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Preface

Research challenges and developments in the direction of micromanufacturing of
macro- and micro-components for successful applications in the fields of biomed-
ical, microelectronics, optical, automotive, and aerospace are increasing day by day
due to the demand of fulfillment of such components with specific surface features,
dimensional accuracy, tolerance, and complex shapes. For this, a lot of research
activities in micromachining, as well as the development of micromachines, are
needed across the globe. Achieving desired surface finish, intricate profiles with
accuracy and tolerance, and geometrical dimensions is always a challenging task for
the manufacturing technocrats and research scientists. Since inception, a lot of
micromachining processes have been developed for achieving the mentioned
requirements for the products. However, due to the lack of complete understanding
of the physical phenomenon behind the processes, such degree of precision, geo-
metrical features, and surface characteristics have not been attained even today. The
development of materials with enormous material properties is also playing the
influencing factor of these deficiencies. A few research activities have been per-
formed by research scientists to implement novel strategies in micromachining for
augmenting these features related to quality, dimensional accuracy, and produc-
tivity. Some of the strategies have also been successfully employed in several
micromachining techniques.

The present book entitled Accuracy Enhancement Technologies for
Micromachining Processes attempts to collect research activities in different con-
ventional as well as non-conventional micromachining processes implementing
various novel machining strategies for improving the accuracy and features of
components. Chapter “Accuracy Improvement in Tool-Based Micromachining”
describes the methodologies of accuracy improvement in tool-based micromachin-
ing processes such as micro-turning, micro-drilling, and micro-milling for achieving
defect-free components and desired surface finish and accuracy. In chapter
“Strategies for Improving Performance of Ultrasonic Micromachining Process,” the
details of technologies of accuracy improvements in ultrasonic micromachining are
described with several developments in the process mechanism itself such as rotary
USM, workpiece vibration for the intention to achieve a high degree of accuracy and
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surface profile. In chapter “Accuracy Improvement and Precision Measurement on
Micro-EDM,” the details of micro-electrical discharge machining with its perfor-
mance and operating parameters are described upon which the accuracy of
machining depends on. Further, this chapter also deals with discussions on several
factors that cause inaccuracies in micro-EDM. Chapter “Improvement of Profile
Accuracy in WEDM—A Novel Technique” deals with accuracy improvement
techniques in wire electrical discharge machining process for cutting different
complex profiles. Authors developed a new method of detection of wire lag phe-
nomenon and proposed mathematical models to compensate for the inaccuracy in
profile cutting. Chapter “Laser-based Fabrication of Micro-channels” deals with the
description of possibilities of inaccuracies during the generation of micro-channels
utilizing high-power laser beam. Authors have also discussed the underwater laser
micro-channeling process and techniques to improve the profile accuracy. Chapter
“Pulsed Nd:YAG Laser Cutting: Accuracy Improvement and Parametric Influences”
describes the possibilities of accuracy improvement during Nd:YAG laser cutting of
a variety of materials ranging from metals, non-metals, ceramics, composites, etc, for
establishing the reliability of Nd:YAG laser cutting process. Chapter “Improvement
in Surface Finish and Geometrical Accuracy by Laser Micro-turning” describes the
novel technique to improve the dimensional accuracy and surface finish during
micro-turning process utilizing pulsed Nd:YAG laser. Authors have carried out
detailed experimental investigation and analysis to improve surface features of laser
micro-turning components made of alumina ceramics. “Accuracy Improvement
Techniques in Electrochemical Micromachining (EMM)” describes the details of
accuracy improvement techniques for micromachining using electrochemical phe-
nomena. Authors have proposed several novel strategies to augment the geometrical
accuracy and surface features. Microtool insulation, IEG control, design, and
development of microtool have been proposed by the authors. In chapter “Surface
Micromachining—Advances and Advanced Characterization Techniques,” the
accuracy issues in various surface micromachining methods such as photolithog-
raphy, reactive ion etching, deep reactive ion etching, as well as some advanced
methods of micromachining such as focused ion beam fabrication, electron beam
lithography, are discussed. Chapter “Generation of Nano-level Surface Finish by
Advanced Nanofinishing Processes” presents details of several advanced nano-
finishing techniques such as abrasive flow finishing, magnetic abrasive finishing,
and magnetorheological abrasive flow finishing for the in-depth understanding of the
processes as well as for improving surface characteristics in nano-finishing
techniques.

Therefore, the present book offers a comprehensive overview of various
micromachining techniques and accuracy improvement techniques/strategies for
increasing the value addition of micro- and macro-products. This book will defi-
nitely draw innovative and valuable reference to engineers and R&D researchers
attached to micromachining processes. Moreover, the book can be used as a ref-
erence book for final-year undergraduate engineering courses and a course of
micromachining processes at the postgraduate level. Furthermore, this book can
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serve as a useful reference for academics, researchers, mechanical, manufacturing,
industrial and materials engineers, professionals in micromachining processes, and
related industries.

The editors acknowledge Springer for providing this opportunity and for their
enthusiastic and professional support. Finally, the editors would like to thank all the
chapters’ contributors for their availability to complete this work.

Kolkata, India Golam Kibria
B. Bhattacharyya
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Accuracy Improvement in Tool-Based m
Micromachining i

S. P. Leo Kumar

Abstract The need for micro part is growing drastically because of technology
advancement in biomedical, semiconductor, and aerospace industries, etc. Tool-
based micromachining is the advanced approach for the production of parts for
enhanced functionality with significant size reduction. Part accuracy is dealt with
the degree at which the part approximates the true geometrical shape and size.
In this chapter, factors that influence the part geometrical and dimensional accu-
racy in tool-based micromachining are presented. It is divided into six major ele-
ments: (a) cutting tool, (b) work material, (c) environment, (d) cutting phenomenon,
(e) process parameters, and (f) machine tool. In this study, tool-oriented conventional
micromachining processes are considered. The individual sub factors are represented
by a fishbone diagram. The influence of parameters and their cause are described
with the published literature, and the possible ways for part accuracy improvement
in tool-based micromachining are presented.

Keywords Micro drilling + Micro turning + Micro milling + Part accuracy

1 Introduction

The need for microscale (1-500 pwm) and meso (500 pm—10 mm) parts with desired
functionality is rapidly increasing in various fields include automobile, aerospace,
optical, biomedical industries, etc. The products are available in assortment of materi-
als. Micro manufacturing is the advanced approach for recognition of micro product.
Earlier time, watch parts are considered as micro part. Current changes because
of technology expansion necessitate micro product for various applications such as
medical, biomedical equipments, surgery tool, etc. [1].
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Any part consists of two or more micro features can be termed as micro part
according to the definition of micro/meso mechanical manufacturing (4M) associa-
tion. It clearly defines that the term micro deals with feature but not part size. There are
two kinds of micro manufacturing: lithography and non-lithography techniques. Pho-
tolithography approach assists micro manufacturing, but has certain disadvantages in
developing elevated aspect ratio (AR) structures, more capital investment, and work
material limitation [2]. Later approach overcomes the drawback with lithography
techniques for the past two decades. It is grouped into mechanical and advanced
micromachining, finishing, and forming processes [3]. Achieving the required accu-
racy and surface finish is the prime requirements in micromachining. Accordingly, it
is classified as precision and ultra-precision machining. In precision machining, the
accuracy level is of up to 10 pm and surface finish up to 10 nm. In ultra-precision
machining, the achievable accuracy is in the order of 1 wm and surface finish value
is of <10 nm [4].

Mechanical micromachining deals with machining using micro tools, and it pos-
sesses key features over lithography approach such as handling complex product,
processing range of materials, cost, and geometrical accuracy. It is grouped into
conventional, advanced, and nano finishing techniques [5]. Conventional process
includes micro turning, drilling, and milling. Advanced processes are grouped into
mechanical, thermal, and chemical energy-related operation [6].

1.1 Accuracy Improvement

Accuracy of a part or machine is dealt with the degree with which it approximates
the geometrical shape and size. In general, it is impossible to manufacture a part or
machine tool in accordance with geometrical representation. Hence, deviation from
the ideal or theoretical values is taken as the measure of accuracy. These deviations
will be compared against the permitted value for the actual function of the part or
machine [7]. Accordingly, tolerances will be established for all the quality features
of a typical micro part or machine tool.

A typical part accuracy consists of various elements include (a) geometrical accu-
racy, (b) dimensional accuracy, (c) positional accuracy of surfaces, and (d) surface
texture. All the elements have significant influence of functionality of micro part or
machine tool. The necessity for miniature and micro parts is growing nature, accuracy
improvement toward the theoretical or ideal requirements are inevitable in nature.
There are three major area that needs development in the field of micro fabrication: (a)
process characteristics study, (b) micromachining tool development, and (c) online
metrology. Accuracy improvement in micromachining covers broad spectrum and
having huge research scope for the development in the field of micromachining.

In this chapter, some fundamental aspects of tool-based micromachining process
are introduced. Geometrical and dimensional part accuracy produced by tool-based
micromachining greatly affected by workpiece, cutting tool, cutting phenomenon,
machining parameters, and plant and machine tool parameters. Effects of major
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parameters on accuracy are described with the help of literature. Possible way for
enhancement of part accuracy is presented based on published results. Quantum of
chapter is based on investigations done by the author’s research group.

2 Tool-Based Micromachining

The necessity for concentrated weight, size, and desired surface quality with
enhanced accuracy, at reduced component costs from electromechanical equipments
to medical tools is the forces driving miniaturization [8]. Tool-based micromachin-
ing includes micro turning, drilling, milling, grinding, etc., have many merits include
user friendly, less investment cost, precision surface finish with geometrical accu-
racy, etc. However, challenges associated with processes are yet to be solved as the
machining unit is reduced [2]. Accuracy of micromachine tools lacks with ultra-
precision machine tools due to deficiency in construction, positioning error, etc.
[9]. In this chapter, conventional micromachining processes are considered for part
accuracy-related characteristics study. Basic principles behind the process are dis-
cussed first, and then overall criteria that affect part accuracy and the possible way
for the improvement are presented.

2.1 Micro Turning

Micro turning technique received authoritative research concentration for the devel-
opment of micro system on diverse engineering materials and alloys. The working
principle is similar to conventional turning process. The material removal process
possesses certain behavior due to size diminution [5]. Micro turning of tungsten
carbide (WC) with polycrystalline diamond tool depicted in Fig. 1.

2.2 Micro Drilling

Mechanical micro drilling is the cost proficient approach for the generation of pm size
hole. Work material physical property will not influence the micro drilling operation.
Wide group of engineering metals, alloys, and polymers can be processed effectively.
Micro drilling investigational setup is depicted in Fig. 2. Processing time can be
preserved if appropriate machining parameters are set for micro drilling.



4 S. P. Leo Kumar

Fig. 2 Micro drilling on brass material [5]
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2.3 Micro Milling

Multifaceted 2.5 and 3D micro parts can be produced by micro milling process, and
the working principle is analogous to conventional milling operation [10]. Micro
milling application includes the production of micro parts in the field of mold making,
die, channels, gears, fluidic devices, propellers, etc. It overcomes the difficulties
associated with electric discharge machining (EDM) process and grinding processes
[11].

End mill and ball nose-type tool made up of WC is commonly employed for
milling. Diamond tool is used for machining non-ferrous-type work material. Size
up to 100 pm is normally available and up to 25 pm shaped by ion beam machining.
Micro milling setup for machining polymethyl methaacrylic (PMMA) material is
depicted in Fig. 3. Micro milling has more highlight between all micromachining
processes. Since it can achieve desired accuracy, surface finish with high material
removal rate (MRR), it is widely used for the production of miniature mold and dies
[13].

3 Process Criteria

Part accuracy in tool-based micromachining affected by various factors, since it has
direct and indirect influence on geometry and functionality of the micro part. Ishikawa
diagram for factors that determines part accuracy is shown in Fig. 4. The inaccuracy
in micromachining can arise from serious factors such as elastic deformation in
machine, tool, and workpiece deflection due to cutting forces, thermal deformation,
wear and tear of cutting tool, work material composition, workpiece distortion due

Fig. 3 Micro milling of PMMA material [12]
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to clamping force, geometry irregularities in the cutting tool, residual stress in the
work material, fluctuations in input parameters, material non-homogeneity, etc. The
selection of suitable manufacturing process from micro cutting, milling, micro-EDM,
micro-electrochemical machining (ECM), etc. is a challenging task. Geometrical
accuracy, aspect ratio, and surface integrity are the characteristics that should be
considered while selecting a particular micromachining process [14].

In this chapter, the factors that influence both geometrical and dimensional accu-
racy are classified into six major categories: (i) plant, (ii) machine tool, (iii) work-
piece, (iv) cutting phenomenon, (v) cutting tool, and (vi) machining parameters. Sub
elements of each factor have significant impact on part accuracy. Significant number
of research work addressed the effect of such factors in tool-based micromachin-
ing processes. The generalized Ishikawa diagram for part accuracy covers the major
factors of conventional tool-based micromachining processes. Significant functions
of independent variables and their influence on part accuracy are discussed in the
subsequent section.

4 Cutting Tool

In conventional tool-based micromachining, cutting tool performs machining action
on the workpiece to produce desired part geometry. Range of tool material varies
from high-speed steel to diamond which depends on the work material character-
istics. Size of cutting tool varies from 50 pm to 10 mm, and insert shape and size
will vary accordingly. A good cutting tool should permit chip formation and removal
from the machining zone, possess sharp cutting edge for minimum cutting force
and undeformed chip thickness, proper geometry for minimum friction, and be able
to manufacture by robust manufacturing process for economic feasibility. Various
factors include tool geometry, shape, size, physical and mechanical properties, geom-
etry, manufacturing methods, tool wear, etc., a have significant influence on accuracy
in tool-based micromachining.

4.1 Tool Fabrication

Micro tools include end mill and drill are normally made from WC that has hardness
and strength at elevated temperatures. Micro milling tool of size 50 pm is available,
and their helix angle is formed by precision grinding [15]. Micro mills are made by
grinding method, and their cutting teeth possess considerable effect on performance
in terms of tool life and surface quality.

Aurich [16] manufactured end mills with the diameters between 10 and 50 wm
with variable helix angle and inferred that grinding is an appropriate method for the
production of precision micro milling tool, which combines geometrical accuracy
with shorter processing time. Also inferred that it can be possible to machine a
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titanium alloy with 20 pm tool size and PMMA with 10 pm tool diameters. Gao
et al. investigated failure of cutting edge in grinding of cemented carbide cutter.
Width edge damage and surface roughness of teeth flank are measured. Result shows
the formation of micro fracture, cracks at the cutting edge, and also micro pit in
the grinding surface. Grain size and composition possess an impact on cutting edge
failure. Edge damage width increases with addition of cobalt and WC grains [17].

4.2 Tool Geometry

The cutting geometry extensively affects the surface integrity and burr formation.
Rounded and chamfered geometries are established as the favorable one for fine sur-
face finish. The recent study reveals that it is indispensable to examine the cutting
geometry. The demand for precision micro dies and molds made of tool steel expe-
rienced a phenomenal growth due to the demand for micro systems. Tool geometry
plays significant job in the assortment of cutting conditions for micromachining of
difficult to machine materials. It is a confront task due to shorter tool life in compar-
ison with macroscale machining. Aramacharoen and Mativenga analyzed size effect
in H13 steel. It is inferred that optimum surface finish is obtained at the condition
at which the depth of cut (ap) is equal in magnitude with the tool edge radius (ER).
The lowest burr size was found when ‘a,’ is larger than tool edge radius [18].

Baburaj et al. studied ball end mill ER at normal and transverse planes with the help
of kinematic associations in computer-aided design background. Confocal and stereo
microscopes were used for ER measurement. Ball end mill geometry was analyzed
by virtual sectioning approach in order to study the association between ER in both
planes. Real-time cutting ER becomes suitable for transverse plane. The cutting ER
in normal plane is computed by applying helix angle correction value at the selected
point [19].

4.3 Tool Wear

The tool wear is a key for accuracy and surface quality of micro milled part. Zhu and
Yu proposed a tool wear monitoring technique in accordance with tool wear image. In
contrast to traditional tool wear width criteria, an algorithm based on Morphological
Component Analysis (MCA) was developed to detect and dig out the wear region.
It decomposes creative tool image into target and noise image. Experiment result
shows that MCA algorithm can effectively extract wear image and indication of
wear condition [20]. Filiz et al. demonstrated the capability of the micro milling by
generating micro barbs in PMMA with size (width between 68 and 174 pwm), edge
sharpness (60° and 90°), and height (between 84 and 460 jwm) [21].

The low chip thickness to the cutting ER ratio, workpiece hardness, low stiffness
of tool and wear leads to increase of tool deflection. It implies that reduction of
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accuracy as the tool size is abridged. Bissacco proposed a solution that consists of
increased feed per tooth and their effect on cutting force components was appraised
in terms of tool deflection and part accuracy [22].

4.4 Coating of Tool

Geometrical accuracy of a workpiece is affected by precision of coating tools. The
protection of coated tools is influenced by factors such as interface temperature, force,
and strain rates. Uniform coating of micro tool is a complicated task. Aramcharoen
reported wear mechanism in coated micro milling tool on machining of tool steel.
Physical vapor deposition coating was examined based on numerous tool wear criteria
and inferred that TiN coating ensures best performance with minimum tool wear and
better surface quality [23].

Coating plays significant role in part accuracy even though the tool substrate is in
high-dimensional accuracy. Sui et al. performed TiAlTaN/Ta coating on cemented
carbide tool by sputtering technique. Scanning electron microscope analysis exposed
that growth of Ti—Al-Ta-N crystals is broken up by layered design. There is an
increase in coating hardness with decreased bilayer thickness [24].

4.5 Tool Deflection and Failure

Erratic tool life and early tool breakdown are a major problem that affects the part
accuracy significantly. The rigidity of D-type mill is superior than two flute end mill
when the diameter is below 100 wm. Machining quality is better than triangular-type
end mills that has large negative rake angle [25]. Tool deflection seriously affects
chip formation and part accuracy in micromachining [26]. Chae et al. observed that
cutting marks because of run out contribute surface finish and newer tool holder
design may resolve the problems [27]. Rivin also reported that passive or active
control of tool holder is necessary to pay off for vibration and run out [28].

Drill nomenclature in relation to feature size will affect the accuracy considerably
[29]. Positional accuracy of micro tool influences hole positioning, while repeatabil-
ity influences the shape and size of hole. High strength work materials demand for
drill bit with exceptional positional accuracy and tool life for printed circuit board
application. Factor that concerns the drilling accuracy is the forces that acting on the
drills that cause drill breakage. Since the strength is lower than cutting force, the tool
failure occurs. Condition monitoring during its pre-failure phase will help to predict
the failure in advance to eliminate inaccuracy in micro drilling operation.
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5 Machining Parameters

Process parameters have significant influence on part accuracy fashioned by tool-
based micromachining. Process variable includes cutting speed, spindle speed, num-
ber of pass, feed rate, depth of cut, feature size, coolant, etc. Unique process parame-
ters should be incorporated for specific micromachining processes in order to achieve
specific geometrical and surface finish requirements. Micromachine tools are capable
enough to produce precision micro part but not intelligent enough to choose appropri-
ate process parameters. Significant amount of research work exemplified to develop
optimum parameters and their influence on part accuracy and performance. Higher
peripheral speed is commonly used for micromachining, and computer numerical
control (CNC) programming is used for the control of tool path accurately.

End milling has significant effect on surface integrity due to heat generation at
the cutting zone. Masmiati et al. performed end milling on S50C steel and inferred
that combination of high cutting speed, low ‘a,,’ and intermediate feed condition
yields less cutting force. Feature depth has significant influence on part accuracy.
Appropriate feed rate controls the hole quality and tool breakage [30]. Micro drill
characteristics influence the machining accuracy, and process variables affect the
process quality. Other factors include drill size, endurance limit of tool, alignment,
pecking order, and lubrication effect to be optimized for better quality holes.

Periyanan et al. incorporated Taguchi technique for the maximization of MRR.
Spindle speed ranges between 60,000 and 80,000 rpm. It is inferred that medium
cutting speed, high feed, and ‘a,” conditions are the optimum parameters for alu-
minum (Al) [31]. Lekkala et al. presented the authority of process variables include
peripheral speed, tool diameter, flute number, feed rate, and ‘a,’ on burr forma-
tion in milling of Al2124 and SS-304 material with WC tool of size 300 pm and
400 pm, respectively. It is inferred that ‘a,” and the tool diameter influence burr size.
However, feed rate and speed have negligible effect [32]. Leo Kumar et al. exempli-
fied micro drilling on brass material and micro milling on PMMA and resulted that
amalgamation of medium ‘v’ and feed rate leads to fine surface finish [33].

5.1 Built-Up Edge Effects

Built-up edge (BUE) formation significantly affects surface quality. Free particles
due to BUE formation affect surface finish. Stable BUE can guard the tool from
wear that obstruct micromachining operation. Oliaei and Karpat investigated the
association between BUE in micro milling of Ti-6Al-4V alloy. The relationship
between tool geometry, surface finish, and cutting force was studied. It is inferred
that optimum selection of feed and ‘a;,” condition is an important reflection for stable
BUE formation [34].
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5.2 Cutting Temperature

As machining temperature increases, tools become softer and wear more, ultimately
it shortens tool life and part accuracy. Relatively, larger feed rate and small ‘a,” should
be incorporated to ensure minimum cutting temperature. Cui and Guo inferred that
feed rate and ‘a,’ possess special effects on heat flux during chip formation [35].

5.3 Cutting Fluids

Cutting fluid is used to reduce the efforts of friction. Cutting fluids are also used to
remove heat from the cutting zone that causes damage to the microstructure [36].
The result of high cutting temperature is a premature failure of the tools in the cutting
zone and causes poor dimensional accuracy. Proper use of coolants helps to improve
the part quality and dimensional accuracy.

6 Workpiece Characteristics

Work material characteristics have significant effect on part dimensional accuracy. It
includes parameters such as material type, physical and mechanical characteristics,
size, and shape. Due to size reduction, the part functionality is influenced by the mate-
rial property. Robinson and Jackson carried out review of micromachining in mate-
rials perspective [37]. High-quality requirements concerning dimensional accuracy,
shape, and surface finish must be fulfilled, when cutting high performance materials
[38]. Sekulic et al. performed face milling on EN42CrMo4 steel, EN-GJS-500-7
nodular cast iron and inferred that work material hardness and tensile significantly
influence the cutting force. Other material properties include microstructure, crystal
grain size and shape, and type and amount of impurities also exert influence on the
main cutting force [39]. Machining of wear-resistant materials necessitated the use
of drill with positioning accuracy and long tool life [29]. Work material property
determines cutting conditions suitable for desired surface quality. Investigation on
miniature milling C360 copper alloy under dry cutting condition resulted that amal-
gamation of low spindle speed and feed rate conditions yields fine surface finish,
Leo Kumar [40].

6.1 Material Structure

Material grain size plays an imperative task on edge radius effect for achieving high-
quality surface finish in micromachining. Surface integrity is mainly affected by ER
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of the tool. Material microstructure influences the edge radius effect, and surface
finish varies for same cutting conditions with different work materials according to
its physical and mechanical properties [41]. Attanasio et al. analyzed the influence of
Ti—6Al-4V alloy in terms of microstructure which includes bimodal, lamellar, fully
equiaxed, and annealed type that are analyzed. The mechanical sample properties
were assessed by micro hardness test. It is inferred that minimum cutting force and
tool wear are observed with fully lamellar microstructures [14].

Brittle materials micro fabrication is one of the thrust areas for micro cutting.
Ductile mode machining at low ‘a,” is normally preferred for machining brittle
materials, and it can be machined in ductile fashion, while machining below the
critical ‘a,” with desired accuracy [42].

7 Cutting Phenomenon

Cutting phenomenon is generally unpredictable and complex in nature in actual
machining conditions. The factors include chip formation, cutting force, burr for-
mation, friction, heat generation, lubrication, size effect, energy consumption, etc.
Significant amount of work is presented in the recent scenario.

Rigidity of the machine tool parts is important since that affects surface accuracy.
However, it is not ensured by conventional quick stop devices. Hence, the cutting
stability and DOC would be affected. Consideration of proper quick stop devices
will enhance the part accuracy [43].

7.1 Size Effect

Size effect plays a significant role for accuracy improvement in micromachining.
Tool geometry, grain size, and orientation become dominant factors as the unit mate-
rial removal rate decreases and it strongly influences accuracy and surface integrity
[8]. There is a connection between chip thickness and cutting ER on machining accu-
racy, and it will vary with work material. There is a critical ‘a,” below which surface
finish gets reduced. When the unit MRR size decreases, tool geometry and machin-
ing variables become foremost factors that strongly persuade resulting accuracy [44].
Shimada et al. carried out molecular dynamic simulation to decide attainable accu-
racy. It is observed that chip thickness is to be 5% of cutting ER for Cu and Al
alloy [45]. Yuan et al. performed diamond turning on Al alloys and inferred that chip
thickness fluctuates with ER, work material and type of machining process [46].
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7.2 Cutting Force

Cutting force has significant influence on geometrical and dimensional accuracy.
High machining force limits the part accuracy due to workpiece and tool deflection.
Tool wear also influences the cutting forces [47]. Zhang et al. investigated the conse-
quence of ER, size effect, tool deflection, run out and flute profile that cause uneven
cutting force. The cutting force is considerably predisposed by run-out. However, tool
deflection shows the way for the reduction of run out on cutting forces, particularly
in ‘x” and ‘y’ axis [48].

The control of reacting force is a predominant factor for accuracy improvement.
The cutting force should be lower than reaction force in order to prevent the workpiece
deflection and it is the major bottleneck in micromachining that affects the precision
[49]. Step cutting is normally incorporated to prevent work deflection in micro turning
[50].

7.3 Heat Generation

Heat generation due to tool and workpiece interaction in micro cutting has consid-
erable effects on machining accuracy. Hence, special consideration should be given
in order to minimize heat generation. Moriwaki et al. observed that the pattern of
temperature raise and machining error is based on tool feed direction. When the feed
direction is from workpiece circumference to the center, there is a sudden temper-
ature raise and drop. If the tool is fed in the opposite direction, there is a gradual
increase in temperature. Frequent tool replacement will reduce the heat generation
[51].

7.4 Burr Formation

Burrs are undesirable since that cause tool breakage, jamming, misalignment and
reduce work and tool life. In drilling operation, burr is normally generated at entrance
and exit of feature surface. Entrance burr is formed due to plastic flow and exit burr
due to protrusion of work material at exit surface [29]. Deburring is the process of
removal of burr that becomes highly challenging one in micro drilling. The burr leads
to drill run out that affect the hole superiority. The factors such as cutting speed, feed
per revolution, drill wear, and material affect the burr size.
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8 Plant Factors

There are some miscellaneous parameters that affect part dimensional and geometri-
cal accuracy in direct as well as indirect manner. It includes factors such as environ-
mental effect, inspection, maintenance, measurement uncertainty, cleanliness, type
of operator, and quality of training. The demand for measurement accuracy increases
for applications ranging from simple geometry to highly complicated free form sur-
faces. Measurement system and their resolution play a major in determining part
feature accuracy as the feature size decreases. Appropriate measurement system is
inevitable for decision making and to take corrective action against part quality.

Machining environment significantly affects the machining accuracy.
Environment-friendly techniques can enhance the part accuracy. Warmness
environment will try to expand the work material and machine elements, Fratila
[52]. Environmental impact not only includes machining process but also includes
associated process such as material preparation and cutting fluid preparation. [53].
Expertise of the operator will significantly influence the machining operation and
the related product quality. Since process capability of the machine tools varies due
to dynamic changes in the environment, period inspection is major requirements
in order to maintain part accuracy. Measurement uncertainty can be mitigated by
implementing automated inspection.

9 Machine Tool Characteristics

Characteristics of the machine tool have significant influence on part geometrical and
dimensional accuracy over other factors, since the machine tool is the one producing
the part with required precision [54]. Precision of a machine tool is characterized
by the capability to fabricate part with required geometry by keeping the tolerances
within the acceptable limits. The shape, position, and movement of individual parts
of the machine tool should be within the precision level to ensure part geometrical
accuracy. Micro part quality depends on machine tool characteristic including its
accuracy and lively performance. Various factors include rigidity, process capability,
specification, etc. The machine tool capability is essential in order to achieve product
requirements include accuracy, finish, and repeatability [27].

Hybrid machining can effectively increase machining accuracy. Asad et al. per-
formed turning-EDM in which EDM was performed in micro shaft fabricated by
micro turning process. It reduces clamping error, electrode deflection and conse-
quently improved the machining accuracy [2]. Micromachine tool has the capability
to produce different shapes and to process different part, and machine tool dimen-
sion has significant influence on part accuracy. It includes straightness and flatness
of guide surface, clamping forces, parallelism of axes and guides, etc. [54]. The size
of micromachine tool determines the accuracy of micro features. Miniature machine



Accuracy Improvement in Tool-Based Micromachining 15

tool possesses minimum static stiffness due to short structure and normal dynamic
stability [15].

Precision machine tools lack in self decision-making capability and purely depend
on expertise working with the machine tool. Implementation of artificial intelligence
(AI) approach can assist autonomous judgment in manufacturing planning for pre-
cision micro part production. Leo Kumar et al. fashioned an intelligent system for
manufacturing planning for micro parts. DT110 micromachine tool specification is
taken into the consideration, and the manufacturing logic behind micro part devel-
opment is formulated in terms of knowledge base. Visual studio based application
development environment used for system development, integrated with machine
tool and validated with a case study implementation [55].

CNC code generation is the final activity of a typical CAD/CAM system. In actual
practice, CNC code generation is carried out as a discrete activity in shop floor
environment in most of the industries. Tool path generation based on process plan
information can ensure the production of precision micro part, thereby it ensures true
CAD/CAM integration. Leo Kumar et al. developed a system tool path generation for
micro and miniature feature production based on 2.5 dimensional micromachining.
Decision-making system was developed for automatic tool path generation based on
part feature generation, process parameters, and material information [56].

9.1 Position Measurement and Process Monitoring

Positional accuracy has significant consequence on finished parts accuracy.
Mijuskovic et al. incorporated pitch error compensation method for accuracy
improvement on precision micro milling center. Laser interferometer was used for
positional accuracy measurement, repeatability was calculated as per ISO 230-2
standard, and the measurement uncertainty was estimated for all the axes [57].

Sensor-based process monitoring and control can be incorporated for microma-
chining. However, manufacturing process characterization is necessary for imple-
mentation of sensor for monitoring. Laser encoders are appropriate for position
measurement due to high resolution. Process monitoring can be applied to vibration,
temperature, and cutting force to enhance micromachining process. The parameters
such as tool breakage, wear, and surface damage cannot be measured directly. Hence,
monitoring based on acoustic emission, force, and vibration signals can be employed.
Advanced control systems are used in ultra-precision machine tool [44].

9.2 Vibration

Ultra-precision machine tools fabricate precision product with nanometer-level toler-
ances/surface finish. Hence, machine tool vibration and residual vibration stemming
should be minimized with the help of proper isolation system. Lee and Okwudire
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analyzed the influence of mode coupling on vibration minimization. A rule of thumb
was used to locate the isolators such that vibration modes are decoupled [58].

Zhang et al. analyzed vibration characteristics such that active vibration can sup-
press passive vibration to enhance the surface finish. Air bearings used in ultra-
precision machine tool require high accuracy. The fluctuations in compressed air
being send to the bearing cause air turbulence that leads to micro vibration [59].
Kawai incorporated laminarization concept for optimal piping design and air bear-
ing surface in order to suppress micro vibration [60]. Numerical control equipment
setup, on the degree of contouring errors and smoothness of the movement has
influence on the part accuracy [61].

Chucking is a bottleneck during turning in the form of workpiece accuracy. Hence,
there is a strong need for hard turning for the production of precision components.
Byun and Liu identified the factors include alignment error, kinematic redundancy,
locating surface selection and demonstrated the methods to minimize the factors
influencing accuracy and repeatability. It is inferred that 20 and 30 times enhancement
in accuracy and repeatability was achieved [62].

10 Current and Future Challenges

Technology growth enforces part production with enhanced functionality and sig-
nificant reduction in size. Many challenges are associated with the production of
micro and miniature parts, in which accuracy improvement is having a major scope
for improvement. In this chapter, tool-based micromachining processes and their
influence on part accuracy are presented. The factors associated with accuracy are
divided into six major elements: It includes machine tool, cutting phenomenon, pro-
cess parameters, workpiece, cutting tool and plant effects. The factors specific effect
on part dimensional and geometrical accuracy are analyzed and their outcomes are
presented.

10.1 Future Challenge

Machine tool improvement, on machine micro/nano metrology, and process devel-
opment are required to achieve desired accuracy and surface finish [2]. High-
dimensional accuracy while fabricating microstructures can be achieved by hybridiz-
ing conventional material removal processes with advanced machining processes like
EDM, ECM, etc. Provision for closed loop control and error reparation will ensure
high accuracy in micromachine tool.

Part accuracy and surface finish are directly related to machine tool in which prob-
lems include tool wear, deflection, chatter, etc., leads to surface weakening [44]. To
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minimize tool wear and thermal loads, proper cutting fluid needs to be applied effec-
tively. Machine tool should have characteristics that include high stiffness, thermal
stability, accurate drive system, and short response time.

10.1.1 Cutting Tool and Process Parameters

Size effect should be controlled such that (a,) should be equal to tool radius in order
to ensure good surface finish. Cutting geometry significantly influences surface finish
and burr formation. Tool material in relation to work material and tool wear affects
the geometrical and surface integrity. Type of coating and their thickness should be
controlled critically. Cutting force needs be minimum to minimize workpiece and
tool deflection.

Process parameters should be controlled critically. In general, the amalgamation
of high (v.), medium feed rate, and low (ap) yields minimum cutting force to ensure
geometrical accuracy. Appropriate feed rate and pecking order control the hole qual-
ity and tool breakage in micro drilling. Higher spindle speed should be maintained
irrespective of other parameters to ensure geometrical and dimensional accuracy.
Since burr formation is inevitable in micro milling, incorporation of optimum pro-
cess parameters is necessary. Stable BUE formation can protect the tool against wear
and ensure good surface finish when appropriate parameters were set. Incorporation
of proper coolants can help improve part quality and dimensional accuracy. Hence,
higher productivity and machinability can be considered for increased tool life, sur-
face finish, and size accuracy. Machining parameters optimization in relation to work
material properties can reduce the cutting force significantly. Thereby, it improves
part accuracy [63].

10.1.2 Workpiece Characteristics and Cutting Phenomenon

Work material hardness and tensile strength have a considerable effect on cutting
force. Material grain size plays an imperative role on the edge radius effect for
achieving high-quality surface finish in micromachining. Ductile mode machining is
best suitable for machining brittle material with desired accuracy and surface finish.

Size effect should be controlled critically. Cutting force has direct influence on
heat generation, tool wear, geometry, and quality of the finished surface. Reaction
force should be controlled critically. Tool and workpiece temperature rise need to
be controlled with the help of coolant. Burr formation is to be controlled by using
appropriate cutting parameters. Incorporation of step cutting process will minimize
the deflection considerably, thereby it will enhance the part accuracy [64].
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10.1.3 Machine Tool and Environment

Fundamental dimension of a micromachine tool includes flatness and straightness of
guide surface, clamping forces, parallelism of axes and guides, etc., need to be con-
trolled effectively for part accuracy improvement. Micro vibration of air bearing used
in precision machine tool is to be suppressed effectively. Positional accuracy of micro-
machine tool is to be controlled to ensure part dimensional accuracy. Incorporation
of advanced control system including adaptive control can achieve nm level control
resolution. The machine tool should have accuracy at nm level to perform ultra-
precision machining. It can be achieved by ensuring necessary features to machine
tool such as vibration stability, air bearing spindles, and closed loop controller with
precision feedback system. Fusion of CAD/CAM system and intelligent system into
tool-based micromachining will enhance the capability to produce precision micro
parts.

Part quality depends on machine tool properties including accuracy and dynamic
performance. Thermal compensation of machine tool and workpiece needs to be
investigated. Sophisticated systems are required to look at accuracy and part quality.
For higher-speed requirement, air bearing spindles with air turbines are generally
used. Air bearing spindle that exceeds 200,000 rpm is commercially available. High
accuracy in table movement is necessary in precision micromachining. Vibration
isolation provided by granite base will enhance the hole quality. Micromachining
high-speed spindle with hydrostatic bearing enhances the dynamic characteristics of
the spindle, thereby enhances hole quality. Linear motor direct drives will provide
better stiffness, smoothness, and accuracy. Piezoelectric actuators can be employed
for fine tool positioning. Miscellaneous parameters include environment, mainte-
nance of the machine tool, type of operator, and training and noise factors to be
monitored and controlled to ensure desired geometrical and dimensional accuracy.

Since the requirements for micro parts are growing in personality, always there
is a scope for accuracy improvement in tool-based micromachining. Incorporation
of all the factors will be helpful to meet the requirements of micro part in terms of
enhanced functionality and production with desirable quality.
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Abstract Advanced materials are not easy to machine due to technological and
industrial development and which discover extensive applications in nuclear engi-
neering, aviation industries, etc. The manufacture of complex shape with high-quality
surface finish and superior accurateness can be easily obtained by nonconventional
machining processes. This manuscript covers the significant issues about the perfor-
mance improvement of ultrasonic micromachining process. This book chapter also
focuses on accuracy of ultrasonic micromachining process with process develop-
ment. The two types of ultrasonic micromachining processes, i.e., stationary USM
and rotary USM, are also discussed. Novel development for accuracy on ultrasonic
micromachining (USMM) process has been emphasized and discussed. Strategies for
development of ultrasonic micromachining system for performance enhancement are
discussed for both stationary and rotary ultrasonic micromachining in this chapter.
Micro-type tools developments for ultrasonic micromachining process with various
strategies have been presented. In this section, influences of process parameters of
USMM on different responses have been studied.
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1 Introduction

Recent concept of manufacturing is utilizing sources of energy like light, sound,
chemical, electrical, electrons, mechanical and ion beams. Rapid advancement in the
material science area has lead to innovative brittle and hard materials like glass, com-
posite, high tech ceramics materials, etc. These materials have high-quality mechan-
ical properties and thermal characteristics. With the technological and industrial
development, these materials are not easy to machine, and it also finds an ample range
of extensive applications in nuclear engineering, aviation industries, etc. Nonconven-
tional machining has developed to machine these advanced materials. The complex
shape with high accurateness and good quality surface finish can be fabricated by
utilizing nonconventional machining.

Efficient micromachining methods with higher accuracy are demanded for pro-
ducing parts in micro-electro-mechanical system (MEMS), biomedical, chemical and
optical systems [1-3]. In present scenario, producing miniaturized components and
microstructures is the main target but at the same time, accuracy improvement must
be focused [1]. Micro-engineering methods originate from conventional manufactur-
ing procedures by reducing the machining part to the microscale. Nonconventional
machining process approximating micro-EDM and micro-ECM, etc. cannot make
the correct profile and dimension on hard and brittle materials. Irregular, square,
complex type holes and surface impressions on those materials are also not possible
using other nontraditional machining methods. Ultrasonic micromachining process
can be employed for this reason. Acceptable finish of surface with exact dimensions
and close tolerances on hard and fragile materials can be attained through USMM
procedure [4]. Every brittle and hard material is able to machined using USMM
process [5].

Various investigations have been explained in m USMM process. Novel devel-
opments for accuracy on ultrasonic micromachining (USMM) process with various
strategies have also been discussed. Detail description of various types of ultrasonic
micromachining setup and removal of work material technique has discussed here.
Micro-tools developments with various strategies for USMM process have also been
presented. This chapter also describes the influences of USMM process parame-
ters for various responses. Improvements in machining rate and exact geometrical
features generation in USMM have also been explored. USMM mainly comes from
macro-type USM, which has been previously explored experimentally and described
broadly. Ultrasonic micromachining is the most excellent nonconventional machin-
ing method for creating micro-features on nonconductive, fragile and hard materials
without thermal damage. Ultrasonic micromachining process utilizes a micro-tool
which vibrates at ultrasonic frequency (generally, 20 kHz and sometimes more than
35 kHz) to force abrasive particle to hit workpiece material and erode it. Stationary
and rotary ultrasonic micromachining processes are applied for generation of dif-
ferent machining procedures such as micro-cutting, micro-drilling, micro-groove,
micro-slot, micro-channel, etc. Various strategies have been adopted to increase the
performance of ultrasonic micromachining process.
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2 Basic Principle of Ultrasonic Micromachining (USMM)
Process

The basic principle of ultrasonic micromachining (USMM) is similar to USM but
the micro-tool is used in USMM for micromachining applications. The micro-tool
of USMM process is vibrated with ultrasonic frequency about 20-40 kHz, and some
times more than 40 kHz. The mixture of irregularly shaped abrasive grain particles
among water is supplied into the gap between workpiece and tool. When the end
tool tip strikes the free moving abrasives particles in the slurry, then they get ener-
gized and apply force on the machining area of workpiece. Material is taking away
from the machining zone owing to continue hammering with micro-chipping by the
regular abrasion of the solid microparticles of abrasive. Further, collapsing of the
gas bubbles, also called cavitations, can take part in a material removal at micro-
level. The chemical contaminants present in the abrasive slurry medium can cause
immediate loss of the workpiece material, resulting in material loss. The debris from
the machining region is removing by continuous supply of abrasive slurry between
workpiece and tool and refills this gap with new abrasive slurry.

Therefore, based on the consideration of USMM investigation, the material
removal technique in the case can be stated as:

(i) Micro-chipping phenomenon is happened due to apply force of the abrasive
particles which are freely moving with slurry,

(ii)) Mechanical abrasion against the workpiece surface by abrasive grain particles,

(iii) Cavitations effect by ultrasonic vibration,

(iv) Chemical procedures with the liquid are used.

3 Types of Ultrasonic Micromachining (USMM) Process

Basically, two types of ultrasonic micromachining are available. The first process
is stationary ultrasonic micromachining and the second process is rotary ultrasonic
micromachining. Another hybrid machining process is found, which is ultrasonic-
assisted micromachining. Various classes of ultrasonic micromachining processes
are represented in Fig. 1.

3.1 Stationary Ultrasonic Micromachining (USMM)

Figure 2 illustrates the experimental setup of stationary ultrasonic micromachining
setup where a simple cylindrical micro-tool is employed. The tool tip vibrates with
ultrasonic frequency. A major drawback of USMM process is tool wear. Continuous
shortening of tool length is a major problem and consequently, enforce obstacles
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Fig. 2 Experimental setup of USMM [7]
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with keeping consistent vibration at the end of tool tip is very difficult. Ultrasonically
vibration is given to the workpiece has been established and it is a preferable process
for reducing tool wear. Furthermore, the workpiece vibration helps in the moving of
abrasive particles during machining to develop the impacting of abrasive grains in
the region of machining and take away debris [6].

3.2 Rotary Ultrasonic Micromachining (RUSMM)

Past investigations stated that the stationary USM was upgraded in the form of rotary
ultrasonic machine (RUM) [8, 9] for improving the performance of ultrasonic micro-
machining process. Characteristically, RUM was utilized for making drill holes in
brittle and hard materials and milling and surface finishing purposes also. In 1964,
the rotary ultrasonic machine process was first introduced by Mr. Percy Legge at the
UK Atomic Energy Authority (UKAEA) [8, 10]. Legge’s patented device was high-
lighted a beneficial enhancement. The rotating ultrasonic transducer was fixed to this
stationary ultrasonic machine. So that ultrasonic vibration and rotation were provided
simultaneously to the end of the tool. This development of rotating transducer head
is more advantageous for producing excellent dimensional accuracies on the work-
piece. Various process variations have been attaining by different categories of tools.
Surface texturing, face milling in side, screw threading, internal/external grinding
and slot machining are the little of the process variation which is effectively done with
the help of rotary ultrasonic machine (RUM). RUM had been observed as advance-
ment to overcome the drawbacks of USM, i.e., tool wear and slow rate of machining.
A number of additional ways of describing the RUM process were explored in this
text. Conventional diamond grinding and USM process are combined together and
develop rotary ultrasonic machine (RUM) [8, 11]. Sometimes, it is used for drilling
[10], twist drilling, grinding with ultrasonic vibration [8]. Komaraiah and Reddy [12]
proposed different techniques about RUM which involved workpiece rotation also.

4 Strategies for Development of Ultrasonic
Micromachining (USMM) System for Performance
Improvement

The strategies for developments of ultrasonic micromachining (USMM) system for
improvement of machining performance are discussed hereinafter.
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4.1 Strategies for Stationary Ultrasonic Micromachining
(USMM)

In simple stationary ultrasonic micromachining, there are some problems faced by
researchers like preparation of micro-tool, boost of ultrasonic vibration, control of
vibration amplitude, etc. To solve these problems, some strategies are adopted in the
development of ultrasonic micromachining setup.

Some difficulties faced in fabrication of micro-tools and mounting them on the
USMM setup. Hence, to solve these difficulties, Egashira, K. et al. developed a
machining process to produce micro-tool in same setup which is shown in Fig. 3.
In this setup, electro-discharge grinding with wire (WEDG) technique used to fab-
ricate micro-tool and workpiece vibrates in which ultrasonic transducer is directly
attached to workpiece. Self-aligned multilayer machining and assembly (SAMMA)
was another manufacturing system, which was a combination of machining as well
as assembly of micro-parts be performed on a similar machine instead of other
machining and assembly.

An innovative production process merges electroplating, lithography, p.-EDM and
micro-USM. It has been elaborated to fabricate unusual patterns on various ceramics
efficiently with the help of lithographic mask [14]. For generation of 3D structure
of hard and fragile materials, a new approach has been useful in micro-USM with
the help of ultrasonic vibration spindle with high precision [15]. A new monitor-
ing technique with measurement was developed in micro-USM system, which is
used to measure static force as well as workpiece clamping and tooling for better
machining conditions in micro-USM [16]. One another method was proposed, called
electrophoretically assisted micro-ultrasonic machining (EPAMUSM). Within this
method, an electric field is utilized to maintain a sufficient amount of abrasive particle

Fig. 3 USMM setup with p

online tool preparation and - 2

workpiece vibration [13] ¥ v
V-shaped bearing

Mandrel —

Microtool Workpiece

Electronic balance — Ultrasonic transducer
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in machining area to make sure high precision [17]. Figure 6 shows the effect of elec-
trophoretic in EPAMUSM setup where absorption layer of abrasives in micro-tool
surface improves MRR and also edge chipping of the surface.

4.2 Strategies for Rotary Ultrasonic Micromachining
(RUSMM)

Rotary ultrasonic micromachining (RUSMM) is a mixture nontraditional machin-
ing method that merges the conventional grinding with diamonded tool and static
USM. High MRR is achieved by this machining process [18-21]. In this machining
procedure, a rotary type core drill tool with diamond added abrasives is vibrated
ultrasonically and constantly feeds toward the workpiece. Coolant is continuously
supplied in the machining area, which prevents jamming and overheating of the
drill hole inside wall area [22-24]. As compared to the micro-USM, more material
removal rate has been found in micro-RUSM. Figure 4 illustrates the various types of
tools used in RUSMM process. The RUSMM process is also considered a nonelectri-
cal, nonchemical and nonthermal machining technique [25-27]. Various operations
such as drilling, surface texturing, face grinding and side face milling, etc. have been
done with the help of rotary ultrasonic machining [18, 28-30].

S Mode of Operation of Ultrasonic Micromachining
(USMM)

Generally, ultrasonic micromachining operation has been done in two ways, namely

(a) Ultrasonic micromachining (USMM) with tool vibration.
(b) Ultrasonic micromachining (USMM) with workpiece vibration.

(a) (b)

with slots without slots

Fig. 4 Various tool used in RUSMM process [30]
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The mode of operation of both machining processes is discussed under subsequent
subsections.

5.1 USMM with Tool Vibration

Ultrasonic micromachining begins from the idea of “micromachining using micro-
tool” [31, 32] wherein no rotary motion is supplied to the tool or workpiece. Cylin-
drical type micro-tool was employed for micromachining purpose. Figure 5 presents
the ultrasonic micromachining (USMM) system with vibration of tool.

5.2 USMM with Workpiece Vibration

To solve the problem associated with USMM with tool vibration, a new technique has
been developed in USMM with workpiece vibration. In this technique, workpiece
is directly fixed with transducer. The workpiece oscillates with ultrasonic frequency
instead of tool. Figure 6 illustrates the schematic diagram of USMM setup with
workpiece vibration.

6 Elements of USMM System

The ultrasonic micromachining setup consists of six basic elements namely power
supply, transducer, horn, abrasive slurry, micro-tool and workpiece. These elements
are illustrated in the following section.
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Fig. 6 Schematic diagram of USMM system with workpiece vibration [33]

6.1 Power Supply

In this text, power supply unit for USMM is explained. A sine-wave generator with
high power is utilized for controlling the generated signal and frequency [34]. With
the help of this low power, 50 Hz electric frequency is converted to high frequency,
generally more than 20 kHz. This high-frequency electrical signal is provided to the
transducer and mechanical vibration motion is generated by this transducer [34, 35].

6.2 Transducer

In ultrasonic micromachining, transducer is converted electrical energy into mechan-
ical energy to produce ultrasonic vibration [34, 35]. In this generator scheme, the
horn and tool are attached together. It is tuned by regulating their dimensions to
get resonance. In recent times, generators with resonance following developed into
accessible which regulate automatically the high-frequency output to competition the
accurate resonance of the horn/tool assembly. It can also prove any type of small error
in setup and showing least amount of acoustic energy loss in small heat generation
due to tool wear. The power supply is depended on the capacity of the transducer.
Two types of transducers are utilized for USMM based on two special principles
[34].

A. Piezoelectric Transducer: In this transducer, mechanical vibration is generated
through the piezoelectric effect. To get this vibration, specific materials, lead
zirconate titanate or quartz are used to produce a little electric current at what
time they are compressed. Alternatively, when the electric current is applied, size
of these materials is increased. After the current is detached, the material intently
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returns to its original shape. In piezoelectric transducer, the electro-mechanical
conversion efficiency is extremely high (up to 96%), which is very advantageous
and does not need water cooling [34].

B. Magnetostrictive Transducer: Laminated stock of nickel or sheets of nickel
alloy is used for making this transducer. Strong magnetic field is created
and its length is changed. Magnetostrictive transducers are strong but electro-
mechanical conversion efficiencies range is 20-30% [34]. The low efficiency
means that the water cooling of transducer device is required. Power capabilities
of magnetostrictive transducers are up to 2400 W. The magnitude of the length
change that can be achieved by both piezoelectric and magnetostrictive trans-
ducer is limited by the power of transducer material. In both types of transducer,
the limit is approximately 0.025 mm (0.01 in.).

6.3 Horn

When the mechanical vibration motion is produced by the transducer and imparts
this to workpiece, horn amplifies. It is a velocity transformer and it is made quietly
shorter than the half wavelength. The amplitude of the transducer is very small and
it is generally not enough for material removal purpose. The horn is connected to the
transducer for producing the desired amplitude on the tool end. The amplitude of the
vibrations at the tool end is gradually increased by reducing the cross-section of the
horn at the tool end. The horns are particularly fabricated to supply a reduction in
cross-section at the tool end. Seeing that the horn should be fabricated special sizes
and shape, it is mechanically resonant or tuned to the frequency of the transducer
vibrations.

6.4 Abrasive Slurry

In ultrasonic micromachining, abrasive particles are the actual cutting tool. The
abrasive particles are mixed with any liquid medium which has low density. The
abrasives concentration 1-60% by weight is generally used. The liquid medium
is used generally water or sometimes oil. Abrasive particles, for example, silicon
carbide, boron carbide, aluminum oxide and diamond dust, are commonly used. The
slurry with abrasives in the USMM should be harder than the workpiece; otherwise,
abrasive life will then be reduced. Average dimension and profile of abrasive particles
are parameters for abrasive particles. Once abrasive has been chosen for particular
application of work materials, after that it is mixed through water and accumulated
in a slurry tank of the USMM machine. This water mixed abrasive slurry is supplied
through a recirculation pump to the tool-workpiece interface.
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6.5 Micro-Tool

The micro-tool fabrication for ultrasonic micromachining is very difficult task and
it is also not easy to maintain the accuracy. To solve this problem, some method is
introduced. By applying electroless, Ni-P composite plating around 20 pm micro-
tool was fabricated [36]. The multi-tool made by cemented carbide of 4 x 4 array
was fabricated and the diameter of every single tool is 25 pm [37]. One micro-tool
was developed for stepped circular hole with good surface finish [38]. This micro-
tool is not properly cylinder with tapered, which has been fabricated by ultrasonic
vibrated grinding wheel [15]. Park et al. [39] were fabricated micro-diamond tools
for micro-USM using electroless Ni—P composite plating. The diameter of tool was
achieved of 115-120 pm after production for every diamond size [39]. Tool life
was investigated through the generation of micro-grooving on silicon and found that
when larger diamond grit was used, life becomes longer. Figure 7a, b shows the
microscopic image and SEM image of electroplated diamond tool, respectively. The
outer diameter of tool is 300 wm with 30 wm grain size and 100 pwm wall thickness
[40]. Figure 7a, b show the micro-tool before and after machining, respectively. This
figure confirms the tool wear during machining in ultrasonic micromachining.

Either solid or hollow cylindrical tool is fabricated and extensively used in
applications of ultrasonic micromachining. Tools must be made from compara-
tively ductile but hard materials such as brass, mild steel and stainless steel due to
decrease tool wear. Curodeau et al. were proposed another option for tool material.
Visco-elastic thermoplastic composite material was used as tool making to perform
USMM operations [41]. This estimated tool material was effectively considered for
micro-polishing and micromachining for tool steel surface.

(a) (b)

Fig. 7 Tool tip a before machining b after machining
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6.6 Workpiece

Ultrasonic micromachining (USMM) process is used in several manufacturing
including fabrication of any shapes on fragile and hard materials such as ceram-
ics, titanium carbide, tungsten carbide and diamond. But there is no constraint for
range of materials that can be machined except for the material that could not be
reacting or dissolved with slurry media. The materials that can also be machined
with the help of USMM are germanium, ferrite, glass and quartz, silicon, which
exhibit high hardness and impact brittleness. In micromachining area, some of the
hard and brittle materials and applications of these are listed in Table 1.

7 Improvement in Machining Rate of Ultrasonic
Micromachining (USMM)

Research activity on USMM has been broadly carried out concerning all the output
performance. However, some limited publications have focused on the strategies
for improvement of performances. The major task of performance enhancement for
USMM is to efficiently machine a micro-feature with no outside surface damage,
super surface finish, high-dimensional accurateness and complex 3D microfeatures.
The parametric correlation for USMM is very complex owing to the contribution of
several reasons and associated parameters that might affect the performances outputs.
Figure 8 shows the input—output model of USMM.

Table 1 Some hard and brittle materials and its applications

Workpiece material The area of application

Glass Monolithic grid structure, accelerometers, micro-fluidic
systems, lab-on-a-chip, membrane in fuel cell, micro-device
for blood analysis

Quartz crystal Accelerometers, pressure sensor, filter and sensor, optical
chopper

Lead zirconate titanate (PZT) | Medical imaging transducers, actuators

Alumina Micro-gimbal, vacuum windows

Silicon carbide Micro-gas turbine engine, vibration sensor, high temperature

pressure sensor

Silicon nitride Solid immersion lens, biaxial pointing mirrors
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Fig. 8 Associated parameters in input—output model of USMM

7.1 Stationary Ultrasonic Micromachining (USMM)

In USMM, machining rate is most affected by abrasive size, shape and types. The
machining rate is improved by increasing the size of abrasives. The machining rate is
also increased by expanding the average stationary load. Machining rate in USMM
greatly increased by using multi-tool of cemented carbide. The diameter of a single
hole of 20 pwm has been generated by micro-USM. The chemical-assisted ultra-
sonic machining (CUSM) technique is initiated for improving performance out-
put. To achieve better MRR, low concentration hydro-fluoric solution with acid is
added to the alumina slurry and reported that the MRR was improved up to 40%
for micro-drilling [42]. Kumar et al. [43] reported that for achieving higher MRR
(0.6436 mm?/min) during micro-hole into quartz by USMM, all the process param-
eters setting, i.e., power rating (400 W), tool feed rate (1.2 mm/min) and slurry
concentration of abrasive (40%), should be at higher value.

Concentration of abrasive slurry is most important parameter which influences
the machining characteristics. The response surface graph shown in Fig. 9 illustrates
the influence of concentration of abrasive slurry and power rating on MRR at the
same preset values of feed rate of the tool. Higher MRR can be achieved using higher
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Fig. 9 Influences of slurry
concentration of abrasive and
power rating on MRR

MRR (mm?*/min)

value of power rating and abrasive slurry concentration. Extra material is removed
from machining zone of the workpiece, when higher abrasive slurry concentration is
used. When the high power rating is used, abrasive particles strike on the machining
zone of the workpiece with high force; as a result, MRR becomes high at high value
of concentration of abrasive slurry and power rating [44].

7.2  Rotary Ultrasonic Micromachining (RUSMM)

Various researchers have investigated the MRR through rotary ultrasonic machining
(RUM) of highly developed advanced materials and confirmed that this machining
technique is one of the most appropriate techniques for achieving higher MRR. Ya
et al. [45] proposed that the influences of machining parameters on MRR of glass
and stated that high MRR can be achieved using RUM compare to stationary USM
process. Cong et al. [19] investigated the influences of RUSMM process parameters
on the quality aspect in RUM on CFRP/Ti stacks. Tool rotary motion and power of
ultrasonic were very significant process parameters. The MRR value of 3.56 mm?/s
was obtained and which was superior compared to any traditional drilling methods.
This enhancement of MRR was possible due to the collective effect of mixed up
mechanisms, i.e., USM and normal grinding in the RUM process. At high feed rates,
MRR was high because depth of indentation of diamond abrasives was more with
high feed rate. The speed of spindle and power of ultrasonic have no such effect on
MRR [24].
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8 Improvement in Geometrical Features of Ultrasonic
Micromachining (USMM)

The improvement in geometrical features of ultrasonic micromachining (USMM) is
discussed in this chapter.

8.1 Stationary Ultrasonic Micromachining (USMM)

Stationary-type ultrasonic micromachining (USMM) is employed for generating dif-
ferent geometrical micro-features, for example, through holes, blind holes, slots,
micro-channel, 3D cavities, etc. USMM has a drawback in mounting micro-tools to
its tool head with precision. Hence, a system was introduced for utilizing on-the-
machine micro-tool fabrication by wire electro-discharge grinding (WEDG). With
the help of this method, the fabricated micro-tool is used for generating micro-holes
of 20 wm in diameter and 50 wm depth on a quartz and silicon plate. Egashira et al.
(1997) reported that triangular and square holes created on silicon using the micro-
tool, which was generated by using WEDG method [32]. Ultrasonic micromachining
was also produced micro-holes of 5 um diameter in silicon and soda—lime glass [32].
Figure 10 shows arrays of micro-pillars in lead zirconate titanate (PZT). The every pil-
lar diameter is 280 pm and depth is 6000 pm which were fabricated using a steel disk
with an array of 300 wm diameter of holes. It was shown like a honeycomb structure
[46]. Such production is evidently more complicated than fabricating straightfor-
ward cylindrical tool. The recent development of micro-ultrasonic-assisted lapping
method shows the capability for producing microstructures of different geometrical
forms [47]. From a single tool tip, the various drilling operation is time-consuming
in USMM. So, for remedies, the multiple tool of cemented carbide fabricated using

(a)

Rough surface
with chipping

= —=—"_> Smooth surface
W with less chipping

Fig. 10 a Straight micro-slot, b spiral groove [47]
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reverse micro-EDM can be utilized [37]. The multi-tool is further used in USMM
and generated array of micro-holes.

Figure 10a illustrates a straight slot (length 500 pm, width 47 pm and depth
60 pm) with vertical sidewall and fabricated by a contouring mode layer by layer
using USMM system. Moreover, contouring mode USMM exhibits by producing
a spiral groove on low-melting glass, which is shown in Fig. 10b [48]. Using a
cylindrical shaped micro-tungsten tool, 3D micro-cavity was fruitfully made up of
silicon [49]. With the help of CAD/CAM method, the micro-tool was determined
in every three axes and go after an intended tool path shaped during machining.
In micro-ultrasonic machining, dies of micro-tungsten were utilized as tools to get
pattern shape in alumina [50].

Micro-channel has been machined on silicon by using micro-tool which is devel-
oped during electroless Ni—P composite plating [39]. It contains deep reservoir chan-
nel at entrance with depth 400 pwm and width 300 wm and at exit regular channel by
way of a depth of 100 wm and a width of 115 pm. A high-resolution micro-ultrasonic
machining (HR wUSM) has been done using a different type of slurry and surface
roughness has been analyzed.

Microstructure with smooth sidewalls and large aspect ratio (>6) has been attained
using fine. Figure 11 illustrates the entry profile of the machined holes on glass. It
shows that surface roughness was improved using the chemical-assisted ultrasonic

Fig. 11 Profile of hole
entrance [42]
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machining (CUSM) and also a smoother entrance profile was achieved compared
to the USM. Figure 12 shows micro-holes drilled consecutively using a single tool
(tool diameter 9 pm and drilling depth 20 jum) at a penetration of 0.125 pm/s. Every
hole is drilled with no fractures or cracks in the region of edge. A micro-channel
with aspect ratio more than 5 has been produced and a throughout micro-channel of
2 cm length, less than 350 pm width, was fabricated on the 2.0-mm thick glass slide
by using ultrasonic micromachining. Figure 13 shows the SEM image of the micro-
holes, produced by micro-USM on metallic glass (ZrgyCusz(Tijg) and better accuracy

Fig. 12 Micro-holes drilled consecutively using a single tool [13]

(a) (b)

Fig. 13 SEM images of micro-hole a entrance b edge of entrance, ¢ exit d edge of exit [51]
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has been found when finer abrasive is used. Figures 14 and 15 show pictorial view
of the machined workpiece at multi-objective parametric setting.

Figure 16 illustrates the influence of concentration of abrasive slurry and power
rating on overcut of hole at the same preset values of tool feed rate. From the graph,
it is clear that lowest value of overcut of micro hole has been observed at the low
value of concentration of abrasive slurry and power rating. Material removed from
the workpiece is very less, when low value of concentration of abrasive slurry and
power rating is used. With small power rating and abrasive grain, particles strike on
the workpiece with minimum force; as a result, material removal rate becomes low
at low value of power rating. So that the minimum overcut is achieved.

Figure 17 illustrates the influence of power rating and concentration of abrasive
slurry on taper angle at the same preset values of feed rate of tool. The less material is
removed at what time abrasive slurry concentration is low. With low rating of power,

Fig. 14 Photographable
view of the machined
workpiece after machining

Fig. 15 Pictorial view of the
machined workpiece at
multi-objective parametric
setting
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Fig. 16 Influences of power
rating and concentration of
abrasive slurry on overcut

Over cut (jum)

5
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concenlration (%)

Fig. 17 Influences of slurry
concentration of abrasive and
power rating on taper angle

Taper angle (Deg)

abrasive grain particles strike on the workpiece with minimum force. For this reason,
the accuracy is good at the corner area of the hole. Hence, minimum taper angle has
been obtained with low value of slurry concentration of abrasive and power rating.

8.2 Rotary Ultrasonic Micromachining (RUSMM)

A variety of investigational and theoretical studies on rotary ultrasonic microma-
chining (RUSMM) has been conducted for machining different ceramic materials.
Sapphire is usually used in the electronics industries, mostly for the production
of chips and circuits can also be fabricated with RUSMM. The slot produced by
RUSMM on dental ceramics. RUSMM was produced surface on PZT material by
different slurry mediums (water, milk and PCD) during the experimentation. It has
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been experientially proved that the maximum force of cutting of RUM is around
34.5% lower than conventional diamond side grinding.

9 Future Scope of Research

The most important issue is enhancing the performance of ultrasonic micromachin-
ing process. Few discussions are available about material removal mechanism till at
this time but more investigation of the material removal during micromachining is
required for USMM process. Micro-tools preparation with proper mechanism han-
dling and micro-tools fixing with the tool holder are also difficult parts of the research.
The accurateness of USMM processes depends on this circumstance of the micro-
tools. In micromachining, there is lessening in dimension of tool, abrasive grain
measurement, amplitude of vibration, etc. Environmental aspects are most impor-
tant issues of modern manufacturing process which have hardly been addressed. The
fabrication of micro-fluidic components using ultrasonic micromachining process
is the most exploring parts. There is a possibility of investigation in the region of
production of micro-channels on glass and silicon for micro-heat exchanger and
microsensors purposes by USMM process.

10 Summary

This chapter includes the significant issues about performance improvement of ultra-
sonic micromachining process. It also focuses on the setup improvement of ultra-
sonic micromachining process and basic principle of ultrasonic micromachining pro-
cess. The types of ultrasonic micromachining processes, i.e., stationary ultrasonic
micromachining and rotary ultrasonic micromachining, are also discussed in detail.
Strategies for development of ultrasonic micromachining system for performance
improvement are discussed for both stationary and rotary ultrasonic micromachin-
ing. Micro-channels have been produced with good dimensional accuracy, i.e., depth
of 400 pwm and width of 300 wm on silicon by using developed micro-tool. Apply-
ing the machine micro-tool production method by wire electro-discharge grinding
(WEDG), micro-tool is fabricated for generating micro-holes of 20 wm in diameter
and 50 wm depth on a silicon and quartz. Better surface quality has been achieved on
the brittle and hard materials using rotary ultrasonic micromachining process. The
smaller surface roughness values are obtained by RUSMM compared to stationary
ultrasonic micromachining. Various strategies for improvements in machining rate,
geometrical and dimensional features of stationary ultrasonic micromachining and
rotary ultrasonic micromachining have also been discussed in this book chapter.
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Accuracy Improvement and Precision )
Measurement on Micro-EDM Cestte

Amit Kumar Singh, Siddhartha Kar and Promod Kumar Patowari

Abstract Micro electrical discharge machining (LEDM) is used for fabricating
microstructures and micro components such as arrays of micro tools, micropillars,
and complex three-dimensional shapes. These micro features are extensively used in
the field of micro-electro-mechanical systems (MEMS), bio-MEMS, environmen-
tal and information technology, and so on. WEDM variants such as micro electrical
discharge drilling (WED-drilling), reverse micro electrical discharge machining (R-
nEDM), drilling with in situ fabricated tool, block micro electrical discharge grinding
(B-WEDG), micro wire electrical discharge grinding (WWEDG), and micro electrical
discharge milling (WED-milling) are equally contributing toward the fabrication of
microscale parts and components. For the last few decades, researchers have mainly
concentrated on the dimensional accuracy and precision measurement while fabricat-
ing microstructures for quantifying the response measures to determine the quality
machining in micro level. Several factors such as machining parameters (electrical
and non-electrical), tool and workpiece fixation, resolution, and repositioning capac-
ity of the machine control dimensional accuracy and precision altogether. In addition,
for machining the micro features, micro tools have been used. So, it is very important
to study the tool wear because it directly affects the accuracy of micro features during
machining. Tool wear cannot be completely avoided, but it can be minimized up to a
significant level. Moreover, it can also be done using tool wear compensation. These
errors are highly responsible for getting the inaccurate dimension of the microstruc-
ture. It is important to analyze the effect of each factor meticulously to achieve a
precise and accurate dimension of micro components.
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wEDM
MEMS
nED-drilling
R-wEDM
B-wEDG
WWEDG
PED-milling
LBM

LIGA
nwUSM

IBM

nECM
wWEDM
RC

Erc

CCD
UWM
MRR
TWR
BSA
HTF
LT
TRS
LDCA
SCAA

Micro electrical discharge machining
Micro-electro-mechanical systems

Micro electrical discharge drilling
Reverse micro electrical discharge machining
Block micro electrical discharge grinding
Micro wire electrical discharge grinding
Micro electrical discharge milling

Laser beam machining

Lithography, Electroplating, and Molding
Micro ultrasonic machining

Ton beam machining

Micro electrochemical machining

Wire electrical discharge machining
Resistance—capacitance

Discharge energy per pulse in RC circuit
Capacitance

Gap voltage

Discharge energy per pulse in transistor circuit
Current of a single pulse

Voltage of a single pulse

Pulse duration

Pulse interval

Initial weight of workpiece

Final weight of workpiece

Depth of hole

Interelectrode gap

Tangential feed

Charge—coupled device

Uniform wear method

Material removal rate

Tool wear rate

Based on scanned area

Horizontal tool feed rate

Layer thickness

Tool rotational speed

Layer depth constrained algorithm
S-curve accelerating algorithm
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1 Introduction

Micromachining has plenty of applications in electronics industries, aerospace engi-
neering, biomedical, etc. [1, 2]. Micro parts and components are one of the inevitable
parts of the human life because of their distinguishing advantages such as they utilize
less energy and material, require low power consumption, and have high sensitiv-
ity. Considering these distinctive advantages of micro features, researchers have got
attracted toward it and contributed a lot toward the development of micro features.
Based on different fabrication method, micro features with various shapes and sizes
have been fabricated till today. The challenging task while fabricating micro features
is ensuring the dimensional accuracy of the final product so that the product is solely
based on the desired measurement.

To meet the increasing demand of micromachining, number of manufacturing
processes such as laser beam machining (LBM), lithography, electroplating, and
molding (LIGA), micro ultrasonic machining (WUSM), micro electrical discharge
machining (LEDM), ion beam machining (IBM), and micro electrochemical machin-
ing (WECM) have been identified [1]. The last two decades saw a tremendous growth
in the application of R EDM in microdomain due to its inherent capability of using
a variety of machining techniques (drilling, milling, grinding, etc.) with ease of use
and lower processing cost. WEDM is one of the assuring micromachining technol-
ogy used for fabricating high aspect ratio profiles in electrically conductive materials
regardless of their hardness [3] as shown in Fig. 1. .EDM, being a contact-free pro-
cess, is free from chatter and vibration problems of the tool and workpiece and their
actuated inaccuracies [4, 5]. Several machining techniques such as drilling, groov-
ing, grinding, milling, and deburring can be performed in microdomain in a single
setup of WEDM. However, the process suffers a setback in the form of tool wear
which is an intrinsic feature of any EDM process [6]. The tool wear affects the shape
and size of the desired microcavity resulting inadequacy in dimensional accuracy
and precision [7]. Tool wear cannot be diminished entirely in wEDM, but measures

Workpiece

supply

MPG

Fig. 1 Photographic view of micro electrical discharge machining (WREDM) (Model: Hyper-15,
Make: Sinergy nano systems, Mumbai, India)
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can be taken to minimize it. The first and foremost necessity is the selection of pro-
cessing parameters of WEDM such that tool wear is minimum without impacting
machining efficiency and surface quality. A trade-off is often required between sur-
face quality and machining efficiency to attain dimensional accuracy and precision.
To remunerate the effect of tool wear, application of tool wear compensation strategy
is necessary. The framing of a compensation technique for W.EDM requires plenty of
pre-examined data on tool wear and its trend on the variation of the process param-
eters of WEDM. The accuracy of a certain applied compensation technique depends
on the correctness of the pre-examined or real-time data. Accordingly, faulty data
will lead to overcompensation or undercompensation of tool wear thus hindering
dimensional accuracy. Estimation of the relative tool wear ratio, i.e., the ratio of tool
wear rate to workpiece wear rate plays the most important role in formulating any
compensation strategy. Compensation techniques can be categorized as off-line and
on-line types. Off-line techniques rely on the extensive pre-examined data to incor-
porate relative tool wear ratio, whereas real-time techniques depend on some sorts
of in situ measurement methods to predict or estimate the wear ratio.

WEDM and their variants are applicable in micromachining, so it is essential to
be aware of the effect of individual processing factors in each of the variants to apply
the proper tool wear compensation techniques. Besides the machining conditions,
for instance, discharge energy, feed rate, tool rotation, etc., the inherent machine
setup parameters such as resolution and repositioning capacity of the machine along
with human partake in tool and workpiece fixation also plays a huge role in accuracy
and precision of micromachined components. Thus, it is essential to consider all the
factors involved with wWEDM to achieve dimensional accuracy and precision in the
micro features.

This chapter comprises process mechanism of WEDM, a detailed overview of
the different variants of WEDM, dimensional accuracy and precision measurement
of various features obtained by different variants of WEDM, and the state of art of
different variants of wWEDM in detail.

2 Process Mechanism of Micro Electrical Discharge
Machining (WLEDM)

The material removal mechanism in WEDM is based on electrothermal energy, which
is utilized in between the tool and the workpiece during the sparking process as
shown in Fig. 2. The electrical energy results in a series of discharges in between
the tool electrode and the workpiece to erode materials from tool and workpiece
simultaneously [8]. The discharged energy is employed in the form of thermal energy
causing melting and vaporization of the materials. The process takes place in the
dielectric medium, which is ionized due to the collision of electrons emitted from
the tool electrode. This phenomenon leads to dissociation of ions from the molecules
of the dielectric fluid, and as a result of this, the concentration of electrons and ions
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Fig. 2 Mechanism of ]
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becomes high and such high concentration of electrons and ions is characterized as
plasma. The plasma channel provides the path for flowing sparks to remove materials
from the electrodes. The working principle of WEDM is similar to macro EDM, but
the former differs from the latter in certain aspects which can be listed as [9]:

a. Plasma channel diameter: The width of the plasma channel determines the size
of the unit removal of material that will expel out due to discharge. Unlike macro
EDM, where the size of the tool is several times larger than the plasma chan-
nel diameter; in WEDM, due to the smaller diameter of tool electrodes used,
the plasma channel diameter may equal or even exceed the tool diameter. The
pulse duration controls the expansion phenomenon of the plasma channel. It is
very important to limit the pulse duration until the plasma channel exceeds tool
diameter as the wear phenomenon of material in such cases are unpredictable.

b. Electrode heating: Electrode of diameter less than 1 mm is used for WtEDM. Since
the smaller electrode is used, it does not possess sufficient mass to transport the
heat from the discharge site. This property acts as a limiting source to the amount
of energy that can be supplied in the WEDM process and affects the erosion rate
of materials accordingly.

c. Viscous force of dielectric on electrode: The tool electrode is more susceptible
to deflection by the viscous force of dielectric due to its smaller size. This phe-
nomenon limits the volume and velocity of dielectric that can be supplied where
fluid friction possesses the capability to distort the tool electrode. Due to this
reason, in most of the WEDM process, jet flushing is used, which can be adjusted
to exert a minimum force on the tool electrode.

To achieve a micromachined profile with desired accuracy and precision, it is
very important to understand the factors that are acting and their effects in the mate-
rial removal mechanism of tool and workpiece. Besides the machining factors that
directly contribute to the wEDM process, some equipment setup parameters also
play a pivotal role in the quest for accuracy and precision. The factors affecting the
accuracy and precision in kEDM are listed in Fig. 3.
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Parameters

setup
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Fig. 3 Classification of the factors affecting accuracy and precision in LEDM

2.1 Machining Parameters

The machining parameters play the most vital role in achieving dimensional accuracy
and precision as they directly affect the erosion mechanism of tool and workpiece.
Thus, itis essential to correctly select the machining parameters to obtain accurate and
precise micro features. The machining parameters affecting the wear of tool electrode
and the workpiece in WEDM can be grouped into electrical and non-electrical factors.
The electrical and non-electrical factors can be further subdivided into more discrete
elements which are discussed below.

a. Discharge energy: To produce micro features by wEDM, the supply of energy
in the inter-electrode gap has to be so minimal that it is just sufficient for the
required unit removal of material for micromachining. Resistance—capacitance
(RC) type pulse generator has been widely used to supply lower energy in wWEDM
where maximum discharge energy per pulse (Erc) can be written as depicted in
Eq. (1) [10]:

1

2
SCY; (1)

Egrc =
where, capacitance and gap voltage are denoted by C and V', respectively. The
capacitor stores the energy until discharge occurs whereas voltage determines the
breakdown limit for current flow through the dielectric fluid. Imperative param-
eters such as current and pulse duration are taken care by capacitance in RC-type
pulse generator [11]. Capacitor mainly controls the melting and vaporization of
materials during WEDM process whereas voltage controls the pulse initialization
factor. Transistor-type circuit has also been used in many WEDM applications
where discharge energy per pulse is expressed as shown in Eq. (2) [12]:

Ton
ET = Vp Ip m (2)
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where V, I, Ton, and T represent the voltage of a single pulse, current of
a single pulse, pulse duration, and pulse interval, respectively. The discharge
energy per pulse in transistor type is significantly higher and can be compared to
that of conventional macro EDM [13]. Current and voltage directly influence the
discharge energy in proportionality. Higher energy results in a powerful spark
and produces deeper craters on the workpiece surface, deteriorating the surface
quality and dimension [14]. The term “ﬂ‘nTj"T(‘ff” is also known as the duty cycle
which can be defined as the ratio between pulse duration and the total cycle
time (pulse duration + pulse interval). This parameter plays an important role
in the transistor-pulse-type generator of WEDM [15]. Although minimum 7 o
increases efficiency, a suitable combination of T, and T o is required for stable
machining and in most of the cases, the value of T is selected based on Ty,
value. Transistor-type generator increases efficiency but leads to poor surface
quality and imprecise dimension. Elsewhere, RC-type generator renders higher
dimensional accuracy and precision by commanding the voltage and capacitance,
which in turn controls the discharge energy.

b. Polarity: Polarity determines the direction of current flow throughout the circuit.
When tool electrode (linked to spindle) is joined to the cathode (negative polarity),
the polarity is termed as straight, whereas when it is joined to the anode (positive
polarity), the polarity is termed as the reverse. In either of the cases, the workpiece
is joined to the opposite terminal to that of the tool electrode. For the purpose of
micromachining, straight polarity is used, whereas when the desire is to remove
the maximum amount of material from the electrode linked with the spindle, the
reverse polarity is beneficial.

c. Feed rate: Feed rate in WEDM should not be correlated with the feed rate of
conventional machining where it determines the machining rate. The parameter
‘feed rate’ in all the variants of WEDM signifies the speed at which the tool adjusts
itself to maintain sufficient gap for discharge between tool and workpiece. Feed
rate principally performs two functions [16]. Firstly, when the process runs into
short-circuiting, the tool flinches back and accelerates with the action of a servo
control for maintaining stable sparking gap. Secondly, when the gap between
tool and workpiece is more than the spark gap, the tool positions itself with
the closest point of the workpiece surface for sparking to occur. An increase in
feed rate decreases the non-machining or idle time, thus increasing the processing
efficiency. But higher feed rate causes unwanted surface damage due to secondary
sparking caused by the trapped debris particles as they do not get sufficient time
to flush away from the discharge site.

d. Toolrotation speed: Tool rotation imparts a centrifugal force that supports in order
to throw away debris particles from the discharge region [17]. It also produces
an agitation effect and allows proper functioning of dielectric fluid by enabling it
to flow through the inter-electrode gap [18]. Tool rotation becomes imperative in
higher depth micromachining as the jet flushing would constrain up to a certain
limit, and the debris would adhere to the tool and workpiece surface. Vibration-
assisted tool holder or workpiece holder can produce agitation and remove the
trapped debris, but it requires an additional auxiliary setup. Thus, tool rotation at
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certain revolutions per minute (rpm) provides a subtle alternative for enhancing
the molten metal flow and debris flushing from the working zone [19]. The surface
quality also improves as rotation splits the spark and changes the spark position
ensuing in smaller craters on the workpiece surface.

2.2 Machine Setup Parameters

Some miscellaneous factors such as equipment motion capacity and human share in
the handling of tool and workpiece also affect the dimension of the micro features.
These parameters act as a vital source of errors in micromachining, although in
maximum study effect of these sources are neglected. The effects of the machine
setup parameters are discussed below.

a.

Tool electrode and workpiece fixation: Tool and workpiece fixation plays a sig-
nificant role in inhibiting positioning errors. Wang et al. [18] analyzed different
errors of a WEDM system associated with the end surface, shaft, and hole posi-
tioning. The end-surface positioning type is applicable for positioning of mutu-
ally perpendicular surfaces such as rectangular workpiece where an angle exists
between the ideal and actual position of the workpiece. The hole-positioning type
is applicable for micro wire electrical discharge machining (WWEDM) where the
wire electrode has to be inserted into the pre-drilled hole. The challenge lies in
positioning the wire electrode exactly at the center of the pre-drilled hole where
positioning error can be reduced by minimizing the hole and wire diameter. The
positioning of a rod, wheel, and other cylindrical structures can be executed by
a shaft-positioning technique which is similar to the hole-positioning method
except for possessing an electrode. The diameter of the electrode and round-
ness of the cylindrical body affects the positioning error. Apart from positioning
shift, improper tool-workpiece fixation may also lead to tapering and breakage
of tool electrode, thus hindering any form of accuracy and precision [19]. A high-
resolution vision system will allow a platform to visualize the errors inhibited
in clamping and rectification can be carried out by analyzing the images accord-
ingly. To machine complex microstructures, integrated technique (combination of
wWEDM, pnED-milling, etc.) is preferable to increase processing efficiency and
achieving higher accuracy. Reclamping of tool and workpiece should be avoided
as it would inadvertently produce an error in clamping that would transmit to
the machined product, so the processing route should be focussed on minimum
numbers of reclamping of tool and workpiece, preferably in single setting [20].
Resolution and repositioning capacity: Resolution refers to the smallest measur-
able decrement or increment in the position of the machine tool, whereas reposi-
tioning refers to the repeatability with which the machine can revert to a particular
position within the maximum travel of all the axes of the machine tool. Multiple to
and fro movements are often required to machine a complex microcavity. In such
scenario, the precise positioning of work coordinates is required, which depends
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on the repositioning capacity of the machine tool. Pham et al. [21] reported nonat-
tainment of positioning accuracy and repeatability as one of the important roots
of error. In their research, they used laser interferometer for measuring the posi-
tioning repeatability and accuracy. Technically, lower the resolution and position
accuracy value, higher would be the chances of acquiring accurate work coordi-
nates, thereby increasing the probability of precise dimension of machined micro
features.

3 Different Variants of Micro Electrical Discharge
Machining

WEDM can be divided into several variants depending upon the micro features
desired, and thus, the movement of the electrode and workpiece needs to be
maneuvered accordingly. The several variants of WEDM which are in practice for
micromachining can be listed as follows:

3.1 Micro Wire Electrical Discharge Grinding (WWEDG)

WWEDG is used for fabrication of micro-rods whose processing mechanism is similar
to the W WEDM. In this process, a larger diameter rod is rotated and fed vertically
against the wire electrode to reduce the diameter of the rod. Compared to other
WEDM variants, WWEDG produces micro-rods with higher dimensional accuracy
and precision as the effect of tool wear is negligible or minimum in this case. This
is due to the continuous passing of fresh wire during machining. A sketch diagram
and photographic image of the W WEDG process are depicted in Fig. 4.

3.2 Block Micro Electrical Discharge Grinding (B-uEDG)

B-wEDG is used for fabricating micro-rods, where a larger diameter rod is rotated
and fed horizontally into a solid block. The solid block acts as a sacrificial electrode
in this process. A sketch diagram and photographic view of the B-wEDG process
are shown in Fig. 5. The machining efficiency of the B-wEDG process is higher than
WWEDG process as the rotating tool remains in the vicinity of a larger surface of
block compared to the wire in the WWEDG process. But, some tapering prevails in
the micro-rods fabricated due to the trapped debris between the tool and the block
along the axes of the tool. This leads to secondary discharges and a non-uniform gap
between the tool and block electrode.
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3.3 Micro Electrical Discharge Drilling (wWED-Drilling)

In pED-drilling, a tool electrode is vertically fed against the workpiece until a desired
depth of the drilled hole is achieved. Figure 6 represents the schematic diagram
and pictorial image of WED-drilling where the tool electrode is rotated and fed
vertically against the workpiece. Drilling may be attained simply by vertical feeding,
but rotation increases machining efficiency and improves circularity in shape. This
process may be used for drilling blind holes as well as through holes according
to desired applicability. Precise machining of the blind hole is an exhausting task
compared with through holes due to the difficulty in estimation of the hole depth in
a blind hole.
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3.4 Reverse Micro Electrical Discharge Machining
(R-uEDM)

Generally, in wEDM operation, the tool electrode is joined to the negative terminal
whereas the workpiece is joined to the positive terminal to impart high material
removal from the workpiece. But R-wEDM works on opposite polarity to that of
conventional LEDM with the motive of imparting more material removal in the
form of debris from the tool electrode connected to the spindle. This phenomenon
is used for fabrication of micro-rods, where larger diameter rods are fed against
pre-drilled holes on a plate with the intention of reducing the diameter of the rod to
that of pre-drilled holes. A schematic diagram of the R-wEDM process along with
its pictorial image is shown in Fig. 7. This process also allows fabrication of an
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array of micro-rods when the rod is fed against an array of pre-drilled holes. The
spindle cannot be rotated in such cases as rotation would vanish any microstructure
fabricated on the rod on its periphery other than its center.

3.5 Drilling with in Situ Fabricated Tool

This technique is accomplished in two steps. In the first step, —ve polarity is assigned
to the tool electrode to drill micro hole in the plate electrode (Fig. 8a, b). In the second
step, +Vve polarity is assigned to the same tool electrode (rod), which is now treated as
a workpiece for the reduction of its diameter. The same electrode is then withdrawn
and moved slightly in the lateral direction (x-axis or y-axis) to make an eccentricity
with the drilled hole (Fig. 8c). Thereafter, the rotating workpiece (rod) is moved
downward to interact with the side of the drilled hole as shown in Fig. 8d. While
being fed downwards, the workpiece loses material from the surface resulting in a
decrease in its diameter. Thus, a micro rod is fabricated, which can be used as a
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micro tool. This process is known as drilling with an in situ fabricated tool because
the fabricated micro rod is further used as a tool electrode. The fabricated micro rod
used later as a tool to drill micro holes on the metallic plates is depicted in Fig. 8e, f.

3.6 Micro Electrical Discharge Milling (wED-Milling)

WED-milling is the technique through which tool electrode is continuously fed in
horizontal (x—y) direction with a predetermined depth of cut which is set at the
beginning of machining. It is generally performed as a layer by layer machining
process, where each layer contributes a certain depth of cut. Figure 9a represents
the sketch diagram of a WED-milling process used for fabricating microchannels.
Micro slots fabricated on copper by wED-milling process are shown in Fig. 9b. The
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movement mechanism of wED-milling allows machining of complex microcavities
with the use of simple cylindrical micro tools. Thus, the process eliminates the use
of complex-shaped tools for machining 3D cavities as in the case of die-sinking
wEDM process. But tool wear is a concern to maintain the dimensional accuracy of
the features to be machined on the workpiece. In this case, to get accurate dimension
and precise measurement of the machined cavity, tool wear needs to be compensated
by some form or other.

4 Dimensional Accuracy and Precision Measurement

WEDM is broadly used for fabricating micro features, for example, micro-rods, micro
slots, and micro holes due to their broad applicability in industries. Quantitative eval-
uation of these micro features is essential to achieve accuracy and precise dimension.
The performance measures by which the micro features can be analyzed are described
in this section.
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4.1 Micro-rods

Machining time, surface roughness, standard deviation in diameter, and average
diameter are the response measures needed to be quantified in order to obtain the
micro features with target diameter and length along the surface of the micro rod.

Average diameter: The secondary sparking between the tool and workpiece causes
non-uniform tool wear leading to a tapered micro feature. In case of micro-rods,
taperness can be assessed by calculating the average diameter of the rod along its
entire length, i.e., from tip to root. Figure 10a shows a schematic diagram depicting
the target diameter and obtained diameter of a micro rod. A micro rod fabricated by
WEDM is represented in Fig. 10b. The diameter of the rod is evaluated at different
position along the length of the rod. The tip and middle part of the rod show desired
diameter. However, a signification variation of diameter is observed in the root of
the rod. To clarify the difference in diameter of the micro rod, the deviation of the
micro rod diameter is plotted along its entire length as represented in Fig. 10c. The
straightness of the fabricated micro rod holds good till it reaches 700 pm length.
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Beyond 700 pwm, i.e., in the root of the micro rod, a high amount of deviation is
observed.

Standard deviation in diameter: It can be used to study the deviation in straightness
along the top surface of the micro rod. Straightness should be constantly maintained
on the entire length of the micro rod. Deviation of straightness along the length of
the micro rod can be assessed by calculating the standard deviation in diameter.
Minimum standard deviation of diameter is desired to achieve accurate and precise
micro rod.

4.2 Micro Holes

Tool wear rate (TWR), material removal rate (MRR), overcut, circularity, taper angle,
edge sharpness, and recast layer are the response parameters which are directly
involved in the evaluation of micro holes in order to characterize them.

Tool wear rate: It is the amount of tool material which erodes slowly from the tool
per unit time during the machining process. TWR is to be controlled to obtain the
error-free micro features with higher dimensional accuracy. The schematic diagram
depicted in Fig. 11 shows the ideal condition and the real condition of the tool after
the machining process.

Material removal rate: Material removal rate (MRR) is the quantity of undesirable
material which comes out from the metal surface per unit time for getting the desired
features. It can be evaluated by measuring the weight before and after the machining
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Fig. 11 Shape of the tool after machining in ideal and in real condition. a In ideal condition.
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surface and irregular oval shape along the length and end surface, respectively, in real condition

process as depicted by Eq. (3). Further, MRR can be also determined by calculat-
ing the volume of material removed after an operation or measuring the irregular
geometrical features as depicted by Egs. (4)—(6) and the corresponding schematic
diagrams as shown in Fig. 12a—c, respectively.

Wi — Wi
MRR = ———F«—— (3)
Machining time

where, initial weight (before machining) and final weight (after machining) of the
workpiece are denoted by W; and W, respectively.

o " wr? xh
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Machining Time

2r 2r(T0p Radius)
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Fig. 12 a MRR in ideal condition. b MRR in case taper shape feature. ¢ MRR of irregular shape
feature
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where /1 denotes depth of the hole and r indicates different radii.

Overcut: It occurs due to the spark gap or inter-electrode gap (IEG) existing
between the tool and the workpiece. Overcut can be calculated by Eq. (7) and its
corresponding sketch diagram is represented in Fig. 13. As the IEG is an inevitable
situation in EDM; hence, overcut is an unavoidable phenomenon. Although it brings
some deviation in the size of the drilled hole than the size of the tool concerning
diameter, in turn, it is an advantageous situation for EDM. Overcut helps in main-
taining the IEG between the electrodes. Hence, a healthy machining without short
circuit takes place. Moreover, the overcut provides the clearance between tool and
workpiece which provides the free passage of the debris particles to come out of the
machining zone. It varies with the increase in voltage and capacitance and can be
minimized by proper adjustment of the process parameters.

Hole diameter — Tool diameter
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Fig. 13 Representation of
overcut and taper angle
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Taper angle: The tapered surface starts from the entry edge of the hole and ends
with exit edge of the hole of the workpiece as shown in Fig. 13. The taper angle
subtended by this surface is mathematically expressed in Eq. (8). Taper angle occurs
due to secondary sparking, which removes more material gradually from the entry
side when the sidewall of the tool interacts with the wall of the already machined
hole while moving downward. Moreover, the inevitable phenomenon of tool wear in
EDM is also responsible for causing taperness in drilled hole.

®)

T le(@) = t _, ( Entry diameter — Exit diameter
aper angle(f) = tan
p g 7

where h represents depth of the hole.

Circularity: It defines the roundness of the circular features of machined parts.
Practically, circularity demands the edge of the features to be round. The deviation
in the circular features, i.e., out of roundness of a micro hole is known as circularity
error. Circularity error of a hole can be measured by a technique using circumscribed
and inscribed circle of the hole as shown in Fig. 14. The difference between the radius
of the circumscribed and inscribed circle is used to measure the circularity error of
the hole as depicted in Eq. (9). Circularity error mainly occurs due to non-uniform
sparking at the edges of the hole.

Circumscribed diameter — Inscribed diameter

Circularity error = >

€))

Edge sharpness: It is defined as the uniformity on the edge of the micro hole through-
out the circumference. The irregularity in edges of a hole known as edge deviation,
occurs due to non-uniform sparking in the form of arc pulses, short circuit pulses,
open-circuit pulses, etc. [22], during the machining process. Edge deviation is the
average gap between the circles circumscribing and inscribing at the edge of a certain
segment in the hole. Itis calculated by measuring the diameter of the curves inscribing
and circumscribing the edge as shown in Eq. (10) corresponding to Fig. 15.

Fig. 14 Circularity error Original profile
of the micro hole

Inscribed Circumscribed
circle circle
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Fig. 15 Edge deviation

oo Maximum diameter — Minimum diameter
Edge deviation = > (10)

Recast layer: During the sparking process, a high temperature is generated in the
working zone which causes the metals to melt and vaporize and flushes away from
the sparking region in the form of debris. But a small portion which does not get
flushed away from sparking region remains deposited on the finished work surface.
The deposited amount on the finished work surface in the form of molten metal, after
solidification, is known as recast layer as shown in Fig. 16. This also has an effect
on the quality of the drilled holes. Hence, it is important to assess the thickness of
the recast layer.

Fig. 16 Recast layer

Recast layer
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4.3 Micro Slots

The effect of tool wear in WED-milling of one layer is represented in Fig. 17. It is
detected that, as the milling progresses along the length, the width and depth of the
slot decrease leading to inaccuracy and imprecision. The dimensional inaccuracies in
pED-milling of one layer are further classified in Fig. 17a, where d| and d, represent
the depth of the slots at start and end; w; and w, represent the width of the slots at
start and end of the top surface; wy,; and wy, represent the width of the slots at start
and end of the bottom surface, respectively. Deviation of the slot along the width and
depth is clearly visible. Figure 17b represents the effect of tool wear on the micro
slots due to single-layer machining by wED-milling process. The width and the depth
of the slot gradually diminish as the length of the milling proceeds. To overcome the
problem of deviation, tool wear compensation techniques need to be used. Many tool
wear compensation techniques have been proposed by several researchers which are
mentioned in details in Sect. 5.6. Traditionally, to and fro scanning method is used
to get similar dimensional features over the two ends of a milling slot as depicted
in Fig. 17c. But for achieving precise and accurate dimensional features, tool wear
compensation techniques need to be employed.

5 State of the Art of kEDM

The dimensional accuracy and precision measurement are few of the important
aspects by which one can judge the progress, improvement, and advancement of pro-
cess capabilities and dimensional errors of the micro features fabricated by wEDM
process. There are different variants of WEDM such as wED-drilling, R-wEDM,
drilling with in situ fabricated tool, s WEDM, wWEDG, B-LEDG, and nED-milling,
and their progress by many researchers are mentioned in the following subsections.

5.1 Micro Wire Electrical Discharge Grinding (W WEDG)

WWEDG utilizes traveling wire as a tool electrode. This process is applicable for
grinding micro-rods to reduce their diameter further. In the year /985, Masuzawa
et al. [23] introduced a method called wWEDG for the machining of small diam-
eter rods. The process provided little accuracy and excellent repeatability with an
error < 1 pwm. Moreover, they also fabricated many thin shape parts and components
such as needle-shaped parts, electron emitters, punches, and electrode for EDM. Sheu
[24] introduced a new hybrid technique combining one pulse discharge (OPD) with
WWEDG to machine multi-micro-spherical probes. Using this method, he found a
better result in the form of instantaneous fabrication of micro-spherical probes of
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approximately 40 wm diameter. Rees et al. [25] combined the w WEDG with a rotat-
ing submergible spindle for carrying out the machining operation. They conducted
an experimental study to find out the statistically significant parametric condition
using optimization technique which influences the surface quality more during the
main cut. W\WEDG and B-pwEDG processes were combined by Oliaei et al. [26] to
machine milling tools in micro size of variant geometries on tungsten carbide (WC)
and polycrystalline diamond (PCD). In their study, they maintained the quality while
fabricating the microfluidics chips, which was actually a prototype, using micro end
mill tool. For improving the processing efficiency and the consistency accuracy of
the WWEDG operation, Tangential feed WEDG (TF-WEDG) technique was taken
by Zhang et al. [27]. They combined TF-WEDG to real-time measurement system
through the charge-coupled device (CCD). Moreover, they joined the self-drilling
holes method with TF-WEDG for further enhancement of the machining efficiency
while fabricating micro-rods. Using the fabricated micro-rods, micro hole drilling
was performed. The results of their study demonstrated repeated machining accuracy
of micro-rods to be around or lower than 2 wm and consistency accuracy of arrayed
micro holes to be around #-1.1 wm [27].

5.2 Block Micro Electrical Discharge Machining (B-uEDG)

B-wEDG involves a multi-pass process in which certain amount of material erodes
from each side of the workpiece to minimize the dimensions of the micro features.
Ravi and Huang [28] have developed the B-pwEDG method for fabricating symmet-
rical sections such as rectangular, tapered, circularly, stepped, and triangular. They
found the process to be feasible for fabricating micro features with various shapes.
Zhao et al. [29] proposed a tangential feeding method of B-wEDG to overcome the
difficulties encountered while fabricating micro-rods of desired dimensions. Exper-
imental results of their research highlighted the present method to be effective in
terms of producing accurate dimensions of the micro-rods. Formation of the taper
angle is one of the major problems in the B-wEDG method, and for solving this
problem, Jahan et al. [30] introduced electrode in the form of a moving block while
fabricating micro-rods.

5.3 Micro Electrical Discharge Drilling (wWED-Drilling)

The WED-drilling process is frequently used for drilling micro holes in a vast scope of
demands, for instance, biomedical, automotive, aerospace, MEMS, and nuclear sec-
tor. In the recent past, a significant contribution has been made by many researchers
toward the enhancement of the accuracy of the edges of the micro features. The
improvement made by different researchers regarding the machining of micro hole
is stated here.
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Pham et al. [31] introduced a simple technique based on geometrical informa-
tion for evaluating the volumetric wear ratios of the tool electrode, i.e., tube and
rod types. They briefly discussed the electrode shape variation during the machining
process consisting of various machining parameters and suggested possibilities of
some wear compensation techniques. Pradhan and Bhattacharyya [32] proposed a
novel technique for improving the accuracy of micro holes concerning straightness.
They introduced a method of changing the polarity in a particular interval of time,
which removes debris particles efficiently from the inter-electrode gap to improve
the accuracy of micro holes. Puranik and Joshi [33] explored the connection among
the achieved depth of the micro hole and their accuracy in wEDM. They observed
that the micro hole with depth 5.0 mm could be easily achieved using 200 pm tool
electrode by controlling the input conditions. Further increase of depth was not possi-
ble due to the occurrence of debris accumulation and secondary sparking. Transistor
and RC-type generators in WEDM have been studied and explored by Jahan et al.
[14] for obtaining quality micro holes. They found that RC-type was more appropri-
ate for obtaining better micro holes in terms of accuracy and surface finish. Aligiri
et al. [34] introduced a technique for improvement of tool wear in WED-drilling,
wherein compensated length was calculated and adjusted until the target volume of
removed material was reached. Result confirmed that the developed technique was
more reliable than the uniform wear method (UWM). Jahan et al. [35] proposed
vibration-assisted wEDM, in which workpiece was vibrated with low frequency for
improving the performance of WEDM deep hole drilling. It was observed that the
current approach improves the internal surface of the deep micro holes in terms of
surface quality and accuracy. Heinz et al. [36] utilized non-magnetic materials in
magnetic-field-assisted WEDM in their novel work. The result showed improvement
in terms of increased volume removal and decreased tool wear, i.e., 28% and 50%
between 0.33T and 0.66T, respectively, during the machining process. Maity and
Singh [37] optimized the controlling parameters of the WEDM operation like capac-
itance, voltage, speed of rotation, and feed of tool, which influenced the response
measures such as machining time, recast layer, and circularity error for drilling
micro holes. Jahan et al. [38] utilized workpiece vibration-assisted W EDM machine
for calculating the effectiveness of the low-frequency vibration for deep hole drilling.
The result showed that 75 Hz vibration frequency and their corresponding ampli-
tude of 1.5 pwm to be appropriate for improving the performance of both machining
characteristics and the accuracy of the micro holes. Ferraris et al. [39] applied an
innovative method for drilling micro holes having an aspect ratio greater than 30.
For doing so, they insulated the sidewall of the tools employing a coating to prevent
the secondary sparks during the drilling process. They successfully drilled a 0.2 mm
diameter micro holes with an aspect ratio of around 120 within a time duration of
1 h. Natarajan and Suresh [40] performed the machinability study of stainless steel
grade 304 during WED-drilling operation. They observed that lower range of current
and pulse on time enhanced the quality of the micro holes in terms of surface, while
the higher range of current and pulse on time deteriorated the quality of the sur-
face. D’Urso and Ravasio [41] investigated the effect of variant process parameters
and the properties of the workpiece, for example, stainless steel, tungsten carbide,
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and aluminium, and electrode materials such as tungsten carbide and brass, respec-
tively, while drilling micro holes. They applied appropriate fitting equation with an
acceptable coefficient of determination to analyze the summarized behaviours.

5.4 Reverse Micro Electrical Discharging Machining
(R-wnEDM)

In general, reverse machining in EDM means polarity conversion from negative to
positive and vice versa. But the term used R-wEDM by many researchers in WEDM
is different from the above. R-wEDM is a normal machining method where instead
of keeping the workpiece on the work table, it is attached to the spindle through
collet, and on the other hand, the tool is held on the work table.

From the last decades, work on reverse WEDM has been in constant progress. In
the year 2006, Kim et al. [42] successfully machined micro rod using different val-
ues of voltages and capacitances. For enhancing the accuracy of the micro features,
they calculated the wear ratio at various values of input conditions and obtained the
optimum input condition. They also fabricated different shapes of micro features on
stainless steel such as channels (slots), grooves, micro hole, and rod arrays. To char-
acterize the R-wEDM process while fabricating micro-rods, Taguchi methodology
was applied by Mujumdar et al. [43], Mastud et al. [22], and Singh et al. [44]. Mujum-
dar et al. [43] used a bulk brass rod as a workpiece having diameter 2 mm and a thick
copper plate of 200 pm with pre-drilled 200 pm circular hole and 400 pwm square
hole as a tool. They observed the gap voltage and capacitance to have more influence
on response parameters such as dimensional accuracy, zero error length, and surface
roughness. Moreover, they noticed that gap voltage was the utmost important factor
accountable for the accuracy of the micro-rods along their length. Mastud et al. [22]
used tungsten carbide 0.8 mm diameter as a workpiece and tungsten copper as a tool
electrode having thickness 300 pm with a pre-drilled micro hole of 100 wm. They
observed the erosion rate to advance with the passage of time during machining.
Moreover, they found that lower thickness of tool electrode was more responsible
for the enhancement of surface roughness of the fabricated micro-rods. Singh et al.
[44] used a copper plate and tungsten rod as tool electrode and workpiece, respec-
tively. The thickness of the tool was 293 wm with a drilled hole of 212 pwm, on the
contrary, the diameter of the workpiece was 0.8 mm. They focused on the accuracy
of micro-rods to detect the deviation in length and the diameter from the target length
and diameter in the form of input feed length and pre-drilled hole, respectively. They
also detected the capacitance and feed rate to have more influence on the deviation
in length of the micro rod. On the contrary, gap voltage, capacitance, and feed rate
were uniformly responsible for the deviation in average diameter. Moreover, voltage
contributed more toward the straightness of micro-rods throughout the length.
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Jahan et al. [45] machined microstructures with lower machining time and showed
improvement in the machining accuracy at optimum condition of machining param-
eters. Nirala and Saha [46] introduced a new method for tool wear compensation
in R-wEDM. They compared the method with uniform wear method [47] and nor-
mal machining (without compensation) and found reduction in errors (i.e., existing
method by 2%, normal machining by 18.2-22.4%, and uniform wear method by 4.0—
8.3%). In the year 2016, a simple analytical model for evaluating the tool wear and
material removal from workpiece was developed by Singh et al. [48]. They achieved
lower tool wear, lower material removal, and less taper along the length of a long
micro rod of 2 mm at lower parametric conditions (100 V, 100 pF) compared with
higher parametric conditions (150 V, 10* pF).

5.5 Dirilling with In Situ Fabricated Tool

In this method, a micro hole is first drilled using a negatively charged rod electrode,
and then the rod electrode is retracted to its original position. After that, the rod
electrode is moved at a certain distance horizontally from its original position (i.e.,
offset), and subsequently, the reverse polarity is applied. Finally, either of the condi-
tion such as with or without rotation is used to feed the tool into the plate electrode
during the machining process and thus a micro rod with lower diameter is obtained.
The benefits of this technique are that no adjustment is required while machining
micro rod. Yamazaki et al. [49] used different values of off-centered, i.e., 60, 75, 78,
80, 85, and 90 pm based on off-centering concept chart. Their research highlighted
an improvement in the accuracy of the micro rod in the form of machining straight
micro rod without taper. Using this method, Yamazaki et al. also machined straight,
stepped, multi micro-rods, and other complicated shape features.

In the subsequent papers of Yamazaki et al. [S0-52], they worked on a process
where they tried to reduce the plate electrode wear while fabricating straight and
long micro-rods. For enhancing the precision of the machining process, they adopted
two-step method, run out measuring method, and dummy hole diameter measuring
method. Utilizing the adopted method, they obtained high accuracy micro rod without
even coinciding the rod with the axis of rotation.

5.6 Micro Electrical Discharge Milling (wED-Milling)

WED-milling is the technique in which the tool electrode advances in the horizontal
x—y direction at a particular depth of cut initiated at the beginning of machining.
It is generally performed as a layer by layer machining process, where each layer
contributes a certain depth of cut. To get an accurate dimension and precise mea-
surement of machined cavity tool wear needs to be compensated by some form or
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other. Compensation can be applied based on the extracted dimensional features in
real-time or can be predetermined based on wear ratios of tool and workpiece.

In the year 1989, Sato et al. [53] fabricated a wide groove of 50 pum on metal
block using WED-milling. Later, Masuzawa and Tonshoff [54] have verified the
result obtained by Sato et al. Electrode deformation is one of the major problems in
WED-milling due to tool wear. For the rectification of tool wear problem, Yu et al.
[6, 47] presented a technique which combined uniform wear method (UWM) with
longitudinal wear compensation. The outcome confirmed the applicability of this
approach for 3D microstructures. Moreover, mathematical relations were derived for
tool wear compensation and applied in machining square cavities with sharp corners
and inclined planes. Bissacco et al. [55] investigated tool wear and material removal
(workpiece) using WED-milling process, in which they selected typical process para-
metric combinations for roughing and finishing operation. Volume measurement and
discharge counting have been made for several energy levels and their effect in terms
of errors on material removal per discharge and electrode wear per discharge was
found to be relatively high. Karthikeyan et al. [15] used design software in order
to evaluate the eroded amount of material from the tool and the workpiece. They
detected that the rotation speed shows a major role in getting the desired material
removal rate (MRR). Moreover, they also observed that the tool rotation affects the
final shape of the features due to debris flushing and partially re-deposition of the
molten metal [11]. In the consequent work [56], they developed a simple empirical
equation with 95 and 99% confidence level for MRR and TWR. The results demon-
strated the contribution of more energy and speed in the case of a single performance
study, whereas feed was a significant contributor in the case of multi-performance
analysis. Material removal from the tool significantly affects the machining efficiency
while fabricating microchannel and it is one of the major problems in wED-milling.
For solving this problem, a new compensation method was introduced by Li et al.
[57], which was based on scanned area (BSA) that removes materials layer by layer.
The BSA method improved the machining efficiency compared to that of UWM and
the combination of both UWM and linear compensation. Jafferson et al. [58] applied
ultrasonic vibration and magnetic field at the same time and at a different time in
their work. The experimental results of their study highlighted an improvement in
the machining efficiency in case of using ultrasonic vibration and magnetic field
separately. On the other hand, they got poor results in case of jointly using ultra-
sonic vibration and magnetic field. Moreover, they [16] also analyzed the effect of
non-electrical parameters, for example, horizontal tool feed rate (HTF), layer thick-
ness (LT), and tool rotational speed (TRS), and found significant results in case of
using speed and horizontal feed rate. The roots of the faults in wED-milling were
examined by Tong et al. [59] and they proposed a layer depth constrained algorithm
(LDCA) and an S-curve accelerating algorithm (SCAA) to decrease the errors. They
found improvement in the results in terms of getting machined microcavities of less
than 800 pm with enhanced machining accuracy and MRR. Zhang et al. [60] used
fixed length compensation method, in which geometrical and mathematical models
were formulated. Later, several trials were used to confirm the model. The devel-
oped model was taken to predict the fabricated work surface and the tool surface
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electrode. Wang et al. [61] established an in situ pulse monitoring system for under-
standing the process dynamic and a combined off-line and in-line adaptive tool wear
compensation. Dimensional accuracy and tool wear rate of stainless steel (S304)
were investigated by Ali et al. [62]. They also analyzed the TWR and width of the
microchannel data and developed a corresponding empirical relation. They obtained
minimum microchannel width and TWR at a voltage of 91 V and feed rate of 10 wm/s
[62].

6 Summary

WEDM is one of the established processes through which micro features, for exam-
ple, micro-rods, micro holes, and micro slots can be fabricated easily on electrically
conductive metals irrespective of their hardness. From the last few decades, many
researchers have contributed a lot of their work on which they show the improve-
ment in the fabrication of microstructures while using WEDM. The progress and
improvement in WEDM for the fabrication of micro features are increasing contin-
uously because of their wide application in the area of electronics, nuclear sectors,
biomedical, MEMS, etc.

The main concern which affects the accuracy and dimensions of the micro features
is the tool wear. It is detected by the researchers that the elimination of tool wear can
resolve almost all the problems that lead to the incorrect dimensional variation of
the micro features in terms of shape and size. For reducing the tool wear, researchers
have developed many compensation methods. Still, researchers are trying to develop
improved methods of compensation. Tool wear can also be reduced significantly by
the proper selection of parametric conditions such as voltage, capacitance, current,
and tool material.

In the current era, researchers are engaged in fabricating error-free micro fea-
tures by the use of suitable compensation techniques. This chapter has provided a
brief explanation about the progress of the machining efficiency of .EDM in terms
of accuracy improvement and precision measurement. The recent advances of the
different variants of WEDM have also been presented in this chapter.
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Improvement of Profile Accuracy )
in WEDM—A Novel Technique L

Mukandar Sekh

Abstract A thorough investigation on wirelag phenomena was carried out in this
study. Here, the effect of wire deflection or wirelag on geometrical accuracy has
been explored. A proper control to improve dimensional accuracy of circular job is
achieved here. A novel method is presented to measure the wirelag by geometrical
analysis. A mathematical model is developed to measure the gap force. Experimental
investigations are performed to verify the proposed model.

Keywords WEDM - Wirelag - Profile accuracy  Gap force

1 Introduction

Electrical sparks can erode metal that fact was first noticed by Sir Joseph Priestley
in 1770, but it takes time to convert it into technology of machining. In the year
1943, two Russian scientists, B. R. Lazarenko and N. I. Lazarenko, invented the
basic principle of electrical spark machining system called as electrical discharge
machining (EDM) and subsequently they developed R—C type EDM machine. In
the late 1960s, wire EDM was developed to replace the varying tool for different
geometry used in EDM. Later, an optical system by D. H. Dulebohn was developed
to auto control the geometry of the part to be machined by the WEDM process in
1974. After this development, the popularity of WEDM enhanced rapidly, as the
process. In the end of 1970s, WEDM process has come up with computer numerical
control (CNC) system and that was the massive invention in the WEDM process. Day
by day, this machining process has become one popular non-traditional machining
system in the manufacturing sector as it can produce complicated profile for the
product.

Accuracy, surface finish and cutting speed are enhancing from inception of this
process. But, product accuracy is hampering due to wire deflection or wire bending,
and it makes various applications unacceptable. Thus, wirelag is defined as the wire

M. Sekh ()
Department of Mechanical Engineering, Aliah University, Kolkata 700160, India
e-mail: mukandar@gmail.com

© Springer Nature Singapore Pte Ltd. 2020 79
G. Kibria and B. Bhattacharyya (eds.), Accuracy Enhancement Technologies

for Micromachining Processes, Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-2117-1_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2117-1_4&domain=pdf
mailto:mukandar@gmail.com
https://doi.org/10.1007/978-981-15-2117-1_4

80 M. Sekh

deflection during wire EDM. The wirelag generates imprecision on the workpiece
during cutting a corner or curved profile. This imprecision may be in the range of
hundreds of microns, and it is beyond tolerance limit for some specific purposes.
For obtaining the required product shape and size with acceptable tolerances, proper
understanding of wirelag phenomena is very important. A number of research works
have been carried out to improve profile accuracy in WEDM. Different research
studies show different strategies to minimize this error. Off-line path modification
method [1], using sensor for online wire position monitoring system [2], by reducing
the cutting speed at corner [3] then a trim cutting method [4] or magnetic effect [5]
were tried to increase the corner accuracy of the parts.

It is observed although some researches have been carried out on the wirelag;
however, no direct method has come up to measure the correct value of wirelag. But,
the bare fact is that to achieve high precision profile the correct value of wirelag is
extremely essential.

2  Wire Deflection and Its Impact on Workpiece Accuracy

Wire electrode deforms due to gap force during machining as the wire is thin and
flexible which remains under tension. The wire deflection occurs in the reverse to
the machining direction as shown in Fig. 1. It is seen that the wire always moves
behind the wire guide due to the wire bending. It is understood [2—6] that the cause
of this gap force is due to the explosion force from gas bubbles though there are other
contributing factors, i.e., hydraulic forces, electromagnetic force, electrostatic force,
etc. The force applied on the wire is not fixed; in its place, it changes with respect
to time as the unsteady character of the plasma channel and stochastic sparking
behaviour, which actually trigger off non-stop vibration in the wire. Overcut and
tolerance limit are hampered due to the wire vibration. A number of research scientists
[7-9] have discovered this wire deflection behaviour of the wire to improve the
accuracy in WEDM. It is obvious that the instantaneous wire position is varied with
time. However, it is evident that for particular setup, the average displacement is
seen to be constant. This is known as wire deflection or wirelag [9]. Therefore, the
wirelag phenomenon is not dynamic behaviour rather it is a static behaviour of the
wire. In addition, wirelag is also controlled by several important factors that include
wire tension, gap force, workpiece height, distance between job surface and wire
guide.

While cutting straight profile, it is difficult to get the actual length of job as the
wire is always behind the wire guide. The position difference in between the wire
and guide generates a geometrical imprecision during profile cutting at sharp corners.
Figures 2 and 3 represent how the wirelag affect the geometrical imprecision during
corner and profile cutting.

It is seen from Fig. 2 that the wirelag has a powerful effect on both edges of
the corner. From Fig. 3, it is noticed that definite contour produced by the wire
centre (r,) is not machining by the theoretical layout of the wire (r,) because of
wire deflection (8y) at workpiece surface. In Fig. 3, ey, is the perpendicular span
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WEDM cutting wire guide

P

L wire
]

Y workpiece Sy

N

Fig. 2 Influence of wirelag

on geometrical imprecision 7
during cutting a sharp corner
[11]

r———— -
|

]

——————— desired profile of the workpiece

NN\

actual profile of the workpiece

—-—-— programmed path of the wire centre
actual path of the wire centre



82 M. Sekh

Fig. 3 Effect of wirelag on
profile imprecision during
circular profile cutting [11]
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between theoretical program profile of the wire and actual profile of the wire when
a cylindrical workpiece cutting was done, and it is called as wirelag compensation
value. Therefore, to attain preferred dimension, the necessary wirelag compensation
value &y, is equal to (rp—7,). This €,; value is needed to include in spark gap (§) and
wire radius (ry,) to calculate compensation value of wire. This value is compulsorily
needed to construct CNC program for the cutting. Hence, wire offset value will be
as follows to get perfect size job when any circular or curved shape job is being
produced;

ri=rw+s+8wl (1)

3 Development of a New Method for Determination
of WireLLag and Gap Force

During rough cutting operation, it has already been mentioned that the wire is sub-
jected to gap force to the reverse direction of the cutting. It is now known that the thin
wire vibrates during cutting. The amplitude of vibration influences the amount of
overcut, and the mean displacement is basically the wirelag value which has a strong
impact on geometrical inaccuracy. This average or mean static displaced position, i.e.,
wirelag, is governed by average gap force, workpiece height, wire tension and span
between the wire guide and workpiece surface. Though, some researchers developed
the formula for wirelag as a purpose of gap force only on the straight geometrical
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profile cutting. But in this present study, a novel method to estimate the wirelag value
for curve profile (circular) cutting is developed.

Measurement of wirelag value for curved profile cutting is very intricate than
straight path cutting because gap force is not unidirectional through several curved
profile cutting. Depending upon the job height, the value of gap force commonly
varies. For this reason, some lateral deflections of the wire are obtained. For the fact,
the following assumptions are made for the analytical model to measure the wirelag

value

®
(ii)

(iii)
(iv)
v)
(vi)

Fig. 4

view) during cutting a
circular profile [11]

Span between workpiece surface and wire guide are same.

Gap is constant during cutting with a fixed parameter setting, and the intensity
of the gap force also is constant.

It is assumed that the lateral bending is very negligible, and it is ignored.
Figure 4 is showing the position of the wire.

Wirelag value is only in the range of microns, it is small with respect to the
job radius, and for this 6| and 6, may be considered as a very small value.
Hence, « is very small because 6 and 6, (Fig. 5a) are small, and so the lateral
gap force is also very little.

It is shown in Fig. 5a, b that gap force g applied on very tiny portion EF is
qRdg. This part of the gap force gRdBsinf produces lateral bending on the
EDM wire, and component gRdBcosé applied in the same plane of wire profile
creates bending. When job thickness (¢) varies, 0 also will vary, so the radius
of curvature R will also simultaneously vary. Now, 0 has very little value, so
the variation of radius of curvature is neglected. It is also known that EDM
wire may be treated as flexible wire.

Wire position (top
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workpiece

|| ||
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Fig. 5 a Line diagram of wire for circular profile cutting (top view). b Line diagram of upper half
of the wire for circular profile cutting (front view) [11]

A

(vii) Generally, a small wire deflection occurred between the top and bottom job sur-
faces (§;), and when compared to the job thickness, the wire radius of curvature
is typically very big. Therefore, it is assumed that 8 is small (Fig. 5b).

The X-, Y- and Z-axis are shown in Fig. 5a, b, and it is chosen in a way that
origin is met at point B as it is the centre of the wire as shown in Fig. 5a and B”
in Fig. 5b, and the cylindrical job axis is parallel to Z-axis. In Fig. 5a, r, is the gap
between cylindrical job centre and wire centre, and r; is the shortest length between
cylindrical job centre and wire centre. r, is radius of the wire, and £ is the of radial

overcut or radial spark gap.
The following expression may be written from Fig. 3;

ra:rja+rw+€: ()

where r; is the largest radius.
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Fig. 6 Location of wire on
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Dl

top of the workpiece surface
in 3D spaces [11]

dl

~&_

D

Cd' is the wire position shown in Fig. 6 in the space, and it is above the job surface.

In Figs. 5a and 6, « is angle ZDCG. It is the projected value of wire inclination
beyond the job surface on XY plane with regard to XZ plane, with respect to YZ plane
B, is exact inclination of the straight portion of the wire above the job surface (Fig. 6),
this amount is identical to angle between wire guide and wire on XZ plane, and S is
the projected value of 8 (Fig. 6). It is seen that if the value of a is small, C’'D’ will
be tangential to the curve A’C’, and so exact inclination of radius of curvature is also

Bo at the point C (Fig. 5b).

CD is the wire position in XY plane, and CD’ is wire position in XZ plane top of
the workpiece material. The following trigonometric relation is obtained from Fig. 6.

an B/ CD
an B, = —,
0 Dd/
cd
tan By = D'd and
cd
coso = —
CD

Now, dividing Egs. (3) and (4), one can obtain the following expression

tanfy CD D'd CD

tan By Dd' x cd cd

—[D'd = Dd' = b]

Putting the value of % = cos «, the above equation becomes

tanf, 1

tan By cosa

3)

4)

®)

(6)

)
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Fig. 7 Wirelag phenomenon i
during circular profile
cutting (top view) [11]

D
Z guide position

Now, rearranging the above expression, it may be expressed as
tan B cos @ = tan f ®)

Since « is very small, cosa &~ 1 and ,36 & By are also small. Thus, the above
expression becomes

Bo = Bo )

InFig. 6, Dd’ = b is the span between job surface and wire guide support, and the
wire bending above the job surface and below the job surface §o(=CD) is as shown
in Fig. 7 and also can be expressed as follows

CD

od = tan B, (10

Hence,
CD = b x tan B (11)

Now, putting the value of tan 8 from Eq. (8), it can be expressed as

t:
5o = b x 20Po (12)
cosa
Since o and By is small, the above expression becomes
3o = bfo (13)

From Fig. 5b, it is noticed that
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c'c’ 12
C'G’ R

sinfy = (14)

As By is small, sinffy ~ B . Therefore, the radius of curvature R is expressed as

t

R=— (15)
2Bo
where ¢t = thickness of the job.
From Fig. 5a, b, it is seen that
AE = A'E"
Putting the values of above expression in trigonometric form, it becomes
ritan6; + r;tan® = R — Rcos B
= r)(tan6; + tan6) = R(1 — cos B) (16)

For small values of 61, 8 and 8, tan6; ~ 6, tan6 ~ 6 and cos B ~ 1 — 2/2,
and the above expression becomes

/32
ré(@l +60) = R(l -1+ 7)
/ Rp?
= 101 +60) = —— 17
Again rearranging, it becomes
R 2
6 = F_ 0, (18)

2r}
Substituting the value of R from Eq. (15), the above expression may be evaluated
as follows
2
t
0 = pr 0 (19)
4ri o

Again from Fig. 5a, b, it is observed that a = FC = F”C”, and a may be
expressed as follows

a = Rcos(B +dp) — Rcos By
= R(cos 8 — cos By) (since df K B)

B’ Bo
= R<1 -5 1+ 70> (since B and By are small)
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R
=56 -5 (20)

If we consider only upper half of the wire, i.e., AC or A’C/, it is in equilibrium
under the tensile force and the distributed gap force as shown in Fig. 5a, b. From
the figure, it is seen that E'F’ is a very small arc and it makes an angle df, and the
radius of curvature R creates an angle 8 with negative X-axis. So, gRdp is the gap
force on this portion of the wire. So, the equilibrium equation may be written as

Bo
/ (gRdB) cos 6 = TsinfB cos 21)
0

As radius of curvature R and gap force intensity g are considered as constant, as
0, o and B are small, cos® =~ 1, cosa ~ 1andsinf) ~ f, the above equation can
be expressed as

Bo
4R / ap = T8, 22)

0

Now, solving the above equation, it becomes
qRBy = TH (23)

As it is obtained that S = By, now, the above expression can be rewritten as

T
R=— 24)
q
Combining Egs. (15) and (24), Bp may be evaluated as follows:
1q
= — 25
Bo T (25)

Similarly, if equilibrium is considered along Y-axis, then the equation will be as

Bo
/ (gRdB)sind = T sin B sina (26)
0

As the R and g are not changing, its value is fixed. For small values of 6, « and g,
sinf ~ 0, sina ~ « and sin B; = B = Py and from Eq. (24), radius of curvature
R = T/q. So, the above expression becomes
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Bo
/T@dﬁ = THhox

0
Putting the value of 6 from Eq. (19), it becomes
Bo

2
J (&)
0

Solving the above equation, it can be evaluated as

e
127/

a

— 60180 = afo

Now, rearranging the above equation, & becomes

tBo

= -0
12r,

o

89

27)

(28)

(29)

(30)

Now, in the XY plane, it is seen from Fig. 5a that moment of the wire about point

C will be zero. It may be expressed as

Bo
/a(quﬁ) sinf =0

0

3D

Now, putting the value of a from Eq. (20) and using sin 6 = 6, the above expression

becomes,

R? Bo

q

25 [ (6 - 8)eas =0

0
Since, c]R2 #0,
Bo

/ (B — B*)6dp =0
0

Now, replacing the 6 from Eq. (19) in the above equation, it becomes

(32)

(33)
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Bo

2 NS .
[ 730y = Joe =0
0

Bo
t,32,30 2 t,B4 2
— 018y — 0 dg=0 34
:f(M B g 08 ) (34)
0
After integrating between the limits, the above expression becomes
By 20183
_ =0 35

30r] 3 (35)

Rearranging the above equation, it may be expressed in terms of 6 as follows

1Bo

= 36
' 20r, (56)
Now, putting the 8; value in Eq. (30), it becomes
tho  tho
o= —
12r]  20r]
2
= 37
30r; (37)

From Fig. 5a, b, it is noticed that & = 6, and § = By. So, using these limiting
values of 6 and 8 in Eq. (19), the expression becomes

1o

6 +6, =
h + 0, 47

(38)

Now, rearranging the above equation by putting 6;, one can estimate the value of
0, as given below:

1ho

6, = 39
p 5/ (39)
In Fig. 7, considering AOCD, the following relationship is obtained
0C*+CD*—-0D?
cos Z0CD = + (40)

2x 0CxCD

Putting the value of OC = r,, OC = r,, CD = bpy, the above expression
becomes



Improvement of Profile Accuracy in WEDM ... 91

2+ bbo— 1y
cor| {a+(5—92>}]=%

= r2 —r2 = b* B2 + 2bBorasin(¥y — )

2 _
P
> —ry =bBj 4 2bPora(6 — ) (Since(6, — @) is very small) 41)

=r

Now, using « and 6, and Eqgs. (37) and (39), respectively, the above expression
becomes:

bﬂo try

r2—r —b2,3 + — 3

P (42)

The value of 6, is small and as such r, & r,; hence, the above expression becomes:

2 2

rp—r =b ﬂ0<1+3b> 43)
Putting the value of 8y = usmg Eq. (25), the above equation may be expressed

as

g \* '
2_ 2 2

—r;=b" —= 1 44
S <2T) < +3b> 9

After rearranging the above equation, the gap force g can be calculated as below:

= (45)
Substituting r, value as it is in Eq. (2), it becomes:
N 2
(2T> {rp - (rja o E) } (46)
9=\
tb (1+ %)

Now, & can be measured easily from a square or rectangular job and r,;, and also we
can get from a circular job which were cut from the job material for a given parameter
setting. From the machining condition also we will get job thickness (¢), wire tension
(T), wire radius (ry) and the value of b. So, the average gap force intensity can be
measured for any specified machining parameter setting using Eq. (46).

Now, using Eq. (43), r, may be expressed as follows:

12
Bib* t

a=rpf 1 — 1

: r"i R G T
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Bb? t Bib* 2%
1 PO DY P D) 47
r”{ 22\ 3) T e U “n

Since, By is small, ,86‘ or higher order will be very small and can be neglected. So,
the above equation becomes

_ _ﬂébz( L)
ra_rp{l 2r§ 1+3b (48)

After rearranging the above expression using the value of Eq. (25), it becomes

1(btq\’?
rp(rp - ra) = §<%> <1 + ?)t_b) (49)

= rpew = K (50)
where
1/ btq\* t
K=-|— 1+ — 51
(7)) (1+35) o
and
Ewl = (rp - ra) (52)

The right hand side of Eq. (49) will be constant for a specified machining parameter
setting. So, the K is constant, and it is called radial wirelag compensation constant.

Now, wirelag compensation value (&y;) can be measured for any radius circular
or curved job using Eq. (52). This value is used in the CNC part program to get the
accurate job dimension.

It is seen from Eq. (50) that smaller radius job will have higher imperfection
though usually smaller radius job requires higher precision.

From Fig. 7, it is seen that CD is wire bending at the top surfaces of workpiece.
The wire bending above the job surface §, can be evaluated by substituting the value
Bo from Eq. (25) in Eq. (13) as follows:

btq
8o=CD =DbBy = — 53
0 Po T (53)

Wire deflection or bending between top and below surface of the job in the
direction of 8¢ is HC = §; in Fig. 7. Hence, §; can be estimated as below:

6 =HC
= (AC)cosu
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= (r,tan 6, + r} tan6,) cosa (54)

For small values of 61, 6, and «, the above expression becomes
8i=r.(61+6) (55)

Now, putting the value of 6, + 6, = t8y/4r, from Eq. (38) and putting B¢ value
as in Eq. (25), it becomes

t’q
Si=— 56
=37 (56)
So, the total deflection §;
51 = HD
=HC+CD
=36 +do
t’q btq
=— 4+ — 57
8T + 2T >7)

It is seen in the earlier research [2, 10] also that the same formula to measure
wirelag or wire deflection when straight WEDM cutting was done.

It is already stated that a little amount lateral wire deflection is happening during
machining. This deflection will be maximum at the middle length of the wire between
upper and lower wire guide. Hence, the total lateral deflection at the middle portion
of the wire length as shown in Fig. 7 is expressed as

& =AH
= (AB + BC)sin«
= (ritan 6, + r,tan6,) sina (58)

For small values of 61, 6, and «, the above expression becomes
Si=ry(01+62)c (59)

Now, putting the values of 0, + 0, = tfy/4r,, o« and By as in Egs. (38), (37) and
(25), respectively, and as at top and bottom surface wire deflection is same, then
rl A 1.

Hence, the expression for 3; becomes

q2t4

= — 60
480r,T? (60)

8

Now substituting r, value as in Eq. (2), the above expression may be rewritten as
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g2t
8 = 5
480(raj +ry + S)

(61)

It is seen from the above equation that lateral deflection is proportional with gap
force and job thickness where as the wire tension and job radius (ry) is inversely
proportional with lateral deflection. It is obvious that during straight profile cutting
job, radius (r,;) will be infinite. So, the lateral deflection will be zero. So, theoretically
it proved that during straight profile cutting, no lateral deflection or bending occur.

4 Summary

To estimate gap force and wirelag, a new method is developed based upon the analyt-
ical model. Now, the wirelag value can be measured directly for any condition, and
it can be used to produce accurate job. To increase the cylindrical or curved profile
accuracy, the wirelag compensation value is incorporated in the CNC part program.
From the investigation, it is clear that lower radius job is experienced higher wirelag.
It is also shown that the lateral deflection is zero for straight profile cutting.
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Laser-based Fabrication )
of Micro-channels Checictor

Bappa Acherjee

Abstract Micro-channels are generally used in micro-fluidic devices and heat sinks
for biomedical, chemical, microelectronics, and micro-electromechanical applica-
tions. A number of processing techniques are used for fabricating micro-channels on
different materials. Laser-based micro-channeling techniques are now gaining pop-
ularity because of simplicity, flexibility, repeatability, and reliability of the process.
Laser is a versatile non-contact machining tool, which can be utilized to machine
any profile contour on almost every type of materials. In this chapter, the attempt is
made to furnish a comprehensive technical know-how about laser-based fabrication
techniques of micro-channels. An overview on fabrication of micro-channels and
their applications, including a brief discussion on operation principles of commonly
used micro-channeling techniques is presented in the initial sections. The subse-
quent sections elaborate laser micro-channeling process, including process funda-
mentals and process requirements. Thereafter, underwater laser processing of micro-
channels is also discussed, which is a recent development in this field. The improve-
ments achieved in terms of dimensional accuracy and quality of micro-channels, by
using laser-based fabrication techniques, are reported and discussed to justify the
effectiveness of these techniques, which are evidenced by several research findings.

Keywords Micro-channel - Micro-fluidic device - Laser micro-channeling -
Underwater machining - Quality and accuracy

1 Introduction

Micro-channels are the essential parts of micro-fluidic devices used in biomedical
and chemical analytical systems. Micro-channels are also used in microelectronics
and micro-electromechanical devices. The chemical and biomedical micro-fluidic
devices are used for microbiological testing and analyses such as chromatogra-
phy, electrophoresis, DNA synthesis, and blood protein analysis. Micro-channels
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in microelectronics and micro-electromechanical systems are used in telecommu-
nication devices, binary storage devices, inkjet printer nozzles, etc. [1-7]. Several
techniques are developed over the years for fabricating micro-channels, from con-
ventional techniques like mechanical micro-machining [8], chemical etching [9],
photolithography [10] to the modern ultrafast femtosecond laser micro-machining
[2]. The above techniques are widely used for creating micro-channels on different
substrates such as glass, polymer, silicon, and metal. Other techniques like injection
molding [11], imprinting [12], and hot embossing [13] are often used for creating
micro-channels having low aspect ratios. Glass and polymer substrates are gener-
ally used for producing biomedical and chemical micro-fluidic devices, whereas
silicon and metallic substrates are used for the applications in microelectronics and
micro-electromechanical devices. Fabrication techniques play a significant role in
the quality of the micro-channel. Though the high aspect ratio micro-channels are
used in major applications, the shape, size, and structure of micro-channels differ
with the kind of applications. Rectangular, square, circular, semicircular, U-shaped
micro-channel cross sections are common in use [1, 14, 15].

Glass and silicon are the mostly used substrate materials for micro-fluidic devices
[10, 16-21]. Glass is preferred choice for micro-fluidic devices used in biomed-
ical applications, due to its high degree of transparency and inert behavior. Sili-
con is widely used as substrate material for producing micro-channels in micro-
electromechanical devices, where forced air or liquid circulation through micro-
channels is used for cooling the device. Quartz and gallium nitride are also used as
semiconductor materials for micro-fluidic applications [22, 23]. Polymers are nowa-
days replacing the glass and silicon in many applications, due to their lower cost,
better machinability, optical transparency, higher strength to weight ratio, etc. [13,
24-26]. Poly(methyl methacrylate) (PMMA) and polydimethylsiloxane (PDMS)
are the leading polymers used in varied range of micro-fluidic devices. Due to its
higher transparency and biocompatibility, PMMA is used in biomedical applications.
Among other polymers, polycarbonate (PC), polypropylene (PP), polyethylene (PE),
polystyrene (PS), polyethylene terephthalate (PET) are also used as substrate mate-
rials for fabricating micro-channels. Micro-channels in metallic substrates are gen-
erally produced in cooling devices for mechanical and electrical applications [27,
28]. Attempts are also made by researchers to produce micro-channels in ceramics
and superalloys [29].

2 Fabrication of Micro-channels

A number of micro-channel fabrication techniques are developed over the years, from
aged chemical etching to the latest laser-based formation of micro-channels. Chem-
ical etching is the widest used micro-channel fabrication technique, where selective
materials removal is carried out through chemical reactions. The patterns are formed
by exposing the material to acid or salt solution, and materials are removed by chem-
ical or electrochemical reactions. Protective mask is used to protect the zone which
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is not targeted for etching. Chemical etching is mostly used for metallic substrates
for biomechanical applications. Etching is sometimes used as secondary process
for fabrication of micro-channel. Tapering of walls and overcut are the major prob-
lems associated with etching. Exact controlling of micro-channel dimensions is not
possible with chemical etching. Lithography is one of the leading techniques for
creating micro-channels. This technique is generally used to produce complex pro-
file on substrates. Photolithography is the prominent lithography technique where
photochemical reaction is used for selective material removal by exposing the tar-
geted zone to light. X-ray, ion-beam, and electron-beam lithography techniques are
used for generating micro-channels having high aspect ratios and complex contour.
Lithography techniques are generally employed on polymer and silicon substrates
for creating micro-fluidic devices for biomedical and chemical applications. LIGA
(German acronym for lithography, electroplating, and molding) is used to produce
high aspect ratio micro-channels with depth ranging from 100 to 1000 pm [30].
Lithography techniques require skilled human resource and cleanroom facilities.
Mechanical micro-machining techniques are also used for creating micro-channels.
Micro-milling and micro-turning are the widely used mechanical micro-machining
techniques that used for micro-channeling operations. The application of mechani-
cal micro-channeling has cost advantage and gives reasonable surface finish while
achieving tight dimensional tolerances. Mechanical micro-channeling is generally
used on metallic substrates for metallic micro-parts and heat sinks. Micro-channels
are also formed on metals by using micro-slotting. Wear of cutting tool, generation of
cracks, and formation of burrs at ends are the common problems arise during mechan-
ical micro-channeling. Hot embossing technique is used for creating micro-channels
on polymer substrate. Silicon or metallic stamps are used for embossing on poly-
mers at elevated temperature, which is the softening temperature of the respective
polymers. Sometimes, the hot wires are also used for fabrication of micro-channels
on polymers. Imprinting of micro-channels on polymers can be done at room tem-
perature by the application of large pressure. The application of heat can reduce
the required pressure for imprinting to a large extent. High lead time and low sur-
face finish are the major concerns for using embossing and imprinting for producing
micro-channels. Micro-molding is also used for fabricating micro-channels on poly-
mers. The micro-features can be produced by injection molding of polymers (hav-
ing low viscosity) by precisely controlling the parameters like temperature, aspect
ratio precision micro-channels but the parts possess lower strength. Lasers are now
used for fabricating micro-channels and attract much attention from researchers and
industry for its several process advantages over other micro-channeling techniques.
Laser is a versatile tool which can be used to generate micro-features of almost any
shape and on almost every type of materials. It has greater flexibility and does not
require cleanroom facility or preparation of masks. This is a clean, non-contact, and
non-contaminant process. The point of exposure can be precisely controlled by con-
trolling the beam spot by optical arrangements; thus, the process can produce deep
and high aspect ratio micro-channels. The basic mechanism of material removal of
laser micro-channeling is heating, melting, and vaporization. As this is a heat abla-
tion process, the formation of heat-affected zone and burrs around micro-channels
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Fig. 1 Photograph of a
micro-channel fabricated
using laser-based
micro-channeling technique
on PMMA substrate [15]

.. . o’l

cannot be avoided, but can be minimized at optimum machining conditions. High
initial capital investment is also a factor of concern. Figure 1 shows a micro-channel
fabricated using laser-based micro-channeling technique on PMMA substrate for the
application in biomedical micro-fluidic devices.

3 Laser-based Fabrication of Micro-channels

3.1 Overview and Process Fundamentals

Nd:YAG (neodymium-doped yttrium aluminum garnet) and excimer lasers are the
most commonly used laser systems for micro-channeling. The lasers having shorter
wavelength (shorter ultraviolet wavelength) are preferably used for micro-machining
than the lasers having longer wavelength (infrared wavelength), because the higher
amount of energy is carried by photons of laser beam having shorter wavelengths.
The absorption of laser beam within the material depends on wavelength of the
laser, and shorter wavelength lasers have higher degree of absorption within the
materials. The use of UV lasers reduces the chances of defects like the formation
of wide HAZ, burrs and recast layers, because UV laser ablation of materials takes
place by thermal excitation, resulting in ionization through breaking atomic bonds.
This phenomenon is known as cold ablation [31]. Thus, these types of lasers are
used for machining heat-sensitive materials. However, actual mechanism of ablation
during UV laser machining is a combination of thermal and cold ablation, based on
the work material used. The infrared lasers like Nd:YAG laser and fiber laser are
used for producing micro-channels on metallic substrates. CO, laser (mid-infrared)
is used for fabricating micro-channels on polymers and organic substrates, due to
its higher absorptivity within those materials. Pulsed laser beam is preferred over
continuous laser beam for micro-channeling operations. Peak power in the range
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of several gigawatts can be obtained by using short laser pulse duration. The use of
short laser pulse is resulting in very high-energy density. At very high-energy density,
the material ablation is governed by the combination of thermal vaporization and
Coulomb explosion, based on the wavelength of the laser beam and pulse frequency
and pulse width used [32]. The Coulomb explosion phenomenon is observed during
use of pico- and femtosecond pulses [31]. The evacuation of the electrons from
the materials due to the application of high-energy ultrashort pulses formed a region
where only the positively charged ions exist. Subsequently, a thin layer of the material
surface is ejected, caused by electrostatic repulsion. In this way, the layers of materials
are gently removed to produce micro-channels of very high surface quality without
suffering any evident thermally induced defects. The actual ablation mechanism is a
fusion of Coulomb explosion and thermal vaporization, where Coulomb explosion
takes place at the initial phase of ablation, followed by thermal vaporization. The
use of ultrashort pulse laser exposer does not give enough time to diffuse the heat to
the surrounding materials. The micro-channel morphology not only depends on laser
wavelength, pulse width, and pulse frequency but also influenced by the temporal
and spatial profile of the laser beam [33].

3.2 Improvement of Quality and Accuracy

Laser-based techniques are now widely accepted by researchers and industry for
fabrication of high-quality micro-channels and to be used in different micro-fluidic
and cooling devices. The application of laser also enhances the repeatability of the
process and thus able to produce micro-channels with greater dimensional accuracy
at optimized process conditions. Heng et al. [34] employed an excimer laser (of
248 nm wavelength) for creating micro-fluidic channels on PMMA. It is found that
the micro-channel depth increases with laser fluence so as the surface roughness,
and thus the parameters must be optimized to achieve desired depth and surface
quality. By using a third harmonic Nd: YAG laser (of 355 nm wavelength), Fernandez-
Pradas et al. [35] successfully produced micro-channels on glass ceramics. Waddell
et al. [36] employed a KrF excimer laser with nanosecond pulse for fabricating
micro-channels on PMMA substrate. Lim et al. [37] utilized diode-pumped Nd: YAG
laser for producing micro-channels with flat walls and herringbone ridges on silicon
wafers. Micro-channels of a fixed depth of 125 wm and varying widths of 125, 160,
200, and 250 pm are produced without using any assist gas for cooling and melt
ejection. The CO; laser is used by Hong et al. [38] for producing polymeric (PMMA)
micro-fluidic devices. Kam and Majumder [39] employed a Q-switched Nd:YAG
laser for creating micro-channels on silicon which are to be used in biomedical
applications. Snakenborg et al. [40] fabricated micro-channels of 100-300 pm deep
and 250 pm wide pm on PMMA substrate and able to achieve high-quality wall
surface (roughness value around 1-2 pwm). Cheng et al. [41] used CO, laser to
produce micro-channels on PMMA, of varying width, ranging from 100 to 900 pm
to maintain the aspect ratio of the channels around 7. The laser system is able to
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produce thousands of such micro-channels in a day, and thus the initial investment of
laser system can be compensated by utilizing the mass production of the components.

Femtosecond lasers are found to be the most suitable laser sources for micro-
channeling operations, as far as dimensional accuracy, repeatability, and surface fin-
ish are concerned. Femtosecond lasers are capable of printing complex contours on
optically transparent materials. Micro-channels of circular cross sections (8-20 pm
diameters) are successfully fabricated on PMMA by Day and Gu [42] using fem-
tosecond laser pulses. The samples are later annealed beyond the glass transition
temperature of PMMA, which results in improved surface quality. Farson et al. [2]
created clog-free internal micro-channels on PMMA, and those have diameters rang-
ing from 2 to 20 wm and length of 12 mm, for applications in biomedical devices.
The irradiation by femtosecond laser can be enhanced by subsequent chemical etch-
ing, which is known as FLICE femtosecond laser irradiation followed by chemical
etching (FLICE) technology.

4 Underwater Laser Micro-channeling

4.1 Overview and Process Fundamentals

Laser micro-channeling of materials submerged in water produces cleaner structure
than in open-air machining condition. Underwater micro-channeling reduces the
chances of formation of HAZ, burr, and micro-cracks. The use of water aids in
reducing the volume of recast material. During micro-channeling using focused high-
intensity laser beam in open-air or gaseous environment, the plasma and the shock
wave generated near to the target surface. This causes optical breakdown and ablation
of the materials from the top surface in layer by layer [43]. Pressurized air or gas
is used for melt ejection. The use of water in underwater laser machining confines
the expansion of plasma near the material surface, and thus the plasma-induced
pressure increases to a great extent. The bubbles formed during underwater laser
micro-channeling affect the material surface. The water layer above the material
surface constricts the plasma, and the developed recoil pressure because of this induce
shock waves toward material surface which causes compressive failure in addition
to the ablation due to the laser heating [44]. The underwater laser micro-channeling
increases the cold ablation part as compared to sole thermal ablation during open-air
condition, which causes enhanced material removal rate. Bubbles formed in stagnant
water may hinder the laser beam from reaching the target surface and also cause light
diffraction which results in inaccurate dimension of micro-channels. These problems
can be eliminated by the use of flowing water over the material surface. This also
helps in the ejection of removed particles.
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4.2 Improvement of Quality and Accuracy

Underwater laser machining is an innovative process for producing clean and clog-
free micro-channels by exploiting local cooling effect, in addition to decreasing the
re-deposition of ablated material on the surface. Ageev [45] first exploited under-
water laser processing to investigate the ablation of material during emission spec-
troscopy. Choo et al. [46] carried out the micro-machining of silicon using excimer
lasers, in open-air as well as underwater conditions. The absence of any noticeable
thermal damage is observed in the parts machined in underwater condition, while a
significant amount of thermal damage is noticed in open-air condition. Muhammad
et al. [47] carried out the fiber laser cutting on 200-wm-thick 316L stainless steel
tubes. By utilizing underwater laser machining, HAZ and dross are minimized to
large extent and zero back wall damage is achieved. Chung and Lin [18] studied
the liquid assisted laser micro-drilling and able to produce high aspect ratio holes
which are free from cracks and scorches. Wee et al. [21] performed underwater laser
micro-machining on silicon wafers in different environmental conditions, in open-air
and underwater. As compared to the open-air condition, the underwater laser micro-
drilling results in reduced thermal damage and HAZ on both top and bottom surfaces
of the material, while producing straight hole. The increase in material removal rate
during underwater operation is also reported. The challenge faced during underwater
micro-machining is the blocking of laser beam by debris floating in water, and redis-
position of material where bubbles are formed, when used stagnant water. The water
circulation is advantageous to avoid such problems [19]. By using a Ti:sapphire laser
(800 nm wavelength) at 100 fs pulse width for underwater micro-machining of thin
nitinol sheet, Muhammad and Lil [3] could achieve the cutting surfaces free from
HAZ, spatters, debris, and burrs. To enhance the material removal rate and quality of
the machined surface during laser machining in submerged condition, different acid
and salt solutions are also tested instead of using plain water. The use of salt solu-
tion during laser micro-channeling on stainless steel by Li and Achara [48] results
in the improvement of rate of ablation by 300%, along with drastically reduction
in the amount of HAZ and recast layers. Nakashima et al. [23] used hydrochloric
acid solution during etching of single-crystal GaN using a femtosecond laser and
observed high-quality ablation as compared to open-air condition.

4.3 An Experimental Case Study

A study on underwater laser micro-channeling on PMMA is presented in this section,
and the discussion on process and quality is made based on experimental observa-
tions. The experimental results are presented previously [15]. Two major objectives
are set for the investigation: (i) study of parametric influence on micro-channel dimen-
sions and features to improve quality and accuracy, and (ii) comparison of micro-
channels quality achieved by laser micro-channeling in underwater and in open-air
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Fig. 2 Fixture used during workpiéce ks _ Attached
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conditions. A Q-switched Nd:YAG laser is used for fabrication of micro-channels
on PMMA substrate. Lamp current (A), pulse frequency (B), pulse width (C), and
cutting speed(D) are process parameters opted for carrying out micro-channeling
experiments. Lamp current in amperage directly relates to total energy consumed by
laser to emit desired pulses. Pulse width is the percentage of “ON” time duration per
cycle time (120 ns). A specially designed fixture (Fig. 2) is used for holding the work-
piece under a constant level of circulating water. The dimensions of micro-channel
are specified in terms of its depth and width. The objective is generally set to increase
the depth and decrease the width to achieve high aspect ratio micro-channels. How-
ever, low aspect ratio micro-channels are also used in some applications. HAZ and
burr formation are major defects associated with laser-based micro-channeling. It is
observed that the HAZ is surrounded by tiny burrs and rough protrusions. Therefore,
the HAZ is categorized by height and width burrs. The burr width is considered as
equal to HAZ width. Thus, micro-channel width, micro-channel depth, burr height,
and burr width are measured (in jum) for the evaluation of the micro-channel quality.

Micro-channels of different sizes (width and depth in pm) are successfully pro-
duced using selected machining parameters within the range of study. Figure 3 shows
the parametric trends, which are useful for finding the parameters and those have a
greater influence on micro-channel dimensions and surface quality, and the way they
affect the outputs. It is noticed that micro-channel depth and width increase with
lamp current. Photon energy and equivalent laser beam energy increase with lamp
current, thus transferring more energy to material, which results in increased depth
and width of micro-channel. Increasing photon energy produces more amount of
plasma which blocks the laser beam and thus the laser beam cannot reach the inner
layer of the micro-channel. However, after increasing energy above, a threshold,
laser beam can penetrate through the plasma and reaches the inner surface of the
micro-channel, thus increases the channel depth. The number of pulses increases
with pulse frequency, but energy per pulse decreases. Increasing the pulse frequency
increases the channel depth. However, channel width does not change significantly
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Fig. 3 Contour plots showing the effects of a lamp current and cutting speed on micro-channel
depth, b lamp current and pulse frequency on micro-channel width, ¢ lamp current and pulse width
on burr height, and d pulse width and cutting speed on burr width

with pulse frequency because of the dominant local water cooling effect at mate-
rial surface, which reduces the impact of low-energy pulses. Increasing pulse width
increases laser material interaction time and therefore increases micro-channel depth
and width. Micro-channel depth and width decrease with arise in cutting speed, due
to less interaction time. Burr height and width increase with lamp current and pulse
frequency and decrease with the increase of pulse width and cutting speed.

Figure 4 presents photographs of the micro-channels created on PMMA by using
pulsed Nd: YAG laser in (a) underwater and (b) open-air conditions, respectively, for
the same parameter combinations. It is observed from this figure that the use of water
as the surrounding medium improves the quality of the micro-channels. The use of
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Fig.4 Photograph of micro-channel created on PMMA using pulsed Nd: YAG laser a in underwater,
and b in open-air conditions, respectively [49]

underwater laser micro-channeling reduced the HAZ and burr formation, signifi-
cantly, and also improved the quality of micro-channel walls. It is further observed
that water level plays an important role during micro-channeling. Increasing the water
level above a threshold value decreases the micro-channel depth and increases the
formation burrs around the micro-channel, whereas decreasing the water level below
the threshold results in greater amount of HAZ. The threshold level of water depends
on the composition and size of the workpiece, power and wavelength of laser beam,
and the interaction between laser and water during the process. The threshold value
of water level for underwater (mineral water having 80-120 ppm total dissolved
solids) pulsed Nd: YAG laser (1.064 ,um) micro-channeling on PMMA (4 mm thick)
is found to be practically 1 mm above the material surface.

5 Summary

Micro-channels are essential parts of any micro-fluidic devices. Different techniques
like mechanical micro-machining, chemical etching, photolithography, injection
molding, imprinting and hot embossing, laser micro-machining are used for cre-
ating micro-channels on different substrates such as glass, polymer, silicon, metal.
Laser-based fabrication techniques are gaining popularity due to its ability to gener-
ate micro-features of almost any shape and on almost every type of materials. The
use of lasers having shorter wavelength (UV lasers) reduces the chances of ther-
mal defects like the formation of wide HAZ, burrs and recast layers, because UV
laser ablation of materials takes place by cold ablation. The material ablation during
use of ultrashort laser pulses is governed by a combination of thermal vaporization
and Coulomb explosion. In Coulomb explosion, the layers of materials are gently
removed to produce micro-channels of very high surface quality without suffering any
evident thermally induced defects. The micro-channel morphology not only depends
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on laser wavelength, pulse width, and pulse frequency but also depends on temporal
and spatial profile of the laser beam. Underwater laser micro-channeling produces
clean and clog-free micro-channels by exploiting local cooling effect, in addition to
decreasing the re-deposition of ablated material on the surface. Underwater micro-
channeling produces cleaner structure as compared to open-air machining condition.
The underwater laser micro-channeling increases the cold ablation part as compared
to sole thermal ablation during open-air condition, which causes enhanced material
removal rate and improved micro-channel quality. The application of laser-based
micro-channeling techniques enhances the repeatability of the process and thus able
to produce micro-channels with greater dimensional accuracy at optimized process
conditions.
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Pulsed Nd:YAG Laser Cutting: Accuracy | M)
Improvement and Parametric Influences e

Girish Dutt Gautam and Dhananjay R. Mishra

Abstract Laser beam cutting (LBC) demonstrates its superiority over traditional
cutting techniques due to its contactless and localized nature between the cutting
tool and workpiece surface. Nowadays, pulsed Nd: YAG laser beam cutting is in one
of the highly demanded cutting processes for variety of applications in the aircraft,
aerospace, marine, defense, etc., sectors. This system is able to cut not only intrinsic
and complex shapes for an inclusive variety of materials but also provide higher accu-
racy and precise cut edge surface. In this chapter, analysis of some key investigations
is performed by the previous researchers for pulsed Nd:YAG laser beam cutting of
distinct materials like metals, non-metals, and composites have been discussed. The
conducted survey has been based on the influence of the variable laser cutting factors
on the performance characteristics.

Keywords Nd:YAG laser cutting + Accuracy * Heat-affected zone (HAZ) - Kerf
quality - Artificial intelligence

1 Introduction

Townes and Schawlow developed the first functional ruby laser in 1957, based on the
Planck’s concept of quanta or packets [1]. Higher monochromaticity, coherence, low
diffraction (divergence), and high radiance make the laser beam differ from ordinary
light beam either natural or manmade [2]. Absorption, population inversion, and
emission are the important processes required for the generation of a laser beam.
Generally, lasers are categorized on the basis of their lasing medium such as solid,
liquid, and gas lasers. However, all laser systems can be acted in both pulsed and
continuous mode, i.e., interrupted and uninterrupted emission of a laser beam. CO,
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and Nd:YAG laser systems are the most famous type of lasers used for processing
of materials in the types of gas and solid-state lasers, respectively [3, 4].

Lasers have a range of numerous uses in the engineering, medical, industrial,
defense, marine, aerospace, aircraft and sports sectors, etc., such as laser machining,
welding, surgery, imaging, and spectroscopy. These applications require a higher
degree of machining due to complex profiles and intrinsic shapes. Laser beam
machining (LBM) is a contactless technique which uses the thermal energy of the
incident laser beam to remove the material from the surface of workpiece. This is a
non-contact type process; therefore, no vibrational forces are generated as compared
to conventional machine tools. The removal of material is occurred due to the melt-
ing, vaporization, and evaporation. The optical, thermal, and structural properties of
the workpiece material ascertain the effectiveness of the LBM process [5]. Thus, low
thermal conductive and diffusive materials exhibit a well-suited environment during
laser machining. LBM can be categorized on the basis of movement of the laser beam
and workpiece. Generally, the relative motion between incident laser beam and work-
piece material is expressed in the terms of their dimensional positions [1]. Thereby,
laser beam drilling (LBD) is known as one-dimensional laser machining. In the LBD,
incident beam remains fixed relative to the workpiece. In this process, the developed
erosion front is situated at the bottom side of the produced hole. LBD is used to cre-
ate holes in turbine blades and combustion chambers. Whereas, in the LBC process
workpiece moves and beam remains stationary. Three-dimensional laser machining
approaches such as laser turning, laser milling, and laser grooving are used in the
applications which needed mass removal of material removal. In these processes, two
or more laser beams in either fixed or movable condition are used to cut the materials.
LBC is the most popular type of laser machining due to higher dimensional accuracy
and precise cutting for an extensive variety of metallic and non-metallic engineering
materials. The contactless nature of the process provides absence of the frictional
and vibrational forces; therefore, no tool wear takes place. It produces narrow kerf
with relatively low heat-affected zone (HAZ) with higher cut edge quality [5, 6].
Assist gas is also used in this process to remove molten material from erosion front
and reduce the width of recast layer and spatter formation. Blanking, cutting, and
marking are the some important applications of laser cutting. This chapter provides
a piece of detailed knowledge about the effects of the vital process parameters on cut
edge quality during pulsed Nd:YAG laser cutting of versatile engineering materials
like metals, non-metals, and composites.

2 Pulsed Nd:YAG Laser

The wavelength of Nd:YAG laser system is 1.064 wm, however, its operating effi-
ciency is only 4% which is relatively low as compared to CO, laser 12%. This is due
to that the releasing energy rate through the heat in CO, laser is very low compared
to the rate of energy release through light. However, the quantum efficiency of both
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Fig. 1 Schematic diagram of Nd:YAG laser system [7]

lasers is nearly same as 40% for Nd: YAG and 45% for CO, laser. The schematic dia-
gram of Nd: YAG laser system with its main components is shown in Fig. 1. To lead
the oscillating photons which are generated in the beam generation unit, two optical
mirrors are used. In both mirrors, one is 100% reflective, while the other one is 95%
reflective or 5% transitive. The delivery of the generated laser beam is performed
by optical fibers. These optical resonators are averted by generated fumes and scat-
ter during cutting by the use of different types of assist gases [7, 8]. Nd:YAG laser
system can be used evenly both thick and thin sheet of different materials. However,
the beam power of Nd:YAG lasers are relatively low but in pulsed mode, it can be
used to cut thicker sheets (more than 2 mm) satisfactorily due to higher peak powers.
Moreover, for thin sheets, it is also well suited due to shorter pulse duration. This
system also proves its appropriateness for highly reflective materials and various
super alloys due to its shorter wavelength. These materials are considered as difficult
to cut materials.

In this system, a laser beam in the pulsed mode strikes on the outer surface of the
workpiece and surge the temperature up to its boiling point (material). As well as
the temperature rises, material starts melting and a keyhole is started to form on the
work surface. This keyhole acts as a black box and absorbed heat energy of incident
laser beam. Thereafter, the temperature in keyhole suddenly surges due to reflections
of incident laser beam in various directions. Thereby, vaporization of work material
takes place with a higher rate and deepens the keyhole more and results in wider
kerf widths. Nd:YAG LBC is hugely used to cut an extensive range of materials for
their industrial application. The setup time of this system is very less, therefore, it is
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considered as the fastest laser cutting technique. Moreover, it is also more economical
for mass production as compared to other advanced machining techniques. Its major
area of applications is the automotive, medical, nuclear, marine, civil structural, food
processing, consumer goods, chemical sectors, etc. [3, 9, 10].

2.1 Process and Performance Parameters

In the LBC, the performance of process is measured on the basis of three vital charac-
teristics namely quality, geometrical, and metallurgical. Quality characteristics can
be classified in mainly two types such as material removal rate (MRR) and surface
roughness (SR) of the cut. Whereas, geometrical characteristics are categorized by
various attributes of developed kerf like width, deviation, taper, kerf ratio, etc. These
features are also known as kerf quality characteristics. In general, the kerf is consid-
ered as the loss of material at the starting of the cut. These features provide the profile
of the cut surface and ensure the degree of fitness of the as per the requirement. On
the other side, metallurgical characteristics such as heat-affected zone (HAZ) and
recast layer thickness provide the change or variation into the material microstructure
during machining. These performance characteristics depend on the value/range of
the various process parameters or cutting parameters. Input factors can be also cat-
egorized into three types like beam characteristics, laser characteristics, and cutting
characteristics. The classification chart of process and performance characteristics
is shown in Fig. 2. Different features of kerf qualities during pulsed Nd:YAG laser
cutting are shown in Fig. 3. In the Nd:YAG laser cutting, most of the experimental
investigations are focused on the improvement of the geometrical and metallurgical
quality of the performed cut. Proper adjustment of the variable cutting parameters is
able to ascertain it. Some researchers have used one parameter at a time (OPAT) and
some used design of experiments (DOE) techniques to conduct the experiments.

3 Pulsed Nd:YAG Laser Cutting of Metals

A lot of researchers have performed numerous theoretical and experimental investi-
gations during pulsed Nd: YAG laser cutting of distinct ferrous and non-ferrous metals
such as steel, aluminim, nickel, and titanium. Ghany and Newishy [12] reported that
at higher cutting speed, higher pulse frequency, nitrogen as assist gas is able to reduce
the kerf width and improve cut geometry. Moreover, they observed that in pulsed
mode, smaller cutting speed provides lower kerf width. Choubey et al. [13] performed
laser cutting for dismantling applications of steel sheet having a varying thickness
between 4 and 20 mm in dry air and underwater environment. They observed that a
rise in pulse width increases the cutting speed due to reduced spot overlapping.
Thermal and electrical properties of aluminum (Al) and its alloys make them chal-
lenging to cut by conventional processes. Thus, in these days, laser cutting is widely
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used to cut this type of materials having unique properties like higher reflective,
lightweight, etc. Al and its alloys are mostly used in naval, aerospace, and automo-
bile industries. Sharma and Yadava [14] employed a hybrid optimization approach
to decide the optimum levels of air pressure, width, and frequency of the pulse and
cutting speed to reduce kerf taper and surface roughness during laser cutting of Al-
40800 alloy. They found that due to the higher reflectivity of Al alloy, lower cutting
speed is able to provide reduced kerf taper. Chaki et al. [15] revealed that higher
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settings of cutting speed and pulse energy can increase the material removal rate in
laser cutting. The pulse duration also affects the molten material quantity in terms
of lower kerf width and surface roughness [16]. Dubey and Yadava [17] have found
that pressure of assist air and pulse frequency remarkably influenced the quality of
kerf in laser cutting of 8011 Al alloy having thickness of 0.9 mm.

Nickel-based alloys and super alloys are extensively used in aircraft industries for
jet engine casting and turbochargers, turbine blades, etc. These specific applications
required higher dimensional accurate and precise cutting, which is not possible by
conventional cutting techniques. Therefore, laser system is widely used for cutting
these types of difficult to cut materials. Thawari et al. [ 18] revealed that kerf width and
surface roughness significantly depend on the overlapping of laser beam spots during
laser cutting of Hastalloy X sheet. Dubey and Yadava [19] observed that cutting
speed is the most influencing parameter for all output responses during cutting of
nickel-based super alloy. In straight and profile cutting of Ni-based super alloy, it is
observed that the effect of assist gas pressure is almost the same for kerf width and
kerf deviation in both cases [20].

LBC of titanium (Ti) and its alloys is highly used in aerospace and medical com-
ponent manufacturing industries. These alloys have superior mechanical and struc-
tural properties like higher toughness, strength, and stiffness with high corrosive and
fatigue resistance. Almeida et al. [21] performed the laser cutting of pure Ti and
Ti-6Al-4V sheets to examine consequences of the considered variable input factors
to determine the cut edge surface roughness. They found that at the higher overlap-
ping rate and lower cutting speed, surface roughness decreased and dross quantity
increased. Shanjin and Yang [22] inspected the influence of various variable input
parameters like pulse energy, pulse rate, cutting speed, gas type, and gas pressure
on HAZ, surface morphology, and corrosion resistance in laser cutting of TC1 alloy
sheet. They found that high values of pressure of assist gas are able to increase the
melt material removal rate and provide reduced HAZ due to cooling effect. Nd: YAG
laser cutting system in pulsed mode is also employed extensively in the medical sec-
tors to cut nickel- and titanium-based shape memory alloys for surgical instruments,
cardio-vascular system devices, dental implants, etc.

4 Pulsed Nd:YAG Laser Cutting of Non-metals

The conventional techniques for cutting of ceramic-like water jet machining, dia-
mond saw are very costly and time taking. Therefore, in the last few decades, the
application of Nd:YAG laser system is increased for cutting of non-metallic materi-
als like glass, silicon, ceramics, etc. [8]. Tuersley et al. [23] used a laser system to
cut and drill borosilicate glass with SiC fibers to examine the effect of the variable
input factors. They observed that MRR significantly influenced by laser peak power.
Quintero et al. [24] observed that pulsed Nd: YAG laser cutting system is capable to
provide structural cracks free cuts either perpendicular to the cut walls or at the cut
end.
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5 Pulsed Nd:YAG Laser Cutting of Composites

Besides metals and non-metals, Nd: YAG laser system is also suitable to cut compos-
ite materials specially fiber-reinforced polymer (FRP) composites. However, cutting
of FRP composites is a tough task due to their integral structural properties. Laser
cutting minimizes various issues like a crash in the matrix phase, evacuation of
reinforcing fibers, delamination, wear of cutting tool edge, etc. [25, 26], during cut-
ting of FRP composites as compared with conventional cutting systems due to its
contact-less nature. It offers higher cut quality and flexibility with a higher produc-
tion rate [7]. Mathew et al. [27] performed laser cutting of carbon fiber-reinforced
polymer (CFRP) composite sheet and observed that the width of kerf decreases with
an increase in cutting speed. Moreover, they found that HAZ rises with an increase
in repetition rate. Various researchers also successfully performed laser cutting of
aramid fiber-reinforced polymer (AFRP) composites and discussed the influence of
variable cutting factors on different cut quality characteristics [28-31].

Gautam and Pandey [31] evaluated the consequences of different input parame-
ters on top and bottom deviation of kerf in laser cutting of AFRP composite. They
found that due to the difficult to burn properties of Kevlar fiber, lamp current affects
mostly the quality of cut. They also observed that higher cutting speed provide un-cut
situation due to insufficient burning of Kevlar-29 fibers as shown in Fig. 4a, b.

Gautam and Mishra [32] performed the laser cutting of hybrid FRP composite
laminate. They have selected two highly inflammable fibers, Kevlar-29 and Basalt
fibers as a reinforcing agent in the epoxy-based matrix. They perceived that the
accurateness of the cut edge is not only influenced by the variable laser process
parameters but also by the physical, chemical, and mechanical properties of the
ingredient fibers. They observed that lower settings of lamp current, pulse frequency,
and compressed air pressure, whereas higher settings of cutting speed are favorable
to achieve the highly accurate profile of cut for the hybrid composites [11]. In another
study, they [33] observed that lamp current is the most prompting parameter for width
and taper of the cut during laser cutting of basalt fiber-reinforced polymer (BFRP)

Fig. 4 a, b No cut situation during laser cutting of AFRP [31]
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(a) _ (b)

Fig. 5 Issues in laser cutting of BFRP composite [33]

composite. While on the other side kerf deviation was significantly influenced by the
cutting speed. Moreover, they observed that pulse frequency was the less influencing
parameter for all three output responses. However, they also found that lower values
of assist gas pressure and cutting speed reduce the heat dissipation rate and result in
deposition of epoxy resin with uneven and extra burning as shown in Fig. 5.

6 Applications of Artificial Intelligence in Pulsed Nd:YAG
Laser Cutting

Large range of variable factors makes LBC a highly non-linear and complex process.
Therefore, it is a very difficult task to forecast the behavior of input factors. To
overcome this problem, various researchers employed different artificial intelligence
(AI) techniques such as genetic algorithm (GA), particle swarm optimization (PSO),
and firefly algorithm (FA). The robust nature of theses Al techniques makes them
favorable to identify interrelationship between input and output process parameters.
Various studies show that these techniques are able to provide optimal solutions to
improve performance measures.

A 98.48% accurate back-propagation ANN model to estimate the depth and width
of the developed cut and HAZ by using three variable process factors was developed
by Tsai etal. [34]. Animprovement of 19.16 and 17.32% at the optimum combination
of variable process parameters for kerf taper and surface roughness were achieved by
Pandey and Dubey [35] using GA approach for cutting of titanium alloy sheet. They
also proposed a hybrid multiobjective optimization technique gray-fuzzy methodol-
ogy to simultaneously minimize kerf width, kerf taper, and surface roughness as a
single index. They found an overall improvement of 19% in output responses by the
proposed approach [36].

Gautam and Pandey [31] employed TLBO algorithm approach for optimization of
input parameters in laser cutting of AFRP composite laminates. In this experimental
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study, they recorded remarkable improvement in the quality of top and lower kerf
deviations by TLBO technique. The same technique further employed by Gautam
and Mishra [11] to ascertain the optimal settings of input factors in laser cutting of
hybrid composite. They registered a total enhancement of 22.23% in all evaluated
kerf qualities at acquired optimum settings of variable process parameters. In another
study, Gautam and Mishra [33] employed firefly algorithm (FA) to achieve the opti-
mum setting of variable input factors to minimize different kerf qualities during laser
cutting of BFRP composite. They found that used optimization technique is able to
provide 26.75% improvement in output quality responses.

7 Summary

The chapter presented here is a critical review of investigations performed by previous
researchers in the field of pulsed Nd:YAG laser beam cutting process for distinct
materials. The main conclusions enumerated from this chapter are listed below:

1. Nd:YAG laser cutting system in pulsed mode is capable to cut a broad variety of
engineering materials.

2. Difficult to machine super alloys can be cut by Nd:YAG laser because of its
independence from their mechanical properties.

3. The performance of Nd: YAG laser depends on the various input factors. However,
the operating range of these factors is adjusted according to the optical, thermal
properties, and composition of workpiece materials.

4. The geometrical, surface quality, and metallurgical quality characteristics are the
vital performance measures of the process.

5. FRP composite materials can be cut by Nd:YAG laser system with higher
accuracy and minimal processing defects compared to conventional approaches.

6. Al-based optimization techniques can be used to determine favorable settings of
variable input parameters to improve process performance.
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Improvement in Surface Finish )
and Geometrical Accuracy by Laser L
Micro-turning

Golam Kibria, B. Doloi and B. Bhattacharyya

Abstract Recently, laser micromachining and micro-fabrication processes have
remarkable and diversified applications in the direction to manufacture highly pre-
cised and accurate dimensional parts or components which are used in bio as well as
technological domains such as biomedical, dental and orthopaedic, aircraft engines,
micro-electromechanical systems (MEMS), electronic devices, turbocharger rotor
parts and nuclear reactors. The present chapter deals with experimental investiga-
tion into micro-turning process using pulsed Nd:YAG laser during machining of
aluminium oxide ceramics. A number of experimental schemes were adopted to
explore the parametric influences on process characteristics such as surface roughness
and depth deviation. Experimental investigation was also carried out to improve the
dimensional accuracy and surface characteristics of laser micro-turned components
using laser defocusing technique.

Keywords Laser micro-turning * Laser defocusing + Aluminium oxide - Accuracy
improvement + Overlap

1 Introduction

Due to some excellent and extraordinary properties of high-tech engineering ceram-
ics such as high strength, corrosion and wear resistance, withstand ability at elevated
temperature, high insulation capabilities, these ceramics have wide applications in the
engineering fields like aerospace, electronics, electrical, textiles, mechanical, chem-
icals, food processing and in many others fields [1, 2]. Not only that, the demand of
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miniature products made of these high-tech advanced materials is rising gradually,
and manufacturing of miniature products with complicated shape, required dimen-
sional geometry and desired level of surface finish is a difficult task for the shop floor
engineers. Therefore, to fulfil the demands of such, material scientists and manufac-
turing technocrats are always trying to develop new kind of micro-manufacturing
and micro-fabrication techniques by utilizing which the macro- and micro-scale
parts with desired tolerance and precision and ultraprecision surface features can
be rendered [3]. Nowadays, laser micromachining and microforming techniques are
playing a key role for manufacturing such precised components. This is possible due
to some inherent features and capabilities of laser beam micromachining techniques.
Some of these features are (i) no wastage of materials (ii) removal of material does
not depend upon electrical conductivity of base material (iii) machine set-up and
sub-components are highly flexible (iv) no tool wear and load bearing due to non-
contact type machining (v) capability of generating sub-micron tolerances due to less
size of laser beam diameter (vi) cost-effective processing due to faster machining,
etc. [4, 5]. Laser-based micromachining processes like micro-cutting, micro-drilling,
micro-chanelling, micro-scribing, micro-slotting, micro-milling, etc., have already
been successfully implemented to micro-manufacture wide varieties of miniature
components. However, due to overall shape and absence of jigs and fixtures, many
of these processes cannot be employed for micro-features generation. Laser micro-
turning is a recently developed micromachining technique which is applied to pro-
duce cylindrical-shaped products with required geometrical dimensions, tolerances
and accurate geometry structures [6].

Basically, laser micro-turning process involves the elimination of slight portion
of material from cylindrical-shaped material surface by irradiating the laser beam on
top of the sample [7]. While rotating the cylindrical work sample about its axis, the
workpiece has a feed movement along the direction of its axis, and very small amount
of material is removed from top periphery surface. The length and depth of micro-
turning depend on the amount of axial feed and number of layer scanning by high
energy laser beam. Such type of micro-turned surface with specific surface geometry
and features has important applications in electronics, electrical and mechanical
engineering fields for the purpose of bearing rings, spikes and self-assemblies, power
distribution components, etc. Moreover, to resharpen the ceramic grinding wheel
from its blunted condition to grinding wheel condition, laser micro-turning process
may be adopted to restore the cutting capability of micron-sized abrasives on the
periphery of grinding wheel [8, 9].

2 Problems of Micro-turning of Ceramics

In micro-engineering and biomedical fields, there are a number of micro-components
which have been benefited by advanced ceramics like silicon nitride (Si3Ny), alumina
(Al,0O3), zirconia (ZrQO,), aluminium nitride (AIN), silicon carbide (SiC), etc., due
to their diversified properties which include flow strength, wear resistance, fracture
toughness, thermal and corrosion resistance, etc. [10, 11]. Due to these properties,
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the lifespan of micro- and macro-products made of these engineering ceramics is
high. However, manufacturing of miniaturized parts with greater accuracy, desired
surface criteria and geometrical dimensions in conventional way is difficult and cost
ineffective. Diamond turning is a possibility of conventional machining of high-
tech ceramics to manufacture micro-parts of cylindrical shapes [12]. However, there
are several drawbacks in this process like wear of high-cost tools, excessive cut-
ting forces damages machine tool parts, cracks formation in machined surface, etc.
[13, 14]. Another possibility of micro-turning of cylindrical material is wire elec-
trical discharge turning (WEDT) for micro-manufacturing of micro-electrodes and
micro-pins. However, this process needs the workpiece to be electrically conductive.
Therefore, it is a difficult task to develop a reliable and efficient process which can
be applied to manufacture micro-cylindrical parts made of high-tech ceramics.

It is already known that amongst various engineering ceramic materials, alu-
minium oxide (Al,O3) is widely accepted and employed advanced ceramics that
have already been successfully used in wide range of applications from engineer-
ing micro-systems developments to biomedical fields. It is mainly due to numerous
exceptional thermal and mechanical properties like wear and corrosion resistance,
stiffness, high temperature withstand ability, excessive hardness, etc. [15]. Several
research have already been reported in the literature for micromachining of alu-
minium oxide ceramics employing the processes like micro-cutting, micro-drilling,
micro-grooving, etc. [16—18]. However, very few research have been reported in
laser-based turning of aluminium oxide ceramics for fabricating desired geometrical
parts with required level of surface features. It is already known that laser beam
micromachining processes have several process factors like laser power, pulse fre-
quency, pulse duration, laser scan speed, number of scans, duty factor, assist air
pressure, etc., and these process parameters are dynamic or nonlinear in behaviour
[19]. Thus, to micro-manufacture complex profile with desired level of accuracy and
surface finish, at this stage, it is the duty of manufacturing technocrats to develop a
reliable process, preferably in the category of non-traditional micromachining, which
can deliver such micro-parts with desired geometries. As laser micro-turning pro-
cess is recently developed non-traditional type micromachining process to process
cylindrical micro-parts made of advanced engineering materials, several research
activities may be carried out using high intense laser beam to micro-turn aluminium
oxide ceramics.

3 Laser Micro-turning Process

Chryssolouris et al. proposed laser turning process utilizing two intersecting laser
beams for removing ring-shaped material (in bulk form) from rotating cylindrical
workpiece [20]. The schematic view of this process is shown in Fig. 1. However,
to remove thin layer of material from cylindrical form workpiece outer surface (of
desired length), this process cannot be applied. For this, it is preferable to employ
single laser beam which can be focused onto the rotating workpiece surface for
removing planer layer of material along desired length of sample. The scheme of laser
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Beam A Beam B

Workpiece Rotating
direction
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Fig. 1 View of utilizing two intersecting lasers for bulk material removal

micro-turning technology is shown in Fig. 2. At the time of rotating the workpiece,
depending on the laser pulse repetition rate, there are very small overlap area between
two consecutive laser spots.

Basically, the concept of laser micro-turning process revealed from two consec-
utive micro-grooves generated with overlap between them. This amount of overlap

Laser beam

<H'$—'—H‘}7 Focusing lens

| Co-axial )
| nozzle Overlap area between Consecutive laser spots
two consecutive spots !

Ed
Direction of laser scan

Direction of rotation

orkpiece

Fig. 2 View of mechanism of micro-turning using single laser beam with overlap area between
two consecutive spots
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controls the quality of laser micro-turned surface. For achieving desired micro-turned
depth and surface features during the process, continuous to and fro scanning is car-
ried out by controlling the axial feed rate of workpiece. Circumferential overlap is
the amount of overlap between groove laser-scanned lines, whereas spot overlap is
the overlap between two consecutive spots. For achieving desired quality surface in
this process, it is recommended to keep these values more than 50% during laser
micro-turning operation.

In Fig. 3, the schematic view of laser spot overlapping and circumferential over-
lapping is represented by utilizing consecutive laser spots and consecutive laser scan
lines. In Fig. 4, the schematic view of overlap among two successive spots on the
workpiece surface is shown. In this figure, the distance x; represents the overlap
distance (shown by hatched area) created among two consecutive spots (marked as
1 and 2). Due to Gaussian energy delivery on the job surface, the generated crater
profiles have also some amount of overlap. As per the equation of laser spot overlap
percentage shown in Eq. 1, the quantity of overlap region can be enlarged by two
methods, (i) increasing pulse frequency or pulse repetition rate and (ii) increasing
time taken by laser beam to scan the workpiece surface, i.e. reducing workpiece
rotating speed [7]. If N is taken as workpiece rotating speed (unit is rpm), Dy is taken
as sample diameter (unit is mm), F'p is taken as pulse frequency (in Hz), D is taken
as focal spot diameter (unit is mm), and then, we can write

Spot overlap (50,) = (1— 2225 XN 1009 (1)
Ol Ooverla = - X
P P i’ 60 x D x Fp v
4 4
/  circumferential
; overlap ;
7 length ;

spot overlap
length  y_..

“, rotation
*number 'n’'

rotation
number '(n-1Y'

Fig. 3 Representation of circumferential and spot overlap in laser micro-turning
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Fig. 4 Schematic of Gaussian energy distribution in spot overlap and possible crater depth
generation [21]

Figure 5 represents the schematic illustration of circumferential overlap which is
created among two laser spots generated alongside on the work surface for succeeding
revolution of workpiece. Here, x. is the circumferential overlap length. The Gaussian
energy distributions of the laser spots are shown in the same figure also. It is seen
from the overlap area and crater profiles that more amount of this overlap reveals
quality machined surface. As depicted in Eq. (2), the value of circumferential overlap
is altered by (i) changing the axial feed rate and (ii) changing the rotation speed of
sample [7].

60 x f
D x N

Circumferential overlap (CO,) = (1 ) x 100% )

In the above-mentioned equation, f represents the axial feed rate of work sample.
Thus, it is summarized that by controlling the above-mentioned factors and precau-
tions, desired level of surface finish and accuracy of laser micro-turning process
can be carried out on high-tech engineering ceramics. Thus, in point of view of
research and further developments for micromachining of engineering ceramic like
aluminium oxide (Al,O3) and fulfilment the demand of miniaturized parts in several
important fields, it is now urgently required to carry out extensive research work in
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this advanced micro-turning to manufacture micro-components with desired surface
features and geometrical dimensions.

4 Materials, Machine, Method and Measurement Schemes

The experimentation is divided into two parts, (i) experimentation to investigate the
parametric influence and overlap factors on the process performance of laser micro-
turning of Al,O3 ceramic and (ii) experimentation to achieve desired surface quality
and accurate shaped parts. The experiments were catried out in 99% pure aluminium
oxide ceramics (99% pure) of cylindrical-shaped material. The overall dimensions of
the materials were length of 40 mm and diameter of 10 mm. A high power (average
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power is 50 W) pulsed Nd: YAG laser (wavelength 1064 nm) set-up was utilized to
conduct experiments. The photographic view with all the sub-components of laser
micromachining system is viewed in Fig. 6. The laser operates in TEMg Gaussian
mode. The laser set-up uses a focusing lens of 50 mm. To carry out laser micro-
turning process, a workpiece rotating system was developed indigenously which is
schematically shown in Fig. 7. The collet can accommodate cylindrical sample in the
diameter ranging from 2 to 16 mm. However, rotational eccentricity of workpiece
could not be completely minimized, and the value of it was found as 3 pum, which is
acceptable. The servo motor with workpiece holding fixture was positioned on X-Y
table of the machine. The rotating system has also the provision to rotate the work
sample clockwise or counterclockwise directions. The choice of value of workpiece
rotational speed can be provided by manual control knob or directly from servo motor
controller. By focusing the high intense laser beam on workpiece surface, multi-pass
laser micro-turning process can be carried out by providing laser scan of desired
length of rotating workpiece with a feed movement along its axis. Thus, desired
length of turn and depth can be achieved in this novel process. The target depth of
micro-turning was 100 wm. After each laser scanning of desired length, the focusing
lens was lowered at a value of 0.001 mm. Therefore, to achieve the desired depth,
a total of 100 number of laser scanning was carried out. These values of depth and
desired length of micro-turning were controlled by Multisawing software used by the
set-up. Various experimental schemes were applied to study the process parameters
on machined surface characteristics, study and analysis of surface features at laser
defocusing conditions, etc.

A laser beam power measuring instrument was utilized for measuring laser beam
average power at various parametric combinations. The depth deviation and surface
roughness (Ra and Rt) were measured after experimentation. The target depth was
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Fig. 6 Pulsed Nd:YAG laser micromachining set-up and sub-systems [7]
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100 pm. The depth deviation is the difference of target depth and actual depth. By
differentiating the measurement of depth using 10x magnification lens at machined
and unmachined surfaces, the values of micro-turning depth were obtained. The
values of Ra and Rt were measured utilizing a roughness profilometer (supplied
by Zeiss, Germany). For the purpose of elimination of form errors and taking the
microirregularities into account, the length of measurement of surface roughness
was selected as 2.5 mm. An average value of surface roughness was considered
for further analysis after obtaining surface roughness values at different workpiece
surface locations.

5 Results and Discussion

The experimental study of the present research is divided into two, (i) parametric
study and analysis during laser micro-turning process and the effect of overlap crite-
ria on machined surface characteristics and (ii) carry out experimentation according
to RSM approach and find the optimal parametric combination to achieve simulta-
neously the minimum values of considered responses and then further improvement
of surface finish by taking laser defocusing experimental scheme into consideration.

5.1 Investigation of Overlap Factors on Performance Criteria

For the purpose to study the effect of two overlap criteria on machining performance,
in this section, detailed study and analysis have been carried out during laser micro-
turning of alumina ceramic. Itis already explained in Eq. (1) that spot overlap criterion
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Table 1 Details of process Parameters Unit Values

parameters for

experimen[ation Pulse frequency Hz 3000, 4000, 5000,

6000, 7000

Average power w 7,8
Y feed rate mm/s 0.1,0.2,0.3,04, 0.5
Workpiece rotating rpm 200, 300, 400, 500,
speed 600
Pulse width % of duty cycle | 3%
Air pressure kgf/cm? 1.3
Z feed rate mm/s 0.01

mainly depends on rotational speed of workpiece, laser spot diameter at focal plane
and laser pulse frequency. Moreover, as per Eq. (2), experimentation also carried out
to study in-depth the effect of process parameters on circumferential overlap. Table 1
depicts the list of process factors with their values.

During selection of ranges and values of process parameters, lot of pilot exper-
imentation was conducted, and the ranges of above-mentioned process parameters
were selected so carefully that the effect of these overlap criteria can be studied
in-depth. As shown in Fig. 8, the variation of spot overlap depends on laser pulse
frequency and workpiece rotational speed. Moreover, the circumferential overlap
depends on rotational speed and axial feed rate which is depicted in Fig. 9. From
these two plots, it is confirmed that these dependent process parameters have huge
influences on machined surface quality as well as features. Some data points have
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Fig. 8 Effect of process parameters on spot overlap values
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Fig. 9 Circumferential overlap values at different Y feed rate and rotational speed of workpiece

also been taken with negative overlap values to study and analyse the effect of no
overlap.

The pictorial graph shown in Figs. 10 and 11 shows the surface roughness (Ra)
values for different spot overlap values due to changing in workpiece rotational speed
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Fig. 10 Graphical plot of surface roughness (Ra) at various spot overlap and pulse frequency [23]
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Fig. 11 Graphical plot of surface roughness (Ra) at various spot overlap and rotating speed of
workpiece [23]

and laser pulse frequency, respectively. The plot shown in Fig. 10 clearly shows
that increase in value of spot overlap causes reduce value of surface roughness at
all pulse frequency settings considered. This is due to the fact that higher values
of spot overlap percentage result in uniform machined surface with fewer micro-
peak irregularities. The values of spot overlap directly increase with pulse frequency
according to Eq. (1). However, the interval connecting two successive pulses is
small at high pulse frequency setting. Thus, materials from beam radiated zone melt
and evaporate immediately, and consequently, the total laser energy received by the
top surface of material is high. Thus, higher value of crater depth is obtained, and
it increases the values of surface roughness. Figure 11 shows decrease of surface
roughness with spot overlap at different workpiece rotational speed. Due to removal
of more material from top surface because of more spot overlap, quality surface is
obtained. Furthermore, it is also obvious from the same plot that the roughness value
obtained is high with increased values of rotational speed.

In Figs. 12 and 13, the plots show the surface roughness with circumferential
overlap. Equation (2) shows that with rotational speed, the value of circumferential
overlap percentage is increasing. Thus, surface roughness decreases. It is also seen
that for higher value of Y feed rate, higher value of surface roughness (Ra) is obtained
during machining. This is because there are many null region (unmachined) created
on the work sample surface due to uneven laser scanning process, and ultimately,
irregular machined surface is achieved.

Figure 13 shows graphical representation of surface roughness (Ra) with cir-
cumferential overlap while varying pulse frequency and workpiece rotating speed.



Improvement in Surface Finish and Geometrical Accuracy ... 133

8.5

o1 w— M

=
o

(

E
3
=
L
w
265 o
=
£ i
S 6
e —
8 55 }H —¢—0.1mm/s
‘E —8=0.2 mm/s
@ S -a03mms
45 }| —®=0.4mm/s || Average power =8 W
—&-0.5 mm/s Pulse frequency = 5000 Hz
4 - - T
-60 -40 -20 0 20 40 60 80 100

Circumferential overlapping percentage (%)

Fig. 12 Graphical plot of surface roughness (Ra) at various circumferential overlap and Y feed rate
[23]

~J

o
o

Surface roughness (Ra), um
o))

5.5 =200 rpm
5 1 =&8=300 rpm
=4&—400 rpm

45 || —®500rpm {1 Average power = 8 W
—8-600 rpm | | Pulse frequency = 5000 Hz

60 40 20 0 20 40 60 80 100
Circumferential overlapping percentage (%)

Fig. 13 Graphical plot of surface roughness (Ra) at various circumferential overlap and rotating
speed of workpiece [23]



134 G. Kibria et al.

With increasing values of circumferential overlap, the machined surface roughness
(Ra) values decrease, and this is mainly due to more circumferential overlap on
the machined surface and uniform material removal phenomena. The same plot also
shows that due to increase in rotating speed of workpiece, the circumferential overlap
values increase, therefore reducing irregularities on micro-turning surface.

5.2 Investigation of Laser Defocusing on Machining
Performance

Here, experimentation on laser micro-turning process has been performed utilizing
RSM-based DoE, and then, multi-response optimization results were obtained to
achieve optimal values of responses. Also, to obtain quality surface without ham-
pering the dimension of machined part, experimentation utilizing laser defocusing
condition was carried out on the already machine surface obtained from RSM optimal
experimentation. In this set of experiments, another two additional process parame-
ters were included, i.e. assist air pressure and number of laser scanning. The values
of five process parameters and each having five levels are shown in Table 2. The
total number of experiments conducted was 32. After conducting these experiments,
response criteria were measured. To measure surface roughness values, the same sur-
face profilometer was utilized (Model: SURFCOM 120A-TSK, Make: Zeiss, Ger-
many). The depth deviation was calculated based on Eq. (3). Statistical software,
MINITAB of version 13 was employed to analyse the results and to validate the
empirical models developed. The developed mathematical models based on experi-
mental output were developed for correlating the responses, and considered process
variables are shown in Egs. (4) and (5).

Micro-turning depth deviation = Machined depth — Targeted depth 3)

YRa = —3.3853 +2.4496 x X; +0.0001 x X, —0.0008 x X3 + 0.5522 x X4
+ 1.9032 x X5 — 0.0825 x X7 + 0.0000 x X3 + 0.0000 x X3

Table 2 List of process Parameters (unit) with symbol | Levels

parameters and their values

[22] Average power (W) X 6,7,8,9,10
Pulse frequency (Hz) X» 3000, 4000, 5000, 6000, 7000
Rotational speed (rpm) X3 200, 300, 400, 500, 600
Air pressure (kgf/cmz) X4 0.3,0.8,1.3,1.8,23
Y feed rate (mm/s) X5 0.1,0.2,0.3,04, 0.5
Coded values of process -2,—-1,0, +1, +2
parameters
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—0.3400 x X7 4 23.0837 x X2 — 0.0000 x XX, — 0.0009 x X;X;3
40.0975 x X; X4 —2.6381 x X; X5 — 0.0000 x X,X3 4+ 0.0000 x X,X4
—0.0001 x X,Xs5 —0.0007 x X3X4 —0.0016 x X3X5 — 0.4104 x X4 X5
4)
Yepth dev = 0.053142 — 0.038222 x X; + 0.000048 x X, — 0.000191 x X;
4 0.094368 x X, — 0.852803 x X5 4 0.003616 x X?
—0.000000 x X3 + 0.000000 x X3 — 0.004544 x X;

+0.926106 x Xg 4 0.000004 x X;X, — 0.000071 x X;X3

4 0.002107 x X1 X4 — 0.012561 x X; X5+ 0.000000 x X,X3
—0.000016 x X>X4 —0.000015 x X,X5 — 0.000070 x X3X4

4 0.000423 x X3X5+0.031346 x X4X5 (5)

Equations 4 and 5 are valid in the process parametric ranges considered. To vali-
date these developed models, analysis of variance was performed as shown in Table 3.
From Table 6, it is seen that the calculated F-value for surface roughness (Ra) is 1.18.
However, at 95% confidence level, this value is far less when compared to the stan-
dard F-value (4.06). Thus, mathematical model of surface roughness is valid. The
table also shows that the calculated F-value for depth deviation is 3.11. However,
this value is far lower compared to 4.06 value. Thus, empirical model of depth devi-
ation is also valid. From Figs. 14 and 15, it is obvious that the empirical model can
calculate the considered responses accurately and acceptably.

To obtain the surface profile and accurate geometrical shapes of micro-turning
parts, multi-response optimization was achieved based on the RSM experiments.
The illustrative view of multi-response optimization results is shown in Fig. 16. The
parametric setting of multi-objective optimization is obtained as shown in Fig. 16.

Table 3 Analysis of variance test results

Source Degree of freedom (DF) For surface roughness | For micro-turning
(Ra) depth deviation
F-value p-value F-value p-value

Regression 20 11.28 0.000 11.44 0.000

Linear 5 1.31 0.328 2.94 0.063

Square 5 6.33 0.005 6.62 0.004

Interaction 10 1.64 0.215 2.15 0.112

Residual error 11

Lack-of-fit 6 1.18 0.436 3.11 0.117

Pure error 5

Total 31
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Fig. 16 Multi-objective optimization results [22]

Confirmation experiments show that the average prediction errors are within accept-
able limit. For Ra, prediction error was 4.76%, and for depth deviation, prediction
error was 4.78%.

The RSM-based optimization provides optimal parametric combination for min-
imum values of responses. However, for long life of products, it is always recom-
mended to keep the surface quality at good condition. Mainly, Ra value is obtained
high due to irregular micro-peaks on the machined surface. These types of peaks
on the laser micro-turning surface may have generated due to variation in overlap
factors or irregular solidification on machined surface. Thus, to achieve desired sur-
face finish without hampering the geometrical dimensions of ceramic micro-parts, it
urgently needs to apply novel technology to remove these micro-peaks for the sake of
micro-manufacturing high-end products. Thus, laser micro-turning process is carried
out at laser defocusing condition to remove such micro-peaks. At defocusing con-
dition, due to enlarged spot size of laser, energy density of the beam lowered down,
and correspondingly, the defocusing laser beam able to remove materials from top
surface of work sample. At this stage, defocusing positions and number of laser scan
passes were included as varying factor.

In Fig. 17, the schematic view shows the micro-peaks removal process from
already laser micro-turning surface by laser scanning. To completely remove the
micro-peaks and make the surface high-end quality, the laser scanning process
at defocusing condition is an innovative strategy for the purpose. In Fig. 18, the
schematic representation of various defocusing positions is shown. Laser defocusing
condition is divided into two types (i) upward and (ii) downward. The defocusing
condition called as upward is the position of laser focal point above the top surface of
work sample. On the other hand, downward defocusing condition is the laser scan-
ning when the laser focal point is underneath the top surface of work sample. In this
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Fig. 18 View of upward and downward defocusing conditions of laser beam [24]

present experimentation, both Ra and Rt were measured as responses. The aim of
the experiments and analysis is that to reduce surface roughness value of the already
machined surface which is obtained by experiments conducted using RSM-based
optimal parametric combination. For this, a total of eight numbers of samples were
manufactured by parametric combination of RSM-based multi-objective optimiza-
tion. The initial values of surface roughness of these eight samples are enlisted in
Table 4. Table 5 shows the list of process parameters for the present experimenta-
tion of laser defocusing. Here, laser scanning passes is considered as ten as so that
complete removal of micro-peaks is ensured. For the purpose of roughness measure-
ments, the same profilometer set-up was utilized, and the obtained values of Ra and
Rt were graphically plotted and analysed.
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Table 4 Values of surface

roughness of work samples Optimization setting Ra and Rt values (in jum)
obtained from RSM-based Ra Rt
multi-objective optimal Pulse frequency = 5600 Hz 5.94 45.38
parametric combination Ayerage power =7.81 W . 587 4621
Air pressure = 0.30 kgf/cm
Rotating speed = 436 rpm 584 46.02
Y feed rate = 0.443 mm/s 5.89 45.68
5.98 45.69
6.00 45.88
5.88 46.39
5.81 46.01
Table 5 Fgctors and their Varying factors Values
corresponding values for
further experiments [24] Defocus position (in mm) +0.2, +£0.4, £0.6, =0.8
Laser beam passes 1-10 at increment of 1

Figure 19 shows the graphical plot of Ra with passes at different positions of laser
defocusing (upward). This plot shows surface roughness decrease. With defocusing
condition of laser beam, as the passes increases, the elevation of micro-peaks on the
surface decreases caused by melting and evaporation. Therefore, the overall quality
of surface finish increases. From the same figure, it is also revealed that with constant
value of laser scan passes, with increasing value of upward defocusing value, the value
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Fig. 19 Plot of Ra with laser scan passes (upward defocus) [24]
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of surface roughness (Ra) decreases due to irradiation of adequate laser beam energy
falling onto the workpiece surface. This adequate energy is able to melt and remove
the peaks from the surface. However, at too much defocusing Ra value increases. At
higher defocusing, the irradiated laser intensity is so much low that it is incapable to
remove the surface irregularities.

In Fig. 20, it is obvious from the plot that surface roughness value decreases at all
defocusing positions with increasing number of laser passes. It is because of irradi-
ation of desired laser beam energy which efficiently removes surface irregularities.
After certain number of laser passes, the value of surface roughness increases to
some extent. The material removal phenomena are not uniform after some particular
value of laser passes, and micro-peaks again melt and resolidify onto the workpiece
surface. At 0.8 mm defocus, the beam energy density is lower, and therefore, the
laser beam ultimately unable to eliminate the peaks.

In Fig. 21, the plot of Rt with scan passes is depicted. It is obvious that with
number of laser scan passes, Rt values decrease. This is because micro-peaks melt
and removed by several number of laser scan. The graphical plot also revealed that
with a definite value of laser scan, Rt value is high at less defocusing. At different
defocusing conditions, due to variation in laser energy density, therefore, variation
in roughness achieved is accounted. Moreover, 0.8 mm defocusing position, due to
much lower value of energy density, value of surface roughness is high in contrast
to other defocusing settings.

In Fig. 22, the graphical plot shows that up to definite value of laser scan passes,
the values of surface roughness (Rt) reduce at all values of defocusing positions. It
is so because of diminish of overall heights of micro-peaks on the machined surface.
However, after seventh laser scan number, the variation of surface roughness is not
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significant, and it may be due to material again resolidifies after melting due to
irradiation of low energy density of laser beam. The line plot of different values of
defocusing positions is very random.

It is concluded by considering above-mentioned experimentation and discussion
that the novel micromachining strategy of laser defocusing has great influence on
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Table 6 Parametric combinations and corresponding minimum values of surface roughness
obtained in laser defocusing experiments

Roughness Optimal parametric Newly added parameters | Surface
criteria combination of RSM roughness (in
experiments wm)
Number Defocus Ra Rt
of laser value with
scan position
passes
Ra 7.81 W/5600 Hz/436 rpm/0.30 | 9 0.6 mmand | 5.07 35.08
kgf/cm?/0.443 mm/s upward
Rt 8 0.4 mmand | 5.28 34.65
downward

achieving desired surface finish in this process. The parametric combinations for
obtaining minimum values of surface roughness were identified, and these parametric
combinations are enlisted in Table 6.

6 Assessments of Machined Images Taken in Precision
Microscope

For in-depth study and analysis as well as qualitative assessments of the pro-
cess, scanning electron micrograph (SEM) was observed for the machined surface.
Figure 23a—f depicts the surface morphology of the surfaces at two magnifications
(27x and 200x) for the parametric settings in RSM experimentation. The paramet-
ric settings for these images are shown in figure itself. By comparing qualitatively
these micrographs and values of surface roughness, it is concluded that higher value
of Y feed rate and lower value of air pressure result in good surface finish during
laser micro-turning. Furthermore, micrograph shown in Fig. 23b has more number
of micro-peaks and valleys compared to micrographs shown in Fig. 23d. However, at
RSM-based optimal parametric setting, the machined surface topography (Fig. 23e,
f) obtained is having less number of such micro-peaks and valleys.

In Fig. 24a—d, the topography of machined surfaces obtained from SEM image
analysis machined at different parametric combinations is shown. Comparing Ra
values obtained in Fig. 24a, b, it is obvious that reduced from 6.72 to 6.18 pum
when rising pulse frequency value as of 4000-6000 Hz, dropping rotational speed of
workpiece as of 600-300 rpm. The spot overlap percentage was increased to 73.81
from 21.43%. Again, comparing Fig. 24c, d, it is obvious that Ra is dropped from
7.77 t0 6.02 wm when rotational speed of workpiece is increased from 400 to 600 rpm
and reducing the Y feed rate from 0.5 to 0.1 mm/s. Also, the circumferential overlap
is increased from 25 to 90%.
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Fig. 23 Micrographs of surfaces machined at different parametric combinations [22]

Figure 25a—f shows SEM images of the machined surface at various parametric
settings as shown. It is concluded that quality surface has been obtained parameters
combination of defocusing of 0.6 mm (upward) and at tenth number of passes in
respect of other surfaces shown in Fig. 25d—f. From high magnified SEM images
shown in Fig. 25b, d, e, it is observed that the number of micro-peaks and valleys is
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Fig. 24 SEM micrographs of micro-turning surface obtained at different parametric combinations
for overlap study experimentation [23]

less after carrying out laser defocusing experimentation compared to SEM images
shown in Fig. 23 for RSM-based experiments.

7 Summary

In this chapter, laser micro-turning is applied to micro-turn aluminium oxide (Al,O3)
ceramic of 99% purity for achieving desired micro-turning depth and surface fea-
tures in terms of surface roughness (Ra and Rt). Employing a variety of experimental
designs like effect of spot and circumferential overlap, experiments by laser defo-
cusing method, etc., it is concluded that high intense laser beam has great impetus
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Fig. 25 Microscopic surfaces machined at different defocus conditions and laser scan passes
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to achieve desired process performances and has potential to manufacture micro-
components of cylindrical shapes made from various engineering ceramics. More-
over, with proper control of various process parameters and also by considering novel
strategy of micromachining such as defocusing of laser beam, desired dimensional
accuracy and surface featured can be successfully achieved. The present research
and outcomes will be utilized to predict the parametric combination for achieving
desired goal of laser micro-turning process performances. Furthermore, experimental
schemes and results obtained in the experimentation will provide the precision man-
ufacturing technocrats as technological guidelines for successful implementation of
this novel micromachining process in precision engineering domains.
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Abstract Electrochemical micromachining (EMM) has several advantages over its
competitive micromachining techniques, and hence, it is one of the best micromachin-
ing techniques applied in various fields. However, further investigations are required
to augment the machining accuracy for overcuts, taper formation, profile accuracy,
and surface excellence, to discover the utility of EMM for various applications. Gen-
erally, microstructures like microholes, microslots, microgrooves, and 3D microfea-
tures are machined on various metallic components by EMM. Geometrical profile,
dimension, and tribology of machined microfeatures mainly affect the performance
as well as life of these components. Therefore, machining of such microfeatures of
few tens to hundreds of microns with correct shape profile and better quality is ever
demanding area for exploration. Availability of electrolyte at inter-electrode gap,
removal of slush and hydrogen gas bubbles from machining zone, stray-current con-
trol, and microtool feed rate control to maintain uniform inter-electrode gap are the
major challenges for the researchers to increase the machining accuracy. Machining
accuracy can also be upgraded by selecting proper shape and size of the microtool, by
insulating the sidewalls of the microtool, and also by utilizing the innovative machin-
ing strategies. In addition to these techniques, controlling and optimizing influencing
process parameters of EMM and hybrid electrochemical micromachining are some
of the areas by which machining accuracy can be enhanced in EMM.
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1 Introduction

EMM has an ability to produce the microfeatures on metallic surfaces for different
applications. Machining uniqueness such as re-utilization of tool, machining surfaces
without any stresses, and ability to machine any metallic surfaces makes the EMM
as the best micromachining technique. Generally, microfeatures like microholes,
microslots, and three-dimensional microfeatures need to be fabricated on different
metallic surfaces of microcomponents or macrocomponents. While machining such
microfeatures on microproducts by EMM, overcuts, taper formation, microsparks,
stray-current effects, surface quality, etc., are the main issues to be considered. There-
fore, to explore the complete potential of EMM for machining accurate microfeatures,
further study is still required to boost the machining accuracy in the form of overcut,
taper formation, surface quality, and path or profile of microfeature by regulating
various process parameters. Geometrical profile, its dimensions, and tribological
properties of the microfeatures directly influence the efficiency and product lifespan
of the microparts. Therefore, machining of such accurate microfeatures on metallic
surfaces of few tens of microns is significant areas of exploration. Stray-current mon-
itoring and control is one of the key issues for improving the machining accuracy.
Supply of fresh electrolyte at very small machining zone by removing sludge, precip-
itates, and hydrogen gas bubbles is one more challenge in EMM. Improper flushing
of machining zone and deficient microtool movement may result into microsparks
between microtool and workpiece surface, which may affect the surface quality of
the machined microfeatures or it may damage the microtool also. EMM accuracy can
also be enriched by innovative machining approaches and controlling and optimizing
different influencing EMM process parameters. Combination of one or more princi-
ples of micromachining with EMM, i.e., hybrid micromachining, may also improve
the machining accuracy of machined microfeatures.

In EMM, metallic workpiece material is dissolved by anodic dissolution, in which
the material is liberated atom by atom from anodic surface. Material dissolution
mainly depends upon the important EMM process parameters, namely applied poten-
tial, machining current, pulse frequency, electrolyte type and its concentration, inter-
electrode gap (IEG), etc. The process parameter greatly influences the machining
criteria such as material dissolution rate, surface quality, and machining accuracy.
To accomplish precise machining in sub-microns range on difficult to cut metallic
surfaces, the EMM process variables are to be controlled at optimum level [1-3].

Machining accuracy in EMM can also be amended by regulating:

(i) Geometry, geometrical dimensions, and surface finish of microtool, along with
its sidewall insulation,

(i) Nature of electrolyte, circulation of electrolyte, and electrolyte concentration,

(iii) Process monitoring and control of some of the factors like flushing of narrow
IEG, vibration of microtool, control of microspark phenomena, selection of
microtool movement strategy, and

(iv) Combining one or more principles of micromachining with EMM, i.e., hybrid
micromachining.



Accuracy Improvement Techniques in Electrochemical ... 151

Process Parameters

: Micr: | Design
Applied voltage crotoo’ Dedtg

Pulse Period
Geometry

Current E—
Pulse

Frequency

Insulation

Current Type
(DC/Pulse) Surface__.)
Quality

Duty Ratio

EMM Accuracy

Overcut, Profile, Taper
formation, Surface
quality

Concentration — 5 IEG Flushing ——

Microtool
vibration

l

Micro-ELEM

Type of
Electrolyte

Temperature Feed Rate
T Machining

Micro-sparks

strat
Circulation ~ Phenomena egy
IEG "
Hybrid EMM Processes
Rlwctrolyte Process Monitoring
and control

Fig. 1 Root cause diagram of EMM for machining accuracy improvement

Figure 1 shows fish bone diagram considering all these parameters for machining
accuracy improvement.

Some of the important parameters which mainly influence the machining accu-
racy in EMM are discussed in detail to know the inside facts about enhancing the
machining accuracy in the form of overcut, profile accuracy, taper formation, and
surface quality.

2 Design of Microtools

Geometrical dimensions and surface quality of microtool play the significant role in
electrochemical dissolution of material at atomic level to achieve desired microfea-
tures. Microfeatures such as cylindrical microhole, complex microgrooves, and 3D
microstructures of higher aspect ratios are to be fabricated on metallic surfaces of
microproducts or macroproducts in various applications. Sidewall of the structures
tapers during fabrication of microfeatures of higher depths. This is because of the
dissolution time difference between upper and lower faces of the microfeature as
shown in Fig. 2a. Therefore, machining of taper-free microfeatures of higher aspect
ratio is very essential in EMM. Difference between the dissolution time at top and
bottom faces can be reduced by insulating the lateral surface of the microtool. Insu-
lation prevents the material dissolution along lateral surface of microtool and limits
the material dissolution from the front portion of the microtool only. This minimizes
the development of inclined walls along the edge of as shown in Fig. 2b.
Macrosized tools can be easily insulated by various available insulating materials
and techniques, whereas very few techniques have been reported for insulating the
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Fig. 2 Machining with a cylindrical microtool and b sidewall-insulated cylindrical microtool

sidewalls of the microtools. In EMM, IEG is in the range of few microns; hence,
thickness of insulating film has to be lower than this gap for continuation of the EMM
process smoothly. Smaller machining gap restricts the insulating film thickness to
be of few microns, i.e., 3-5 wm only. Insulating material utilized for insulation must
form uniform insulating film of few microns. Insulating film should not liquefy in
electrolyte, it should not react with electrolyte, and it should not corrode the micro-
tool surface also. It should stick to microtool, sturdy, and mainly simple to apply
and to remove from the microtool [4]. There are various techniques for insulat-
ing the lateral surfaces of the microtool. Spin coating demands specific fixture for
microtool holding. Selection of insulating material is main criteria in PVD and CVD
processes. Need of costly equipments to maintain vacuum with specific microtool
holding fixture is some of the main aspects. Regulating the insulation thickness of
few microns in dip and drop coating is also difficult task [5]. For opening the front
end of the microtool, insulation process may be followed by end-rubbing process,
which includes the threat of microtool or microtool tip damage. For reutilizing the
same microtool in EMM, worn-out insulating film has to be detached wholly and
new insulating film is applied. Hence, to deal with these challenges, further devel-
opment is required in developing simple methods for insulating the lateral surfaces,
i.e., sidewalls of the microtool, with very thin insulating film. Workpiece material
dissolution can be restricted to the lateral surface of the microtool by modifying the
geometry of the microtool. Geometrical shape of the microtool and its tip shape play
significant role in machining accurate microfeatures in EMM [6]. Figure 3 shows
the types of microtools according to tip shape, i.e., end shape, of the microtool that
has been designed, developed, and utilized by various researchers for generating
microfeatures on metallic surfaces by EMM [7].

Flat-faced cylindrical microtools can be used in the fabrication of various micro-
features by regulating the microtool movement. Straight cylindrical microholes of
high aspect ratio can be machined with less efforts using cut edge microtool with
rotary motion during machining. The cut portion of microtool boosts the amount
of electrolyte at confined machining gap and enhances the profile accuracy. Con-
ical microtools can be used for machining tapered microholes for micronozzles.
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Reverse-tapered microtools are suitable for minimizing taper in microfeatures. Disc-
shaped and spherical-based microtools are suitable for machining straight-walled
microfeatures by EMM.

Tip geometry of the microtool plays significant role in electrochemical dissolu-
tion of material in EMM. While machining the microfeatures with flat-end straight
cylindrical microtool, width at the top face of the microfeature is higher than that
at the bottom face. This is because of the difference in dissolution time at top and
bottom surfaces of the microfeature. This difference in machining width at top and
bottom faces causes the taper in the sidewalls of the machined microfeature as shown
in Fig. 4a. Application of disc-shaped microtool restricts the material dissolution at
disc region only. Disc shape microtool confines the continuous dissolution of work-
piece material by the lateral surface of the microtool and avoids the formation of taper
along the wall of microfeature as shown in Fig. 4b [8]. Spherical base microtools
can also be used to machine the taper-free microfeatures as shown in Fig. 4c. Use of
spherical electrode results microfeatures without taper due to lesser current density
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along the cylindrical surface of microtool that limits the continuous dissolution of
the workpiece material [9].

Figure 5a, b depicts the SEM micrographs of the vertical microcolumn machined
in vertical-walled square cavity and vertical microwall of 10 wm width using disc-
shaped microtool on SS304 by EMM, respectively [8]. However, Fig. 5c shows the
SEM micrograph of the straight-walled microhole fabricated using spherical-based
microtool [9].

Effective lengths, i.e., dipping length, and diameter of microtool also have an
important role during fabrication of microfeatures by EMM. For the long length
microtool, electrolyte path resistance is longer than the path resistance of shorter
length tool; therefore, the charging time constant of the shorter path is relatively
small as compared to charging time constant for long path. The amount of faradaic
current decreases with the increase in effective tool length, in turn decreases the
material removal rate, and consequently increases the machining time. Current flows
through the lesser electrolyte resistance route that restricts the machinable area to
adjacent region of the tool only. For a longer tool, the dissolution of material takes
place over from the larger space from anodic workpiece surface, resulting non-precise
machining as shown in Fig. 6a, b. Hence, for accurate machining of the microfeatures
by EMM, shorter effective length of the microtool is desired.

Diameter of microtool has significant role in electrochemical machining of micro-
features. Increase in microtool diameter increases the effective machining area,
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decreases the electrolyte resistance which decreases the cell impedance and ulti-
mately increases the double-layer capacitance. Increased inductance rises the charg-
ing time of double-layer potential, as a result machining rate decreases with increase
in microtool diameter. Hence, microtool electrodes of higher diameter need longer
pulse on-time for effective and accurate fabrication of microfeatures by EMM [11].

Mithu et al. [12] performed experimentation for investigating the effect of tool
geometry on performance during electrochemical microdrilling. Figure 7a, b plots the
influence of microtool diameter on material dissolution and machining time. From the
figure, it can be observed that metallic dissolution and machining time increase with
increase in tool diameter. This is because of the rise in electrical double-layer capac-
itance and decreases in electrolyte resistance at higher microtool diameter. Reduced
path resistance enhances the current density into the electrolyte. This increase in
machining current results increased material dissolution. Hence, the microtool feed
rate has to be adjusted in such a way to control the material dissolution, which
eventually increases the machining time.

3 Electrolyte Circulation

Continuous supply of electrolyte at very small machining region is necessary for
effective and accurate electrochemical machining of microfeatures. Machining gap
is precisely small, and maintaining continuous supply of fresh electrolyte through
this opening is a challenging job. Stagnant electrolyte is generally preferred to avoid
the delicate microtool vibration which may damage it also. For continuation of EMM
process, it is essential to take out the slush and gas bubbles from machining area.
Various methods have been developed to enhance electrolyte circulation in narrow
machining zone.

Electrolyte supply at narrow machining zone can be enhanced by incorporating
low-frequency longitudinal vibrations to the microtool [13]. Piezoelectric transducer



Accuracy Improvement Techniques in Electrochemical ... 157

Fig. 8 Effect of electrolyte 0.35
concentration and tool
vibration on overcut [15] 03 -
— 0.25
£ e
E oltage --- 3V
- 02 Feed Rate—0. 144 mm/min
s Electrolyte---- NaNO,
2 o015
8
0.1 —A— Without tool
vibration
0.05 o
| _—— —e— 200 Hz tool
0 — | vibration
10 15 20
Electrolyte Concentration (g/1)

(PZT) can be used for providing vibrations to the microtools in EMM [14]. Microtool
vibration has hydrodynamic effects on the bubbles that can be applied for the removal
of process by-products and the replacement of electrolyte at narrow IEG. Figure 8
graphically presents the effect of microtool vibration over machining accuracy. From
the figure, it can be observed that accuracy improves with microtool vibration [15].
Electrolyte circulation at narrow IEG can also be boosted by applying rotational
movement to the microtool during its movement in predetermined path.

4 Microtool Insulation

Microfeatures of higher depths are favoured in various applications. Cylindrical
microtools are utilized for the fabrication of high aspect ratio microfeatures on metal-
lic surfaces by EMM. Un-insulated cylindrical microtools are generally used in the
fabrication of microfeatures by EMM, due to challenges in microtool handling and
sidewall insulation. While machining deep microstructures by EMM, the vertical
walls taper along the depth. This is because of the dissolution of the workpiece
material from lateral surface as well as front face of the microtool, which dissolves
more material from lateral surface as compared to bottom surface of the microtool.
Hence, for effective material removal of deep microfeatures, the cylindrical surface
of the microtool is to be appropriately insulated. Figure 9a schematically illustrates
the machining width at top and bottom surfaces while machining deep microhole
utilizing un-insulated microtool. Machining width at the top surface is higher and
decreases gradually towards the bottom surface, because of the continuous dissolu-
tion of workpiece by cylindrical surface of microtool. This can be constrained using
insulated microtool during machining deep microfeatures. Microtool insulation con-
strains the metallic dissolution alongside the walls of the deep microfeatures. Electric
field can be confined to the front face of the microtool to give uniform machining
rate and uniform machining gap regardless of machining depth. Following these
techniques, straight-walled deep microfeatures can be machined as shown in Fig. 9b.
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Fig. 9 Microfeatures
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Figure 10a, b depicts the microscopic images of the microgrooves machined on
SS sheet with applied voltage of 3V, pulse frequency 8 MHz, and 35% duty ratio,
utilizing un-insulated and sidewall-insulated microtools, by layer-by-layer microtool
movement strategy. While machining microgroove with un-insulated microtool, very
high width overcut can be observed due to continuous metallic dissolution along the
length of microtool. Also, the stray current at top face results in rough surface around
the microgroove with curved edges of microgroove. Lateral surface insulation of
microtool confines width overcut, as well as stray-current effect, and generates more
accurate microgroove with improved surface quality of microgroove.

For minimizing unwanted material dissolution by lateral surface of microtool, the
material dissolution should take place from front face of the microtool only. In ECM,
tools are of macrosize and are easy to insulate using different insulating resources, but

410.52 pm 413.75 um 407.21um

2285.165 um

Fig. 10 Microgrooves using a un-insulated microtool and b insulated microtool [4]
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in EMM insulating the microtool by very thin insulating film is challenging because
of micron-sized tools.

5 Microsparks Phenomena in EMM

Various reasons that may lead to the microspark at narrow IEG are (i) variation in
inter-electrode gap resistance due to hydrogen gas bubbles generated, (ii) accumu-
lation of sludge particles at narrow machining zone, (iii) inadequate movement of
tool, (iv) increased temperature at machining zone, (v) poor electrolyte quality, etc.
Microsparks reduces accuracy, as well as deprives surface finish. Machining accuracy
deteriorates due to the presence of microsparks in narrow machining zone; however,
in EMM, microsparks cannot be eliminated completely [16].

Figure 11 depicts the surface condition of microhole machined by EMM, with
microspark and stray-current affected zone. To obtain the better machining accu-
racy and surface finish, microtool feed rate should be as low as possible. Influence of
stray current increases with higher applied voltage and reduces with higher pulse fre-
quency. Some of the significant features that influence the occurrence of microsparks
are microtool feed rate, electrolyte flow, and machining gap regulation [17]. Micro-
tool movement should be synchronous with machining rate for smooth machining.
Higher microtool feed rate may continuously reduce the machining gap and increases
the chances of occurrence of microsparks that may lead to the short circuit.

6 IEG Control Strategy

Rigid, reliable, economic, and easy to operate machine setup is desired to apply EMM
process for production of microfeatures on different industrial products. Considering
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the complexity, mechatronics involved in the setup, online process monitoring, and its
control plays very important role. In EMM, machining gap regulates the machining
precision. At higher microtool feed rate, IEG reduces progressively which may lead to
the short circuit. This may destroy the microtool or work surface. Lower tool feed rate
lags the metallic dissolution, resulting gradual increase in machining gap affecting
the machining accuracy. Hence, to maintain uniform IEG, the microtool feed rate
must harmonize with the material dissolution. While machining microfeatures by
EMM, the material dissolution rate varies, and various machining gap monitoring
and regulating techniques have been developed by researchers [18, 19]. Still some
works are required in EMM setup to develop reliable online measurement system
during machining for further improvement in machining accuracy.

7 Machining Strategy

Microtool movement policy greatly influences machining accuracy in EMM. Proper
tool movement strategy minimizes uncontrolled machining by enhancing the elec-
trolyte flushing and localization effect. Researchers have developed various types of
microtool movement policies in EMM. Straight-walled three-dimensional microfea-
tures can be machined by (i) layer-by-layer machining and (ii) sinking and milling
method. Microtool moves along the X-, Y-, and Z-axis adopting suitable movement
approach for microfeature generation as shown in Fig. 12.

Figure 13 shows the schematics for machining the microgrooves by sinking and
milling method. During this microtool movement strategy, microtool is first moved
downward into the workpiece surface for the required depth, and then, it is moved
in a horizontal plane along the required path.

Scanning depth

Fig. 12 Scanning-type microtool movement strategy for 3D EMM
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Fig. 13 Sinking and milling microtool movement strategy for 3D EMM

8 Selection of Combined Process Parameters

Effective application of EMM for precise manufacturing demands the appropri-
ate combinations of process parameters. Various methods have been reported by
researchers to find and optimize the machining parameters for better machining per-
formance. Taguchi-based methodology, response surface methodology, etc., can be
applied to obtain these machining parameters.

9 Hybrid EMM Processes

Hybrid processes are used to exploit the combined effect of individual processes.
Each individual process may either directly involve in the material removal or assist
for better machining conditions. Figure 14 shows the commonly used hybrid micro-
machining processes. Anodic dissolution in EMM process has some integral process
limitations such as poor and unrestrained machining localization, deficient flush-
ing of narrow machining region, formation of oxide layer on work surface, and more
machining duration. To overcome these difficulties and to make process more precise,
EMM is combined with other metal removal processes [20-27].

10 Summary

For machining microfeatures on advance engineering metallic surfaces, EMM is
one of the best techniques. As compared to the other micromachining techniques,
EMM has important benefits such as machining complex microfeatures without any
heat-affected zone, best surface finish, and mainly capability to machine all metallic
surfaces irrespective of their mechanical properties. Hence, EMM is widely accepted
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Fig. 14 Difterent hybrid micromachining processes

for precise machining applications, namely MEMS, electronic and aerospace appli-
cations, and biomedical applications to machine high aspect ratio microholes,
microgrooves, 3D microstructures, micropins, etc. Continuous developments and
extensive research efforts are essential for effectual use of this process. This com-
prises the improvement in machining setup, design of microtool, monitoring and
governing of machining gap, controlled metallic dissolution, precise power source,
eradication of short circuits, and with proper electrolyte choice. For better control
over the process, shape of microtool, lining of cathode surface, availability of elec-
trolyte, and disregarding short circuits during process are the essential parameters
to be considered. Selection and combination of process parameters are an impor-
tant aspect for precise and accurate machining of microfeatures. EMM has many
opportunities that can be explored further. EMM process can be combined with
other micromachining techniques resulting in hybrid micromachining process. All
of these aspects enable the EMM as a promising micromachining technique to fabri-
cate the complex microstructure on advanced metallic materials. For enhancing the
machining accuracy to atomic level, further research is still open. EMM will be more
successful and lead an important part in microfabrication and nanofabrication seeing
various benefits of it such as excellence, mobility, efficiency, and finally economy.
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Abstract Surface being the outermost layer of a body is the first point of contact
between a body and the environment in which itis intended to work. By modifying the
surface properties, the characteristics exhibited by a material can be controlled. With
the need for reducing the structure sizes for different applications, the conventional
machining has been scaled down to micromachining in which micro tool is used and
micron-sized structures are created. Among the different types of micromachining
techniques, surface micromachining stands out as a process which is intended only
for the surface of a workpiece. In contrast to other micromachining techniques which
target the bulk of the workpiece, surface micromachining aims at creating patterns,
structures or features on the surface of the workpiece thus inducing unique and
controllable properties. This chapter discusses different micromachining techniques
and methods of characterization. The first section will include brief introduction to
well-known processes like photolithography, reactive ion etching, deep reactive ion
etching; some advanced processes capable of micron as well as nanometric scale
fabrication like focused ion beam fabrication, electron beam lithography. Almost all
these techniques are physical in nature, as in they do not involve use of chemical
etching for creating the surface structures. Thus, they enable one to achieve high
level of accuracy in the process and to actively control the features of the structure.
As the fabrication methods have evolved with time, so did their characterization
methods. Conventional measurement techniques are not suitable for evaluating the
structures fabricated by the advanced surface micromachining methods. The second
section of the chapter discusses three measurement and characterization methods.
First of which is stereo zoom microscope which is used mostly at macro scale,
followed by scanning electron microscopy which is capable of operating at micron
and nanometric scale. The last of the characterization methods is scanning tunneling
microscopy which is capable of imaging and characterization at atomic scale.
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1 Introduction

Civilization is defined as complex society, designed in a manner such that it creates
agricultural surpluses, specialization in labor, hierarchy in social order and establish-
ment of cities [1]. One of the fundamental driving forces in the growth of civilization
is human beings’ inherent nature to explore the unknown and to better their own
condition from the present status. In this continuous endeavor, tools have played an
imperative role. The earliest documented tool ever used by a species of early human
being was the stone. Apart from being a source of lighting up fire by rubbing, they
were an important asset while hunting. It is found that the production of stone tools
by our ancestors was not random, rather they were methodical and meticulous in
their approach. The fool-makers of the tribe were experts in determining whether
a particular stone under consideration was suitable for producing a sharp edge or
not. The fool-makers knew how top chip off each flake so that a new surface can be
obtained which can later be used for producing another flake [2].

With progress of civilization, the needs and desires of a person became increas-
ingly varied and complicated. What started from use of stones, over the centuries,
moved on to bronze, copper, iron to present day’s use of steels, reinforced compos-
ites, diamonds, high strength alloys, etc. Also it was noted that different materials are
suited for different types of uses; hence, softer materials were used for low load appli-
cations whereas stronger and tougher materials were used for withstanding heavy
loads during its operation. This led to invention of different types of materials which
expanded the type of processing needed for converting them into a finished product.

Not only materials, the design of the product and the quality requirement from
the finalized product also became increasingly stringent. The size of the product
has been reduced consistently over the past few decades and even if the size is kept
same, the output from the product is increased so that ultimately the performance
of the product has been increasing consistently. A large amount of impetus have
been given to miniaturization wherein the size of the product is being consistently
and continuously reduced. A very well-known example of miniaturization is the
general purpose computer, which has reduced in its size from gigantic machines to
handheld devices. It is also interesting that not only the size of computer has been
reduced but its processing capabilities have also been increased many folds. This is
made possible by substituting mechanical elements in the computer with electrical
circuits and integrated chips. The next step in this direction is using optical circuits
for computing which will increase the processing capabilities of the machines by
100 folds compared to present day status. To realize such advanced functionality, the
conventional routes of fabrication are no longer be sufficient.
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Hence, the material processing methods have advanced side by side with the
human needs. From the brute force method of manufacturing which involved use of
manual power like rubbing against a stone or breaking into smaller parts using force,
we have shifted to using high precision machines which have advanced features
like aerostatic bearings, vibration isolation platform, etc. [3, 4]. With the evolution
of materials to be processed, the functional and dimensional requirements of final
products and the processing methods have also evolved. For advanced applications,
we have shifted from bulk machining to micromachining mostly to cope up with the
demands of smaller components required for more specialized applications.

Even the field of micromachining has been further classified into bulk and sur-
face micromachining. Where bulk micromachining deals with creating 3D products
whose bulk has to be utilized as the functional part, using a scaled down version of
their macro scale counterparts like—micro milling, micro drilling, micro EDM, etc.,
surface micromachining deals exclusively with the surface of the product and aims
at creating different applications from it.

Surface can be defined as the uppermost layer or extent of an object or body which
is generally used for describing its form or extent [5]. It is an important feature of an
object since it is the first layer of contact between the body and its surroundings, and
in most cases, it governs the interaction of the body with its environment. Various
important properties exhibited by a body like tribological properties [6], optical
properties [7, 8], energy transport, chemical reactivity [9], hardness [10, 11], etc.,
are dependent on its surface and can be actively controlled or modified by changing
the surface and its features.

Surface processing is a little different than the bulk processing which is more
conventional and has evolved over centuries. Surface processing involves materials
and feature sizes that are not possible through conventional processing routes. Surface
micromachining is one of the many surface processing techniques, in which movable
structures are fabricated on different thin films deposited on a bulk substrate. One of
the major differences between surface micromachining and bulk-micromachining is
that in bulk machining, the substrate itself is used as the functional layer on which the
required device is fabricated using etching, but in case of surface micromachining,
first one or several layers of thin films are deposited on the substrate surface and then
the etching is performed on the deposited layer [12].

This chapter is divided in two broad sections. In the first section, various surface
micromachining processes like photolithography, reactive ion etching (RIE), deep
reactive ion etching (DRIE) and processes suited for both micro and nanometric
scale surface machining such as focused ion beam fabrication and electron beam
lithography will be discussed. The major sources of errors, errors which are unique
and characteristic to a particular process and methods to prevent the errors will also
be discussed. In the second section of the chapter, different characterization tools
for the micro machined surfaces will be discussed. Characterization tools starting
from microscopic scale (stereo microscopes) to nanometric scale (scanning electron
microscopy) and up to atomic scale (scanning tunneling microscopy) will be dis-
cussed. By discussing the characterization tools at different scales of operation, the
difference in the design of the tools and their operating principles can be compared.
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2 Photolithography

Lithography is a combination of two Greek words, lithos meaning stone and graphy
which means to write. So lithography basically refers to a technique of writing (or
printing) using stones. The process of lithography was invented by Johann Aloys
Senefelder in Germany in the year 1796, where he used stones to transfer a carved
image onto a paper. Prior to carving, the stones were treated with chemicals which
made selective areas on the stone as oil receptive and other areas as oil repellant.
When the stone was inked, selective regions on the stone attracted the paint which
was then transferred to a paper or a cloth [13].

Since then the process of selectively altering regions of a substrate has evolved and
different methods have been used for transferring a pattern onto a substrate. The most
widely used form of lithography is photolithography which makes use of a source
of light to transfer a given pattern onto a substrate through a light sensitive polymer
known as the photoresist. The general flow of processes in photolithography is shown
in Fig. 1. As can be seen from Fig. 1, photolithography is a combination of various
processes which starts with coating the substrate with a photoresist. Photoresists are
polymers which change their properties upon exposure to light.

Photoresists are coated onto the substrate through spin coating. Spin coating setup
is a small instrument which is basically an isolated chamber with a rotating disc. A
drop of the polymer to be coated (photoresist) is put onto the rotating disc which holds
the substrate through a vacuum chuck. Depending upon the speed of the rotating disc,
the viscosity of the polymer drop and the duration of rotation, different thicknesses
of photoresist on the substrate can be obtained. Generally speaking, for obtaining
the same thickness of the deposited coating, a highly viscous polymer should be
coated at higher speeds for longer duration as compared to a polymer having low
viscosity. The spin coating setup is pre calibrated in terms of the duration and speed
of rotation while the viscosity of the photoresist drop is known in advance; thus the
thickness of the deposited photoresist on the substrate can be closely controlled as per
requirement [ 14]. Modern variants of spin coating setup have a vacuum chamber for
a highly clean deposition process, provision for heating which facilitates the curing
of the deposited photoresist on the substrate.

The photoresist can basically be of two types depending upon their behavior
when exposed to light. If the binding link of the polymer undergoes scission when
exposed to light, they are called as positive photoresist. Due to scission of the polymer
chains, in the next stage when the substrate is chemically cleaned, the region exposed
to light gets cleansed away. On the other hand, if upon exposure to light the links
of the polymer forms cross-links between them, it is called as negative photoresist.
Due to cross-linking, the areas which have been exposed to light becomes stronger
as compared to other regions, and during the chemical cleaning stage the exposed
area remains on the substrate while the rest of the deposited photoresist gets cleaned
away. Post exposure chemical treatment of the wafer is done to selectively remove the
exposed areas on the photoresist; this step is called as developing. After developing
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Fig.2 Alignment of photomask relative to resist (from left to right): contact mode, proximity mode
and projection mode

the exposed regions, the residual resist from the rest of the regions is also stripped
off, and the end product is selectively patterned functional layer on the substrate.

One of the major important components of the photolithography process is the
photomask. Photomask ensures that the exposure of the photoresist to the light is
selective. The pattern which has to be made on the photoresist has to be first made
on the photomask (the pattern on the photomask can be exact or reverse, depending
upon the positive or the negative type of the polymer). Typically, the photomasks
are made of optically flat glass, quartz plate or an absorber pattern metal (like thin
films of chromium). Patterns on the photomask are generated through electron beam
lithography. The mask can be aligned with respect to the photoresist coated wafer
through three methods: contact aligner, proximity aligner, projection aligner. The
schematic of the three processes is shown in Fig. 2.

In contact aligner, the mask is kept in direct contact with the substrate. Through
this method, the transfer of patterns on to the photoresist is highly accurate but with
repeated use the photomask can get damaged. Hence, the life of the photomask in
this type of printing is quite less. To counter this, the masks can be lifted slightly
above the photoresist by a distance of 10-20 wm. Although this method ensured the
longevity of the photomasks, the replication of pattern in this case was not accurate
and mostly some dimensional variations were observed.

The third method for mask alignment is the one in which optical elements are put
between the photomask and the photoresist coated substrate. Through this, there is
no direct contact between the photomask and the substrate, also there is an added
flexibility of magnifying or de-magnifying the dimensions of the pattern during its
transfer from the photomask to the photoresist. Projection mode of mask alignment
is mostly used.
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2.1 Accuracy Enhancement in Photolithography

In general terms, accuracy refers to the extent of match between the desired dimen-
sions and the actual (or measured) dimensions. Ideally, the desired dimension and
the actual dimension should be exactly equal and if it happens, the process is called
100% accurate.

Accuracy in context of photolithography refers to the degree of closeness between
the dimensions of patterns on the photomask and the dimensions of pattern transferred
on to the substrate. Accuracy is also needed in terms of alignment of the mask with
respect to the substrate in case of projection printing, especially so, if more than one
type of pattern is being fabricated on a large scale on the same substrate so that the
relative location of the patterns on the wafer is accurate.

As discussed in the previous section, photolithography is a multi-step process so
the accuracy in photolithography is affected by a number of factors like alignment
of the mask with respect to the substrate, the process of stripping off of the residual
photoresist, photoresist losing its fidelity in the subsequent steps after its deposition
and curing, etc.

Few of the factors which affects the accuracy can be avoided simply by choosing
the right type of chemical and following the correct procedure in the correct sequence.
For example, if after spin coating the photoresist is allowed to cure for the required
interval of time it will retain its dimension and shape throughout the process of
photolithography [15]. This in turn will ensure that the dimensions of the pattern do
not vary much from the desired values.

Mask alignment is the major factor which results in loss of accuracy when the
process of photolithography is used for fabricating more than one type of pattern on
the substrate or different types of patterns are to be made on different layers and the
patterns are required to be made over a larger area. Errors in mask alignment can
render a device incapable of operating, hence it is a critical issue in the photolithog-
raphy process. For proper alignment of the masks with respect to the wafer, indicator
marks are made on the wafer called as Fiducial Marks. The high resolution image
of the photomask reticle is focused onto the substrate with reference to the fiducial
marks by the projection lens. Applications requiring different types of patterns on
different layers have fiducial marks with the mask number, which acts a guide while
selecting the correct mask for the process and aligning it properly. The mask which
is being used for the exposure acts as an indicator to of the extent till which the
process has completed. Another feature which can help in improving the accuracy
of the mask alignment is use of optical vernier patterns created on different layers of
the deposited material and on the photomask which is to be aligned. It allows very
precise alignment of the mask which exceeds the limit of dimension of the feature
being fabricated. Different possible mask alignment errors in projection printing are
shown schematically in Fig. 3.

Alignment issues become even more critical in the fabrication process of 3D micro
electromechanical systems (MEMS). MEMS involves structures which have high
aspect ratio as well as low degree of freedom and often times one is required to
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Fig. 3 Errors in projection printing a Rotation, b Translation, ¢ Magnification, d Ovality

align 3D features on both sides of the wafer. One approach for proper alignment in
3D fabrication is using cross hair marks both on the wafer as well as on the mask.
For the alignment, first the cross hair mark on the photomask is observed through
a microscope and stored electronically. Then the wafer is loaded in its place and
observed through the microscope and its position adjusted till the cross hair mark
on the wafer coincides with the electronically stored cross hair mark of the mask.
Another comparatively simple and relatively cheap way of ensuring proper alignment
is by developing a three-pin jig on which the substrate can be placed; this will ensure
proper positioning of at least two of its sides as shown in Fig. 4. By providing cross
hair on the substrate and on the photomask, the accuracy of the alignment can further
be enhanced. This is useful if only a single and similar type of pattering is being
done on the substrate.

Planarization is another important consideration in photolithography process.
If the deposited resist layer in not planar in its topography, the extent of exposure
that the resist gets will be different. Thicker regions will be over exposed while the
thinner regions will be under exposed. It is an important requirement to have plane
surfaces after deposition of each layer, and not only deposited layers but the base
substrate must also be planar in its topography to ensure accurate pattern transfer.
A non-planar layer will also result in partially blurred projection of the photomask
image onto the surface, leading to dimensional distortion and loss of accuracy in the
final product as shown in Fig. 5. The problem increases while processing thicker
deposited layers.

Fig. 4 Alignment jig for proper and quick alignment of substrate and mask
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Fig. 5 Effect of non-planarity of the substrate one the focusing of the projected image

The stability of the resist during the development stage is an important consid-
eration. As seen in Fig. 1, development is done by application of chemicals after
the exposure stage. During development the regions exposed to light get chemically
attacked and are removed from the surface of the substrate (in case of positive pho-
toresist and reverse is true for negative photoresist). This is followed by selective
removal of the functional layer through some other process. During the development
stage, if the resist loses its stability it will result in erosion of some portion of the
unexposed resist as well. During the removal of the functional layer, it may lead
to inaccurate pattern dimensions. The resist may lose its stability due to swelling,
resistance to chemical etching, etc. This can be overcome by choosing a resist with
the proper chemical composition.

To obtain good dimensional control during the exposure stage, the image of the
photomask being projected on the resist layer must remain in focus throughout the
depth of the resist layer. This becomes an issue in case of thick resist layer. An out
of focus exposure will result in inaccurate dissolution of resist in the developmen-
tal stage and will ultimately result in loss of accuracy in the process. This can be
overcome by ensuring proper planarization of the substrate surface and the deposited
layers. Also by using an exposure apparatus with high depth of focus the projection
can be ensured throughout the depth. As can be seen from Fig. 6, in case of a resist
layer with planar topography the focusing of the projected image from the photomask
is consistent throughout the thickness of the layer, but in case of resist layer with
non-planar topography the focusing is inconsistent as depicted through dashed lines.

Another factor which needs to be accounted for in photolithography is the inter-
ference effect. Thin film effects arises due to coherent interference between the
incident light and the reflected light from the substrate surface. This results in a peri-
odic intensity distribution throughout the thickness of the resist and causes intensity
variations in a direction perpendicular to the resist film. This variation in intensity
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Fig. 6 Effect of non-focusing of the patterns through the thickness of resist layer during exposure

of the light during exposure stage results in periodic variation of the resist compo-
sition throughout the thickness and consequently the resist removal is not uniform
in the development stage. As can be seen from Fig. 7, the interference effects result
in formation of crests and troughs on the resist. The crests are the regions which
are overexposed, whereas the troughs are the regions of underexposure of resist. All
this manifests itself in the form of loss of accuracy during the stage when functional
layer is to be removed. Thin film effects are observed when exposure is done through
a monochromatic light; hence, it can be countered by using a broadband source of
light.

Another feature that is used for accuracy improvement in photolithography is opti-
cal proximity correction (OPC). It is a technique used for compensating the image

‘ Overexposure |

_., :; | Underexposure ‘

| Functional Layer ! -

Fig. 7 Interference effect on the resist layer leading to overexposure and underexposure
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Fig. 8 Photomask with and without OPC

distortions that occurs during sub-wavelength photolithography. Sub-wavelength
lithography is special class of photolithography in which the dimensions of the struc-
tures being printed are less than that of the wavelength of the light source being used.
Presence of other features nearby to an existing feature will affect the optical behav-
ior. As a result of which sharp features are blurred since higher spatial frequencies
are lost due to diffraction. OPC helps in compensating for errors such as corner
rounding, line-end shortening and changes in line width, etc. As can be seen from
Fig. 8, OPC makes it possible to use sharp features on the photomask, while without
OPC the features are relatively simple since complex and sharp features may not get
transferred properly onto the resist.

2.2 Applications of Photolithography

Photolithography is extensively used in the fabrication of microscopic patterns on
different types of substrate surface. It is commonly used for fabricating arrays of
holes, projections, gratings, etc. Other than that it can also be used for fabricating
specific structures like micro rotors, torsional ratcheting actuators, gear chains, etc.
Such components are useful in miniaturized devices.

3 Reactive Ion Etching

Through photolithography, we can create a pattern of our choice on the photore-
sist layer through the series of steps as discussed in the previous section. Once the
patterns have been created on the photoresist layer, the next step is to remove the
exposed functional layer. Reactive ion etching is one such process through which
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the functional layer can be removed from the top of the surface and thus a functional
pattern of choice can be created on the substrate [16]. Reactive ion etching (RIE) is
a dry etching process which removes the material from the substrate. The process
of reactive ion etching (RIE) is driven by a plasma contained in a small chamber.
The schematic for RIE is shown in Fig. 9. Initially a gas is fed into the chamber
depending upon the type of material being etched. Different chemistry of gases for
etching different types of materials is available in literature [17].

Initiation of etching gas into plasma is done by applying a strong RF electro-
magnetic field, in the order of 13.56 MHz [18]. The oscillating electric field causes
ionization of gas molecules and removes electrons from them, creating a plasma.
The free electrons travels vertically through the chamber in each cycle of the applied
field, while the heavier, positively charged ions are unaffected by the electric field.
Some electrons get absorbed in the wafer and results in build-up of a negative charge
on its surface. This creates a voltage difference between the plasma and the wafer
as a result of which the positively charged ions get attracted toward the negatively
charged wafer, where they collide with the functional layer. The photoresist layer
(modified with monomers from a CHF; additive [16]) or sometimes a thin layer of
oxide acts as a sufficient mask against the incoming ions [19]. The ions can react
chemically with the functional layer causing its removal and can also cause physical
removal of the functional layer through sputtering (a momentum transfer process).
Reactive ion etching allows more control over the structure that is being fabricated.
In contrast to chemical etching, which is more isotropic in nature, RIE results in
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Fig. 10 Difference between chemical etching and RIE of a wafer

greater accuracy, control and directionality of the structures being fabricated as can
be seen from Fig. 10.

3.1 Accuracy Enhancement in Reactive lon Etching

Reactive ion etching is quite sensitive to a lot of factors which can result in errors
or inaccuracies in the process. Several such factors are pressure inside the plasma
chamber, power used, temperature of the plasma reactor, target materials, cleanliness,
etc.

Doping of the target material influences the final etch profile. It is seen that N-
type silicon etches faster and with more directionality as compared to p-type Si. The
lateral etch rates of differently doped Si is different, hence through doping the profile
shape can be controlled in trench etching of Si.

Temperature is an important factor in RIE. The temperature at the substrate sur-
face may increase due to conversion of kinetic energy of the incoming ions into
heat energy during ion bombardment or due to exothermic reactions at the sub-
strate surface. This can be negated by providing surface cooling by circulating water
around the target platen. Alternatively, cooling from backside can be done though
helium. Uncontrolled temperature can alter the dimensions of the structure on a
microscopic scale.

Dimensions of the trench being etched influences the etching time, which if
not controlled properly will lead to incomplete or inaccurate etching. It is observed
by different researchers that trenches with small openings etch at slower rates as
compared to trenches with wider openings. This effect is also called aspect ratio
dependent etching or ARDE. Effect of ARDE is seen as decreasing etch rates for
longer etch times [20].

Another important factor in RIE is the sidewall etching. The main difference
between RIE and other chemical etching processes is the directionality. Sidewall
etching results in loss of directionality and the profile dimensions. It can be controlled
by providing coating with a sidewall inhibitor.

When RIE is used for fabricating deep trenches the impingement of ions onto the
substrate is no longer governed only by electrostatic forces, rather diffusive forces
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also comes into picture to some extent. As a result of which the process no longer
remains directional and the structure being fabricated is longer accurate.

Other factors which can influence the accuracy of the RIE process are applied
voltage between the two electrodes which influences the depth of the trenches
being milled, close monitoring of the plasma conditions which ultimately affects
the process, etc.

One of the important requirements of the RIE process is repeatability of the
output when the input is kept same. It means the same gas chemistry, pressure inside
chamber, temperature of processing, applied electrode bias must result in the same
output whenever it is used for the same substrate. This is ensured by a robust design
of the equipment and close monitoring as well as control of the process parameters.
As arule, more robust the machine, the tighter is the process control window. Using
higher gas flow, higher gas pressure, higher RF power and better gas utilization can
improve the productivity of the overall process as well as its accuracy.

3.2 Applications of Reactive Ion Etching

The major use of RIE has been in the fabrication of high aspect ratio structures.
RIE has been used extensively for fabrication of micro-electro-mechanical systems.
By modifying the gas used in RIE, different profiles of sidewall can be created. Cl,
results in wider top than bottom (positive slope) while SF¢/CCl,F, results in negative
slope [21].

Diamond waveguides were fabricated by reactive ion etching using oxygen plasma
and the mask is removed through a hydrofluoric acid [22]. RIE has also been used
for fabricating large area multi crystalline silicon solar cell. SF¢/O, RIE has been
used for the texturing process. Performance of such textured solar cells is found to
be better in comparison with chemically etched silicon wafers [23].

4 Deep Reactive Ion Etching Process

As discussed in the previous section, reactive ion etching suffers from several limita-
tions when it is applied for fabricating deep trenches. A variant of the process called
deep reactive ion etching (DRIE) has been developed which is capable of fabricating
very deep tranches and high aspect ratio structures. The process of DRIE can be
divided into cryogenic DRIE and the BOSCH process.

Cryogenic DRIE:

It aims at slowing down the chemical reaction at the substrate surface by artificial
cooling using either liquid N, or Helium cooling. The wafer is cooled down to a
temperature of ~110 °C. While the chemical reaction is slowed down, the incoming
ions continue to bombard the substrate surface and the etching it away. Since the
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chemical reactions have been arrested by the cold temperature the chances of sidewall
erosion is very less in this process, as a result of which very high aspect ratio surfaces
are produced.

The major issue with the cryogenic DRIE, which can ultimately affect its accu-
racy, is the stability of the masks (photoresists) on the surface. Some masks have a
tendency to crack under the very low temperature of the process. Also due to the
low temperature the etch by-products have a tendency to get deposited on the nearest
cold substrate that is available to them. Mostly, the etch by-products get deposited
on the substrate or the electrode and the dimensions of the final pattern get altered.

BOSCH process:

BOSCH process is named after the German company Robert Bosch GmbH which
patented the process. It works by alternating between two modes during the operation:

a. A standard etching through ions. This is similar to the process of reactive ion
etching.
b. Depositing a chemically inert passivation layer onto the substrate.

Each of the two modes of operations lasts for few seconds each. The chemically
inert layer is deposited throughout the substrate, but during the etching phase the
incoming directional ions attack only the bottom of the trench and not the sidewalls.
Thus, the etch profile is vertical and highly isotropic. This feature makes this process
suitable for fabricating high aspect ratio structures [24].

The major difference between RIE and DRIE is the etch depth. While in case of
RIE general etch depth is of the order of 10 pm at an etch rate of 1 um/min, in case
of DRIE the etch depth can be up to 600 wm or even more (based on conditions)
with etch rate up to 200 pwm/min. Aspect ratio as high as 30 or more can be obtained
in DRIE of silicon, a feat that is not possible through RIE [25].

4.1 Accuracy Enhancement of DRIE

The basic operating parameters and conditions for DRIE are same as that of RIE.
And both the processes suffer from almost similar problems and limitations, which
have been discussed in previous section. But DRIE has a very specific and unique
problem owing to the process route. It is the presence of scallop-like structure on
the sidewalls as seen in Fig. 11.

This occurs due to the alternation between etching and passivation modes. After
the first cycle of etching, when passivation of the surface is done, the chemically
inert layer covers the entire surface of the substrate. In the next etching cycle, the
incoming ion attacks the base of the substrate and predominantly etches away the
material from the center but not from the sides. So a micro scale projection remains
at sides. This entire sequence is repeated throughout the process.

Itis periodic in nature and accounts for sidewall roughness. In critical applications
like submicron-sized resonators, such scallops are not acceptable and if present they
tend to deteriorate device performance. Increasing the cycle time results in increased
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etch rate but it also pronounces the scalloping effect. Using ultrafast passivation gas
pulses of ~100 ms duration and etching cycles of 1-2 s can produce structures with
almost no scalloping. But due to this, the overall process becomes highly sensitive
toward micro masking by all kinds of surface contaminants which can increase the
surface roughness at the bottom of the trench [27]. Another characteristic feature
from DRIE is the notching effect. It is observed during the DRIE of Si on a silicon
oxide surface. When the plasma etching reaches the insulator surface charging of
the interface leads to ion deflection and ion-enhanced sideways etching, resulting in
structures as shown in Fig. 12 [28].

The incoming electrons get trapped by the sidewalls of the structure while the
positive ions, being highly directional, impinges at the bottom of the trench. A part
of the incoming ions gets stuck and accumulates at the trench floor. This leads to
formation of an electric field between the positively charged trench floor and the
negatively charged silicon sidewalls. This electric field redirects the incoming ions

Insulator surface
(etch stop layer)

Substrate

(@) [ Notching Effect (b)[" Notch free fabrication
due to over etch with counter measures

Fig. 12 Notching effect as compared to notch free fabrication
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to the sidewalls at the interface between silicon and the dielectric and results in
formation of notches as shown in Fig. 12a [29]. Formation of notches results in
inaccurate fabrication and makes the fabricated structures unsuitable for any kind
of application, since the structures with notch at their bottom are mechanically very
weak.

Since formation of notches is due to charging of the substrate, the solutions for
this effect aim at reducing the charge separation in high aspect ratio structures. One
way of addressing the problem is through pulsing the bias on the substrate which
gives the accumulated charges a chance to neutralize and prevent the build-up of an
electric field. More efficient solution is pulsing the plasma source power. Switching
off the plasma periodically allows the electrons to reach the bottom of the trench and
effectively neutralize the accumulated positive charges [30]. The notch free structures
are shown in Fig. 12b. Few other variants of the DRIE system which improves the
performance have also been developed. These variations make possible the fine tuning
of different aspects of the DRIE process. Some modern variants of DRIE systems
have an optical emissions spectroscopy (OES) as one of its functional elements.
OES can be used to detect and analyze the light emitted from a plasma source which
is then used for deducting the information regarding the physical and chemical state
of the plasma. This is helpful in determining the plasma process termination time
and prevents any possibility of over etching. Conventional DRIE system exhibits a
sudden change in pressure when switching between passivation and etching step.
This sudden change of pressure is also termed as “pressure burst.”” Modern DRIE
systems are equipped with a closed-loop-based hold and release pressure control
which eliminates the sudden change in pressure and ensures very reproducible and
stable process.

4.2 Applications of Deep Reactive Ion Etching

DRIE has been used for fabricating Bragg reflectors. Since such structures are used
in optical applications, a very smooth surface and sidewall finish is required to be
produced. The process have been optimized for a slower etch rate but with minimum
scalloping effect [27]. By changing the DRIE gas chemistry, it is possible to obtain
sloped sidewall angles [31]. Positively sloped sidewalls are useful in casting and
imprinting applications where the master has to be detached from the molded piece.
A negatively sloped sidewall can be connected to fluidic devices [32]. DRIE has also
been used in the fabrication of low loss fiber optic switches [33] and silicon couplers
for microfluidic applications [34].
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5 Focused Ion Beam Fabrication

Focused ion beam (FIB) fabrication makes use of a stream of highly focused ions,
which are derived from an ion source (mostly a liquid metal ion source is used
like Ga) and are accelerated by a strong electric field. The ions are focused using a
series of electrostatic lenses. This accelerated and focused stream of ions are made to
impinge on the substrate to be processed. When the incoming stream of ions collides
with the substrate surface it transfers its momentum to the atoms of the substrate
surface and displaces the atoms from their lattice sites. Thus, the process of material
removal is caused through momentum transfer. This phenomenon is also known as
sputtering. It is schematically shown in Fig. 13. The main advantage of FIB over
other processes is that it is a maskless, direct-writing process which can be used for
fabricating structures of any given geometry both at micro as well as nano scale.

5.1 Accuracy Enhancement in FIB

FIB is an inherently very high accuracy process. It can fabricate structures in the order
of few nanometers with very high degree of repeatability. Also the entire process of
material removal is through physical means, so the complete process can be closely
controlled and very high degree of accuracy can be maintained.

The major reason of the very high accuracy and repeatability of the process is
the equipment used for FIB. The FIB machine has three main parts: the ion source
(which is also called liquid metal ion source of LMIS), ion optics column and stage
control. LMIS is a metallic cup filled with Ga through which a W needle is passing.
The source material, i.e., Ga in this case is heated through electrical heaters provided
in the cup. Ga melts at ~30 °C. The molten Ga moves to the edge of the W needle
through capillary action. An extraction electrode is provided right at the tip of W
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Fig. 13 Schematic of sputtering process
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needle which applies a strong electrostatic field at the tip. The molten drop of Ga
tends to form a conical shape under the influence of the electrostatic field due to the
high force density. The cone of the molten Ga is called as Taylor cone [35]. Typically,
a very high extraction voltage of ~7000 V is applied at the tip of the electrode which
results in extraction of Ga ions from the tip of the cone. A suppressor is provided
between the W needle tip and the extractor electrode. By controlling the ratio of
extraction voltage and the voltage on the suppressor, the flux of extracted Ga ions
from the W needle tip can be controlled.

The Ga ion stream, thus extracted, is made to pass through series of apertures and
focusing elements, so that by the time it actually impinges on the substrate surface its
diameter has been reduced by several orders of magnitude. Electrostatic lens does
the first focusing which basically reduces the diameter of the Ga ion stream. Below
the electrostatic lens is a long and thin tube called as drift tube. This eliminates the
ions that are not directed vertically. This helps in ensuring that the fabrication process
is highly exact and the desired dimensions are closely controlled. It is followed by a
stigmator. Stigmator maintains the circularity of the ion stream and helps in proper
focusing at the substrate. If the stigmator is not working properly, then the ion beam
will not be focused and the structures which are being fabricated on the substrate will
also be inaccurate. After stigmator, the ion stream is made to pass through aperture.
Aperture controls the size of the beam based on the beam current that is used in
machining process. For FIB machining with higher beam current the beam diameter
is high, since aperture of bigger diameter is engaged while for FIB machining at
lower beam current the beam diameter is less, since lower aperture size is engaged. It
is well known from several experiments that FIB processing at higher beam current
(higher aperture size) results in higher material removal rate (MRR) but the accuracy
of the patterns is low and the reverse is also true. So in order to obtain highly accurate
structures it is recommended to operate the FIB at lower aperture sizes. After the
beam size has been controlled by the aperture, the Ga ion stream passes through
octopole. Octopole is basically a set of eight lenses which have been arranged in an
octagon. Its function is similar to that of stigmator. In some variants of FIB, octopole
is also called as lower stigmator. The terms octopole and stigmator are also used
interchangeably across various literatures. After octopole, the Ga ion beam goes
through deflector and deflector aperture. The deflector controls the movement of the
beam within the field of vision. For fabricating structures using FIB, first a drawing
of the structure is created using basic CAD tools provided as part of the operating
system of the FIB, within the field of vision (as seen from a SEM which is generally
a part of the FIB system). As per the drawing made, the ion beam will be deflected
by the deflector to carry out the material removal. If the structures are to be repeated
outside the field of vision, the ion beam has to be stopped and the stage has to be
moved to the next location to position itself at the next starting position.

For example, if a series of micro holes are to be fabricated on a Si substrate, the
stage with the Si wafer will position itself at the starting position. The Ga ions will
be deflected by the deflector to fabricate the structure as per the CAD drawing in the
field of vision. Once it is done, the ion beam has to be stopped and the stage has to be
moved to position itself at the next location where the structures will be fabricated
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as controlled by the deflector. The last element in the FIB column is the second
electrostatic lens which reduces the spot size of the beam and helps in improving
the focus of the beam. The stream of ions which have been focused and accelerated
through the series of elements is finally made to impinge upon the substrate on which
material removal has to be done. The substrate is mounted on a high precision stage
which can move in three directions X, Y and Z, can rotate 360° and can be tilted from
—15° to 60°. The uncertainty in rotation repetition is of the order of 0.09° while the
uncertainty in tilting repetition is around 0.03° [36]. Schematic of the FIB machine

is shown in Fig. 14.
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As can be seen from the discussion above, the FIB machine is constituted of
number of high precision elements, and if operated as per guidelines, there is very
little scope of any inaccuracy in the FIB fabrication of micro or nano scale structures
[37].

The chief process parameters which affect the quality of machining and structure
fabrication in FIB are beam current, beam voltage, percent overlap and dwell time.
The beam diameter is smaller at higher values of beam voltage, so for fabricating
very small structures it is recommended to use high beam voltage and lower beam
current. Using such setting will nevertheless increase the overall machining time but
the structures fabricated will be highly accurate. Controlling the input parameters
become more critical while fabricating nanoscale structures where minute variations
in input parameters can change the dimensions.

One important process feature in FIB which can affect the final dimensions is
redeposition. Redeposition is the phenomenon in which the atoms sputtered from
its lattice locations get deposited at the bottom of the cavity being machined. In some
cases, the sputtered atoms are deposited at the edges of the cavity or trench getting
milled, as a result of redeposition the depth of the trench being milled is less than
what it should be (as per the beam current and beam voltage) and bottom surface
roughness is high. Also the edges of the cavity being milled is rounded and not
accurate as per requirement. The difference between FIB machining of a cavity with
and without redeposition is schematically shown in Fig. 15.

Redeposition can be avoided by increasing the number of passes of the ion beam
over the trench or cavity being milled [38].

Few general things which must be kept in mind while operating FIB are:

e The samples should be clean and free from any dirt/dust. Since FIB operates in
a vacuum environment, presence of any kind of dust or dirt will result in the
contaminants entering the ion column (owing to the vacuum) and damaging it.

e For accurate fabrication of structures using FIB, the sample/substrate surface
should be plane; otherwise, the fabricated structures will be slanted in a direction
and will not be as per requirement.

Without re deposition
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Fig. 15 FIB milling of a cavity with and without redeposition effect
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e FIB can result in some degree of ion implantation within the substrate as well. So
if after FIB fabrication, the sample needs to be processed thermally or chemically;
suitability of FIB must be checked before using it. For example, FIB machining of
Si at lower angles of incidence results in implantation of Ga ions inside its surface.
If such Si wafers are thermally processed at a later stage, the Ga tends to move out
of its implanted location and results in damage to the structures which have been
already fabricated.

e The stigmator in the ion column should be calibrated periodically. Improper cal-
ibration of stigmator results in the beam losing its circularity and ultimately its
accuracy in the fabrication of structures.

5.2 Applications of FIB

Major application of FIB is in fabrication of nanometric scale structures but it has
been utilized in fabrication of micron scale structures as well. FIB milling has been
used for creating microstructures on diamond tools which were then used in micro
lathes for performing operations like micro cutting, etc. Different types of geometries
have been machined on tool materials such as tungsten carbide, high speed tool steel
and crystalline diamond, etc. [39].

FIB has been used for creating micro end mill cutter which is then used for micro
end milling operations for applications such as creating channels and grooves on a
planar substrate. Although fabrication of micro end mill cutters has been attempted
through mechanical grinding but the cutting diameter through this approach is in
the range of 45-100 wm [40]. Through FIB fabrication, cutting edge diameters
below 25 wm can be obtained. Also the number of cutting edges can be directly
controlled through this process [41]. FIB has also been used for producing micro
cavities which are later used for micro replication, a process which is a combination
of FIB and LIGA termed as FIB LIGA process [42]. The capabilities of FIB make
it a suitable candidate for machining at nanometric scale [43]. FIB has been used
for fabricating nanometric cavities which were then used for nanoreplication [44],
patterning metallic nanostructures for ion-beam induced dewetting [45], nanohole
arrays, etc.

6 Electron Beam Lithography

Electron beam lithography (EBL) is a maskless fabrication technology used for fab-
ricating nanometric scale structures on substrates. Process of EBL is almost similar
to that of photolithography, with only difference being the exposure stage. Similar
to photolithography, EBL also starts with coating a layer of polymer on the surface
of the substrate. Typically, a layer of poly methyl meth acrylate (PMMA) is coated
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onto the substrate. The layer can be few hundreds of nanometers thick which is cured
through two-stage baking, in an oven. This is followed by exposure of the photoresist.

While in photolithography, exposure of the resist-coated substrate is done through
a photomask, in EBL the electron beam directly impinge onto the substrate as per
a pre-defined pattern. The pattern in which the beam of electrons impinge onto the
substrate is to be fed into the controller prior to the start of the operation. The pattern
to be generated on the resist is prepared initially using commercially available CAD
software, which is then converted into a format that is usable by the e-beam writer.
The e-beam is then scanned onto the resist surface. Practically any kind of pattern can
be transferred onto the resist. Similar to photolithography during the exposure stage,
the portion through which the electron beam passes is altered, and depending upon
the tone of the resist (positive or negative tone), the exposed or the unexposed portion
is removed. After exposure, the EBL patterned sample is developed. If the resist layer
is PMMA, an 1:3 mixture of methyl isobutyl ketone with isopropyl alcohol is used
as a developer. After developing stage, through holes are formed in the resist layer
which expose the functional layer underneath for further processing. The schematic
of the process is shown in Fig. 16.

Once the functional layer is exposed through a pattern on the resist layer, further
processing can be done which can be removing the functional layer or adding some
other layer in a selective fashion. The major benefit of the EBL process is the maskless
exposure step. Rather than using a mask for selective exposure of the deposited layer,
the electron beam is made to impinge directly onto the resist as per a set pattern.
This makes the EBL process much more versatile as compared to photolithography
process. Since the photomask is not required, the steps required for the fabrication
and alignment of the photomask along with the related possible errors are eliminated.
Also any changes in the required pattern can be effected by simply changing the input
design to the EBL controller. The minimum size of the pattern that can be transferred
onto the substrate is much smaller in case of EBL as compared to photolithography
since electron beam can be focused more tightly as compared to light.
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6.1 Accuracy Enhancementin EBL

The EBL system comprises several subsystems like electron column, digital elec-
tronics to store and transmit the pattern data, high vacuum system, high precision
XY stage and an extensive software system to control all the subsystems and to make
them work in synchronization. Like FIB, the EBL process is inherently highly accu-
rate with very little scope of error. But still some error can creep into the process.
Error in the EBL process, if any, manifests itself in the form of inaccurate dimensions
of the fabricated patterns.

There can be several factors which results in inaccuracy in the EBL process, few
of which are listed below:

(1) The electron beam is deflected over the sample surface for carrying out the
targeted exposure. The deflection coils and the deflection plates may have an
inherent error in their set up, which is called as average deflection distortion.
Due to the distortion, the focusing of the electron beam may not be proper
which will ultimately result in fabrication with a loss of accuracy.

(i) The resist layer on top of the sample is generally a polymer, which is not very
conductive. During the exposure stage, the incoming stream of electrons may
get accumulated on the surface of the polymer sample and repel the further
incoming of the electrons. This is called as charging effect and because of it
the exposure may not be proper.

(iii)  As the stream of electrons impinge on the substrate and penetrate inside the
resist, it may experience forward scattering (low angle scattering). Because
of this the diameter of the beam increases once it enters the resist layer. If
the patterns are very tightly located, it will result in variation in the dose that
each pattern will receive, owing to the location of similar patterns nearby.
This variation in the dose arising from the nearness of other patterns is called
as proximity effect. It results in non-uniform exposure of the resist.

(iv) Backscattering of the electrons may cause an additional exposure of the resist
a significant distance away from the point of desired exposure. Depending
upon the type of substrate and the energy of the incident beam the electrons
are backscattered through different distances.

(v)  Asthe beam of incident electrons pass through the resist layer, their energy is
dissipated in the form of secondary electrons. They are responsible for the
actual bulk of the resist exposure process. Effect of the secondary electrons
can be seen as increase in the size of the patterns after developing, as compared
to the size in which they were written.

(vi) Fluctuations in the dose of the electron beam during the exposure stage.
Dose is defined as charge incident per unit area of the resist. If the dose
during exposure is not uniform, it will result in non-uniform reaction in the
resist which in turn will lead to variations in the resist profile within the
exposed section. This will ultimately manifest itself by improper removal of
resist during the development stage.
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(vii) Electromagnetic noise resulting from improper shielding of the EBL setup
may cause beam wandering. It may result into random errors in the pattern
placement.

(viii) EBL being a highly sensitive process must have mechanical vibration isola-
tion as well. Shocks or vibrations from the operator movement during the
exposure process can also result in random errors.

Some errors are predictable and repeatable in nature which can be avoided sim-
ply by making few changes in the design or the process parameters. The average
deflection distortion can be minimized by using double magnetic deflection with a
pair of matched coils. Such a system, although slower than the electrostatic system
of deflection, will be less prone to inaccuracy. The charging effect can be avoided by
coating a thin (~10 nm) layer of gold or silver on top of the resist before putting it in
for exposure. The proximity effects and the effects of backscattering can be avoided
by choosing a suitable design of patterns (with distance between the patterns as
much as possible) and using a resist of suitable chemical composition and thickness.
Some of the errors are, however, unpredictable and non-repeatable like fluctuations
in the dose, mechanical jitters and electromagnetic noise, etc. But such errors can be
corrected with automated measurement, computation and correction. To minimize
such errors and iterative process of measurement, deduction and reduction has to be
followed.

6.2 Applications of EBL

The stream of electrons is also the smallest known pencil that can be used in fabrica-
tion. EBL has been used mostly for fabricating nanometric scale structures [46]. EBL.
has been used to fabricate precisely controlled nanostructured substrates used for the
studies in surface enhanced Raman spectroscopy (SERS) [47]. For the fabrication
purpose, PMMA was used as the resist and the electron beam energy was 50 keV with
a beam current of S0pA. A 7:3 volume of isopropyl alcohol and deionized water was
used as developer after the exposure. EBL has been used for fabrication of Fresnel
zone plates for hard X-ray applications. Structure widths as low as 50 nm and a width
of 600 wm were fabricated using this process [48]. The complete set of experiments
were conducted at 50 keV.

7 Advanced Characterization Methods

As seen from the preceding discussions, the surface micromachining technologies
have been constantly pushing the minimum feature sizes to lower and lower dimen-
sions. Thus, it is but natural that alongside fabrication processes the characterization
methods must also evolve so that the fabricated structures can be inspected properly
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prior to putting it into operation and even during its use. In Sect. 3, characteriza-
tion methods have been discussed which are capable of characterizing structures at
different scales of fabrication.

7.1 Stereo Zoom Microscope

It is basically an optical microscope which is used for observation of samples in low
magnification. The major difference between conventional microscope and stereo
microscopes is that the former used transmitted light through the sample while stereo
microscopes make use of light reflected from the sample surface [49].

The schematic of the stereo microscope is shown in Fig. 17.

Contrary to conventional optical microscopes, stereo microscopes provide two
separate optical paths for the left and right eyes thus providing two slightly different
viewing angles. This arrangement produces a 3D visualization of the sample being
examined, as opposed to the 2D images produced by conventional optical micro-
scopes. The stereo microscopes have larger working distance and depth of field as
compared to conventional microscopes which make it useful for examining relatively
large solid objects. The zoom feature on the stereo microscope provides a range of
viewing possibilities. It allows quick shift from low to high zoom. The sample can
be viewed in the entire field of view and then a particular area of interest can be
selected and zoomed for closer inspection.

Stereo microscope magnification is calculated by taking into account several vari-
ables: eyepiece magnification, built-in objective lens magnification and auxiliary lens
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Fig. 17 Schematic of stereozoom microscope
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magnification. To calculate the overall magnification, the magnification of all these
lenses has to be multiplied and the resultant product will be the overall magnifica-
tion of the microscope. For making measurements using stereozoom microscope,
an eyepiece reticle is used [50]. When the image is viewed through such an eye-
piece, the reticle is superimposed on the image under observation. Using the reticle,
measurements can be made directly on the sample image under consideration. Some
modern variations of stereo microscopes come with an image-processing module.
The images taken through the stereo microscopes can be observed directly in a com-
puter screen and measurements can be made on the screen using the toolbox which
is provided with the microscope. One of the benefits of this approach is that one can
take the images of the sample earlier and make the measurements later. Also a digital
copy of the image can be obtained for later use.

7.2 Scanning Electron Microscopy

Scanning electron microscopy or SEM is the most common tool which is used for
observing and characterizing micro machined surfaces. It comprises an electron col-
umn which has an electron emission source followed by a series of focusing apertures
and beam manipulating elements. Commonly, tungsten and carbon filaments are used
as electron emitters. In some variants of SEM, LaBg is used as the electron emitter
to increase the life of the electron emission gun. Older versions of SEM operate on
the principle of thermal emission in which the electron emitting filaments are heated
to a high temperature which results in emission of electrons from the tip [51].

Most modern SEM nowadays are designated as field emission scanning electron
microscopes (FESEMs). FESEMs operate by expelling electrons from the tip of the
emitter by applying a very strong electric field which are then focused by the ele-
ments in the electron column. FESEMs typically use a zirconium oxide emitter. The
electron column has elements like focusing lens also called as condensers, variable
aperture to control the beam current, stigmator for maintaining the circularity of the
beam, deflection coils for scanning the electron beam over the area to be character-
ized, secondary electron detector and backscattered electron detectors. The general
schematic of the SEM system is shown in Fig. 18.

The elements in the electron column focus the emitted electrons into a stream and
make it to impinge upon the substrate. The stream of primary electrons impinges
upon the substrate in a set pattern, and through the exchange of energy between the
incident electrons and the atoms of the substrate different signals are generated such
as backscattered electrons, Auger electrons, secondary electrons, X-rays, etc. These
signals are collected by a detector and a morphological image of the substrate under
consideration is formed and displayed on the digital screen which is a part of the SEM
system. Mostly an Everhart-Thornley detector is used for collecting the secondary
electrons and the backscattered electrons. Spatial resolution in a SEM depends upon
beam spot size and the volume of material with which the electrons interact.
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Fig. 18 Schematic of scanning electron microscope

When used with proper input parameters such as high accelerating voltage, prop-
erly aligned apertures, no stigmatism, small and highly focused spot size and no
sample charging, resolutions as low as ~3 m can be achieved using a SEM. One limi-
tation of SEM is that it is applicable only for conducting samples. If a non-conducting
sample is attempt to be imaged using SEM, it will result in accumulation of electrons
on its surface. The accumulated electrons will prevent further electron from imping-
ing on the substrate and generating any signal which can be processed. This is called
as charging effect. In order to prevent charging effect, the non-conducting samples
must be coated with a thin layer of highly conducting metal prior to imaging [52].

The image obtained through a SEM has an associated scale bar at the bottom. The
scale bar is a function of the magnification at which the image has been obtained.
The SEM image can be opened in any image-processing software for making the
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measurements. The scale bar can be used as a reference for setting the scale in the
image. It basically provides a relation between the number of pixels in the image
and the corresponding distance in the image. Some SEMs are provided with basic
measurement facility and basic dimensions such as length and distance can be found
directly from the image. Some advancements made in SEM are discussed below.

Environmental SEM (ESEM) is a variant of SEM which can be used for observ-
ing living biological samples. ESEM was developed because conventional SEMS
requires the sample to be put into a vacuum, so the samples which can produce vapor
are not fit to be examined using SEM. Samples like wet biological samples, oil-
bearing rocks, etc. must be cryogenically frozen prior to observation. In ESEM, the
chamber is evacuated of air but the vapor is maintained at its saturation pressure and
the residual pressure is relatively higher. This was possible when a secondary electron
detector was developed which was capable of operating in presence of water vapor
and pressure-limiting apertures with differential pumping to separate the vacuum
region from the sample chamber [53].

The images generated through SEMs are normally in gray scale. They do not
produce any color. This creates a problem while imaging complex systems where
a distinction is necessary to be made [54]. For example, in biological systems with
drugs, for this purpose, a system is developed which is known as density depen-
dent color SEM (DDC-SEM). This is made possible by using multiple detectors to
gather more information per pixel. As a common example, secondary electron and
backscattered electron detectors are superimposed and a color is assigned to each
of the images captured. The topographical information of a DDC-SEM image is
obtained by the secondary electrons while the information about density is obtained
from the backscattered electrons. The end result is a combined color image where
colors are dependent on the density of the components.

7.3 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) makes use of a metallic tip (usually tungsten,
gold, carbon nano tube or an alloy of Platinum-Iridium is used as the tip) which is
scanned over the substrate to be characterized. The tip is few atoms in thickness,
and when it is brought sufficiently close to the surface being characterized there
comes a position when there is an equilibrium between tip attraction and repulsion
(typically in the range of 4-7 A). At this position, the bias between the substrate to
be characterized and the tip results in flow of electrons between the two. This flow
of electrons between the tip and the substrate through the air barrier between them
is called as tunneling effect [55].

The current flowing between the tip and the substrate is a function of distance
between the tip and the substrate, material of the tip and the substrate (their work
function), bias applied, tip material, etc. The process makes use of the tunneling
effect while scanning the probe over the surface to create a minuscule image, hence
this is called as scanning tunneling microscopy. The process is schematically shown
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in Fig. 19. STM can be operated in two modes: constant height mode and constant
current mode. The schematic of two modes of operations is shown schematically in
Fig. 20.

In constant height mode, the tip is held at a constant height as it is scanned
over the area. Based upon the topology of the substrate, the distance between the
tip and substrate keeps on varying from pixel to pixel, which results in variation
in the tunneling current at different pixel points. The tunneling current is inversely
proportional to the distance between the tip and the substrate. The difference in
the tunneling current at different pixel points is taken as the basis for creating the
image of the substrate under consideration. For example, if a grating array is to be
characterized using STM in constant height mode, when the probe scans over the top
land the tunneling current will be more, but when the probe enters the groove of the
grating the tunneling current decreases (since the distance between the tip and the
substrate, which is now the bottom land, increases). The decrease in the tunneling
current is proportional to the depth of the groove.

Constant height mode of operation is faster of the two but it becomes problematic
if the sample has random projections on it. Since the height is constant throughout
the scanning cycle, if any such projection is encountered by the tip it will result in a
collision between the two which can damage the tip. Preparation and setting up the
STM tip is a time consuming and tedious task.

The second mode of operation in STM is the constant current mode. In this
mode, the operating current is fixed throughout the scan. Based on the topology if
the distance between the tip and the substrate changes, the tip moves up or down
(as per requirement) so that the tunneling current is always at a constant value. The
distance moved by the tip at each pixel is taken as the basis for creating the image. For
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example, suppose STM is operated at constant current mode for imaging a grating
array. First, the operating tunneling current will be fixed. The current will be constant
when the tip moves over the top land. When the probe tip enters the groove of the
grating, the tunneling current will decrease since the distance between the tip and
the substrate will increase. To maintain a constant current level, the tip will move
down till the current is at the operating level and the scan will then proceed to the
next pixel. The distance moved by the tip is proportional to the groove depth.

The STM is used for imaging conducting or semi conducting materials surfaces
[56]. The movement of the tip is achieved through piezoelectric actuators. For the
accurate operation of STM, the setup must be mounted on a vibration isolation
platform and acoustically shielded. A properly constructed STM can achieve up to
0.1 nm lateral resolution and 0.01 nm depth resolution.
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8 Summary

The structure sizes of the required patterns are moving from lower to lower scales.
Surface micromachining has already evolved into nano-machining to a large extent.
Researchers all over the world are also trying to combine more than one type of
process to come up with different ways which can take the best of all processes
and counter the limitations of each of the processes. The techniques discussed in
this section form the basis on which the later modifications can be made. Processes
like photolithography, RIE, DRIE, FIB, EBL are being continuously upgraded and
combined with a wide variety of processes to achieve dimensions which were earlier
unthinkable. Tools like STM and SEM are being extensively used by the researchers.
The next big challenge in this direction is the scalability. Presently, structures of very
small dimensions (few nanometers) can be fabricated over a very small area (few
square microns) or if one wants to increase area coverage (in centimeter squares) the
dimensions have to be high (few hundred nanometers at least, but generally micron
sized). Another thing which needs to be controlled is the cost and the robustness of
the fabricated devices.
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Abstract Nowadays, nano-level surface finish is a necessary requirement in differ-
entindustries. To enhance the performance of a component, nano-level surface rough-
ness is an essential quality. The main drawback of the traditional finishing processes
is a longtime requirement for finishing and its dependency on manual labor. The sur-
face morphology requirement of the present era is also very difficult to achieve using
conventional finishing processes. Different advanced finishing processes like abra-
sive flow finishing, elastic emission finishing and magnetic field-assisted finishing
processes are developed for achieving nano-level finish. Magnetic field can be used to
control finishing forces precisely in magnetic field-assisted finishing processes. Mag-
netic abrasive finishing and magnetorheological finishing processes belong to this
group. Different types of magnetorheological finishing processes are developed to
finish a vast selection of components using magnetorheological fluid as the polishing
medium. Magnetorheological abrasive flow finishing, rotational magnetorheological
abrasive flow finishing, ball end magnetorheological finishing and magnetic field-
assisted finishing using novel polishing tool are some of the processes which generate
nanometer level surface finishing on flat and free-form surfaces using MR polishing
medium. Semiconductor industries use chemical mechanical polishing process due
to its planarization capability. Also, CMP process is able to provide nanometer level
surface finish in metals and non-metals alike. The required surface characteristics
and surface finish in automotive, aerospace, medical and other industries are depen-
dent on the application of the component. These required surfaces can be generated
using advanced nano-finishing processes.
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1 Introduction

Surface roughness of acomponent is a very important criterion for its application, per-
formance and longevity. Surface roughness requirement of any component depends
upon its particular application. To accomplish longer component life and also to
increase the quality of the component performance, highly precise manufacturing
process is required. In the present-day scenario, different industries like automotive,
aerospace, medical, etc., require nano-finished products for different purposes. The
nano-finished surface requirements are very hard to achieve using finishing processes
which are traditional in nature. Many advanced finishing processes are proposed by
researchers capable of generating nano-level surface finish. Abrasive particles are
primarily used as finishing medium in most advanced finishing processes. Generat-
ing surface finish at nanometer level on free-form surfaces is difficult than the flat
surface. However, the loose abrasive particles in advanced nano-finishing processes
can reach over different faces of free-form surfaces and provide nanometer level
surface roughness.

A brief description of different advanced finishing processes and generated sur-
faces is discussed in the present study. Also, two main types of advanced nano-
finishing processes are considered in the present discussion. First one is the gen-
eral advanced nano-finishing process, i.e., abrasive flow finishing (AFF) and elastic
emission finishing (EEF). The second one is magnetic field-assisted nano-finishing
processes, i.e., magnetic abrasive finishing (MAF) and magnetorheological finish-
ing (MRF). Different versions of MRF processes like magnetorheological abra-
sive flow finishing (MRAFF), rotational magnetorheological abrasive flow finish-
ing (R-MRAFF), ball end magnetorheological finishing (BEMRF) and magnetic
field-assisted finishing (MFAF) are also discussed. Also, the chemical mechanical
polishing (CMP) process is discussed here due to its ability to provide nano-level
surface finish for both metals and non-metals. All this processes are defined as nano-
finishing process due to their ability to generate nano-level surface finish on flat and
free-form surfaces.

2 Abrasive Flow Finishing (AFF)

AFM is mentioned here as AFF process due to its finishing capability. AFF is a
nano-finishing process used for finishing internal and external surfaces of complex
free-form components. This process is repeatable in nature giving it a widespread
importance in industrial applications. Extrude Hone Corporation, USA, first indus-
trialized AFM in 1960. In AFF process, a viscoelastic polishing medium mixed with
abrasive particles is used to finish workpiece surface precisely [1]. The workpiece
in its respective place during finishing is held by workpiece tooling. Two vertically
opposed cylinders which are used to hold the polishing mediums are kept on both
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sides of the tooling. Hydraulic unit is used to provide necessary pressure to the polish-
ing medium to go backward and forward between two vertically opposed cylinders
over the workpiece during AFF [2]. The main process parameters in AFM process are
cycle number, extrusion pressure, media flow rate, viscosity of the media, abrasive
particle concentration and size, rheology of the media and workpiece surface rough-
ness [3]. AFM process produces uniform finishing in the nanometer level on different
types of complex geometries [4—6]. The process parameters are changed according to
finishing requirement. The polishing medium in this process is viscoelastic in nature
which is made of polymer, abrasive particles, plasticizers and additives. Figure 1
shows the schematic diagram of AFF process along with finishing forces. In this
process, radial force (F) helps abrasive particles to indent on workpiece to remove
surface unevenness by shearing. Applied extrusion pressure on the elastic constituent
of polishing medium generates radial force. Application of extrusion pressure on the
viscous constituent of the polishing medium creates axial force (F,) which helps
in removing indented material. AFF process is used in aerospace, biomedical, etc.,
industries to nano-finish different types of surfaces. Kavithaa and Balashanmugam
[4] used AFF process for polishing knee joint femoral component. Some components
finished with AFF process are shown in Fig. 2 [7]. Different types of AFF setup is
proposed over time to countermeasure the shortcomings of AFF process and to finish
various types of surfaces.

Upper medium

cylinder
Polishing
Abrasivelpar'ticle medium
Micro .
chip | Tooling
orkpiece

Woeriece

Lower medium
surface

cylinder

Fig.1 Schematic diagram of AFF process along with finishing forces which acts on active abrasives
while finishing
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Fig. 2 Component finished with AFF [7]

3 Elastic Emission Finishing (EEF)

Elastic emission machining is mentioned as EEF due to its ability to produce surface
finish in the nanometer range. Figure 3 shows the schematic diagram of material
removal mechanism during EEF process. This process removes material at atomic
level. In this process, ultra-fine abrasive powder mixed with ultra-pure water is accel-
erated and transported to the workpiece surface by rotating a polyurethane sphere.
A small load is applied to the sphere so that hydrodynamic conditions amidst abra-
sive particles and workpiece are met. Abrasive particles remove the material atom
by atom by creating a bond between the atoms on workpiece surface and abrasive
particles [8]. EEF process performance mostly rests on abrasive particle properties
and workpiece type. The material removal rate (MRR) in EEF happens at a very
slow rate generating crystallographically and geometrically perfect surface [9]. The
probable step-by-step atomistic removal mechanism during EEF process is shown in
Fig. 4 [10]. Materials are slowly removed from workpiece surface by this step-by-
step atomistic removal which constitutes a cycle. Abrasive particles going through
the lubrication film between rotating polyurethane sphere and workpiece experiences
different forces are shown in Fig. 5. The abrasive particle’s behavior can be traced
from the equation of motion involving the forces. The main forces which act on
the abrasive particles during EEF process and affect the material removal from the
workpiece surface are F, i.e., the lift force created inside fluid flow with velocity

Fig. 3 Schematic diagram Load
of polishing mechanism in
EEF process Rotating
polyurethane
sphere

Flow of water
and abrasive
particles

. N

Workpiece surface
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faces before contact, b surfaces making hydrogen bonding, ¢ interfacial structure formation after
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Fig. 5 Graphical description of forces applied on ultra-fine abrasive particle which go through
rotating polyurethane sphere and workpiece (Fpx—Stokes drag force in x direction, Fp,—Stokes
drag forces in the z direction, Fg—gravity force, Fg—buoyant force, F —Ilift force created due to
velocity gradient in flowing fluid, and Fg, and F; are the forces created due to common contact
of particles in x and z direction)

gradient and F'g, i.e., force generated by a mutual interaction of particles (Fig. 5)
[11]. Generally, optical components are finished using EEF process [12].

4 Magnetic Abrasive Finishing (MAF)

MAF produces high-quality nanometric surface using external magnetic field. Elec-
tromagnet or permanent magnets are used to deliver required magnetic field dur-
ing finishing. Permanent magnet or electromagnet is used depending on the pro-
cess requirement. A permanent magnet is used when simple MAF process setup
is required. For precise and efficient control of the MAF process, electromagnet is
required. In this process, polishing medium is prepared by mixing iron particles with
abrasive particles which is known as magnetic abrasive particles (MAPs). MAPs are
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Fig. 6 Schematic representation of MAF experimental setup while finishing a cylindrical and b flat
workpiece

kept amidst magnet and workpiece. MAPs align itself as a chain which follows mag-
netic flux lines creating a pliable magnetic abrasive brush (MAB). MAB performs
like a cutting tool under the presence of external magnetic field [13]. Abrasive par-
ticles make very small indentation in this process resulting in low material removal
rate. MAF process can be used for finishing both external as well as internal sur-
faces. The schematic representation of MAF process for cylindrical and flat surfaces
is shown in Fig. 6. The indentation by the abrasive particles on workpiece surface
occurs due to magnetic force or normal force. Rotation of pliable MAB generates tan-
gential force which helps in shearing of the indented material [14, 15]. The important
process parameters in MAF process are magnetic field intensity, finishing gap within
magnetic pole face and the work piece surface, workpiece (material, size and shape),
pole size and shape and composition of magnetic abrasive brush. Verma et al. [15]
finished internal surface of a steel pipe using MAF. The deep scratch marks in initial
surface of SS304 pipes are removed by MAF process. Both metal and non-metal can
be finished using this process.

S Magnetorheological Finishing (MRF)

MREF process provides nanometer level surface roughness without subsurface damage
on the workpiece surface. Polishing medium in MRF process is magnetorheological
(MR) fluid which is a combination of magnetic carbonyl iron particles (CIPs), non-
magnetic abrasive particles dispersed in the base medium. This process is primarily
used to finish optical materials with different profiles like flat, spherical, convex and
concave. The development of the process is started at Center for Optics Manufactur-
ing (COM) in Rochester, New York [16]. A schematic representation of MRF process
is shown in Fig. 7. MRF process is fully commercialized by QED technologies in
1999. As presented in Fig. 7, MR fluid is continuously supplied on a rotating carrier
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wheel using a MRF delivery system in MRF process. Electromagnet is kept under
the carrier wheel. While applying and changing magnetic field, the rheological prop-
erties like viscosity and yield stress of MR fluid change. A chain structure is formed
by the CIPs along the magnetic flux lines making the fluid stiff. During polishing,
the magnetic CIPs in MR fluid go near the magnet pole, and non-magnetic abrasive
particles are dispersed near workpiece surface. This described phenomenon in MR

fluid is known as the magnetic levitation force.

Pressure is distributed in the finishing zone of stiffened MR fluid ribbon (Fig. 8).
A moving boundary which is quasi-solid by nature is created near workpiece surface

Splndle Rotation
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Fig. 8 MR fluid model in the zone of finishing a the random arrangements of abrasives and iron
particles without magnetic field and b polishing spot produced by plunging an optic into the stiffened

MR fluid in MRF process [18]
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which leads to the generation of large shear stress in the contact zone. The material
removal from a particular area of workpiece surface occurs due to large shear stress.
That area where the polishing took place at a particular time is defined as polishing
spot. The drag force is generated due to the flowing MR fluid ribbon shear stress.
The drag force helps in material removal [16, 17].

Figure 9a shows the main components of MRF experimental setup. The polishing
wheel (Fig. 9b) encloses permanent ring magnet. Normal force (indentation force) is
a combination of forces applied by the surrounding CIPs (i.e., magnetic force), force
due to MR fluid squeezing at the finishing zone and gravitational force. Tangential
force (indented material removal force) is generated due to rotating carrier wheel [19].
Figure 9c represents finishing forces in MRF process. Important process parameters
in MRF are magnetic flux density, CIP concentration, abrasive particle concentra-
tion, carrier wheel speed and workpiece parameters [20]. Several researchers have
developed different types of wheels and also used permanent magnets instead of
electromagnets. Figure 10 shows the optical mold before and after finishing with
MRFE.

Magnet
Fr P
MR fluid ribbon
— . @ Abrasive
B a [ el
[ \.R’n.n:kﬁi-ec.a"
v
Fg+Fa

Fig.9 aMRF experimental setup (micromachining laboratory, IITG), b polishing wheel (enclosing
permanent magnet) with MR fluid ribbon under magnetic field and ¢ finishing forces acting on active
abrasive particles

~200nm Removed

Fig. 10 Improving surface roughness, smoothing and correction of optical mold using MRF [21]
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Some magnetic field-assisted finishing processes are developed which generally
use MR fluid along with abrasive particles as a medium for polishing. MR fluid
composition is varied depending upon workpiece material composition. Also, the
properties of MR polishing medium vary due to the change in composition. MRAFF,
ball end MRF and magnetic field-assisted finishing with novel polishing tool, etc., are
some of the processes which use MR polishing medium. These processes provide
nanometer level surface finish on different types of surfaces (flat and free-form)
precisely and efficiently. A brief discussion about these processes is discussed below.

5.1 Magnetorheological Abrasive Flow Finishing (MRAFF)

MRAFF is a hybrid process combining both AFF and MRF processes. MRAFF
provides advantages of both the processes like the flexibility of AFM process and
deterministic in-process controllability of MRF polishing medium [22]. In MRAFF
process, MR polishing fluid is used in a same way as the polishing medium in AFF
process. The medium goes to and fro between two upright cylinders opposing each
other and the channel created by workpiece fixture and workpiece. Application of
magnetic field near workpiece makes MR polishing medium stiff. The finishing oper-
ation is carried out by stiffened MR polishing medium. Hence, finishing does not
occur in other areas. The main limitations of MRAFF process include its small finish-
ing rate and non-uniform finishing across the workpiece surface. To countermeasure
this problem, a swirling motion of the polishing medium is introduced by using a
revolving magnetic field (Fig. 11). After incorporating the rotational motion, it is
referred as rotational-MRAFF or R-MRAFF process. Here, uniform magnetic field
is provided in the finishing zone using four permanent magnets which are placed
90° apart from each other [23]. Hence, uniform finishing occurs across workpiece
surface. Figure 12 represents the experimental setup of R-MRAFF process.

Two opposite pistons are driven in the medium cylinders periodically to thrust MR
polishing medium through the fixture-cum-workpiece surface in R-MRAFF process.
A belt drive is attached between the magnet fixture and a motor to impart rotational
motion to the magnet fixture (Fig. 12). The polishing medium rotates around the
cylinder axis due to this rotational motion. A relatively high velocity of the polishing
medium is attained by superimposing these two motions which leads to a smooth
mirror-like finished surface. From AFM images of ground workpiece (stainless steel)
surface before finishing, it is found that the surface exhibits very high peaks and deep
valleys. MRAFF could not entirely be able to remove the deep grinding marks [24,
25]. The workpiece surface becomes smoother, and number of valleys also reduced
after finishing the surface using R-MRAFF process at 20 rpm [24, 25]. The surface
smoothness increases resulting in a flattened surface after increasing magnet fixture
rotating speed from 20 to 67 rpm. Its Ra value is decreased from 140 to 110 nm.
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Fig. 11 Graphical representation of R-MRAFF experimental setup

5.2 Ball End MR Finishing (MRF) Process

Ball end MRF [26] is developed to finish 3D complex shapes as represented in Fig. 13.
In this process, MR polishing fluid is pressurized to go into the central rotating core
from the top end. MR fluid stiffens once it reaches at surface of the tool tip owing
to applied magnetic field. A semisolid structure in the shape of a ball at the end
of rotating core tip is formed. The electromagnet central core/tool is rotated like
in conventional ball end milling process, and the feed is provided to the workpiece
which is attached to an X-Y table. This process generates nanometer level surface
finish in metals and also non-metals [27, 28]. The workpiece surface before and after
finishing is observed using SEM as represented in Fig. 14a, b, respectively. The final
surface has less deep valleys than the initial surface.
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Fig. 12 Photograph of R-MRAFF experimental setup (micromachining laboratory, IITG)

5.3 Magnetic Field-Assisted Finishing (MFAF) Process

To finish free-form surfaces precisely in MFAF process, a polishing tool is designed
and fabricated [30]. The required magnetic field during finishing is supplied by a
permanent magnet. High permeable material, mu-metal, is considered for enclosing
the permanent magnet. It will allow the magnetic field to flow through the mu-metal
fixture instead of going outside which reduces magnetic field loss. The developed
experimental configuration is represented in Fig. 15a. Expanded view of the MFAF
tool is displayed in Fig. 15b. The MFAF tool is clamped in the tool holder of CNC
milling machine while finishing. A free-form surface of femoral component of knee
implant is finished using MFAF tool. Before and after finishing 3D surface topogra-
phy of the femoral knee implant is shown in Fig. 16. As represented in Fig. 16a, the
deep valleys and high peaks are visible in initial workpiece surface. Nevertheless, it
is not visible on final surface as given in Fig. 16b. Hence, MFAF polishing tool can
generate surface finish in the nanometer level on free-form surfaces.
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Fig. 13 Graphical representation of ball end MRF showing development of ball-shaped stiffened
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Fig.14 SEM micrographs of a initial (grounded) and b finished surface (finishing time—120 min).
With permission from [29]. Copyright (2012) Elsevier, License No. 4676551388210

6 Chemical Mechanical Polishing (CMP) Process

IBM first developed CMP in the mid-1980 to planarize inter level dielectric (ILD)
layers. The main industrial application of CMP is to polish silicon wafers. Later,
CMP is also applied to finish metals along with semiconductors [31, 32]. The graphic
presentation of the CMP process is given in Fig. 17. Wafer carrier is used to hold
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Fig. 15 a Magnetic field-assisted finishing experimental setup and b novel tool. With permission
from [30]. Copyright (2017) Elsevier, License No. 4677080572961
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Fig. 16 Femoral knee joint 3D surface topography a before and b after finishing

the wafer, and it presses down the wafer on the rotating polishing pad. A rotational
motion is provided to the wafer carrier along with a downward force. The polishing
pad is covered with abrasive slurry. Abrasive slurry delivery system is used to supply
the abrasive slurry onto the polishing pad. The platen supports the polishing pad.

In this process, abrasive particles remove material from the workpiece surface
by two mechanisms, i.e., two body and three body abrasion. The two body abrasion
mechanism takes place when the abrasive particles are attached with the polishing
pad permanently. If the abrasive particles freely rotate between polishing pad and the
workpiece surface, then three body abrasion occurs. Also, chemical reaction between
the slurry and workpiece helps in material removal from the workpiece surface [33].
CMP provides nano-finished surface along with smooth and damage-free surface
[34].
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Summary

The need of advanced nano-finishing processes in different industries is a necessity.
For widespread use of these processes in commercial fields, it is required to have
a clear idea of the process mechanism so that the processes can be used more effi-
ciently. To employ these processes to generate nano-finished surfaces according to
the requirement, study of these processes is very important. The present discussion
explains the capability of these advanced nano-finishing processes.
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