for the
grain size range used in their study (9.3–17 μm). However, channel geometries
were shown to significantly affect the overall formability of the micro-channels,
as shown in Fig. 9.26b; and thus, were optimized using the FEA (finite element
analysis) tool in the same study [31].

9.9 EQUIPMENT AND SYSTEMS FOR MICRO-FORMING
APPLICATIONS

A micro-forming system is comprised of five major categories: material, pro-
cess, tooling, machine/equipment, and product (Fig. 9.27). The size effects on
material response and variation in several forming processes were previously
discussed in this chapter. In this section, the scaling-down effects on tooling,
machine/equipment, and product are discussed in detail.

In the design and fabrication of the tools for micro-forming, the small and
complex geometries needed for the tools are difficult to achieve, especially when
close tolerances and high surface quality are desired [32]. Special tool manufac-
turing techniques are required to overcome these difficulties. Carefully selected
tool material and simple shaped/modular tools can help reduce the cost of tool
making and the degree of difficulty involved in tool manufacturing, and increase
tool life.

ToolingTooling
- Design
- Manufacturing
- Surface condition
- Accuracy
- Tool wear

ProductProduct
- Part quality
- Reproducibility
- Measurement
- Springback

MaterialMaterial
- Size effects
- Anisotropy
- Variation

ProcessProcess
- Material flow
- Deformation mechanics
- Tribology
- Heat transfer

Machine/EquipmentMachine/Equipment
- Automation
- Handling methods
- Forming equipment/controls

Figure 9.27 Basic elements of a micro-forming system. (A full color version of this
figure appears in the color plate section.)
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A major challenge with respect to machine and equipment in the micro-
forming process arises from the need for high-precision and high-speed produc-
tion. Specifically, positioning of the micro-parts during the production process
requires an accuracy of the order of a few micrometers to submicrometers,
depending on the part type and ultimate use. In addition, since the part size
is extremely small and the part weight is too low, handling and holding of
micro-parts becomes very difficult because of adhesive forces (van der Waals,
electrostatic, and surface tension). Therefore, special handling and workholding
equipment need to be developed to overcome these difficulties while placing,
positioning, and assembling the micro-parts. Furthermore, the clearance or back-
lash between die and punch that could be negligible at the conventional scale can
become a major problem when the total required stroke to form the micro-part
and the clearance lie in the range of a few hundred micrometers [1]. Automation
systems on a micro-level are another challenge that will eventually need to be
studied and developed for the high-volume low-cost production process.

The last aspect of a micro-forming system that is affected by the miniaturiza-
tion concerns part quality. With the part size in a few hundred micrometers, the
measurement and inspection of the final micro-parts for quality assurance require
special tools with high precision.

9.10 SUMMARY AND FUTURE WORK

It is believed by many engineers and researchers that micro-forming will be the
future of mass production for micro-features/parts. A large number of studies
have been carried out to investigate the size effects in different micro-forming
processes as discussed in detail in this chapter. Nonetheless, more attempts are
still required, especially in the area of material characterization on a micro-scale,
in order to utilize a more accurate material model for part and process design
using FEA. Another crucial aspect of micro-forming that requires special attention
and fast development is the equipment suitable for micro-scale productions. With
the downscaling of the parts, the use of conventional-scale tools and equipments
is no longer economical because of the unnecessarily high machine power and
machine space. Therefore, the development and utilization of micro-machines
(table-top machines) and the concept of micro-factory are crucial and inevitable
for mass-scale production of micro-features/parts.
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31. Mahabunphachai S, Koç M. Fabrication of micro-channel arrays on thin metallic
sheet using internal fluid pressure: investigations on size effects and development of
design guidelines. J Power Sources 2008;175(1):363–371.

32. Qin Y. Micro-forming and miniature manufacturing systems—development needs
and perspectives. J Mater Process Technol 2006;177:8–18.



CHAPTER 10

MICRO-ELECTRO DISCHARGE
MACHINING (μEDM)
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Mechanical Engineering Department, National University of Singapore (NUS),
Singapore

10.1 INTRODUCTION

The very phenomenon of removal of material by electrical spark was first noticed
around the year 1700 by Benjamin Franklin. The origin of electrical discharge
machining (EDM) dates back to 1770, when English scientist Joseph Priestly
discovered the erosive effect of electrical discharges [1]. However, the process
of material removal by controlled erosion through a series of sparks, commonly
known as electric discharge machining, was first started in the USSR in the
1940s, when a scientist couple, Doctors B.R. and N.I. Lazarenko, first applied
it to a machine for stock removal [2]. One of the two principal types of EDM,
the die-sinking process, was introduced as early as in the 1940s [2] and sub-
sequently, various advanced features, including pulse generators, planetary and
orbital motion techniques, Computer Numerical Controlled (CNC), and the adap-
tive control mechanism, were incorporated in it. The evolution of wire-EDM in
the 1970s [3] was due to developments in generator technology, new wire tool
electrodes, better mechanical concepts, improved machine intelligence, better
flushing, etc. During the last few decades, this process has found wide applica-
tions in many industrial domains, such as mold and die manufacturing, and small
and burr-free micro-hole drilling.

Even though micro-EDM is based on the same physical principle as spark
erosion, it is not merely an adaptation of the EDM process for machining
on a micron level. There are significant differences in the size of the tool
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used, fabrication method of micro-sized tools, the power supply of discharge
energy, movement resolution of the axes of the machine tools, gap control and
flushing techniques, and also in the processing technique [4,5]. For example,
micro-EDM milling , wire electro-discharge grinding (WEDG) and repetitive
pattern transfer are commonly employed in and more specific to the micro-EDM
process.

While the EDM process has found widespread applications in the industry
over the last 70 years, the early demonstration of micro-EDM was done in 1968
by Kurafuji and Masuzawa [6], who achieved drilling of a minute hole of sev-
eral microns in a 50-μm thick carbide plate. Since then, there has been much
research effort on the development of micro-machining processes. Despite the
effort, initially it had a rather slow industrial acceptance for production pro-
cesses, until recently when the use of micro-EDM for micro-scale manufacturing
became inevitable because of the demand for miniaturization.

With growing trends toward miniaturization of machined parts, developments
in the area of micro-electromechanical systems (MEMS), and requirements for
micro-features in difficult-to-cut materials, micro-EDM has become an important
and cost-effective manufacturing process because of its noncontact machining
capability due to micro-sized tools. Promising applications are not limited to the
machining of hard materials for micro-molds, but also include the production
of difficult-to-make features such as fuel injection nozzles, spinneret holes for
synthetic fibers, electronic and optical devices, micro-mechatronic actuator parts,
and micro-tools for producing these devices [7,8].

10.2 THE MICRO-EDM PROCESS

10.2.1 Physical Principles of Micro-EDM

10.2.1.1 Basic Mechanism of Micro-EDM. Micro-EDM is the process of
machining electrically conductive materials in the form of micro-size craters by
using precisely controlled sparks that occur between an electrode and a work-
piece in the presence of a dielectric fluid [9]. The physical principle of the
micro-EDM process is essentially similar to that of the EDM process with the
differences mentioned above. The machining process is driven by an assigned
and controlled gap, voltage, energy, and frequency of discharge. High frequencies
(>200 Hz) and small energies (10−6 to 10−7 J) for every discharge (40–100 V)
are required to obtain high accuracy and good surface qualities (roughness of
about 0.1 μm) [10]. The discharge energy is supplied by a pulse generator and
a servo system is employed to ensure that the electrode moves at a proper rate
to maintain the right spark gap, and to retract the electrode if short-circuiting
occurs. A dielectric circulation unit with pump, filter, and tank is used to sup-
ply the fresh dielectric in the gap and to maintain the proper flushing out of
debris.
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10.2.1.2 Sparking and Gap Phenomena in Micro-EDM. The sparking
phenomena during micro-EDM can be divided into three important phases,
namely, preparation phase for ignition, phase of discharge, and interval phase
between discharges [11]. When the gap voltage is applied, an electric field
or energy column is created, which gains highest strength once the electrode
and the surface are closest. The electrical field eventually breaks down the
insulating properties of the dielectric fluid. Once the resistivity of the fluid is
lowest, a single spark is able to flow through the ionized flux tube and strike the
workpiece. The voltage drops as the current is produced and the spark vaporizes
anything in contact, including the dielectric fluid, encasing the spark in a sheath
of gasses composed of hydrogen, carbon, and various oxides. The area struck by
the spark melts quickly and may even vaporize. When the current at this point
is switched off, which is during the pulse interval, the heat source is eliminated
and the sheath of vapor around the spark implodes. Its collapse creates a void
or vacuum and draws in fresh dielectric fluid to flush away debris and cool
the area. Reionization also occurs, which provides favorable conditions for the
next spark. Figure 10.1 illustrates the physical principle and the gap phenomena
during the micro-EDM process.

10.2.2 Pulse Generators/Power Supply

Micro-EDM is probably the most promising micro-machining technique because
of its noncontact nature of machining capability, as has been described in the
introduction. While precision, rigidity, and repeatability of the machine tool struc-
ture are the cardinal factors from the machine tools point of view for conventional
micro-machining processes, nonconventional micro-machining processes, such
as micro-EDM, requires advanced process control capabilities in addition to the
perfection of machine tool structure. For example, to realize precision micro-
machining, one important point is that the smallest unit removal (UR) should be
minimal, which is the volume or the size of the part removed from the work-
piece by the unit of the removal phenomenon. For example, in micro-EDM, the
UR is a crater produced by one pulse of discharge which is a kind of quanta
[5,13–16], and to minimize the UR in micro-EDM, the pulse shape needs to be
controlled such that less energy is discharged in every pulse as opposed to the
cutting processes, where the UR consists of depth of cut, feed pitch, and the cut
length corresponding to one chip. Because the UR controls surface roughness,
smallest machinable feature, accuracy of feature control, and machining quality,
the amount of energy released in every spark determines such output parameters
in micro-EDM. The troubling fact is that the UR of micro-EDM is comparatively
large but the cutting force is very small because of noncontact machining, and
on the other hand for conventional micro-cutting, the UR can be quite small but
the cutting force is comparatively very large. Therefore, for micro-machining by
micro-EDM, it is essential to minimize the spark energy released from each spark
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Figure 10.1 (a) Representation of sparking phenomena in EDM [8] and (b) Model of
EDM gap phenomena [12].

to achieve smaller UR, which will result in smaller machinable feature size and
finer surface roughness. But in addition to that, it is also important to maintain
high machining throughput, and the problem in micro-EDM is that the UR fre-
quency is more of a quantum in nature, which can vary significantly because of
the sparking condition as opposed to the more-of-a-continuous UR frequency in
conventional cutting process defined by the continuous feed rate.

Among the two major types of micro-EDM power supply, namely resistance—
capacitance (RC ) or relaxation-type and transistor-type pulse generator
(Fig. 10.2), RC -based power supply has found widespread applications in
micro-EDM, a rebirth after being replaced earlier by transistor-type power
supply for conventional EDM power supply [12,17,18].

10.2.2.1 Transistor-Type Pulse Generator. In a transistor-type power sup-
ply (Fig. 10.2a), a series of resistances and transistors are connected in parallel
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Figure 10.2 Schematic representation of basic circuit diagram of (a) transistor-type and
(b) RC -type pulse generator.

between the direct current power supply and the discharge gap. The discharge
current increases in proportion to the number of transistors, which are switched
on at the same time. The switching ON–OFF of the gate control circuit is oper-
ated by the Field-effect transistor (FET). In order to generate a single pulse, the
gap voltage is monitored to detect the occurrence of discharge and after the preset
discharge duration, the FET is switched off.

The pulse duration and the discharge current can be arbitrarily changed in
transistor-type pulse generators, depending on the machining characteristics
required and provide for a very uniform pulse shape resulting in much better
control of surface roughness. The discharge energy in every spark is controlled
by the resistance across the circuit and the input voltage (R and V cc in
Fig. 10.2a). The smallest UR in transistor-type power supply is achieved by
increasing the resistance with voltage settings at around 60 V, as voltages
lower than 60 V result in unstable discharges [17,18]. Even though the UR
could be minimized significantly in transistor-type circuits by increasing the
resistance, difficulty arises in minimizing the UR frequency, as micro-EDM
is essentially a discontinuous material removal process, as was mentioned
earlier. The sparks generated from the transistor-type pulse generator can be
controlled using electronics. The decision-making process of the electronics (or
micro-controllers) are based on the set value of the ON/OFF time, the duty ratio,
signal propagation delay as well as the inherent delay of the power transistor.
All those processes contribute to more than few hundred nanoseconds, even
very fast electronics are used in the setup [12,19]. This imposes a limit on the
shortest pulse duration.

Transistor-type power supply is widely used in conventional EDM, where a
much higher UR is acceptable for higher material removal rates (MRRs) and
the achievable UR frequency is higher than the frequency that a RC -type circuit
can provide. This is due to the fact that to provide for higher discharge energy,
a larger capacitor is needed, which in turn requires a larger charging time and
results in a small UR frequency.

10.2.2.2 RC-Type Pulse Generator. In an RC - or relaxation-type circuit,
discharge pulse duration is dominated by the capacitance of the capacitor and
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the inductance of the wire connecting the capacitor to the workpiece and the tool
[7,8], and the discharge energy is determined by the used capacitance. In case
of an ideal RC-type pulse generator shown in Fig. 10.2b, the repetition of the
charging and discharging cycle occurs. During the charging cycle the capacitor
C is charged through the resistor R, and discharged between the electrode and
workpiece in the discharging cycle. The pulse energy E induced in the gap is
calculated by using the following formula [14,18], assuming that the gap voltage
Vg is constant during the discharge.

E = 2CVg(V − Vg) (10.1)

where C is the discharge capacitance and V is the supplied DC voltage. When
V = 2Vg, the discharge energy is the maximum and equal to 0.5CV 2, which is
equal to the energy stored in the capacitor. For a more realistic case, the RC -type
pulse supply will have a stray capacitance between the electric feeders, between
the tool electrode holder and the work table, and between the tool electrode
and the workpiece, and this results in the following modified form of the above
equation:

E = 2(C 1 + C 2)Vg(V − Vg) (10.2)

This means that the minimum achievable discharge energy per pulse is determined
by the stray capacitance (C 2) when discharge capacitance (C 1) is set to 0, and
thus, in order to reduce the pulse energy, it is important to reduce the stray
capacitance between the wire and the workpiece. In the final finishing or while
machining features at the lower boundary of micro-machining domain [4], a
minimum discharge energy is necessary, and the capacitor is then not wired and
machining is conducted with the stray capacitance only [7]. It can easily generate
pulses with high peak current values and short duration, allowing efficient and
accurate material removal, and meanwhile achieving the required surface quality.
On a carefully designed equipment, the stray capacitance could be minimized to
as small as around 10–12 pF, which can deliver 0.2-mA peak current and 30-ns
wide pulse [20].

The frequency of discharge (discharge repetition rate) depends upon the charg-
ing time, which is decided by the resistor (R) used in the circuit and this provides
for an additional advantage of the RC power supply: when the capacitance is
reduced, the capacitor charging-up time is reduced following a first-order differ-
ential equation. The time taken for full charging-up of a capacitor is given by
5 × RC and for the case of R = 1 k� and C = 10 pF, the full charging time of
the capacitor would be around only 50 ns. Therefore, “R” should not be made
very low, because arcing can occur instead of sparking and a critical resistance
that will prevent arcing is desirable [21].
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However, machining using the RC pulse generator usually has an extremely
low removal rate, as the energy per spark is reduced significantly while relying on
the uncontrolled spontaneous discharge frequency bottlenecked by the required
capacitor charging time. In addition, uniform surface finish becomes difficult to
obtain because the discharge energy varies depending on the electrical charge
stored in the capacitor before dielectric breakdown. Moreover, thermal damage
can occur easily on the workpiece if the dielectric strength is not recovered after
the previous discharge and the current continues to flow through the same plasma
channel in the gap without charging the capacitor [19].

The main reason why an RC -type power supply is still used in micro-EDM is
the fact that the capacitor charging time for a very small capacitor is usually much
smaller, around few tens of nanoseconds, than the smallest duration of the OFF
time that can be reliably achieved using a transistor-type power supply designed
using available electronic components. In addition, if an active control of power
supply is expected upon short circuit detection, a transistor power supply would
require additional tens of nanoseconds for the discharge current to diminish to
zero. Therefore, in this mean time, the existing high current may pass through
the circuit, causing damage to the fine features to be machined in the workpiece.

10.2.2.3 Research on Advanced Power Supply
10.2.2.3.1 Transistor-Type Isopulse Generator: Modification of Transistor-
Type. The major problem of the transistor-type pulse generator is that the delay
time in the transmission of detected signals is long. In order to shorten this delay
time, the transistor-type isopulse generator for micro-EDM shown in Fig. 10.3a
was developed [19]. Rough and semifinishing can be carried out by short-
circuiting points P1 and P2, and finishing by inserting the supplementary circuit.
In the case of roughing and semifinishing, the discharge current is cut off by
FET1. The pulse current is monitored to detect discharge instead of monitoring
the gap voltage. In addition, as the output of the current sensor is lower than 5 V,
it can directly be input into the pulse control circuit, eliminating the use of the
voltage attenuation circuit. As a result, the delay time in the new transistor-type
isopulse generator developed was shortened to a considerable extent, and a min-
imum pulse duration of about 80 ns was obtained. In order to further shorten the
pulse duration, it is necessary to shut off the discharge current without the use
of a pulse control circuit and gate drive circuit. The circuit encircled by the dot-
ted line shown in Fig. 10.3a was therefore developed. To shut off the discharge
current immediately when discharge occurs in the gap, this circuit is activated
by disconnecting points P1 and P2 and inserting the circuit between them. When
discharge occurs in the gap, Tr1, Tr2, and Tr4 are turned on because of the dis-
charge current, resulting in FET2 being turned off. Since FET2 is turned off, the
discharge is stopped and the discharge current becomes zero. Hence, Tr1, Tr2, and
Tr4 are turned off and FET2 is turned on, initializing the circuit autonomously.
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Figure 10.3 (a) Basic circuit diagram of transistor-type isopulse generator for micro-
EDM [19]; (b) capacity-coupled pulse generator developed for nano-EDM [22].

10.2.2.3.2 Capacity Coupled Pulse Generator: Modification of RC-Type.
During micro-EDM using RC-type pulse generator, the minimum electric dis-
charge energy per pulse is determined by the stray capacitance, indicating a limit
to miniaturization [23]. However, machining of micro-rods smaller than 1.0 μm
in diameter has been found difficult because crater diameters of smaller than
2.0 μm cannot be obtained using the conventional RC-type pulse generator as
the stray capacitance cannot be eliminated completely [24,25]. Therefore, a new
pulse generator using the capacity coupling method was developed. With this
method, as electric feeding can be carried out without contact with the tool elec-
trode, the influence of the stray capacitance in the circuit can be eliminated,
thereby realizing discharge craters of nanometer order.

As shown in Fig. 10.3b, the feeding electrode, tool electrode, and workpiece
are coupled by capacity in series. In the figure, C 1 is the capacitance of the
feeding gap between the feeding electrode and the tool electrode, and C 2 is
the capacitance of the working gap between the tool electrode and workpiece.
A pulse voltage V is applied between the feeding electrode and the workpiece
with a constant pulse duration. R0 is the internal electric resistance of the pulse
generator. A definite distance is set between the feeding electrode and the tool
electrode, in order to ensure that discharge does not occur and there is no con-
duction of electric charge between them. When the voltage of the pulse generator
becomes V , the capacitances of both the feeding gap and the working gap, C 1
and C 2, are charged. In the working gap, the tool electrode and the workpiece are
charged positive and negative respectively, creating a high electric field. Accord-
ingly, discharge occurs and electrons are conducted from the workpiece to the
tool electrode. As the discharge duration is significantly short, not longer than
several tens of nanoseconds, the dielectric breakdown strength of the working
gap is recovered immediately.
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10.2.3 Variants of Micro-EDM

10.2.3.1 Die-Sinking Micro-EDM. Die-sinking micro-EDM is the earliest
and most common type of micro-EDM. In die-sinking micro-EDM, electrodes
with the desired micro-features are employed on the workpiece to produce cor-
responding mirror images. In die-sinking micro-EDM, the tool electrode has
the complementary form of the finished workpiece and literally sinks into the
workpiece, as can be seen in the illustration of Fig. 10.4a.

10.2.3.2 Milling Micro-EDM. Milling micro-EDM is a comparatively
newer process, which eliminates the need for complex-shaped electrodes
usually required in die-sinking. In this process, usually tubular or cylindrical
micro-electrodes are employed to produce the desired complex shape by
scanning. A cylindrical electrode rotates around its axis (Z -axis) with the
scanning movements in the X and Y directions. The contour of a particular layer
is specified in the part program of CNC. However, owing to tool wear, there
exist serious issues in micro-EDM milling related to tool wear compensation,
maintenance of tool shape from side wear while machining only by bottom
wear, and control of the thickness of the layer to be machined, and therefore,
quite a number of motion control strategies as well as wear compensation
method have been evolved to handle such issues, each having unique advantages
in specific situations [4,7]. For example, in one type of algorithm, the Z axis
is expected to provide an up-and-down motion for the gap control based on
the sampled gap voltage status while the X and Y axes are expected to make
a linear or circular oscillatory motion [20], whereas in another algorithm, the
Z axis is moved down at steps as in the milling process [7]. This is specially
a challenging task from the motion control point of view to cater to all such
different algorithms with the concern that a little delay in the sampling of the
gap voltage can result in breakage of the fine electrode.

10.2.3.3 Micro-WEDM. Micro-WEDM (wire electrical discharge machining)
is one of the variants of EDM technology that can be very well adapted for the
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movement along

X or Y-axis

Wire electrode
(−)

Upper wire
guide

Upper feeding
brush Workpiece (+)

Lower feeding
brushLower wire guide
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Figure 10.4 Schematic representation of (a) die-sinking micro-EDM, (b) milling micro-
EDM [26], and (c) micro-WEDM [12].
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micro-fabrication applications. In micro-WEDM, a continuously traveling micro-
wire is used to cut through a conductive workpiece according to the programmed
path. The basic mechanism of micro-WEDM is the same as that of micro-EDM
as the material is removed by a series of electric sparks between the workpiece
and wire electrode. Figure 10.4c schematically represents micro-WEDM.

10.2.3.4 Micro-EDG and Micro-WEDG. One of the most commonly used
micro-EDM variants is the micro-electro-discharge grinding (micro-EDG). Dur-
ing micro-EDM, to fabricate a micro-electrode on-machine from an electrode
thicker than the required one, micro-EDG with a sacrificial electrode is used.
Different setup and trajectory control of the sacrificial electrode can be used
in this process, such as using a “stationary block,” “rotating disk,” and “wire-
EDG (WEDG).” In the stationary block’ setup, due to dimensional changes in
the sacrificial electrode, the diameter of the tool electrode fabricated is usually
unpredictable, but provides a smooth surface. The use of a rotating disk involves
a rather complicated setup, although it provides good shape accuracy. The WEDG
process has the capability of producing extremely slender rods with good aspect
ratio and has received wide industrial acceptance. The main advantage of the
block electrode method is its capability to fabricate electrodes that are not cylin-
drical in shape (e.g., triangular or square electrode), in addition to being cheap,
with lower operating costs [27]. Another important factor is that the diameter
precision of commercially available brass wire commonly used for WEDG is
usually ±1 μm [28], which is added to the accuracy of micro-EDM process [23]
and therefore, in some cases the surface finishing efficiency of WEDG was not
found to be as high as that in the rotating disk fabrication method [29].

A process called “moving block EDG” has been developed to combine the
advantages of both the “stationary block” and “rotating disk” electrode fabrication
techniques. In this technique, while the tool electrode (Z -axis) controls the spark
gap at the top surface of the sacrificial block, a to-and-fro relative translational
motion between the block electrode and the tool electrode is provided along the
longitudinal axis of the block electrode. The erosion is distributed uniformly over
a larger area of the block electrode, which creates electrodes with very smooth
surface and very good shape accuracy, and is not tapered. However, the length
of the electrode produced is always smaller than the targeted length because of
grooves created on the surface of the block electrode. Figure 10.5 shows different
types of micro-EDG process for on-machine fabrication.

10.2.3.5 Micro-EDM Drilling. In micro-EDM drilling, micro-electrodes are
used to “drill” micro-holes in the workpiece. However, the problem with deep
small-hole drilling by micro-EDM is that forming and clamping the long electrode
are difficult. Therefore, the micro-electrodes used are fabricated on-machine with
high accuracy, using the different micro-EDG processes shown in Fig. 10.6. This
also solves the clamping problem, because the electrode is clamped before the
forming process and never reclamped until the hole is machined [13]. Figure 10.6
shows the consecutive process of on-machine electrode fabrication, measurement
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Figure 10.5 Different types of micro-EDG process using (a) stationary sacrificial block,
(b) rotating sacrificial disc, (c) wire-EDG, and (d) moving BEDG process [30].
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Figure 10.6 micro-EDM drilling process: (a) on-machine electrode fabrication by
BEDG, (b) on-machine measure by laser, and (c) drilling of high-aspect-ratio micro-
holes [29].

of micro-electrode and micro-EDM drilling with fabricated electrode. A compar-
ison of the capabilities of five variants of micro-EDM is presented in Table 10.1.

Figure 10.6 micro-EDM drilling process: (a) on-machine electrode fabrication
by Block Electro-Discharge Grinding (BEDG), (b) on-machine measure by laser,
and (c) drilling of high-aspect-ratio micro-holes [29].

10.2.3.6 Planetary or Orbital Micro-EDM. One of the common problems
during die-sinking micro-EDM or micro-EDM drilling is the debris accumula-
tion, which becomes worst during machining high-aspect-ratio micro-structures.
Therefore, adding a relative motion between the electrode and the workpiece,
other than the electrode feeding motion, produces a wide clearance between
them for fluid circulation and then reduces debris concentration, resulting in a
high MRR, low electrode wear ratio, and higher machining accuracy. This results
in lesser wear of the bottom edges of the tool and therefore, minimizes undesirable
tapering and waviness at the bottom surface of the blind micro-hole [31]. The tool
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TABLE 10.1 Comparison of the capabilities of the micro-EDM variants [8]

Micro-EDM Geometric Minimum Maximum Surface
Variant Complexity Feature Size Aspect Ratio Quality, Ra (μm)

Drilling 2D 5 μm ∼25 0.05–0.3
Die-sinking 3D ∼20 μm ∼15 0.05–0.3
Milling 3D ∼20 μm ∼10 0.5–1
WEDM 2.5D ∼30 μm ∼100 0.1–0.2
WEDG Axi symmetric 3 μm 30 0.8
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Figure 10.7 (a) Schematic representation of planetary micro-EDM, (b) the planetary
movement of electrode for micro-hole [32], and (c) planetary movement for noncircular
hole [31].

path depends on the complexity of the feature to be machined. Figure 10.7a–c
represents the schematic of planetary micro-EDM, orbital movement for round
micro-hole and for square micro-hole respectively.

10.2.3.7 Reverse Micro-EDM. Reverse micro-EDM [33] comprises different
steps including fabrication of single micro-electrode, using micro-EDG; fabrica-
tion of arrays of micro-holes, which will act as the negative electrode during
reverse EDM; and finally fabrication of multiple electrodes, using reverse micro-
EDM. The polarity of the electrode and that of the sacrificial workpiece are
interchanged during reverse micro-EDM, so that the electrode can be extruded
among the arrays of micro-holes. In this process, the electrode is considered as
the workpiece, and is fed down to the holes of the metal plate to be machined by
electrical discharge that occurs within machining gap. However, the regions that
correspond to the holes are not machined. Finally, micro-electrodes are machined
as many as the holes. The principle of reverse micro-EDM is presented schemat-
ically in Fig. 10.8. Consecutive application of this reverse micro-EDM process is
also known as micro-EDMn and is capable of doing batch processing by perform-
ing repetitive pattern transfer, which is discussed in more detail in Section 10.5.4.
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Figure 10.8 Principle of reverse micro-EDM: (a) fabrication of micro-hole using normal
micro-EDM and (b) fabrication of micro-electrode using reverse micro-EDM [33].

10.3 MICRO-EDM PROCESS CONTROL PARAMETERS

10.3.1 Electrical Parameters

10.3.1.1 Pulse Waveform and Discharge Energy. The pulse shape and the
discharge energy for micro-EDM depend mainly on the type of pulse generator.
Figure 10.9a and b shows the ideal voltage and current signals for transistor and
RC-type pulse generator respectively. The discharge energy of a pulse generator
can be determined from its electrical and discharge parameters. The higher the
discharge energy is, the higher the MRR will be. However, the relative electrode
wear (RWR) also increases, and surface finish deteriorates with the increase in the
discharge energy. The pulse shape used in micro-EDM is normally rectangular,
but generators with other pulse shapes have also been developed for various
functions [34]. For example, generating trapezoidal pulses during micro-EDM
was found to provide reduced relative tool wear to very low values [35].

In the transistor-type pulse generator, when the transistors are switched on,
the open voltage, ue, is applied between the tool electrode and the workpiece, but
discharge does not occur immediately but occurs after the ignition delay time.
After the dielectric breakdown, a discharge current, ie, is passed through the gap.
The gate control circuit keeps the transistors on for the discharge duration, te,
after the dielectric breakdown, resulting in a uniform discharge crater size. Then
after the fixed discharge interval, t0, the transistors are again switched on and the
open voltage is applied between the electrodes. The discharge energy per single
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Figure 10.9 Ideal voltage–time (top) and current–time (bottom) characteristics
curve/waveform for (a) transistor-type and (b) RC-type pulse generator [36–40].

pulse, q , is expressed as

q = ue × ie × te (10.3)

where ue is the discharge voltage, ie is the discharge current, and te is the pulse
duration [12].

For the RC -type, the charging time of capacitor (C ) is considered as the OFF
time or the pulse interval, whereas the discharging time is considered as the pulse
ON time. One of the important characteristics of RC -type pulse generator is that
the breakdown or discharging voltage (V ) is lower than the charging voltage, and
therefore, sometimes discharging starts before the capacitor is fully charged [19],
which creates nonuniform discharge energy. The peak current is the amount of
current that reaches before discharging starts. Considering V = 2Vg in Eq. (10.1),
a simplified form of the discharge energy per single pulse, q , is expressed as

q = (1/2)CV 2 (10.4)

where C is the capacitance used for machining and V is the discharging volt-
age [15].

10.3.1.2 Discharging, Breakdown, Open-Circuit, and Gap Voltage. Dis-
charge voltage in micro-EDM is related to the spark gap and the breakdown
strength of the dielectric. Breakdown voltage is the threshold voltage at which
the initiation of breakdown occurs. However, before the current can flow, the open
gap voltage increases until it has created an ionization path through the dielectric.
Once the current starts to flow, voltage drops and stabilizes at the working gap
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level. The voltage at the gap between the electrode and the workpiece is known
as gap voltage. The applied voltage determines the total energy of the spark.
Higher voltage settings increase the gap, which improves the flushing conditions
and helps to stabilize the machining and increase the MRR. But at the same time,
higher voltage will also contribute to poor surface roughness.

10.3.1.3 Peak Current. The term “peak current” is often used to indicate the
highest current during the machining. The higher the peak current is, the higher
the discharge energy will be. During each ON-time pulse, the current increases
until it reaches a preset level, which is expressed as the peak current. Higher
currents will improve the MRR, but at the cost of surface finish and tool wear.

10.3.1.4 Pulse Duration. This is the duration of time for which the current is
allowed to flow per cycle. The discharge energy is really controlled by the peak
current and the length of the pulse on time. It is the “work” part of the spark
cycle, when the current flows and work is done only during this time. Material
removal is directly proportional to the amount of energy applied during this time.
With longer period of spark duration, the resulting craters will be broader and
deeper; therefore, the surface finish will be rougher. Shorter spark duration, on
the other hand, helps to obtain fine surface finish. However, excessive pulse
duration can be counterproductive [34].

10.3.1.5 Pulse Interval. This is the duration of time between two successive
sparks when the discharge is turned off. Pulse off time is the duration of rest
or pause required for reionization of the dielectric. This time allows the molten
material to solidify and to be washed out of the spark gap. If the pulse off
time is too short, it will cause sparks to become unstable, and then more short-
circuiting will occur. On the other hand, a higher pulse off time results in higher
machining time, but it can provide the stability required to successfully EDM a
given application. When the pulse OFF-time is insufficient compared to the ON-
time, it will cause erratic cycling and retraction of the advancing servo motors,
slowing down the operation.

10.3.1.6 Duty Ratio or Duty Factor. Duty factor is a percentage of the
pulse duration relative to the total cycle time. It is a measure of efficiency and
is calculated by dividing the on time by the total cycle time. Generally, a higher
duty factor means increased cutting efficiency. It is calculated in percentage by
dividing the pulse duration by the total cycle time (ON-time + OFF-time).

10.3.1.7 Pulse Frequency. Pulse frequency is the number of cycles produced
across the gap in one second. The higher the frequency is, the finer the surface
finish that can be obtained will be. With an increase in the number of cycles per
second, the length of the ON-time decreases. Short ON-times remove very little
material and create smaller craters. This produces a smoother surface finish with
less thermal damage to the workpiece. Pulse frequency is calculated by dividing
1000 by the total cycle time (ON-time + OFF-time) in microseconds [34].
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10.3.1.8 Electrode Polarity. Generally, during the micro-EDM process elec-
trons are emitted from the cathode and move toward the anode. After reaching
the anode, the electrons strike the anode surface and as a result cause the metal
ions to be removed from the anode material. Therefore, it is the anode that loses
more weight because of more material removal from its surface. This is a more
common reason for getting high MRRs when the workpiece is the anode and an
electrode is used as the cathode (negative polarity) [37–41].

10.3.2 Material Parameters

10.3.2.1 Electrode Tool Material. Because micro-EDM is a thermal process,
the influence of the thermal properties of the electrode materials on its perfor-
manceis significant. When the heat fluxes from the arc column are equal, higher
heat conductivity results in lower temperatures on the electrode surface [12].
Hence materials with higher heat conductivity are suitable as tool electrodes.
Materials with higher melting point and boiling point are also suitable as tool
electrodes. The important properties of the electrode materials, including thermal
and electrical conductivity, melting and boiling temperatures, and specific heat,
influence the micro-EDM process [37–40].

10.3.2.2 Wire Materials for Micro-WEDM. The performance of micro-
WEDM, that is, MRR, wire breakage, and speed of the machining, is influenced
by the electrical properties, thermal properties, as well as tensile strength of
the wire materials. The wire materials should possess high discharge capacity,
low electrical resistance, and high tensile strength, at high temperatures and at
a reasonably low cost. In addition, the thermal characteristics of the wire mate-
rials such as specific heat, heat conductivity, melting point, and boiling point
should also be taken into consideration when selecting proper wire materials for
micro-WEDM.

10.3.2.3 Dielectric Material. During the micro-EDM process, as the machin-
ing zone is immersed in the dielectric media, the properties of dielectrics such as
chemical compositions, viscosity, dielectric strengths, and cooling rates play an
important role. Moreover, the dielectric fluid also serves several functions such
as flushing of debris from the machined zone and acting as a coolant. The higher
the flash point temperature and the dielectric strength are, the safer and finer the
controlled sparking will be. The lower the viscosity of the dielectric fluid is, the
better the accuracy and finishing will be. Lower specific gravity and colorless
dielectric are more desirable for better performance [42].

10.3.2.4 Workpiece Material. The workpiece materials should have
sufficient electrical conductivity so that they can be machined by micro-EDM.
The EDM machinability of a workpiece material depends on the thermal
conductivity, specific heat, melting point, and evaporation point [43].
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10.3.3 Mechanical and Motion Control Parameters

10.3.3.1 Gap Control and Servo Feed. Unlike other micro-machining pro-
cesses, the electrode feed is not continuous during micro-EDM. The main purpose
of the servo feed control is to maintain proper spark gap or gap width during the
machining, in addition to ensuring that the process is more stable by minimiz-
ing the open circuit, arcing, and short-circuiting during machining. A stable gap
control system enables better dimensional accuracy of micro-machined features
by predicting the gap distance and offsetting tool position [8]. Larger gap width
causes longer ignition delays, resulting in a higher average voltage. Tool feed
speed increases when the measured average gap voltage is higher than the preset
servo reference voltage and vice versa [12]. Other than the average gap voltage,
the average delay time can also be used to monitor the gap width. In some cases,
the average ignition delay time is used in place of the average gap voltage to
monitor the gap width [44]. In addition, gap-monitoring circuits can also identify
the states and ratios of gap open, normal discharge, transient arcing, harmful
arcing, and short circuit [8].

10.3.3.2 Positioning Accuracy and Repeatability. During micro-EDM,
the accuracy and repeatability of positioning of the machine employed is a
major source of errors [45]. For both the fabrication of micro-electrodes and
fabrication of micro-features, using on-machine fabricated micro-electrodes with
high dimensional accuracy and repeatability, proper positioning accuracy should
be maintained. The accuracy and repeatability of positioning of a micro-EDM
machine can be measured using a laser interferometer. To machine a micro-hole
at a specific position, the accuracy of positioning of the machine will affect
mainly the position of the hole, while the repeatability of positioning will impact
the size and shape of the hole. The accuracy of measurement is dependent on
the speed of approach to the workpiece surface. The lower it is in relation to the
speed of rotation of the electrode, the smaller the error will be.

10.3.3.3 Electrode Shape and Rotation. Electrode rotation can signifi-
cantly enhance the flushing process in micro-EDM and significantly improve the
overall performance of micro-EDM as well as improve dimensional accuracy
and surface finish. With the increase in the electrode rotational speed, the tan-
gential velocities of the electrode increase, which promotes the disturbance of
the dielectric [46]. The increased flow speed of the dielectric helps to separate the
debris from the machined zone, thus facilitating further material removal from the
workpiece. The RWR decreases with increase in the electrode rotational speed.

The electrode shape can certainly improve the flushing condition and the
overall performance of micro-EDM. Improved flushing of debrishas been reported
with the use a single-side notch electrode compared to cylindrical electrodes [47].
Using a helical micro-tool electrode for micro-EDM combined with ultrasonic
vibrations can substantially reduce the EDM gap, taper, and machining time for
deep micro-hole drilling [49].
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10.3.3.4 Wire Tension and Wire Speed in Micro-WEDM. The amount of
wire tension affects the dynamic stability condition of the micro-WEDM process.
The deflection of the wire happens because of different kinds of forces working
on it, such as electromagnetic force, flushing pressure, and pressure of the spark.
If tension is less, there is a greater chance of wire bending and inaccuracy in
machining. Because of continuous motion of the wire, if proper tension is not
maintained, there could be high vibration at the machining area. This can cause
undesirable gap width, excessive short circuit, and even wire breakage. Too high
wire tension again can cause the wire to break often.

Wire speed is the relative velocity of the wire at which it moves across the
workpiece during machining. The speed of the wire should not be too high so
as to reduce the usage of the wire. At very low speeds, the wire tends to break
more often, as the same region gets eroded more, reducing the tensile strength
of the wire.

10.3.3.5 Flushing Pressure and Flushing Mechanism. During micro-
EDM to maintain stable machining, it is critical to flush debris particles and
cool the working gap in order to prevent the localization and concentration of
discharge locations [12]. High flushing pressure can improve the overall flushing
mechanism, machining stability, and MRR, especially in micro-EDM drilling.
However, very high pressure can increase position error, in addition to reducing
dimensional accuracy due to deflection of the thin electrode used in micro-EDM.
On the other hand, the particles generated in micro-EDM can quickly accumu-
late because of the lack of flushing pressure and create an electrical short circuit
condition between the electrodes. This is aggravated by the fact that in moderate
settings of micro-EDM voltage, the spark gap can be as small as 3–4 μm. Pres-
sure or suction flushing through the holes in the electrode or workpiece remains
one of the most efficient flushing methods at least if those holes have to be
provided anyway, or does not harm the workpiece.

A special rotary electrode movement has been applied to enhance the pumping
action of the dielectric fluid during the lifting motion [50]. Orbiting of the tool
or workpiece has also been found to assist flushing and improve machining
conditions. In addition, the flushing direction can have significant influence on
the performance of machining. Flushing from one direction can cause increased
density of debris particles in the downstream, resulting in an uneven distribution
of gap width, deteriorating the machining accuracy [51]. Therefore, sometimes
flushing from both sides, alternate flushing, and sweeping flushing are preferable.

10.4 MICRO-EDM PROCESS PERFORMANCE MEASUREMENTS

10.4.1 Material Removal Rate

MRR in micro-EDM is defined as the amount of material that is removed in unit
time. MRR can be calculated from the volume of material removed or from the
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weight difference before and after machining. It is an indication of how high
or low the machining rate is and an important performance parameter in micro-
EDM, as this is usually a very slow process. Higher machining productivity must
also be achieved with a desired accuracy and surface finish. MRR greatly depends
on the process parameters.

Higher discharging voltage, peak current, pulse duration, and duty cycle, and
lower pulse interval can result in higher MRRs. In addition to these electrical
parameters, other nonelectrical parameters and material properties have a signif-
icant influence on MRR. Since material is removed by sparks that are applied in
discontinuous mode, the product of the crater size created by a single discharge,
the sum of the pulse width and the required capacitor charging time provides an
estimate of the maximum achievable MRR. However, the practically achievable
MRR is smaller than maximum achievable MRR by orders of magnitude, mainly
due to the stochastic nature of the formation of suitable sparking site, gap control
system of the equipment, and flushing condition.

10.4.2 Tool Electrode Wear Ratio

The tool electrode wear ratio is defined as the ratio of the volume of tool elec-
trode wear to the volume of workpiece removal. High tool wear rates result in
inaccurate machining and add considerably to the expense, as the tool electrode
itself must be first accurately machined. During micro-EDM, the pulse condition
with shorter discharge duration and lower peak current brings about both lower
tool electrode wear ratio and better surface roughness. However, the lower heat
fluxes due to the lower current density at the discharge spot result in lower energy
efficiency of material removal. It is seen that the tool wear characteristics are
associated with material properties, specially the boiling point [52]. The volu-
metric wear ratio of the electrode becomes small for the electrode material with
high boiling point, high melting point, and high thermal conductivity, which is
independent of the workpiece materials. Corner wear of electrode is related to dif-
fusion of heat and is more obvious in lower thermal conductivity electrodes. The
wear of the electrode is also related to such factors as the distribution of discharge
power between both electrodes and the thermodynamic constants of materials. To
reduce the influence of electrode wear, it is necessary either to feed an electrode
of thickness larger than the workpiece thickness in the case of making through-
holes, or to prepare several electrodes for roughing and finishing, as in the current
technology [52].

10.4.3 Surface Quality

The term surface quality comprises average surface roughness, peak-to-valley
roughness, surface topography, crater characteristics, and overall surface integrity.
In micro-EDM, the surface topography and roughness are determined largely
by eroded crater size and crater uniformity related to discharge pulse energy
[8,37–40]. Smaller pulse duration results in generation of smaller craters on the
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surface. The recast layer caused by micro-EDM can be reduced by changing the
tool path or layer depth, or can be removed using powder-mixed dielectric. The
addition of conductive or semiconductive micro/nano powders to the dielectric
in a suitable concentration can significantly reduce the surface roughness, in
addition to making the surface glossy. The depth of the recast layer is influenced
by the resistance and the capacity in the circuit, both of which impact on the
discharge energy. Higher energy leads to thicker recast layer [53]. Low open-
circuit voltage, shorter pulse duration with higher frequency, and enough higher
pulse interval produce small craters and hence lesser surface roughness [16]. The
roughness of the electro-discharge machined surface improves with the increase
of dielectric fluid pressure. However, very high dielectric pressure may not be
favorable for better surface finish of the machined product [37–40].

10.4.4 Spark Gap/Kerf Width/Gap Width

For micro-EDM, there must always be a small space between the electrode and
the workpiece, known as the spark gap in die-sinking micro-EDM. For micro-
WEDM, the spark gap is more commonly referred to as kerf width or gap width.
It is equal to half of the value obtained by subtracting the tool/wire diameter from
the diameter of the machined periphery. This spark gap or kerf width affects the
ability to achieve dimensional accuracy and surface finishes. The lower and more
consistent the size of the gap is, the more predictable the resulting dimension
and machining accuracy will be. During micro-EDM, in order to achieve micro-
features, the spark gap should be very small [45]. It has been found that the
spark gap has a proportional relationship with the gap voltage [54]. However,
the spark gap and surface roughness are also influenced by pulse width. The
peak current and the applied energy also influence the spark gap. Therefore, the
main parameters affecting spark gap were identified as open-circuit voltage, peak
current, and pulse ON time.

10.4.5 Tolerances and Limitation of Miniaturization Based
on Micro-EDM

As micro-EDM has much promise for the fabrication of micro-features, it is
important to understand the various factors affecting the minimal dimensions
achievable by micro-EDM. The minimum feature size attainable by a micro-
EDM setup is not limited merely by the precision of the motion devices and
electrodes used, but mainly coupled to the spark energy delivered in every quanta
and can be estimated by simple knowledge of the roughness of a surface created
by every crater at the applied energy being employed. It is postulated that feature
size is unachievable when there is no material left in some places of a machined
feature because of overlapping of valleys from one surface with the valleys of the
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adjacent surface and therefore, minimum attainable feature size can be estimated
from the accuracy of the motion control system and a delta amount added to
two times Rz —average distance between the highest peak and lowest valley
formed from the spark energy provided by the power supply settings. This
has been illustrated in Fig. 10.10, taking the case of machining a vertical wall
as a feature and therefore, milling micro-EDM is performed on both sides of
the wall. In the schematic, a top view of a wall is shown, which experienced
micro-EDM on both sides of the wall. When the two rough surfaces overlap,
as in the second case, the machined structure becomes discontinuous because
of overlapping of valleys causing formation of holes in the wall, resulting in an
unsuccessful machining of the feature.

In addition, the limitations and tolerances of miniaturization in micro-EDM
depend greatly on residual stress, subsurface layer damages, and material structure
of the workpiece [12]. It was found that cemented tungsten carbide micro-rods
(grain size 0.4 μm) smaller than 2.3 μm in diameter could not be obtained by
micro-EDM even after a large number of repeated experiments [23–25,55]. The
minimum diameter of the micro-rod was found to be almost the same whether
the rod is used as the anode or the cathode in WEDG. By reducing the open-
circuit voltage to 20 V, a minimum rod diameter of 1 μm was obtained [8]. The
minimum machinable thickness of a micro-wall was smaller when monocrystal
tungsten was used compared with polycrystal tungsten. However, as cracks were
generated parallel to it, it is not always true that the monocrystal is more suitable
for miniaturization than polycrystal.

Initial Surface 1
Craters formed by
micro-EDM

Average surface 1
(after machining)

Average surface 2
(after machining)

(a)

(b)

Initial Surface 2

Achieved wall
thickness

Holes formed due to
overlapping valleys

Figure 10.10 Schematic showing the simplified estimation of minimum achievable fea-
ture size from crater size of micro-EDM: (a) shows a top view of a case of forming a thin
wall by micro-EDM milling on both sides of the wall and (b) shows failure in machining
because of the expected wall thickness being smaller than twice the average crater size.
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10.5 MICRO-EDM PROCESS APPLICATIONS AND EXAMPLES

10.5.1 On-Machine Electrode Fabrication

The noncontact nature of micro-EDM makes it possible to use a very long and
thin electrode for machining tough die materials. However, during micro-EDM,
changing the micro-electrode during machining is not recommended, because it
incurs inaccuracy due to the change in the setup or reclamping of the micro-
electrode. From an electrode thicker than the required diameter, a cylindrical
electrode is fabricated by EDG, using a sacrificial electrode. Different types
of setup and trajectory control of the sacrificial electrode can be used in this
process, such as “stationary block,” “rotating disk,” “wire-EDG (WEDG),” and
moving BEDG. Figure 10.11 shows the fabricated micro-electrodes using station-
ary BEDG, moving BEDG, and micro-WEDG and rotating disk EDG. It has been
reported that, among the various micro-EDM techniques used for on-machine fab-
rication, micro-WEDG and moving BEDG can produce dimensionally more accu-
rate micro-electrodes with better surface finish. However, micro-electrodes with
a lowest diameter of 4.3 μm diameter were obtained by micro-WEDG process.

10.5.2 On-Machine Cutting Tool Fabrication Using Micro-EDM

10.5.2.1 Ultrasharp Micro-Turning Tool Fabrication by Micro-EDM.
Commercially available polycrystalline diamond (PCD) inserts, designed for light
finishing cut, have a relatively large tool nose radius, for example, 100-μm
(Fig. 10.12a). This tool nose resolves the cutting force on the shaft into two
components, namely Fx and Fy , as can be seen in Fig. 10.12a. The Fy compo-
nent of the cutting force does the actual cutting, while the Fx component causes
deflection of the micro-shaft. A commercially available PCD insert can be modi-
fied to achieve a very sharp cutting edge, so as to reduce the Fx component of the
cutting force significantly, which is illustrated in Fig. 10.12b. Thus, this makes
it possible to achieve a straight shaft of a much smaller diameter. A comparison
of micro-shafts fabricated with round tool nose and modified tool nose is shown
in Fig. 10.12.

(a) (b) (c) (d)

Figure 10.11 On-machine fabricated micro-electrodes obtained by (a) 44.5-μm CuW
electrode by stationary BEDG, (b) 45-μm W electrode by moving BEDG process [30],
(c) 10-μm electrode fabricated by micro-WEDG process [56], and (d) 4.3-μm diameter
shaft by micro-WEDG process [24].
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(a) (b) (c) (d)

Figure 10.12 (a) Resolution of cutting force components (Fx and Fy ) in commercial
PCD cutting tool, (b) cutting force component after modification of cutter, (c) fabricated
100-μm shaft by conventional μ-turning, and (d) 19-μm electrode of 500-μm fabricated
by modified PCD cutter [30].

10.5.2.2 Fabrication of Milling Tool. The use of micro-WEDG for the pro-
duction of milling tools has several advantages. The geometry can be changed
quite easily and the potential of scaling down the size of the milling tools is very
high. In comparison to other contactless machining technologies, micro-EDM
has an acceptable machining time and the resulting costs for the machining are
tolerable in comparison to machining with ion beam. An advantage of using the
micro-EDM for the milling process is the prevention of inaccuracy by rechuck-
ing processes [57]. Figure 10.13 shows the fabricated milling tool, the machined
slot, and chips generated during milling. Moreover, fabrication of micro-end-mill
with a single flute using micro-WEDG for milling has been reported by Morgan
et al . [58] for milling soft materials such as brass and aluminum. Figure 10.14a
shows a SEM micro-graph of a 100-μm diameter tungsten carbide micro-tool.
The fabricated micro-slot and surface roughness in aluminum after mechanical
cutting are shown in Fig. 10.14b and c, respectively. Tungsten carbide was chosen
as the tool material because of its high hardness and low wear rate. Three-fourths
of the cylinder was removed to provide a single cutting edge, and then a 45◦

slice was also removed from the nose of the tool to provide clearance for various
micro-milling applications. Micro-tools fabricated by WEDG have been used to

(a) (b) (c)

Figure 10.13 (a) 100-μm-diameter milling tools in tungsten carbide fabricated by micro-
WEDG, (b) surface finish and edge of the slot machined by fabricated milling tool,
(c) chips generated during micro-milling.
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(a) (b) (c)

Figure 10.14 (a) 100-μm-diameter tungsten carbide micro-tools fabricated by micro-
WEDG, (b) micro-graph of square groove machined in AA3003 aluminum, and (c) Ra of
121 nm on the bottom of the groove [58].

remove material by mechanical cutting, rather than by electrical discharges, to
achieve better surface finish and higher MRR.

10.5.2.3 Fabrication of Micro-Grinding Tools. Another important appli-
cation of micro-EDM is the fabrication of micro-grinding tools, using PCD or
tungsten carbide materials. PCD, which can be shaped with WEDG, is emerging
as a tool material for micro-grinding hard and brittle materials. The cobalt binder
provides an electrically conductive network that can be removed with EDM [58].
The diamond cutting edges are exposed as the discharges erode away the cobalt
binder. Figure 10.15a shows a SEM micro-graph of a 95-μm-diameter PCD grind-
ing tool (grain size of 0.5-μm) with a flute to allow swarf when reaming holes.
The ground surface of the micro-hole after reaming is shown in Fig. 10.15b. The
resulting Ra is 41 nm, as against 388 nm achieved by micro-EDM alone. The
MRR is approximately half that obtainded by micro-EDM alone, but the surface
finish is improved by one order of magnitude.

In addition to reaming of micro-holes, grinding of micro-slots and machining
of V-grooves with fabricated PCD tool have been reported [59]. Figure 10.16a
shows an example of 95-μm-diameter PCD tool fabricated by micro-EDM. The
fabricated groove with a pitch of 100 μm, a length of 90 μm, and a depth of
35 μm in tungsten carbide machined by the PCD tool, and V-grooves with a
groove width of 30 μm were cut to form a cross pattern in nickel, as shown in
Fig. 10.16b and c, respectively.

10.5.3 Fabrication of Micro-Rods Using Self-Drilled Holes (Holes
Drilled by the Same Micro-Rods)

An interesting technique of fabricating micro-rods using micro-EDM is that
using the rod electrode to first machine a specific feature hole and then using
the machined feature hole to shape the same rod electrode [60]. After the rod
electrode returns to the initial position, the axis of the rod electrode is off-centered
from the center of the hole at a certain distance. The polarity of the rod electrode is
then reversed, and the rod electrode is fed into the plate electrode, with or without
rotation. Because holes are formed by the rod electrode itself, the rod electrode
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(a) (b)

Figure 10.15 (a) SEM micro-graph of a D-shaped PCD micro-tool used to ream holes
and (b) micro-graph of holes ground with a D-shaped PCD tool [58].

(a) (b) (c)

Figure 10.16 (a) Tool fabricated by micro-EDM, (b) micro-machined groove in WC,
and (c) V-groove on Ni surface [59].

can be machined precisely (i.e., without need for alignment). As this method
does not need initial positioning of the tool electrode with respect to the plate
electrode, the operation is easy and short. Figure 10.17 shows micro-electrodes
with different structures using this method.

10.5.4 Repetitive Pattern Transfer and Batch Processing

In recent years, micro-EDM has been found to be a flexible technique for repeti-
tive pattern transfer batch processing. Micro-structures that are commonly found
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Figure 10.17 (a) Micro-electrodes obtained by double forming, (b) micro-electrode and
micro-hole obtained by cross-shaped section, and (c) micro-electrode and micro-hole
obtained by cross-shaped right-angled rod [60].
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Figure 10.17 (Continued )

to be patterned using micro-EDM are arrays of micro-holes, micro-disk, or micro-
slit. The major advantage of micro-EDM as a pattern transfer and batch mode
processing technique over Lithographie, Galvanoformung, Abformung (Lithogra-
phy, Electroplating, and Molding, LIGA) and other photographic technique is that
it can be applied to a wide range of materials. Miniature parts with high-density
micro-holes are often used in the micro-mask in the MEMS process, biochips for
handling individual embryo cells, ultrasonic-vibration-assisted atomizer for the
treatment of medicine and the micro-device in aerostatic air bearing systems [61].
A large number of micro-holes are needed for biomedical parts, ink-jet nozzles,
and micro-droplet spraying parts.

There are several micro-EDM-based techniques that have been applied suc-
cessfully for the batch mode production. Figure 10.18 shows a novel approach to
improving the throughput in micro-EDM [62]. In the first step (n = 1), a single
micro-cylindrical electrode is made by WEDG. In the second step (n = 2), a
plate electrode is perforated to have a pattern of holes, using the cylindrical elec-
trode made in the first step. In the third step (n = 3), using the plate electrode
as tool electrode, the pattern is replicated to a block workpiece. In the next step
(n = 4), the workpiece is used as the tool electrode to make many patterns of
holes precisely and efficiently. After this, steps 3 and 4 may be repeated to obtain
numerous holes.
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Figure 10.18 (a) Schematic representation of micro-EDMn , (b) fabricated arrays of
micro-electrodes, and (c) array of micro-holes obtained by pattern transfer [62,63].

Another micro-WEDM-based technique used for the fabrication of arrays of
micro-electrodes and upward batch micro-EDM drilling for fabrication of micro-
holes were developed [61]. In order to drill the micro-hole arrays in an efficient
manner, the miniature of high-aspect-ratio micro-structure arrays with a (10 × 10)
squared micro-batch of electrodes is designed. The micro-electrode arrays are
made of tungsten carbide with a diameter of 800 μm cut with a horizontal wire
from top to bottom (Fig. 10.19a and b). To provide the electrode with an adequate
length during discharging, each micro-pillar is fabricated to have a length greater
than 700 μm. Thereafter, the arrays of micro-electrodes are used to fabricate
arrays of micro-holes, using upward batch micro-EDM (Fig. 10.19c and d).

In recent years, for the fabrication of multiple electrodes or arrays of micro-
electrodes, a newer technique named as reverse micro-EDM has been found very
useful. In this process, the electrode is considered as the workpiece, and is fed
down to the holes of the metal plate to be machined by electrical discharge
that occurs within the machining gap. However, the regions that correspond to
the holes are not machined. Finally, as many microelectrodes are machined as
there are holes. Figure 10.20a and b shows the plate electrode used for reverse
micro-EDM with arrays of micro-holes and fabricated arrays of micro-electrodes,
respectively.

Besides arrays of micro-holes, fabricating series-pattern micro-disk electrode
by micro-WEDG and its application in machining micro-slit by micro-EDM was
developed [64]. First, a raw pin clamped at the mandrel and rotated horizontally
on the bearing surface is machined into the required length and diameter. Then,
the wire traveling on the wire guide can be fed toward the radial direction of
pin up to the required depth. The disk thickness is dominated by tracking path
of wire electrode. The fabricated single micro-rotating disk electrode (MRDE)
can also act as a tool electrode for fabricating arrays of micro-slits. The MRDE
can then be fed into the workpiece from the surface upto the appropriate depth.
A straight line with a micro-slit can therefore be formed by moving the Y-stage
carrying the workpiece and an array of micro-disks is generated by micro-EDM
(Fig. 10.21).
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Figure 10.19 (a) Schematic illustration of micro-electrode arrays using micro-WEDM,
(b) illustration of upward batch micro-EDM, (c) fabricated arrays of micro-electrodes,
and (d) pattern transfer by upward batch micro-EDM [61].

10.5.5 Micro-Cavity and Micro-Structure Formation by Die-Sinking

Micro-die-sinking using microstructured form electrodes is used mainly for the
manufacture of replication tools for micro-injection molding or hot embossing,
where micro-mechanical parts can be produced in large numbers. High wear
resistant composites based on refractory materials such as tungsten–copper
or cemented carbide are preferred in micro-die-sinking EDM. Conventional
flushing strategies cannot be used in micro-die-sinking EDM, as flushing through
the electrodes is not possible because of their small dimensions. Together
with the extremely small gap width, the poor flushing conditions put great
demands on feed control in die-sinking micro-EDM [65]. Figure 10.22 shows
different micro-die-sinking electrodes and fabricated micro-structures using
complex-shaped electrodes.

10.5.6 3D Micro-Features and Micro-Mold Fabrication
by Micro-EDM-Milling

Micro-moulds with widely spread micro-structures, such as those needed in
glass embossing processes for flat panel displays, can often not be structured
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(a) (b)

Figure 10.20 (a) Plate electrodes for Reverse Electro-Discharge Machining (REDM) and
(b) 5 × 5 arrays of multiple (diameter 35 μm, length 1.5 mm) micro-electrodes machined
by reverse micro-EDM [33].
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Figure 10.21 (a) The schematic representation of fabrication of the single micro-disk
using micro-WEDG mechanism, (b) schematic representation for cutting the arrays of
micro-slit using the MRDE, and (c) the photograph of series-pattern micro-disk [64].

(a) (b) (c)

Figure 10.22 (a) Micro die-sinking electrode for micro-mixing device made of fine-
grained graphite machined [65], (b) fabricated micro-gear-electrodes, and (c) gear-array
micro-structures by die-sinking micro-EDM [66].
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(a) (b) (c)

Figure 10.23 (a) Micro-cavity in hot forming tool steel using a simple electrode of
100 μm [65], (b) 1/8 ball in a square cavity [67], and (c) small pyramid (L: 25 mm, W:
25 mm, H: 35 mm, step size 7 mm) by micro-EDM milling [30].

by micro-WEDM or die-sinking micro-EDM because of their dimensions.
Micro-EDM milling is mainly used when large and complex geometries
are required. As an alternative, micro-EDM milling can be used in which
a path-controlled multiaxis feed motion is performed between the rotating
tool electrode and the workpiece. The use of geometrically simple rotating
electrodes significantly decreases effort and costs for electrode production. Either
commercially available micro-electrodes can be used or micro-electrodes can be
machined on-machine by micro-EDG. The minimum structural dimensions are
determined by the diameter of the pin electrodes and the gap width. Figure 10.23
shows the various micro-cavities fabricated by using milling micro-EDM with
on-machine-fabricated electrode.

During micro-EDM milling of 3D micro-structures, a specific CAD/CAM sys-
tem is needed for generating tool path and related machining process. When a 3D
microstructure is machined, it is necessary to compensate for the worn length of
the electrode. Compensation of electrode wear can be obtained though evaluating
the electrode wear ratio. However, when a 3D cavity has an irregular geometry
and the surface is very hard to describe by the general mathematical equation,
the evaluation of electrode wear ratio becomes very difficult. Furthermore, the
machining environment is not uniform in the various parts of the workpiece with
a complicated cavity. Therefore, the on-line measurement of the electrode wear
is necessary for maintaining the machining accuracy. Two tool wear compensa-
tion methods namely, the linear compensation [26,68] and uniform wear method
[69], have been used in micro-EDM. The linear compensation consists in feed-
ing the tool toward the workpiece and compensating for tool wear length after it
moves along a certain distance. It is suitable for generation of 3D cavities with
straight side walls. The uniform wear method includes tool path design rules and
tool wear compensation. Tool paths designed on the basis of the uniform wear
method can keep tool wear uniform at the tool tip. This method has been ver-
ified by generating 3D micro-cavities with inclined side surfaces and spherical
surfaces successfully as shown in Fig. 10.24.
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(a) (b)

Figure 10.24 (a) 3D cavities using uniform wear method: micro-mould of a car [69]
and (b) 3D Micro-EDM using CAD/CAM [7].

10.5.7 Fabrication of Fine Features Using Micro-EDM Milling

Micro-EDM milling can also fabricate fine micro-features with sharp and smooth
edges and thus can replace the need for setting up micro-WEDM attachment and
can save machining time. Moreover, these micro-features with especial shapes
can be fabricated more easily compared to die-sinking, where the electrodes need
to be fabricated. Figure 10.25 shows various fine features with sharp and burr-free
edges, fabricated by micro-EDM milling.

10.5.8 Smaller and High-Aspect-Ratio Micro-holes and Nozzle
Fabrication

Micro-holes are the most basic machined features of micro-machining. Micro-
holes are found in various applications such as fuel injection nozzles, spinneret
holes, standard defects for testing material, and biomedical filters [15]. In recent
years, micro-EDM has been found inevitable in the fabrication of high-aspect-
ratio micro-holes in difficult-to-cut materials, where conventional micro-drilling
process is found difficult. However, the micro-electrodes have to be fabricated

(a) (b) (c)

Figure 10.25 Fine features (through) fabricated by micro-EDM milling; micro-slots
of 30 μm width, (b) micro spinneret of 12 μm width, and (c) two 10-μm slots with
2.5-μm-thick separating wall on a 50-μm-thick SUS 304 stainless steel [30].
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(a) (b) (c) (d)

Figure 10.26 (a) 4.3-μm micro-electrode fabricated on-machine by micro-WEDG,
(b) 4-μm micro-electrode fabricated by self-drilled hole [60], (c) 5-μm-diameter holes
in stainless steel 10 μm in thickness, and (d) 6.5-μm hole machined on 50-μm stainless
steel plate [30].

(a) (b) (c)
500 μm 200 μm

Figure 10.27 Cross section of high-aspect-ratio micro-holes: (a) 80 μm diameter,
(b) 40 μm diameter [13], and (c) 120 μm diameter [31].

(a) (b) (c) (d)

Figure 10.28 Innovative application of micro-EDM: (a) principle of micro-EDM depo-
sition technique, (b) deposited micro-electrode [70], (c) principle of coloring technique
by micro-WEDM, and (d) coloring of titanium alloy after micro-WEDM [71].

on-machine using any of the micro-EDG processes in order to maintain high
accuracy and reducing clamping and position error. In most of the cases, micro-
EDM drilling is vertical drilling with the assistance of electric spark. Figure 10.26
shows some examples of very fine micro-electrodes and micro-holes obtained by
micro-EDM drilling.

Besides vertical-type micro-EDM drilling, horizontal-type drilling was also
established in order to remove the debris easily and improve the flushing con-
ditions, especially for deep-hole drilling [13]. Using the developed horizontal
system, 50-μm-diameter micro-holes with 10 times the usual aspect ratio were
fabricated (Fig. 10.27a and b). In addition, high-aspect-ratio blind micro-holes of
aspect ratio upto 18 with sharp edges are fabricated using micro-EDM drilling
with planetary tool movement (Fig. 10.27c) [69].
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10.5.9 Other Innovative Applications of Micro-EDM

Hayakawa et al . [70] fabricated a microstructure shown in Fig. 10.28b, using
EDM deposition in air. The suitable discharge conditions for this process were
predicted from the transient temperature analysis of the tool electrode and the
workpiece. To enhance the wear of the tool electrode, its polarity was set positive,
which is opposite to the above coating and alloying methods, because removal
rate of the anode is higher than that of the cathode in air. The process is considered
similar to dry EDM where the air is used as dielectric medium and the deposition
is done using EDM conditions. Minami et al . [71] developed a new method of
coloring titanium alloys, using the WEDM process. Because deionized water is
normally used in WEDM, an oxide layer is formed over the surface of the anode
workpiece because of electrolysis. It is known that the surface of titanium alloy
and stainless steel can be colored by anodic oxidation due to the interference of
light in the oxide film formed by electrolysis (Fig. 10.28c and d). The process
is considered as an EDM process, as deionized water is used instead of an
electrolyte in addition to other EDM conditions. However, the effect of coloring
can be considered as a result of cocurrent EDM and Electro-Chemical Machining
(ECM), as the coloring is due to the formation of an oxide layer.

10.6 RECENT DEVELOPMENTS AND RESEARCH ON MICRO-EDM

Although micro-EDM is found to be capable of machining any conductive mate-
rial regardless of hardness, micro-EDM alone cannot fulfill many requirements
of the performance of the machined part owing to several disadvantages like
slow machining rate, high tool wear, and defective surface finish. Therefore, to
establish micro-EDM as an effective process and to overcome the shortcom-
ings of micro-EDM process alone, recent research trends have focused on the
development of micro-EDM-based compound and hybrid machining processes.
Compound micro-machining can be defined as a combination of two different
machining processes in a single setup one after another. Some recent devel-
opments in compound processes include LIGA and micro-EDM, micro-EDM
and micro-grinding, micro-EDM and micro-ECM, and micro-EDM and micro-
USM. On the other hand, the hybrid process can be defined as an integrated
application or combination of different physical active principles in a single pro-
cess. Some current research trends in micro-EDM-based hybrid processes are
vibration-assisted micro-EDM, powder-mixed micro-EDM, and micro-ECDM.

10.6.1 LIGA and Micro-EDM

LIGA [a German acronym for “Lithographie, Galvanoformung, Abformung,”
in English (X-ray) Lithography, Electroplating, and Molding] can produce
high-aspect-ratio micro-structures with ultrafine patterns and very smooth
sidewall surfaces, but electroplating is limited to a few metals, such as copper,
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(a) (b) (c) (d)

Figure 10.29 (a) arrays of negative-type nickel electrodes fabricated by LIGA, (b) high-
aspect-ratio WC–Co micro-structures produced by micro-EDM, (c) initial negative-type
electrode before micro-EDM, and (d) negative-type electrode after micro-EDM [72].

and their alloys. On the other hand, micro-EDM can produce 3D micro-structures
in any electrically conductive material. Therefore, in this compound process,
first an array of negative-type electrodes with gear pattern was fabricated in
nickel, using the LIGA process. After that, a positive-type patterned structure
is produced by feeding WC–Co workpiece into one of the electrodes with
discharging. Therefore, a very hig h aspect ratio patterned micro-structure is
obtained, which can be used for further fabrication of patterned micro-holes
using micro-EDM. Figure 10.29 presents the sequence of the LIGA and
micro-EDM compound process and fabricated micro-structure.

10.6.2 Micro-EDM and Micro-Grinding

In this process, a PCD tool is fabricated on-machine to a desired shape using
the micro-EDM process. Thereafter, the fabricated micro-electrode is used for
grinding brittle and hard glass materials with the help of diamond particles that
extrude from the matrix metal and act as cutter. When the PCD tool is fabricated
by EDM, the binder material (usually Nickel or WC) is removed as it is con-
ductive, thus making the diamond particles, which are nonconductive, protrude.
The randomly distributed protrusions of diamond with dimensions around 1 μm
serve as the cutting edges for micro-machining on glass. The scratches were
found to produce ductile chips that were attached to the edge of the groove, and
subsurface damage was not visible in the glass workpiece. This suggested that
the PCD material could be suitable for grinding nonconductive brittle materials.
Figures 10.30 and 10.31 show two different studies of glass micro-grinding using
on-machine-fabricated PCD tool, where the PCD tool is prepared by micro-EDM
before micro-grinding.

10.6.3 Micro-EDM and Micro-ECM

The surface machined by micro-EDM is relatively rough especially on a micro-
level because of micro-craters and cracks produced by the micro-discharges.
Therefore, a micro-EDM-based hybrid process consisting of micro-EDM
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(a) (b) (c) (d)

Figure 10.30 (a) PCD scratch tool produced with the WEDG process, (b) scratch in
Ultra Low Expansion glass produced with tool shown in (a), (c) a cylindrical 50-μm PCD
tool used to cut pockets in ULE glass, and (d) slot ground in ULE glass using the tool
shown in (c) [58].

(a) (b) (c) (d)

Figure 10.31 (a) commercially available PCD rod (500 diameter, 1 mm length),
(b) 150-μm micro-grinding tool in situ fabricated by μ-EDG, (c) “NUS” (slot width
150 μm × depth 50 μ m) machined on BK-7 glass by micro-grinding process, and
(d) 100 μm (W) × 100 μm (D) × 5 mm (L) Slot machined by micro-grinding process
on BK-7 glass [30].

followed by micro-ECM or electropolishing can be a suitable solution to
improve the machined surface. The deionized water used in the micro-EDM
process can serve as an electrolyte solution for micro-ECM under low-
current-density conditions between the electrode and the workpiece. After
the application of micro-ECM, the surface becomes much smoother and
peak-to-valley distances of craters (Rmax) reduce significantly compared to those
in micro-EDM after applying micro-ECM. Micro-ECM can also be applied
for finishing the slot machined by micro-EDM milling. Figure 10.32a shows
the finishing of micro-hole surface by electropolishing after micro-EDM. The
comparison of surface roughness for compound micro-EDM and micro-ECM
and micro-EDM alone is presented in Fig. 10.32b.

10.6.4 Micro-EDM and Micro-USM

A newly developed machining process combining micro-EDM and micro-
ultrasonic machining (MUSM) has been found to improve the performance
of micro-EDM alone [74]. The process is a compound process combining
fabrication of micro-electrode using micro-WEDG and fabricating micro-holes
in nonconductive glass materials using MUSM [75]. This combined process is
used mainly for micro-EDM drilling (Fig. 10.33a and b). The material removal
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(b)(a)
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Figure 10.32 (a) Electropolishing of micro-hole surface followed by micro-EDM [48]
and (b) Micro-ECM of machined slot followed by Micro-EDM [73].

(a) (b) (c) (d)

5 mm5 mm

Figure 10.33 (a) Micro-hole with a diameter of 5 μm and a depth of 10 μm in quartz
glass (4 μm tool fabricated by micro-WEDG) [75], (b) micro-hole of a diameter of 5 μm
and a depth of 6 μm (4 μm tool fabricated by micro-WEDG) [75], (c) inner surface of
the micro-holes fabricated in MUSM using 3-μm particles [47], and (d) inner surface of
the micro-holes fabricated in MUSM using 1.2 μm particles [47].

is from both the electrical discharging and mechanical polishing of abrasive
slurry [47]. The high-frequency pumping action of the vibrating surface of the
electrode accelerates the slurry circulation, making machining times shorter. The
pressure variations in the gap lead to more efficient discharges, which remove
more melted metal. Therefore, the surface of the heat-affected layer that has
resulted from micro-EDM is reduced, thermal residual stresses are modified,
less micro-cracks are observed, and fatigue resistance is increased because of
abrasive action of slurries. The MRR and the surface finish of the process
depend on the size of the abrasive particles used in MUSM (Fig. 10.33b and c).

10.6.5 Vibration-Assisted Micro-EDM

This process is considered as a hybrid process as it combines micro-EDM
and vibration to the workpiece or the electrode at the same time. The process
improves the flushing conditions and removal of debris, improves the machining
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stability, and thus reduces the machining time significantly. The process is
suitable for deep-hole drilling in hard and difficult-to-cut materials. Depending
on the experimental design and objective, the vibration can be applied to the tool
electrode [76] or the workpiece [66]. A tool electrode is attached to a holder,
which is joined to a Piezoelectric Transducer (PZT) actuator, which is subjected
to vibration. The feed direction on the tool electrode can be parallel to the direc-
tion of vibration of the PZT or perpendicular to the direction of vibration of the
PZT. In the method of tool electrode vibration, owing to the suction and vibration,
dielectric circulation and debris removal are improved significantly. Tool vibra-
tion is comparatively more difficult to apply in micro-EDM, as the diameter of the
tool electrode is only several microns; hence, there is a chance of tool deflection.
Therefore, in recent years research on the feasibility of workpiece-vibration-
assisted EDM has been carried out for the fabrication of micro-parts, especially
during deep-hole drilling. During workpiece-vibration-assisted micro-EDM, the
signal generator generates the sine-wave signal at a certain frequency and ampli-
tude to the power supply of the PZT actuator for the required vibration [66]. For
low-frequency workpiece vibration, the electric power is supplied periodically
to the electromagnet with the help of a power transistor switch. The ON–OFF
sequence of the power transistor is controlled by a frequency-controllable pulse
generator. There is a pull and release action of vibration pad by the flexure
beam with the ON–OFF sequence, which generates the low-frequency vibration
to the workpiece [37]. Figure 10.34 shows the different devices developed for
generating tool vibration and workpiece vibration during machining. The main
application of vibration-assisted micro-EDM is the fabrication of small and
high-aspect-ratio micro-structures and micro-holes (Figs. 10.35 and 10.36).

10.6.6 Powder-Mixed Micro-EDM

Powder-mixed micro-EDM is one of the recent innovations for the enhancement
of micro-EDM. In recent years, to improve the quality of the EDM-ed surface
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Figure 10.34 (a) Mechanism of applying vibration to the tool electrode [76], (b) mech-
anism of applying vibration to the workpiece [66], and (c) mechanism of generating
low-frequency vibration on workpiece [37].
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(a) (b) (c)

Figure 10.35 (a) Fabrication of square shaft without vibration, (b) with vibration, and
(c) comparison of machining time for fabricating square shaft without and with vibra-
tion [76].
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Figure 10.36 (a) Micro-hole (diameter 60 μm, depth 0.5 mm) without vibration,
(b) micro-hole (diameter 60 μm, depth 1.0 mm) with vibration, and (c) comparison of
machining time without and with vibration [37].

and also to reduce the surface defects, several investigators have found this pro-
cess effective. In this hybrid process, the electrically conductive powder is mixed
with the dielectric, which reduces the insulating strength of the dielectric fluid
and increases the spark gap between the tool and the workpiece [77]. Enlarged
spark gap makes the flushing of debris easier. As a result, the process becomes
stable, improving the MRR and the surface finish. The sparking is uniformly
distributed among the powder particles in the spark gap, thus reducing the inten-
sity of a single spark, which results in the formation of uniform shallow craters
instead of a single broader crater. Thus, the surface finish improves. There are
some abrasive actions of the powder particles during finishing, which reduce the
crater boundaries, thus making the surface shiny. Figure 10.37a and b shows
the schematic illustration of lower spark gap and crater sizes, which are seen
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(a) (b)

(c) (d)

Figure 10.37 (a) Lower spark gap, higher gas explosive pressure, and higher single
crater size without powder; (b) larger spark gap, lower gas explosive pressure, and lower
single crater size in powder-mixed micro-EDM [78]; (c) mould cavity surface without
powder; and (d) significant reduction of roughness after application of silicon powder
[79].

in powder-mixed micro-EDM. The improvement in surface finish after applying
powder-mixed dielectric is shown in Fig. 10.37c and d.

10.6.7 Micro-ECDM

In recent years, Micro-ECDM (electrochemical discharge machining), an impor-
tant modification of micro-EDM, has been found to be useful for machining non-
conductive and ceramic materials. Micro-ECDM is an attractive micro-machining
method for fabricating micro-hole, micro-channel, and micro-structure, because
it can be applied to nonconducting materials such as silicon and glass [80]. The
process involves a complex combination of an electrochemical (EC) reaction and
electro-discharge (ED) action. The electrochemical action helps in the generation
of the positively charged ionic gas bubbles, for example, hydrogen (H2). The elec-
trical discharge action takes place between the tool and the workpiece because
of the breakdown of the insulating layer of the gas bubbles as the DC power
supply voltage is applied between the tool (or cathode) and the anode, resulting
in material removal due to melting, vaporization of the workpiece material, and
mechanical erosion [81]. An expanded version of micro-ECDM with conductive
powder-mixed electrolyte has been found to produce improved surface finish and
integrity compared to micro-EDM alone [55]. Figure 10.38 shows a comparison
of the surface finish between ECDM and abrasive mixed ECDM.
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(a) (b) (c) (d)

Figure 10.38 Surface improvement in powder-mixed ECDM: (a) Borosilicate glass,
ECDM without powder (Ra:4.86 μm); (b) graphite powder in NaOH: 0.5 wt%
(Ra:1.63 μm) [55]; (c) Pyrex glass, without powder (Ra:1.8 μm), and (d) SiC powder
in KOH, 300 g/L (Ra:1.0 μm) [82].

10.7 SUMMARY

The capability of micro-EDM in machining intricate micro-features with
high dimensional accuracy in hard and difficult-to-cut materials has made
it an inevitable and one of the most popular micro-machining processes. In
recent years, micro-EDM has found important industrial applications, such as
fabrication of automotive nozzles, spinnerets, micro-moulds and dies, fiber-optics
and MEMS, aerospace, medical and biomedical applications, micro-electronics,
and micro-tools.

This chapter presents a detailed overview of the micro-EDM process,
including the physical principle of micro-EDM, power supply, different process
control parameters such as electrical, nonelectrical, mechanical, and motion
control parameters, and the overall performance measures of the process. The
current research trends on the improvement and varieties of micro-EDM and
their application in the fabrication of micro-structures are presented comprehen-
sively. Advanced research and developments in the area of micro-EDM are also
presented in the final section of the chapter. The current research trend shows
that micro-EDM alone sometimes cannot fulfill all of the process requirements
because of its limitations of lower machining speed and comparatively inferior
surface finish. Therefore, compound and hybrid micro-machining based on
micro-EDM has been found to be very useful in solving the problems of
micro-EDM alone. The hybrid micro-machining technologies have the potential
to combine the strength and to complement the weakness of different processes.
However, one of the challenges in hybrid micro-machining is the requirement
of a multiprocess universal machine tool, in which different machining
processes can be performed only by changing attachments suitably. Therefore,
development of multipurpose miniature machine tool can significantly improve
the advanced research on the areas of micro-EDM and micro-EDM-based
compound and hybrid micro-machining.

Although in recent years extensive research on several areas of micro-EDM
has been carried out, a significant number of issues remain. Some of the future
directions for research and development include improving the positioning
accuracy, machine intelligence, and advanced on-line monitoring of the process,
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developing knowledge-based systems, and developing multifunctional machine
tool and machining centers.
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CHAPTER 11

METAL INJECTION MOLDING AT
MICRO-SCALES (μMIM)

GANG FU, NGIAP HIANG LOH, SHU BENG TOR, and BEE YEN TAY
Mechanical Engineering Department, Nanyang Technological University (NTU),
Singapore

11.1 INTRODUCTION TO METAL INJECTION MOLDING (MIM)

Powder injection molding (PIM) is a process used to produce net-shaped/near-net-
shaped parts from metal or ceramic powders. It combines the benefits of plastic
injection molding (complex shapes and high productivity) with the advantages of
powder metallurgy (nearly unlimited choice in alloy-composition and isotropic
properties) [1]. PIM has been used for several decades, originally with ceramic
powders and then with metal powders. PIM can be classified into ceramic injec-
tion molding (CIM) and metal injection molding (MIM). CIM was developed in
the 1920s, but MIM remained relatively uncommon until the latter half of the
1970s. MIM patent holders, Rivers (1976) and Weich (1980), were the first to
apply thermoplastics to binders [2]. Since the 1980s, MIM has been undergoing
rapid development. However, there are regional differences with North America
showing the highest attention to ceramic but metal in Europe and Asia. Even
in MIM, 17-4PH is the most commonly used stainless steel powder used in the
United States, whereas in Europe it is 316L [3].

A typical MIM process includes the following four processing steps: mixing,
injection molding, debinding, and sintering. The MIM process begins by mixing
the selected powder and the binder—the mixture of powder and binder is termed
“feedstock.” The powder particles are small to aid the sintering process and
usually have their sizes between 0.1 and 20 μm with near-spherical shapes [4].
The binder is usually based on a common thermoplastic, but food-grade polymers,
cellulose, gels, silanes, water, and various inorganic substances are also in use.
Generally, the binder consists of several components.
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The granulated feedstock is injection molded into the desired shape on an
injection molding machine. The molded part is termed “green part.” After injec-
tion molding, the binder has to be removed from the green part. Depending on
the binder used, a wide array of options exist for binder extraction, but mainly
consist of three methods: thermal, solvent, and catalytic [4]. The last step is sin-
tering, in which the void space remaining after removal of the binder is eliminated
with appreciable shrinkage. Sintering often occurs in a protective atmosphere or
vacuum at an elevated temperature. In sintering, the particles in the debound
part are bonded into a coherent, solid mass whose density may reach or near the
theoretical density.

Today, markets for MIM are found for small complex parts. Being a process
that produces net-shaped/near-net-shaped parts, it is cost effective, as secondary
operations are reduced or eliminated. In addition, MIM is able to produce com-
plex parts in high productivity. MIM has three key attributes—shape complexity,
high performance, and low cost [4]. Despite the numerous advantages, MIM also
has disadvantages and there are hurdles to further growth: (i) the raw mate-
rials, especially metal powders, are expensive; (ii) for shapes with simple or
axial-symmetric geometries, it is not competitive in contrast to other shaping
technologies; (iii) it is difficult to achieve tight dimensional tolerance in sintered
parts and therefore in some cases secondary operation is a must, which increases
the production costs.

As the demand for complicated-shaped metal components increased rapidly
in recent years, MIM has become one of the popular methods that meet the
requirements. It is highly preferred to slurry techniques such as dry pressing,
cold isostatic pressing, slip casting, and tape casting, in the aspect of mass
production [4]. MIM has been widely used in various industries such as automo-
bile, defense, aerospace, electronics, household appliances, and medical/dental
appliances.

11.2 MICRO METAL INJECTION MOLDING (μMIM)

In the last decade, micro-systems and related products have seen an ever increas-
ing number of applications in various markets. The demand for micro-components
and micro-structures has also increased accordingly. Currently, the production of
micro-components or micro-structures is dominated by materials based on silicon
or polymers [5]. However, in many other applications, metal micro-components
and micro-structures are required because of their superior mechanical properties
and thermal stability. MIM on a micro-scale, also termed micro metal injection
molding (μMIM), is a suitable process for the mass production of complex metal
micro-components or micro-structures [6–11]. μMIM is adapted from MIM. It
comprises the same four processing steps as MIM: mixing, injection molding,
debinding, and sintering, as shown in Fig. 11.1 [12]. μMIM inherits the features
and advantages of MIM and micro plastic injection molding such as low produc-
tion cost, shape complexity, and applicability to many materials (compared with
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Binder

Mixing

Injection molding

Debinding

Sintering Microstructures

Powder

Figure 11.1 Schematic drawing of processing steps of μMIM.

other fabrication methods for metal or ceramic micro-structures such as elec-
troplating, Lithography, Electroplating, and Molding (LIGA), and other material
removal methods).

11.3 FEEDSTOCK PREPARATION

The feedstock for injection molding is produced by mixing the powder and the
binder.

11.3.1 Powder

Generally, the selection of a powder is essential to achieve defect-free green parts
(i.e., molded part) and final sintered parts as well as for the successful control of
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μMIM. Thus, an understanding of the characteristics of the powder is important.
Particle size and particle shape are two important powder characteristics. Par-
ticle size is measured by determining the dimensions of a particle. The size is
dependent on the measurement technique and particle shape. Coherent (laser)
light scattering is a suitable measurement technique [2]. Usually, size determina-
tions are based on detecting discontinuities in the properties of a fluid stream (air
or water) carrying dispersed particles [4]. The particle size distribution can be
shown as a histogram of the amount of powder in the measured size increments
as shown in Fig. 11.2. Or more typically, a plot of the cumulative particle size
distribution gives the amount of powder smaller than a given size. As shown in
Fig. 11.2, the percentage of 316L stainless steel powder particles by mass smaller
than a given size is plotted versus the particle size on a logarithmic scale. Three
points on the distribution curve, designated as d10, d50, and d90, that correspond
to the particle size at 10%, 50%, and 90% on the cumulative distribution are
typically considered. A wide particle size distribution gives a higher packing
density that leads to less shrinkage, and easier process, as well as dimensional
control. However, in the case of a wide particle distribution, special care must be
taken during feedstock mixing. Owing to the size difference between particles,
there will be segregation in the mixed powder. This can lead to uneven packing
densities and distortion in sintering.

In μMIM, the particle size of the metal powder is a very important parame-
ter that limits the producible structure dimensions and the aspect ratio. For this
reason, feedstock of high strength with smaller powder with the mean particle
size far below 3 μm is desirable. In Germany, carbonyl iron powder with particle
size down to d50 = 1.5 μm was used at the Karlsruhe Institute of Technology
[13]. At the Nanyang Technological University (Singapore), 316L stainless steel
powder with particle size down to d50 = 2.4 μm was used to produce 3D metal
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Figure 11.2 Particle size distribution of 316L stainless steel powder.
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micro-structures [6,14,15]. The smaller particles help to avoid molding defects
and produce finer structures and sharper corners. Smaller particles have higher
surface areas, which provide higher sintering activation energy and faster sinter-
ing, as well as higher density after sintering.

However, metal powders in the submicron range, which is almost standard for
ceramics, are not very easily available. The reason for this lies in the ductility and
reactivity of metals, which make it difficult and very expensive to produce fine
powders [16]. The handling of fine powder becomes difficult as it tends to oxidize.
Fine powder also agglomerates very easily and it is more difficult to break the
agglomeration during mixing. Furthermore, owing to particle agglomeration, the
smaller the powder size, the lower the packing density, especially for particles
below 1 μm. Because the shrinkage in sintering to full density depends on the
particle packing density after binder removal, the smaller particles lead to greater
sintering shrinkage, which increases the possibility of defects such as warpage
and cracks. On the other hand, the processing of powders becomes more difficult
as the higher surface area of smaller powders necessitates a large amount of
binder. This again increases the shrinkage during sintering and often leads to
cracks and distortion. Thus, a balance between particle size and an appropriate
mixture of very small powders is needed [16].

Particle shape has a great effect on the success of the μMIM process. Gener-
ally speaking, a spherical-shaped powder is preferable as it gives the feedstock
better moldability compared with a powder having an irregular shape. Irregu-
lar shape particles exhibit better part shape retention during debinding, however
the packing coordination number and density decreases due to irregular particle
shape [17]. Thus, more densification is needed in sintering to compensate for
the poor initial packing. A compromise is to combine some spherical-shaped and
irregular-shaped particles to attain the benefits of each shape [2]. Figure 11.3
shows a micro-graph of water-atomized 316L stainless steel powder taken using
a scanning electron micro-scope [18].

11.3.2 Binder

A binder is a key component in MIM, which provides the feedstock with the
fluidity necessary for molding. Many binders are being used industrially and can
be categorized into thermoplastic compounds, thermosetting compounds, water-
based systems, gelation systems, and inorganics. Although many binders are
available on a production basis, thermoplastics are by far the most widely used
and understood [4]. In μMIM, considering the small dimensions and high aspect
ratio of micro-components or micro-structures, an appropriate binder must be
selected in order to give higher green strength for demolding, lower viscosity for
easy filling of mold cavity during molding, as well as good shape retention and
lower shrinkage during debinding and sintering [14,19,20].

Most binders are multiple-component systems whose constituents will be
removed in a progressive extraction cycle. Usually, the binder has three compo-
nents—a backbone polymer that provides strength (some commonly



352 METAL INJECTION MOLDING AT MICRO-SCALES (μMIM)

Figure 11.3 SEM photo of 316L stainless steel powder.

used backbone polymers are Polyoxymethylene (POM), Polyvinyl alcohol
(PVA/PVOH), Polyethylene (PE), Ethylene vinyl acetate (EVA), and Polypropy-
lene (PP), a filler phase that is easily extracted in the first phase of debinding
(e.g., wax), and a surfactant to bridge the binder and the powder. Often, the
surfactants reduce the mixture viscosity and increase the solid content of the
mixing by creating an interfacial bridge between the powder and the binder.
During debinding, the binder components are removed progressively. The
primary binder components such as filler phases and surfactants are removed
first to partially open the pores. The fully debound but unsintered structure
becomes so fragile that it becomes impossible to handle. The secondary
polymer component, which usually remains in the green part serving as the
backbone, retains the shape of the part, preventing slumping and distortion
[4,14]. Eventually, the backbone polymers are removed during debinding, which
occurs as part of the heating process before the sintering temperature is reached.

11.3.3 Mixing of Feedstock

After the mixing of the powder and the binder, the resulting mixture is granulated
or pelletized to form the feedstock for injection molding. Five factors determine
the attributes of the feedstock—powder characteristics, binder composition, the
ratio of the amount of the powder to that of the binder (powder loading), mixing
method, and pelletization techniques [4]. The flow properties of the feedstock
should permit good rheological behavior and good filling of the mold cavity.
The powder-to-binder ratio largely determines the success or failure of the sub-
sequent processes. Generally, the feedstock is prepared using a minimum binder
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content, which gives rise to high green density and little shrinkage during sinter-
ing. The optimal powder loading for molding has less powder than the critical
powder loading (the critical powder loading is the composition where particles
are packed as tightly as possible without external pressure and all the space
between the particles is filled with the binder), typically a value of 60 vol% for
MIM [4]. At this point, the feedstock has a sufficiently low viscosity for molding
but exhibits good particle–particle contact to ensure shape preservation during
processing.

The purpose of mixing is to coat the particles with the binder and break
up the agglomerates to get a homogeneous feedstock. Failure to disperse or
evenly distribute the powder in the binder may result in powder–binder separa-
tion, segregation, and agglomeration in the feedstock. These may be translated
into nonuniform shrinkage during sintering and cause inhomogeneities in the
final properties [2,4]. A properly mixed feedstock has a homogeneous powder
dispersion in the powder with no internal porosity or agglomerates.

A small-scale mixer can be used to evaluate whether the mixed feedstock
is homogeneous or not by monitoring the torque of the mixing blade. This is
very important during the stage of developing new feedstock and determining
the suitable powder loading. Figure 11.4 shows a small-scale mixer with two
roller blades and a maximum mixing volume of 69 cm3. A typical mixing torque
curve is shown in Fig. 11.5. A constant torque value can be achieved if the mixed
feedstock is homogeneous. If the torque value keeps increasing during mixing,
the feedstock should not be used for injection molding.

After the small-scale mixing, the feedstock can be mixed in a large-scale mixer.
Several types of high-shear mixers are used for MIM feedstock preparation, which
include double planetary mixer, single-screw extruder, plunger extruder, twin-
screw extruder, twin-cam extruder, shear roll compounder, sigma-blade mixer,
and Z-blade mixers. Figure 11.6 shows a Z-blade mixer for laboratory use.

Figure 11.4 Small-scale mixer with torque measurement function.
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Figure 11.6 Z-blade mixer for laboratory use.

11.4 INJECTION MOLDING

11.4.1 Equipment and Processing Parameters for μMIM

Injection molding is one of the key processing methods used for molding plastics.
It is suitable for the mass production of parts with a complex shape. In MIM, the
procedure of injection molding is similar to that of plastics injection molding.
The defects and problems associated with plastic injection molding apply also to
MIM. In addition, higher heat conductivity and different feedstock rheological
characteristics give more problems.
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Some dedicated micro injection molding machines meant for plastics are made
applicable also to μMIM by using wear-resistant hardened plasticating unit, for
example, Battenfeld Micro-system 50. In most cases of μMIM, a number of
equipment modifications based on conventional plastic injection molding machine
and a specially designed mold are required. This is mainly due to the small dimen-
sions of the molded micro-components and the high aspect ratio of the micro-
structures as well as the demand for submicron precision. Typically, they include

• The surfaces in contact with the feedstock such as reciprocating injection
screw and mold inserts have to be hardened to resist the abrasive metal
feedstock.

• Separate Plasticating and Injection Unit: For injection of milligram-shot
weight, metering and dosing have to be very exact. In this aspect, separate
plasticating (metering and dosing) units can be used, and smaller metering
screw and smaller injection plungers can be used to guarantee exact metering
and fast injection [21,22].

• Cavity Vacuum System: In conventional molding process, air vent slots facil-
itate the escape of air in the mold cavity during mold filling. However, these
slots are close to the size of the micro-structures. Therefore, the cavity has
to be evacuated using an external evacuation system [23]. Further, the incor-
poration of vacuum system is necessary to avoid air getting entrapped and
“diesel effect” in the blind micro-cavity during molding, and to enhance the
mold-filling process. In some cases, a pressure of 2.7 Pa is used [24].

• Variotherm Mold Heating/Cooling System: In micro plastic injection mold-
ing, the extreme aspect ratio in combination with the small dimensions of the
micro-structures requires a mold temperature variation technology termed
variotherm [21]. In the case of high-aspect-ratio micro-structure injection
molding using conventional mold, the rapid heat loss often leads to incom-
plete filling of the mold cavity. Thus, it is necessary to increase the mold
temperature to an elevated temperature for easy filling. After filling, the mold
is then cooled to a demolding temperature that allows a safe and defect-free
demolding of the micro-structures [25]. The principle of the variotherm mold
is applicable also to μMIM.

• High Mold Alignment Tolerance: Although during micro injection molding,
the temperature changes and high clamping force is applied, dimensional
stability has to be ensured. An effective and extremely precise dimension
alignment device with an alignment quality of ±10 μm has been used [25].
Further, high-tolerance requirements on the closing joint, ejector pins, and
the mold inserts are also required. During production, tolerance smaller than
1 μm must be observed [25].

• Separation or Substrate Unit: Typical micro-structures exhibit dimensions
in the range of some tens of microns and a large aspect ratio. To facilitate
separation of these micro-structures from the mold insert, a separation or
substrate unit is needed to demold the micro-structures [26].
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Molding conditions for μMIM are different from those used for conventional
plastic injection molding and MIM. Higher barrel temperature and mold temper-
ature are necessary to ensure that the feedstock has a sufficiently low viscosity
to fill the mold cavity completely. Higher injection speeds can avoid rapid heat
lost from the feedstock as the feedstock has a high thermal conductivity. This
can prevent premature solidification. The injection pressure and the packing pres-
sure need to be high, for example, an injection pressure of 200–250 MPa is used
[27,28]. Further, lower ejection speeds are needed to prevent the micro-structures
from breaking and sticking inside the cavity.

11.4.2 Mold Inserts for μMIM

The potential of molding minimum structural details is determined by the method
selected for manufacturing the micro-structured mold inserts, their quality, as well
as by the particle (powder) size. A number of methods are capable of producing
micro-components and micro-structures in the micron range. The resulting micro-
structures may be used directly or serve as mold inserts for the mass production
of micro-structures in micro injection molding of plastics and μMIM [29].

The following processes and materials are used for the production of mold
inserts used in metal or ceramic micro-components and micro-structures:

• LIGA. Nickel mold, Nickel mold insert coated with approximately 500 nm
of gold, Ni–Fe alloy and tungsten–cobalt alloy [30–32].

• Laser ablation. Hard metal [13] and polyimide film mold-pattern ablated by
excimer laser [33].

• Precision engineering techniques (micro-milling, Micro Electrical Discharge
Machining (μEDM), wire-cut erosion, etc.) [34]. For example, Fig. 11.7
shows a μEDM mold insert for molding micro-gears 1 mm in diameter.

• Nitinol and stainless steel [19,30].
• Brass for simpler micro-structure by micro-mechanical processing [5].
• Silicone rubber. Usually used in low-pressure PIM, good demolding property

[35].
• Plasma etching of silicon [6,14,36]. Silicon has physical and chemical prop-

erties that make it a promising material for MEMS (micro-electromechanical
systems) and micro-system technology. Silicon is very strong, similar to steel
with respect to the modulus of elasticity; has no mechanical hysteresis; and
possesses good thermal conductivity and a low thermal expansion coeffi-
cient [37]. Silicon mold inserts made by plasma dry etching of silicon wafer
(e.g., DRIE—deep reactive ion etching) were used as in the mold insert in
μMIM [6]. The DRIE technology allows the attainment of relatively verti-
cal sidewalls at a high anisotropy and better sidewall surface roughness by
selecting a suitable wafer temperature and the addition of oxygen. The pho-
tos of silicon mold inserts etched by DRIE and the details of micro-cavities
and micro-channels are shown in Fig. 11.8 [38].
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Figure 11.7 μEDM mold insert for molding micro-gears 1 mm in diameter.

• μMIM. Iron (Fe), 316L stainless steel, and hard metal (WC–Co10). Lim-
itation: high surface roughness compared with DRIE silicon mold inserts
and LIGA mold inserts, but are comparable to micro laser ablation and
micro-cutting [39].

11.4.3 Variotherm Mold for μMIM

As mentioned in section 11.4.1, the problem of incomplete filling when molding
tiny micro-component or high-aspect-ratio micro-structures can be resolved by
using a variotherm mold. A Variotherm mold with a rapid heating–cooling system
was utilized to fabricate high-aspect-ratio 316L stainless steel micro-structures
[24]. The variotherm mold heating–cooling system has advantages such as good
filling of high-aspect-ratio micro-structures, adjustable demolding temperature,
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Micro-cavities

Micro-channels

Figure 11.8 Silicon inserts with micro-cavities and micro-channels etched by DRIE.

and reduced cycle time. The variotherm mold comprises mold body, heating
system, cooling system, vacuum system, hot sprue system, and measuring sys-
tem (cavity pressure and cavity temperature), as shown in Fig. 11.9. The actual
variotherm mold and cross-sectional drawing are shown in Fig. 11.10. As shown
in Fig. 11.11, φ40 μm × height 174 μm micro-structures with an aspect ratio
of 4.4 and φ20 μm × height 160 μm micro-structures with an aspect ratio of 8
were successfully molded using the variotherm mold.

11.5 DEBINDING

After injection molding, the next step in the μMIM process is debinding, in which
the binder is removed from the green part. Currently, the following debinding
methods or a combination of the methods are used in μMIM:

1. Debinding by thermal degradation of the organic binder components.
2. Solvent debinding using organic solvent to remove the binder.
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Figure 11.9 Variotherm mold design layout.

3. Catalytic debinding in an atmosphere containing a catalyst such as nitric
acid vapor, which is usually applied for polyacetal binders.

Thermal debinding involves the removal of the binder from the green part
at elevated temperatures. The binder may be thermally decomposed into low-
molecular-weight species such as water, methane, and carbon oxide and subse-
quently removed from the green part by diffusion or by permeation [40,41].

Figure 11.12 shows a thermal debinding schedule for a 316L stainless steel
feedstock in μMIM. The green part was debound in a tube furnace with a flowing
gas mixture of 95% argon and 5% hydrogen.

Considering the small dimensions and the high aspect ratio of the micro-
structures, appropriate binder components and their composition must be selected
in order to achieve good shape retention during debinding. In the debinding, the
green micro-structures may slump or deform as the binder reaches its soften-
ing point during thermal binder removal. Figure 11.13 shows micro-structures
slumped because of an insufficient strength of the feedstock during debinding.

In addition to thermal debinding, catalytic debinding is also used in μMIM.
The emergence of catalytic debinding with polyacetal-based binder makes it pos-
sible to remove the polymer at a higher debinding rate. In catalytic debinding, the
reaction depends on permeation of the catalyst vapor (e.g., 100% nitric acid) into
the pores and permeation of the decomposition product out of the pores. In the
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Figure 11.10 Variotherm mold and its cross-sectional drawing.

presence of an acid vapor, the binder decomposes predominantly to formalde-
hyde well below its softening point, that is, in the solid state. These occur in
nitrogen at atmospheric pressure and at a temperature of 110–140◦C [42]. The
relatively low debinding temperature below the softening point of the binder
gives the debound part good shape retention. The debinding rate depends on the
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Figure 11.11 φ20 μm × height 160 μm green micro-structures and sintered φ40 μm ×
height 174 μm micro-structures (seating on a φ16 mm × thickness 1.5 mm disc).
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Figure 11.12 Schematic debinding schedule for 316L feedstock.

debinding temperature and catalyst concentration. Usually, the depolymerization
rate is the controlling factor, not the permeation rate. Normally, the debinding
rate is almost constant and is 2 mm/h.

11.6 SINTERING

Sintering is the last processing step of μMIM. The sintering study in this chapter
is mainly focused on 316L stainless steel micro-structures and micro-gears. A
typical sintering schedule for a 316L stainless steel debound part is shown in
Fig. 11.14 [12]. Sintering was conducted in a tube furnace. First, the debound
part was heated from room temperature (25◦C) to 600◦C at a heating rate of
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Figure 11.13 Slumped micro-structures after debinding.
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Figure 11.14 Sintering temperature profile.

7◦C/min, and was held at 600◦C for 1 h. After debinding, there may be some
remaining organic matter, dispersants, and some polymer fragments, which can be
removed quickly by pyrolysis at 600◦C at the first stage of the sintering process.
A high amount of carbon will be kept in the sintered parts if higher heating rates
are used. This is because sintering occurs before all of the organic components
have been removed from the part [2]. The part was then heated from 600◦C to
the sintering temperature Ts and held at Ts for 1 h. After that, the sintered part
was naturally cooled down in the furnace to room temperature.
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Figure 11.15 Green, debound, and sintered parts (with φ100 μm × height 200 μm
micro-structures).

11.6.1 Sintering of Micro-Structures

The part was a round disc of φ16 mm and thickness 1.5 mm in thickness with
an array of 24 × 24 (total of 576) micro-structures in the center of the disc, as
shown in Fig. 11.15. Two types of debinding and sintering methods were used.
The first feedstock was developed in-house. The molded micro-structures were
debound by thermal debinding and sintered in an atmosphere of pure hydrogen.
The second feedstock is a commercial feedstock. The green micro-structures were
debound using the catalytic debinding method and sintered in vacuum condition
(0.67 Pa).

In the case of the in-house feedstock, near-isotropic shrinkages are achieved
in the directions of the diameter and the height of the micro-structure, and in the
directions of the diameter and the thickness of the base after sintering at 1300◦C
for 1 h. However, the measured shrinkage of the micro-structure is 19.6–19.7%,
which is higher than that for the base (14.0–15.1%). The different shrinkage
between the micro-structure and the base did not result in any cracks in the
sintered part. Accordingly, the average fractional density of the micro-structure
(97.1%) is higher than that of the base (89.55%). As shown in Fig. 11.16, there
is a dense layer in the region adjacent to the surface of the micro-structure. The
use of fine powder and the presence of the oxides on the debound parts may be
responsible for the formation and progression of the dense layers on the sintered
micro-structures [43,44].

However, in the case of the commercial feedstock, isotropic shrinkage of
around 16% and a fractional density of 95.6% were achieved after sintering at
1300◦C in vacuum. No dense layer appeared. Figure 11.17 shows that the grain
size increases as the sintering temperature increases [12]. At a low temperature of
1200◦C, grain growth had taken place. A higher sintering temperature of 1300◦C
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Figure 11.16 Micro-graphs of the polished micro-structures sintered in (a) hydrogen
and (b) vacuum.

results in higher densification and smaller pore size, and some isolated pores in
the grain hinder further densification.

11.6.2 Sintering of Micro-Gear

Figure 11.18 shows a 316L stainless steel micro-gear 1-mm in diameter after
sintering. Sintering was conducted in hydrogen gas at 1250◦C for 1 h. The
grain structure of the micro-gear was examined using EBSD (electron backscatter
diffraction) system as shown in Fig. 11.19 [45]. The annealing twin content at
the tooth is significantly higher than that at the hub. The average grain size of
the outer layer of the tooth (Region Z) (35 μm) is larger than that of the hub
(Region Y) (5 μm). Similar to the case in the sintering of the micro-structures
depicted in Section 11.6.1, the so-called “dense layer” exists on the surface of
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(a) (b)
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Figure 11.17 Micro-graphs of etched sintered micro-structures: sintering temperature of
(a) 1200, (b) 1250, and (c) 1300◦C.

Figure 11.18 Micro-gear 1 mm in diameter.
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Figure 11.19 Micro-graphs of the micro-gear.

the micro-gear. The reason may also be the presence of the oxide from the binder
residue [43,44].

11.7 SUMMARY

μMIM is a relatively new technology suitable for the mass production of metallic
micro-components or micro-structures. Since the last decade, it has found wide
applications such as stainless steel invasive surgery implant, mold insert for
plastic micro-molding, micro-gear, heat sink, and structural micro-components.
However, there are still problems and constraints to be resolved. These include
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smaller metal powder, binder with high green strength and good shape retention
during debinding, mold insert with good surface finish for ease of demold-
ing (especially for high-aspect-ratio micro-structure), development of dedicated
μMIM machine and tools, reduction of tolerances in shrinkage due to sintering,
better surface quality, and improved economic efficiency.
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Haußelt J, editors. Advanced micro and nanosystems, Volume 3: micro-engineering
of metals and ceramics, Part I: design, tooling and injection molding. Weinheim,
Germany: Wiley-VCH Verlag GmbH & Co. KGaA; 2005. pp 187–220.



REFERENCES 369

33. Shimizu T, Murakoshi Y, Sano T, Maeda R, Sugiyama S. Fabrication of micro parts
by high aspect ratio structuring and metal injection molding using the supercritical
debinding method. Microsyst Technol 1998;5:90–92.

34. Loh NH, Tor SB, Tay BY, Murakoshi Y, Maeda R. Fabrication of micro gear by
micro powder injection molding. Microsyst Technol 2008;14:43–50.

35. Bauer W, Knitter R, Emde A, Bartelt G, Goehring D, Hansjosten E. Replication
techniques for ceramic micro-components with high aspect ratios. Microsyst Technol
2002;9:81–86.

36. Bohm J. Micro-metalforming with silicon dies. Microsyst Technol 2001;7:191–195.

37. Rangelow IW. Reactive ion etching for high aspect ratio silicon micro-machining.
Surf Coat Technol 1997;97:140–150.

38. Fu G, Loh NH, Tor SB, Murakoshi Y, Maeda R. Replication of metal micro-structures
by micro powder injection molding. Mater Des 2004;25:729–733.

39. Rota A, Duong T-V, Hartwig T. Wear resistant tools for reproduction technologies
produced by micro powder metallurgy. Microsyst Technol 2002;7:225–228.

40. German RM. Theory of thermal debinding. Proceedings of the Powder Metallurgy
World Congress & Exhibition. Granada, Spain: European Powder Metallurgy Asso-
ciation; 1998. pp 159–167.

41. Nash P. Kinetics of binder burnout and oxide reduction in injection moulded iron
parts. Metal Powder Rep 1998;53(12):42.

42. Catamold—the range to suit your needs, BASF AG. Catalogue, Business Division
Inorganics, Marketing Powder Injection molding, Ludwigshafen, Germany, 2002.

43. Tay BY, Liu L, Loh NH, Tor SB, Murakoshi Y, Maeda R. Characterization of metallic
micro rod arrays fabricated by μMIM. Mater Characterization 2006;57:80–85.

44. Liu L, Loh NH, Tay BY, Tor SB, Murakoshi Y, Maeda R. Densification and grain
growth of stainless steel micro-size structures fabricated by μMIM. Appl Phys A:
Mater Sci Process 2006;83:31–36.

45. Tay BY, Loh NH, Tor SB, Ng FL, Fu G, Lu XH. Characterisation of micro gears
produced by micro powder injection moulding. Powder Technol 2009;188:179–182.



INDEX

Ab initio calculations, molecular dynamics
modeling, 49–50

ABINIT software, first-principle electronic-state
calculation for frictional interface, 56–61

Ablation mechanisms, nanosecond-pulsed laser
ablation, 177–179

Absorption, laser-based micro-fabrication,
161–164

Accelerometry, mechanical micromachining,
micro-end milling, 259–262

Accuracy in layered manufacturing, future
improvements in, 146

Acoustic emission sensors, mechanical
micromachining, micro-end milling,
259–262

Adatoms, semiconductor microfabrication,
chemical vapor deposition, 30–33

Adhesion process:
first-principle electronic-state calculation for

frictional interface, 56–61
molecular dynamics modeling, 48–50

Aerospace industry, rapid-direct manufacturing
applications, 142–143

Amorphous polymers, micro-molding
applications, 200–202

Micro-Manufacturing: Design and Manufacturing of Micro-Products, First Edition.
Edited by Muammer Koç and Tugrul Özel.
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