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Abstract: Product miniaturization is a trend for facilitating product usage, enabling product functions
to be implemented in microscale geometries, and aimed at reducing product weight, volume, cost and
pollution. Driven by ongoing miniaturization in diverse areas including medical devices, precision
equipment, communication devices, micro-electromechanical systems (MEMS) and microsystems
technology (MST), the demands for micro metallic products have increased tremendously. Such a
trend requires development of advanced micromanufacturing technology of metallic materials for
producing high-quality micro metallic products that possess excellent dimensional tolerances, required
mechanical properties and improved surface quality. Micromanufacturing differs from conventional
manufacturing technology in terms of materials, processes, tools, and machines and equipment,
due to the miniaturization nature of the whole micromanufacturing system, which challenges the
rapid development of micromanufacturing technology. Against such a background, the Special Issue
“Micromanufacturing of Metallic Materials” was proposed to present the recent developments of
micromanufacturing technologies of metallic materials. The papers collected in the Special Issue
include research articles, literature review and technical notes, which have been highlighted in
this editorial.

Keywords: micromanufacturing; metallic materials; miniaturization; micro products

Quo Vadis, Munde? (in Latin—Where are you going world?) (It is a paraphrase of the words of the
Apostle Peter “Quo Vadis, Domine”, according to a legend fleeing Rome in fear of persecution and death,
directed to Jesus Christ going in the opposite direction without fear. “Quo Vadis” is the title of the famous
novel of the Polish writer Henryk Sienkiewicz, who received the Nobel Prize in Literature in 1905.). It seems
to be one of the most critical questions that millions and maybe even billions of people are asking themselves.
Just a few months ago, despite the areas of poverty and local wars, the answer was obvious. The idea was
to make living conditions as pleasant as possible and to continuously improve them, and to do so to affect
more and more of the world’s citizens. The UN has defined these perspectives by formulating seventeen
Sustainable Development Goals [1]. However, it turned out that the tiny creature of nature, the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) with a diameter 100 trillion times smaller than the
diameter of the Earth can completely block the course of world events and lead to its lockdown. This virus

Materials 2020, 13, 4046; doi:10.3390/ma13184046 www.mdpi.com/journal/materials1
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just caused the coronavirus disease (COVID-19) and the associated global pandemic. It, of course, will leave
its mark on the coming years, maybe even decades.

Some development trends, however, seem to be still valid after a short stop. The Japanese
government addressed the problem most widely when formulating the Society 5.0 program [2–7].
It concerns the development of civilization ranging from hunting and agriculture in primitive times to
the developed IT society today. Previously created in Germany [8–10] and adopted in the European
Union [11] and in many other countries, the program covers the next stages of the technological
revolution. The current stage of Industry 4.0 marks the beginning of an era of digital industrial
technology in which, in addition to people supporting automated production, systems, sensors,
machines, metadata and IT, including the internet of people, things and services, which connects
various participants in the value chain in the production process, through a network internally and
inter-organizationally [12–15]. In the technological aspect, a key role is played by cyber-physical
systems (CPS), similar to other cyber-social, cyber-business, and cyber-biological systems covering
numerous algorithms, communication infrastructure, and high-computing cyberspace for developing
and processing metadata. In industrial organizations, it results in improved security, operational
efficiency, and data collection efficiency, as well as significant savings. CPS systems interact with each
other and with neighboring smart components, communicating between machines and smart products.
Smart production takes place in smart factories constituting production systems, where people,
machines and sensors interact in real-time, and production decisions are made based on experiments
and simulations of the real conditions of manufacturing products made in virtual reality. A virtual
copy of the physical world in the form of a digital twin enables computer simulations and prediction,
which is aided by metadata sets and self-education systems and the use of artificial intelligence methods.
The nine technologies determining progress in Industry 4.0 include big data sets, autonomous robots,
simulations, integration of horizontal and vertical systems, the internet of things, cybersecurity,
cloud computing, additive manufacturing and augmented reality [16,17]. The model presented in
this way, however, seems to be only a fragment of reality and is, therefore, a simplification. The full
augmented holistic model of Industry 4.0 is pictured by a regular octahedron containing people
as the causative agent, a technological platform with four complementary components, and smart
products as the goal of the whole activity [18–20]. At the technological platform, the development of
engineering materials and product manufacturing processes are taken into account, including additive
technologies, development of technological machines, and CPS systems, which are in fact only one of
the six components of the full augmented holistic model of Industry 4.0.

This approach to the problem clearly indicates the contemporary importance of both material
and technological design [12–15,18–21]. However, it is not only additive technologies that determine
technological success. Among modern products enabling universally expected improvement in the
quality of life, health, and work efficiency are ever newer models of mobile phones and smartphones,
CD and MP3 players, iPods, wide flat-screen displays and computers, including those installed in many
market products, including for automotive, aviation and space applications, as well as in systems and
manufacturing machines. The devices include pressure, thermal, temperature, gas, mass flow, speed,
and sound sensors, injection nozzles, electrical, pneumatic and thermal micro-actuators, chemical
micro-reactors, micro-motors, micro-gears, micro-valves, micro-fans, micro-tools, micro-molding,
and micro-replication molds. These devices are examples of the now more and more miniaturized
products, systems and devices, which also include, for example, micro-systems, including micro-
and nano-electromechanical (MEMS and NEMS), micro-mechanical, micro-medical and micro-optical
electronic-mechanical (MOES) systems, microreactors, fuel cells, and numerous micro-devices and
sensors widely used among other applications, in automotive, aviation industries, telecommunications,
and IT facilities. It is worth noting that the modern manufacturing of many of the above-mentioned
micro- and even nano-elements requires compliance with the rules of the Industry 4.0 stage of the
technological revolution, and on the other hand, their production is a prerequisite for the implementation
of this modern Industry 4.0 technology, where different sensors and devices automatically identify raw

2



Materials 2020, 13, 4046

materials, semi-finished products, and ready-made components and products. Micro-components are
often used in various clinical areas of medicine and dentistry, including on cardiovascular sensors,
microprocessor ceramic packaging, implantable devices, medical instruments, and implants, as well
as coatings on micro polymers or metal implant components [22,23]. Currently, there is a significant
variety of micro-products.

Nanomaterials, coatings and thin films coating the working surfaces of many products and
components are becoming increasingly important, including for their use in micro- and nano-devices,
sensors, in communication, medicine, and dentistry, but also in household appliances, sound and
television sets, watches and many other products used daily by millions of people. Properly designed
and manufactured material is often a determinant of technological progress and a prerequisite for
the implementation of the design intention for micro-components and micro-devices. They play
important roles in material processing and plastic deformation at the micro- and nano-scale,
where their characteristics and properties include the structure of materials and nanomaterials,
their phase composition, chemical purity, grain size, grain boundary structure, phase transformation
micromechanisms, precipitation processes, dispersion and size of precipitates and intermetallic phases,
plastic deformation micromechanisms, and surface layer deposition processes. The mechanical and
physicochemical properties of these materials, as well as their mechanisms to resist material damage
are also important for prevention of corrosion, abrasion, fatigue, the influence of elevated temperature,
and even creep. These factors are important for determining the maintenance of micro-elements and
micro-devices and require precise design before starting production and require consideration during
their exploitation.

Micromanufacturing, together with nanotechnology, has now become a common technological
practice [24–28]. Therefore, it is necessary to continually increase the knowledge of scientists, engineers,
and managers involved in this production. Micromanufacturing includes production methods,
technologies and systems that meet the harsh rigors of Industry 4.0, as well as development of
suitable materials, machinery, tools, and organizational strategies and production management
methods. The specificity of this production, mainly due to the miniaturized scale of products,
requires separate design and manufacturing experience, the use of specific materials and adequate
manufacturing equipment, which are often also miniaturized, and requires special care for the
mechanization, automation, and computerization of the technologies used, and therefore this field
is often combined and referred to as microsystems technology (MST). Among the materials used
can be specified silicon, considered to be “technologically mature” and currently more and more
often used rather than other engineering materials; materials used are very usually metal, but also
composites, as well as polymers and ceramics. Generally, two main groups can be considered among
MST products. MEMS can be regarded as a classic application; its uses include photolithography,
plating, laser ablation, chemical etching, hybridized lithography and electroplating and molding
known as LIGA (a German acronym for Lithographie, Galvanoformung, Abformung). The other group
consists of other manufactured micro-products, not included in MEMS, using micro-mechanical cutting,
laser cutting/drilling/patterning, micro-injection, micro-extrusion, micro-embossing, micro-molding,
micro-stamping, as well as electrical discharge machining (EDM), also known as wire erosion,
wire burning, die sinking, spark eroding or spark machining. This group of new processes for
the production of micro products/features or so-called micro-machining also uses conventional
technologies with a correspondingly reduced scale, which includes micro-machining (mechanical,
thermal, electro-chemical, electrical discharge), micro-molding/replication, micro-formation methods
(quick methods, electro molding, injection molding) and micro-joining.

Another goal of micromanufacturing is the production of products/devices using miniaturized
machines/systems, usually instead of universal large-sized machines/systems. The production of
micro-products and associated micro-production strategies differ from those used on a conventional
scale. The individual components/products are manufactured at one or several manufacturing stations,
employing subtractive machining or plastic deformation, as well as additive methods, to finally
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assemble or connect them by welding methods and/or joining materials. In the case of micro-products,
deposition, layering, and/or pattering methods are used, with technological operations most often
performed using one machine or technology platform in combination with integrated packaging and/or
assembly operations. Conventional methods as well as hybrid production combining all or some of the
subtractive, additive, forming, and/or joining technologies can also be used. Due to the use of various
energy sources, the technologies used to produce micro-components/products can be mechanical,
electrical, electro-chemical, chemical, laser, or electronic. As a rule, dedicated devices are used, enabling
the implementation of a predetermined technological process, although more and more interest
of producers of micro-products, and more importantly, manufacturers of technological machines,
employ multi-process devices whose working platform allows a hybrid combination of various
manufacturing processes, e.g., micro-milling, turning, grinding, buffing, polishing, micro-electro
discharge machining, micro-electrochemical machining and/or laser machining, without having to
clamp the workpiece/product each time. Favorable solutions in this area bode very well for the
development of integrated micro-machining technologies.

The attractiveness of this avant-garde technology for micromanufacturing of metallic materials
for the production of micro-components/products has prompted and encouraged us to prepare
a Special Issue on “Micromanufacturing of Metallic Materials”. Miniaturization of products is a
trend that facilitates the use of the product, enabling the implementation of product functions in
microscale geometry, aimed at reducing mass, volume, costs, and environmental pollution through the
manufacture of this micro-product. From around 30 papers submitted, after careful selection as a result
of the opinion-giving process, 14 papers were selected and published in this book. With the exception
of one literature review and one other publication, the others are research papers. These papers have
been prioritized.

Carpenter and Tabei [29] conducted a literature review on residual stress development, prevention
and compensation in metal additive manufacturing, in which a holistic calculation framework
was proposed to control the level of residual stresses by optimizing the conditions of the additive
manufacturing processes. Also, various additive manufacturing technologies and residual stress
sources, residual stress measurement techniques, and their dependence on additive manufacturing
(AM) process conditions were briefly described, and current modeling methods were proposed to
prevent permanent deformation of manufactured products using additive manufacturing methods.

Máthis et al. [30] have prepared a paper on the micro-tensile behavior of Mg-Al-Zn alloy processed
by equal channel angular pressing (ECAP). In this research, AZ31 magnesium alloy was extruded
four times in an equal rectangular channel. Deformation characteristics (yield stress, ultimate tensile
stress, and uniform elongation) exhibit significant anisotropy as a consequence of different orientations
between the stress direction and texture, and thus different deformation mechanisms were confirmed
on the samples obtained using the electron backscatter diffraction (EBSD) technique.

The paper on bio-inspired functional surface fabricated by electrically assisted micro-embossing of
AZ31 magnesium alloy was developed by Wang et al. [31]. This research focuses on the use of different
current densities to perform embossed micro-channels in textured bulk metallic glass dies. These dies
are prepared by thermoplastic forming based on the compression of photolithographic silicon molds.
The results show that large areas of bio-inspired textures could be fabricated on magnesium alloy.
Filling depth and depth–width ratio nonlinearly increases when higher current densities are used,
and the temperature is kept below the temperature of the glass transition to avoid melting and to avoid
an early breakage of the die. Electrically assisted micro-forming has demonstrated the ability to reduce
size effects, improving formability and decreasing flow stress, making it a promising hybrid process to
control the filling quality of micro-scale features.

Thangaraj et al. [32] conducted research to enhance the surface quality of a micro titanium alloy
specimen in a wire electrical discharge machining (WEDM) process by adopting Taguchi–Grey relation
analysis (TGRA)-based optimization. The surface measures of machined titanium alloys as dental
materials can be enhanced by adopting a decision-making algorithm in the machining process. In the
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present study, Taguchi–Grey analysis-based criteria decision making was applied to the input process
factors in the wire electric discharge machining (EDM) process. It was proved that the proposed
method can enhance the efficacy of the process.

The team of Xue et al. [33] prepared a paper on an electrically-assisted rolling process of corrugated
surface microstructure with T2 copper foil. Electrically-assisted forming is a low-cost and high-efficiency
method to enhance the formability of materials. The electric current reduces the flow stress and the
fracture strain. The study proves that the current can improve the forming quality of the corrugated
foils and is a promising surface texture forming process.

The paper on adaptive spiral tool path generation for diamond turning of large aperture freeform
optics was developed by Wang et al. [34]. This paper reports a novel adaptive tool path generation
for slow tool servo slow tool servo (STS) iamond turning. Comparison of the surface generation of
typical freeform surfaces with adaptive tool path generation and the commercial software DiffSys is
conducted both theoretically and experimentally. The adaptive tool path generation can effectively
reduce the volume of control points, decrease the vibration of side-feeding motion, and improve
machining efficiency while surface quality is well maintained for large aperture freeform optics.

Liu et al. [35] conducted an experimental investigation on form error for slow tool servo diamond
turning of micro lens arrays on a roller mold. In this study, a novel forming approach based on a slow
tool servo is presented to fabricate microlens arrays on an aluminum alloy (6061) roller mold. Based on
the different distribution patterns of the discrete points of the microlens, the equal-arc method and the
equal-angle method are also proposed to generate the tool path. According to the kinematic analysis of
the cutting axis, the chatter mark results from the overlarge instantaneous acceleration oscillations of
the cutting axis during the slow tool servo diamond turning process of the microlens arrays. The results
are acquired with fine surface quality. Slow tool servo assisted ultra-precision diamond turning is a
promising machining process with high accuracy and low cost to generate the large-area microlens
arrays on a roller mold.

The paper on microsheet metal deformation behaviors in ultrasonic-vibration-assisted uniaxial
tension with aluminum alloy 5052 was prepared by Wang et al. [36]. In this investigation,
ultrasonic-vibration-assisted uniaxial tensile experiments were carried out utilizing GB 5052 thin sheets
of different thicknesses and grain sizes, respectively. The uniform deformation ability of thin sheets
could be improved by increasing the hardening exponent with ultrasonic-vibration. The authors
found that ultrasonic-vibration is helpful in improving the forming limit in micro sheet forming, e.g.,
microbulging and deep drawing processes.

Supercooled Zr35Ti30Cu8.25Be26.75 metallic glass is the topic of research in the paper entitled
“Ultrasonic Vibration Facilitates the Micro-Formability of a Zr-Based Metallic Glass”, which was
written by Han et al. [37]. Ultrasonic vibration was introduced as an effective method to improve
the micro-formability of metallic glasses, owing to its capabilities of improving the material flow
and reducing interfacial friction. The more intriguing finding is that the micro formability of the
Zr-based metallic glasses can be further improved by tuning the amplitude of the ultrasonic vibration.
The results were demonstrated by the finite element method.

Ren et al. [38] conducted a numerical research on slip system evolution in ultra-thin stainless
steel foil, in which a three-dimensional uniaxial tension model was established, based on the crystal
plasticity finite element method and Voronoi polyhedron theory. The number and characteristics of
active slip systems and the deformation degree of the grain are different due to the different initial grain
orientations. The slip systems preferentially initiate at grain boundaries and cause slip system activity
at the interior and free surface of the grain. The brass, S, and copper oriented 304 stainless steel foil
exhibit a high strain hardening index, which is beneficial to strengthening. However, the cube and Goss
oriented 304 stainless steel foil has a low deformation resistance and is prone to plastic deformation.

Suzuki et al. [39] elucidated the shearing mechanism of finish-type FB and extrusion-type FB
for a thin foil of JIS SUS304 by numerical and EBSD analyses. In this research, a numerical analysis
using finite element (FE) analysis was performed to clarify the shearing mechanism in the process of
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extrusion-type fine blanking (FB) for a thin foil of JIS SUS304. The principal stress near the shearing
surface has mostly compressive components in extrusion-type FB due to its negative clearance, and the
critical fracture value was also less than that in the finish-type FB, in which the principal stress
near the shearing surface has mostly tensile components. Using SEM observations with electron
backscatter diffraction (EBSD) analysis of the shearing surface, it was confirmed that the reductions in
deformation-induced crystal orientation rotation and martensite transformation in extrusion-type FB
are present in comparison with those in finish-type FB. Suzuki et al. [40] also prepared an article titled
“Optimum Clearance in the Microblanking of Thin Foil of Austenitic Stainless Steel JIS SUS304 Studied
from Shear Cut Surface and Punch Load”. An extrusion-type fine blanking with a negative clearance
was proposed by the authors instead of standard fine blanking, for creating a full-sheared surface in
the micro blanking process. It was clarified that the clearance at which the cut surface does not fracture
and minimization of the punch load is achieved is gained by the use of clearance—4 μm.

The paper on the fabrication of a micro-punch array by plasma printing for micro-embossing
into copper substrates was prepared by Shiratori et al. [41]. Copper substrates were wrought to have
micro-grooves for packaging by micro-stamping with the use of an AISI316 stainless steel micro-punch
array. A negative pattern was printed directly onto the AISI316 die substrate, which was plasma
nitrided. The printed surfaces were selectively sand-blasted to fabricate the micro-textured punch
array for micro-embossing. Since the nitrogen supersaturated heads had sufficient hardness against
the blasting media, the printed parts of AISI316 die were removed.

Machno et al. [42] contributed a paper on the subject “Impact of the Deionized Water on Making
High Aspect Ratio Holes in the Inconel 718 Alloy with the Use of Electrical Discharge Drilling”.
This paper includes an analysis of the influence of the machining parameters (pulse time, current
amplitude and discharge voltage) on the process performance (drilling speed, linear tool wear,
taper angle, the hole’s aspect ratio, and side gap thickness), during electrical discharge drilling (EDD)
with the use of deionized water in the Inconel 718 alloy. An analysis of the results indicates increasing
of the hole’s aspect ratio by about 15% (above 30), decreasing the side gap thickness by about 40%,
and enhanced surface integrity.

In summary, it is difficult to expect that in a scholarly book with a relatively limited volume,
all issues raised by a modern approach to micromanufacturing could be included. This is simply
impossible because of the very wide scope of this super modern technological approach. Therefore,
it was only possible to give reasonably representative examples, and that is how it happened. We offer
readers very interesting, in our opinion, research material. If at least one of the presented papers turns
out to be interesting for the reader who reached for this book, we will have the basis to believe that as
editors, we have achieved our goals. It remains for us to wish you fruitful reading.
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Abstract: One of the most appealing qualities of additive manufacturing (AM) is the ability to produce
complex geometries faster than most traditional methods. The trade-off for this advantage is that AM
parts are extremely vulnerable to residual stresses (RSs), which may lead to geometrical distortions
and quality inspection failures. Additionally, tensile RSs negatively impact the fatigue life and other
mechanical performance characteristics of the parts in service. Therefore, in order for AM to cross the
borders of prototyping toward a viable manufacturing process, the major challenge of RS development
must be addressed. Different AM technologies contain many unique features and parameters,
which influence the temperature gradients in the part and lead to development of RSs. The stresses
formed in AM parts are typically observed to be compressive in the center of the part and tensile on the
top layers. To mitigate these stresses, process parameters must be optimized, which requires exhaustive
and costly experimentations. Alternative to experiments, holistic computational frameworks which
can capture much of the physics while balancing computational costs are introduced for rapid and
inexpensive investigation into development and prevention of RSs in AM. In this review, the focus
is on metal additive manufacturing, referred to simply as “AM”, and, after a brief introduction to
various AM technologies and thermoelastic mechanics, prior works on sources of RSs in AM are
discussed. Furthermore, the state-of-the-art knowledge on RS measurement techniques, the influence
of AM process parameters, current modeling approaches, and distortion prevention approaches
are reported.

Keywords: additive manufacturing; residual stress; thermal stress; distortion; prevention;
modeling; computation

1. Metal Additive Manufacturing and Residual Stresses

1.1. Introduction

Additive manufacturing (AM) is quickly becoming a leading method for manufacturing
components across many industries, including automotive, medical, and aerospace [1]. Compared to
traditional manufacturing, also called subtractive manufacturing, where components are fabricated
by removing material from a larger stock, AM involves layer-wise addition of a material to form a
three-dimensional (3D) component by fusion of the layers. Immediately, one can imagine the benefits
of AM for very complex geometries or materials, like titanium alloys, which are strong and very
difficult to modify with subtractive methods. While AM technologies exist for a variety of material
systems, the focus of this paper is on metal AM, referred to simply as “AM”.

The costs to additively manufacture or 3D print a component may exceed that for traditional
methods. For very simple geometries, it might be faster and easier to fabricate the part on a mill,
lathe, or computer numerical control (CNC) machines. To 3D print a part, a computer-aided design
(CAD) model must firstly be developed, and then sent to the AM machine, which slices the model into
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many very thin layers; then, each layer is deposited (either through powder or wire feedstock) onto
the previous one and fused together, usually with the addition of heat. Comparisons were made for
the cost of AM and traditional methods for several areas [1–4]; a general consensus is that, currently,
traditional machining may remain more cost-effective than traditional machining in certain situations;
however, as the technology is developing, AM is getting more efficient [2].

There are a few major obstacles preventing AM from fully surpassing traditional processes; AM
is prone to microstructural defects and porosities that affect mechanical behavior of components,
as well as residual stress (RS) formation, which can lead to geometric inaccuracies (part distortion)
and deteriorate performance. Regarding geometrical accuracy, one must note that part distortions
occur as a result of RS formation; the stresses that are generated tend to pull or push (depending on the
direction of the RS) the material and deflect the part [5–7], as commonly seen in welding, hot rolling,
and bending. In AM, deviations from the CAD geometry of as much as 2.1 mm were observed in
a twin cantilever beam specimen of 11 cm by 1 cm [8,9]—an unacceptable amount of distortion for
high-precision aircraft components. Regarding performance, RSs can adversely affect the structural
reliability of the part in cyclic loading (fatigue) [10–13]. One study investigated RSs in electron beam
AM (EBAM) titanium alloy, in as-built, stress-relieved, and hot isostatic pressed (HIPed) conditions,
and the results indicated that hot isostatic pressing (HIPing) could cause microstructural changes to
relieve RS and improve fatigue life of components, but neutron diffraction measurements suggested
that most of the stresses were relieved during the EBAM build process at 600 ◦C. The improvements in
fatigue life (over 100% between as-built conditions and HIPed, with respective fatigue strengths of 200
and 600 MPa at 107 cycles) were attributed to other microstructure and porosity defects [14].

In AM, the multiple layers of material are fused together by the addition of heat. As the end of
this section explains in more detail, this localized source of heat creates massive temperature gradients
in the material, both in-plane in the newly added layer and through the thickness of pre-existing layers.
The large thermal gradients are the primary source of RS formation in the part. Not only does each AM
technology have unique features, e.g., material feedstock, heat source, and atmospheric conditions,
as discussed in this section, but operator-input process parameters, such as scanning strategy (heat
source path pattern), scanning speed, laser power, and build orientation can also lead to varying
characteristics of RSs (size, direction, distribution).

RSs are defined as the stresses that exist within a body without any externally applied loads
(i.e. the body is in equilibrium with its surroundings) [5,15]. They are also referred to as “internal” or
“locked-in” stresses, and they can either strengthen a material, like toughened glass [16], or weaken a
part. In AM, RSs might often be referred to as thermal stresses, since their origin is the steep thermal
gradients in the manufacturing process. According to Shorr [17], thermal stresses are generated when a
non-uniform temperature field causes localized thermal expansion that is interfered by non-expanding
(or less-expanding) surrounding material, bodies, or parts. To fully grasp how RSs are formed,
one must understand the underlying physics and governing equations for mechanical and thermal
loads. Section 2 provides brief explanations of these concepts; for greater detail, the reader is referred
to common engineering textbooks [15,17,18]. RSs are classified based on the size of their effects: macro-
vs. micro-stresses [15]; or type I, type II, and type III stresses [5,12,13]. Type I stresses, or “macro”
stresses, act over large lengths, with respect to the dimensions of the part. Type II stresses act over
distances at the grain-size level and are often associated with phase transformations, while type III
stresses are at the atomic scale (e.g., dislocation stress fields and crystal lattice defects) [12,13].

It was established that AM steel often exhibits a large portion of retained austenitic microstructure
due to relatively rapid cooling [19]. However, the thermal stresses are believed to act as the driving
mechanism for the phase formations of austenite to ferrite or martensite, in processes such as laser
beam melting (LBM) [20].

Figure 1 shows a transmission electron microscopy (TEM) image of selective laser melted
precipitation-hardened (PH) stainless steel, and it indicates that both martensitic and austenitic phases
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are present [21]. It was further demonstrated that a post-process heat treatment of LBM stainless-steel
components partially transformed the austenite to martensite [20].

 
Figure 1. TEM image revealing dislocations, stacking fault traces, and deformation twin faults (tf)
in austenite grains mixed with martensite in the build direction of selective laser melting (SLM) of a
PH stainless steel. The black arrow indicates the (112) FCC direction, and the selected-area electron
diffraction pattern image (bottom right) shows mixed diffraction spots (martensite: B = bcc-α, austenite:
F = fcc-γ) [21].

It was further shown by Uhlmann et al. [22] that a post-process stress-relieving heat treatment
can change the microstructure in Ti–6Al–4V. It was observed that an inhomogeneous microstructure
developed in the as-built SLM specimens. Yet, after HIPing or a stress-relief heat treatment, a more
homogeneous microstructure developed [22], as shown in the scanning electron microscope (SEM)
images in Figures 2 and 3.

Because of their impact on part performance, it is important to be able to experimentally measure
or computationally model and predict RSs. Since RSs vary with respect to the size of the area over
which they act, the selected measurement technique must have sufficient spatial resolution to capture
the effects of the stress. Although stress is obtained indirectly from strain measurements, the methods
are commonly referred to as residual stress measurements. A key concept for the determination of
RSs is that the strains measured are elastic strains (i.e., stress and strain are related through Hooke’s
law, discussed later). These strains can be measured either destructively (where the part experiences
significant, irreversible alterations) or non-destructively (where the part retains most of its original
integrity) (refer to Figure 4). An important effect that is the basis of measuring RSs destructively is
that residual stresses, while forming, cause the part to distort, and, by removing the material which
contains the RSs, the part relaxes to dimensions that would exist without RSs [12]. Section 3 provides
summaries of experimental measurement of residual stresses.
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Figure 2. SEM images of Ti–6Al–4V microstructure for the reference structure (cast), and the SLM
process without heat treatment, after a stress-relief heat treatment, and after hot isostatic pressing
(HIPing) [22].

 
Figure 3. SEM images of Ti–6Al–4V microstructure of SLM specimens without a stress-relief heat
treatment (left) and after HIPing (right) [22].

Because experiments can be costly, particularly for AM, it is often desirable to simulate a
process numerically. A physically realistic and validated simulation can allow for rapid, inexpensive
investigations into the individual effect of the technology features and process parameters on RSs in
AM. Section 4 serves to report on modeling techniques in AM, with a focus on prediction of RSs. Finally,
Section 5 discusses current reports on strategies to prevent RS formation and distortion mitigation
in AM. One of the primary concerns is that many researchers are seeking to achieve the geometric
accuracy by utilizing the effects of RS (shrinkage/warpage), but the RSs still play a detrimental role
in mechanical properties and still exist in the part. As one can imagine, the challenges introduced
above would prevent many parts requiring high-precision or structural integrity, such as aircraft
components and medical devices, from being additively manufactured. These drawbacks were an area
of investigation for many years, and this review paper serves to collect and report, specifically, on the
most recent advancements toward RS prediction and prevention.
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Figure 4. Categories of residual stress (RS) measurement techniques (adopted from Reference [13]).

1.2. AM Technologies

AM technologies are typically categorized by their feedstock and heat source. Figure 5 illustrates
the various AM technologies, according to Nickels [23]. As seen in Figure 5, there are two primary
categories: powder bed fusion (PBF) and directed energy deposition (DED). PBF encompasses those
AM technologies that utilize a bed of powder particles; an arm called a “rake” or “roller” slides a thin
layer of powder across the baseplate, and the layer geometry is scanned with a laser or electron beam,
melting the powder particles into a solid layer, as shown in Figure 6. DED includes AM technologies
that use either a powder or a wire feedstock; the powder is blown from a nozzle into the path of the
heat source (a laser, typically), as seen in Figure 7, and the wire-fed AM technology is mostly related
to welding processes. The wire material is fed and melted layer by layer, until the part is completely
fabricated, as shown in Figure 8 [24]. The sections below discuss technologies that share common heat
sources, as opposed to feedstock.
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Figure 5. Categorization of the different additive manufacturing (AM) technologies (adopted from
Reference [23]).

 
Figure 6. Schematic of typical powder bed fusion (PBF) technology [24].
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Figure 7. Schematic of typical directed energy deposition (DED) powder-based technology [24].

 
Figure 8. Schematic of typical DED wire-fed technology [24].

1.2.1. Laser Melting

Application of a laser beam to melt the powder or wire feedstock is prevalent in AM; examples
include selective laser sintering (SLS), selective laser melting (SLM), direct metal laser sintering (DMLS),
laser-engineered net shaping (LENS), direct metal deposition (DMD), laser powder deposition (LPD),
and selective laser cladding (SLC). The most common laser-based AM processes include SLS, SLM,
DMD, and LPD [25].

In SLS, the bed of fine powders is heated to just below the material’s melting temperature, and a
laser beam traces out the layer geometry, with sufficient power to sinter the powders to fuse together.
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SLM is very similar to SLS, except, instead of sintering the powder, it is fully melted. The difference
between SLS and SLM is only a minor technicality, but the consequence is that the SLM laser source is
usually of higher power [25].

In LENS, DMD, and LPD, instead of a bed of powder, a stream of powder material is delivered
through a nozzle directed into the focused laser beam at the region of interest. LENS melts the metal
powder that is delivered, usually by a pressurized inert gas, circumferentially around the laser head.
DMD can either sinter or melt the powder, which is delivered through a number of nozzles in a similar
fashion as LENS. The laser automatically positions itself to aim at defined points from a 3D model of
the part. LPD also uses a stream of powder directed onto the part in the laser beam [25].

1.2.2. Extrusion

Extrusion processes do not involve materials in powder form; instead, the material is in the form
of a wire. Typically, the nozzle through which the wire is fed is heated, and the material is softened or
melted. From the nozzle, the material is deposited onto the build plate, layers are added, and they
solidify upon cooling, as shown in Figure 9.

 
Figure 9. Illustration for a typical fused deposition modeling (FDM) process [26].

FDM (fused deposition modeling) uses a moveable deposition head and deposits the wire material
according to the computer-sliced 3D model. The heated extrusion nozzle generally heats the material
1 ◦C above its melting temperature, so that it solidifies immediately after deposition and fuses with
prior layers. Typically, FDM has two deposition heads—one for the build material and the other for
support structures [25].

1.2.3. Material Jetting

Material jetting involves the controlled spraying of molten material or adhesive (called a binder),
such that the particles bind to each other into a solid part. The binder holds the powder particles
together, and no phase change occurs.

1.2.4. Electron Beam

Electron beam additive manufacturing (EBAM) is identical to the laser melting methods discussed
above, except that the energy source is an electron beam and not a laser beam [27]. A difference from
laser melting is that EBAM must be carried out in a vacuum chamber to avoid oxidation, thus restricting
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the size of the part to the vacuum chamber dimensions. EBM processes may also involve heating the
powder bed during the build to reduce temperature gradients [28].

1.3. Sources of Residual Stresses in AM

As discussed previously, the various metal AM processes involve localized heating and cooling
of top surfaces and the re-melting of preceding layers. As a consequence of these non-homogeneous
thermal loads, RSs are generated, which may result in distortion of the part [5–7,28] and also deteriorate
performance. As discussed by Mercelis and Kruth [29], Kruth et al. [30], Withers and Bhadeshia [5],
and Withers [10], the main source of RSs in processes with the melting, solidification, and re-melting
thermal cycle can be described by the temperature gradient mechanism (TGM) model. In the TGM
model, the heat source is often a high-intensity point source, and the material temperature at the
location of the heat source quickly elevates with respect to the surrounding material. The hot material
expands, but is restricted by the less expanding, cooler material around it. This restriction creates a
compressive stress in the heat source region. As the hot material cools, it contracts, but, again, the
contraction is restricted by the less expanding surrounding material, which results in permanent tensile
residual stresses in the part, and it often leads to a deflection or warped end product, as shown in
Figure 10.

 
Figure 10. Illustration of the temperature gradient mechanism and distortion, where εth is the
thermal strain, εpl is the plastic strain, and σtens and σcomp are the tensile and compressive stresses,
respectively [29].

The re-melting and re-solidifying of the pre-existing layers of material also contributes to the RSs
in the part. When a new layer is deposited and melted, the recently solidified layers are likely to re-melt
(depending on the process technology and parameters) or at least reach high temperatures again [31].
The previous layers cool and shrink underneath the new top layer. The shrinkage of pre-existing
layers pulls and stretches the top layer, resulting in permanent tensile RSs. Another source of RSs in
AM processes is the inhomogeneous lattice spacing. Because of the non-equilibrium process of AM,
the microstructure is non-homogeneous. The inconsistent microstructure makes the lattice spacing
spatially dependent, which makes the RS directions and magnitudes dependent on location [28].

Formation of RSs depends greatly on the AM process parameters. According to an investigation
by Wu et al. [32] with stainless-steel 316L triangular prisms and L-shaped bars produced by SLM,
various process parameters were studied and a reduction of RSs was achieved by decreasing the scan
island size (discussed below) from about 650 MPa to about 400 MPa, as shown in Figure 11, and by
increasing the laser power and speed; overall, compressive RSs typically existed in the center of the
bar, and tensile stresses existed near the surfaces [32].
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Figure 11. Measured residual stresses utilizing different scan island sizes [32].

Kruth et al. [30] also investigated scanning strategy on RS formation and deformations during
SLM of iron-based powders. Directional scanning, where the laser scanned the entire surface back and
forth in one direction, resulted in large deflections in the perpendicular direction. Sector-wise scanning
divided the surface into grid-like sections, called islands, and scanned each island either successively
(adjacent grid sectors) or far apart to prevent heat influence from previous scans, called least heat
influence (LHI), as shown in Figure 12. It was determined that the size of the islands did not greatly
affect the distortion, but the successive scan strategy resulted in lower RS formation than both the
directional scanning and the least heat influence sector scan strategy, likely due to the lower thermal
gradients between the current island and the surrounding islands that were melted previously [30].

 
Figure 12. Scanning strategies described in Kruth et al. [30].

Lu et al. [33] investigated the island size on SLM of Inconel 718. It was concluded that the island
size influenced the RS formation, contrary to the findings of Kruth et al. [30] for a different material.
Island sizes of 2 × 2, 3 × 3, 5 × 5, and 7 × 7 mm were investigated. The 2 × 2-mm islands resulted in the
lowest RS (around 100 MPa), but this was accompanied by the formation of cracks, which would have
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relieved much of the internal stresses. With consideration given to density, mechanical properties, and
slightly lower RSs, the island size of 5 × 5 mm was determined to be optimal for Inconel 718 produced
by SLM, yielding about 150 MPa [33].

Similar to Wu et al. [32], Mercelis et al. [29] showed theoretically and experimentally that, in SLM
processes of stainless-steel 316L powder, tensile RSs formed at the top of the sample and the bottom
baseplate interface, and compressive stresses formed in the center of the part. It was also determined
that directional scanning resulted in high RSs in the transverse direction (about 110 MPa at the surface),
and a small island, successive section scanning strategy resulted in low RS formation (about 65 MPa at
the surface) [29], in agreement with the findings of Kruth et al. [30].

Liu et al. [34] also investigated the effects of energy input and scanning track length on RS
formation in stainless-steel 316L bars produced by SLM. It was determined that compressive stresses
existed in the center, while tensile stresses existed in the top layers. The energy input was controlled
by the scanning speed; slower scanning speeds related to higher energy inputs. It was shown that
the distribution of RSs was not affected (compressive in the center and tensile on the top), but the
magnitude of the RSs increased with the energy input (slower scanning speeds generated larger RSs).
For the greatest heat input, RSs of about 210 MPa were observed, while, for the lowest heat input,
they were as low as 30 MPa. Finally, the length of the scanning track was investigated, leading to
the conclusion that a longer track length led to larger RSs—nearly 200 MPa for the long track length,
and as low as 45 MPa for the sector scanning. The relationship between track length and RS magnitude
lies in the concept that the track shrinks in the scan direction upon cooling, and longer track lengths
have less shrinkage compensation, leaving RSs [34].

According to van Belle et al. [35], powder thickness and cooling time between layers affects
RS formation in a maraging steel produced by SLM. Consistent with previously discussed studies,
tensile RSs were observed on the top layers. It was found that a thin, 20-μm layer of powder with a
long cooling time (34 s) resulted in larger RS magnitudes (by three times) than samples produced with
40-μm-thick powder layers and 8-s cooling times between layers. In a study by Gusarov et al. [31],
it was determined that RSs in SLM parts of alumina are dependent on the shape of the re-melted
domain, but not the size. It was also modeled and experimentally shown that the maximum tensile
RSs of about 75 MPa existed in the laser scanning (longitudinal) direction, and the transverse tensile
stresses had about one-half the magnitude as the longitudinal stresses [35].

Wang and Chou [36] investigated the RSs formed in Ti–6Al–4V produced by EBAM and Inconel 718
produced by SLM. The material systems were of different geometries (and, thus, scanning strategies);
therefore, a side-by-side comparison could not be made. The magnitudes of the RSs in the Ti alloy were
reported as lower than the Inconel, which the authors attributed to the fact that EBAM takes place in a
vacuum at high temperatures, resulting in a slower cool-down rate than SLM and, thus, stress-relieved
components; furthermore, the EBAM process pre-heated the baseplate prior to melting the powder and,
thus, had less steep thermal gradients. Another difference was that the titanium exhibited compressive
RSs in the build and transverse directions, while the Inconel had compressive stresses in the transverse
direction, but tensile stresses in the build direction. Stresses in the longitudinal direction were not
reported. The reason that the Inconel had tensile stresses in the build direction was the unique scanning
strategy; using 100 × 100-μm scan islands, the RSs were minimized, and the solidified islands pulled
surrounding islands and previous layers in tension [36].

In a study by Cottam and Wang [37], H13 tool steel was fabricated using DMD and investigated
for RS formation and microstructure characterization. It was determined that the RS distribution was
inconsistent with other reports, attributed to the low-temperature phase transformation of the H13
steel. The RS in the top and bottom of the sample was reported to be compressive at 250 MPa, with a
narrow band of tensile stress just above the central region in the build direction of about 150 MPa.
Drawing parallels to welding processes, low-temperature martensitic phase transformations have
compressive stresses, as shown in Reference [37].
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The RS formation in FDM of acrylonitrile butadiene styrene (ABS) plastic was investigated by
Saphronov et al. [6]. It was determined that, contrary to the literature, compressive stresses existed at
the top and bottom of the specimen, and tensile stresses existed in the center. The disparity with the
literature was attributed to the fact that the build plate used in this study was flexible, rather than
rigid, which sets up an interesting question of the effects of build plate material on RSs in metal
components [6].

2. Residual Stresses: Mechanics Background

The fundamental governing equation for elasticity (i.e., reversible deformation) is Hooke’s Law.

σi j = Cijklεkl, (1)

where σ is the applied stress, C is the material’s stiffness matrix, ε is strain, and i, j, and k denote 1,
2, and 3, independently. In the 3D Cartesian coordinate system, 1 corresponds to the x-axis, 2 is the
y-axis, and 3 is the z-axis.

In addition to mechanical loads, thermal loads can be related to strains in a body [17]. In this case, a
change in temperature can cause a material to expand or contract, governed by the following equation:

εth = αΔT, (2)

where α is the material coefficient of thermal expansion, ΔT is the change in temperature, and εth is
the thermal strain. The principle of strain superposition dictates that the mechanical strains (εσ) and
thermal strains (εth) are summed to a total strain value.

ε = εσ + εth. (3)

The total strain, given in the above equation, can used to obtain the stress in a part through the
following constitutive equation [38]:

σi j =
E

(1 + ν)(1− 2ν)

[
νδi jεkk + (1− 2ν)ε j j − (1 + ν)αΔTδi j

]
, (4)

where E is the modulus of elasticity, ν is Poisson’s ratio, and δij is the Kronecker delta, taking values of
0 for i � j and 1 for i = j.

3. Measuring Residual Stresses

3.1. Destructive Methods

Destructive measurement techniques are often referred to as stress-relaxation methods or
mechanical methods. Common measurement techniques of this kind include hole-drilling, ring-core,
deep hole, sectioning, and contour methods. By removing material which contains RSs and measuring
the degree of the material relaxation (the deformation), the RS values can be determined.

3.1.1. Hole Drilling

In a thorough report on measurement techniques for residual stresses [13], the hole-drilling
method is described as the removal of material (a drilled hole) of relatively small size—typically on
the order of 1.8 mm in diameter and 2 mm in depth—in the region where RSs are to be measured.
Prior to drilling, strain gauges are arranged on the surface around the hole location (according to
test standards), and, once the material is removed, the part relaxes, and the corresponding relaxation
strains are measured; these strains are used to calculate the associated stresses [39].

This method is not very complex and offers fast results, making it a very common technique in
practice. Note that the size of the hole is often not large enough to significantly impact the integrity of
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the part, and it can be repaired easily, if necessary. Issues exist, however, with this method, including
the concerns of stresses induced by the machining process, a non-cylindrical hole, and non-circular
(elliptical) shape. Despite these sources of error in the stress measurement, the hole-drilling method
remains an established method for determining RSs.

3.1.2. Ring Core

The ring-core method involves the measurement of strains of a surface induced by removing the
material around the outside of it. If one considers the hole-drilling method, the ring-core method can
be thought of as its inverse; a ring of material is removed to a certain depth, and the inner material is
allowed to relax. Strain gauges on this inner material capture the relaxation strains. The strains are
used to obtain the stresses associated with the relaxation. This method is superior to the hole-drilling
method, because it offers much larger surface strains, but often causes significant damage to the part,
which makes it far less desirable for use in practice.

It is important to note that RSs may not be uniform through the thickness of the part; thus, many
researchers employ an incremental hole-drilling or ring-core method. These methods remove material
at incremental depths, so as to record stress values at various depths and build a stress profile through
the thickness [13].

3.1.3. Deep-Hole Drilling

Deep-hole drilling involves a combination of hole-drilling and ring-core methods. Firstly, a hole
is drilled through the thickness of the part, and the diameter of that hole is accurately measured. The
ring-core method is then introduced to remove an amount of material around that hole. The material
between the ring and the hole relaxes as the RSs are removed, and the diameter of the hole is measured
again. The change in diameter is used to calculate the stresses that were removed. Again, the
incremental depth of the ring core in this method is used to build a stress profile through the thickness
of the part. While this technique is largely destructive, it is found to be useful in instances where the
part is thick and very large macro-stresses are expected to exist [13].

3.1.4. Sectioning

Sectioning is a highly destructive method for measuring RSs. Sections of the specimen are removed,
and the deformation is measured. It is important that the sectioning process be conducted without
inducing plastic deformation or heat, which would interact with the RSs. As before, strain gauges
are used on the specimen to measure the relaxation strains, which are used, in turn, to obtain the
stresses [40].

The deformation that occurs as a result of the relaxation may be axial deformation or curvature;
the axial deformation is a result of membrane RSs (surface stresses), and curvature is a result of bending
RSs (through-thickness stresses). A common assumption is that the bending stresses vary linearly
through the thickness [13].

3.1.5. Contour

Finally, the contour method is a newer method for measuring RSs. In this method, the specimen
is cut, and then the surface contour is measured, followed by data reduction and analysis. Arguably,
the cutting of the specimen is the most important, since the quality of the cut (flatness, constant width,
no discontinuities) influences the contour measurement and, thus, the data reduction and analysis
steps. Commonly, a wire electric discharge machine (EDM), which uses sparks to remove material,
is used in the material cutting process for uniform width and flat cutting.

The contour measurement is carried out on the contoured surfaces created from the cut (contoured
due to the relaxation from the removal of RSs). A coordinate measuring machine (CMM) is often
employed in this step for high precision and accuracy. Data reduction is conducted by averaging each
pair of points (the mirrored point on both cutting faces). Finally, the smoothed data (from the data
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reduction step) is used as an input (displacement boundary conditions) into a finite element model to
calculate the original stress [13].

3.1.6. Other Methods

Other destructive methods exist for measuring RSs: excision, splitting, and curvature (layer
removal). Commonly used with thin plates, excision involves the removal of some material around a
strain gauge to back out the stress in the part. Splitting is often used in thin-walled tubes, and it involves
the sawing of a deep cut into the specimen, and the opening or closing of the cut by surrounding
material (during the relaxation) can be related to RSs. The curvature method is often used in thin
plates, where, by removing (or adding) a thin layer of material, the plate deflects upward or downward;
the extent of the deflection is related to the RS within the part [13].

3.2. Non-Destructive Methods

The destructive methods discussed so far are advantageous because they provide drastic stress
relaxation for measurements, but they are not ideal when dealing with parts for use. By definition,
the induced damage degrades the integrity of the part and therefore, the part cannot be used for
service after the measurement. There can be cases that the geometry allows for devising coupons to be
separated from the functioning part, specifically for destructive RS measurement. On the other hand,
non-destructive methods, where the part is not significantly altered, are much more favorable with
expensive components. The non-destructive techniques include X-ray diffraction, neutron diffraction,
and magnetic, ultrasonic, and thermoelastic methods.

3.2.1. X-ray Diffraction

X-ray diffraction (XRD) for measuring RSs makes use of the fact that, under stress, interplanar
spacing in a crystal lattice can change [12,13]. In XRD measurements of RS, an X-ray beam is focused
onto the sample, and the reflected beam is captured by a detector, which measures the intensity.
Typically, the detector is moving with respect to the sample and X-ray source, capturing different
reflective angles, and the XRD pattern of the sample is displayed as intensity (of the reflected beam) vs.
twice the angle of reflection. By comparing the stressed XRD pattern to an unstressed pattern—typically
a powder sample—and employing the Bragg’s law (see Equation (5)), the change in interplanar spacing
can be related to elastic strains and, thus, to RSs, explained by the following equations [41]:

nλ = 2dsinθ, (5)

and
dϕψ =

(1 + ν
E

)
σϕsin2ψ−

(
ν
E

)
(σ11 + σ22), (6)

where d represents the interplanar spacing, which corresponds to certain (hkl) planes or, equivalently, a
specific 2θ Bragg angle. λ is the wavelength of X-ray beam, and n is the order of diffraction. dϕψ denotes
the stressed interplanar spacing for the same (hkl) planes, while the incident beam (or equivalently the
sample) is tilted by ψ and rotated by ϕ. The elastic strain associated with the change in the interplanar
spacing is directly related to the RS, σϕ, which is normal to the (hkl) planes. Since other components of
stress (e.g., σ11 or σ22) are not of interest for RS measurement, the slope of a plot of measured dϕψ vs.
sin2ψ, yields

(
1+ν

E

)
σϕ, from which the RS, i.e., σϕ, can be obtained straightforwardly if elastic properties

of the material (ν and E) are known [41]. Measurement of RS by XRD is quite common for AM parts,
as demonstrated by Mishurova et al. [42] and Yan et al. [43], amongst other researchers, and as shown
in Figure 13.
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Figure 13. Plot of the interplanar spacing d for (211) planes vs. sin2ψ to obtain RS in H13 steel made by
SLM [43].

A requirement of this method is that the material is crystalline; it must have many randomly
oriented grains sufficient to produce an XRD pattern in any orientation of the surface. This method is
often restricted to small geometries which can fit in the XRD machine, while also not interfering with
the reflected beam to the detector. Furthermore, XRD is limited to measurements near the surface of
the material (a few microns), and it cannot provide information regarding through-thickness stresses.
This method could, however, be combined with some type of layer removal technique to generate the
stress profile through the thickness, but it would then be considered destructive [13].

3.2.2. Neutron Diffraction

Very similar to the XRD method is neutron diffraction. Changes in the lattice spacing due to elastic
strains can be related to RSs within the material [13]. Neutron diffraction can be employed in different
ways; a constant wavelength neutron source is used, and Bragg’s law determines the interplanar
spacing from the diffraction patterns (similar to XRD); another option is to use a pulsed beam in
conjunction with a time-of-flight method. The time-of-flight method holds the angle of incidence and
reflection constant, but it varies the wavelength of the neutron wave; it shows precision measurements
of Δd/d on the order of 10−5 for interplanar distances [44]. With the wide range of neutron energies
(from the varied wavelengths), the neutrons with the highest energy arrive at the target specimen
first. The strain is determined by the time between the source and detection as follows: ε = Δt/t [44].
An advantage of neutron diffraction over XRD is the greater penetration depth, as deep as 100 mm in
aluminum and 25 mm in steel [13]. Major drawbacks are the size and cost of the equipment.

3.2.3. Barkhauser Noise Method

Methods exist to determine RSs within ferromagnetic materials; one such method is the Barkhauser
noise method. The theory behind this method is that the small magnetic regions within the material
(which are magnetized along the crystallographic magnetization axes) have boundaries called domain
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walls. These domains are oriented with respect to one another such that the total magnetization of the
material is zero (unless it is a permanent magnet). When an external magnetic field is applied to the
ferromagnetic material, the total magnetization of the workpiece changes due to the rotation of the
domains: the domains align parallel to the magnetic field direction. The movement of the domain
walls is impeded by grain boundaries, dislocations, second-phase materials, and other impurities
in the material. The restrictive forces on the domain walls from the defects and impurities can be
overcome by applying a larger magnetic force. As the individual domains are suddenly rotated,
the total magnetization also increases in jumps. The sudden increases in magnetization can induce
electrical pulses in a coil. The Barkhauser noise is the combination of all of the electrical pulses from all
of the domain movements. With an appropriate set-up, an alternating magnetic field can be generated,
and stress can be determined from the magnetic force [12,13]. As mentioned, this method is only
applicable in ferromagnetic materials, and it is really only useful for surface stresses (up to 0.2 mm on
parts that were surface-hardened). While not as deep as neutron diffraction, magnetic methods also
have greater penetration than XRD [12,13].

3.2.4. Ultrasonic Methods

According to the acoustic elasticity effect, the velocity of an elastic wave propagating through
a solid material has a dependency on mechanical stresses on the material. This effect allows for the
RS measurement technique known as the ultrasonic method [12,13]. One common approach is the
pulse-echo technique, where a transmitting transducer sends a wave through the material, and it
detects the wave after it propagates through the material. The average of the RSs present in the material
is determined from the time between pulse and detection. The biggest advantage of this technique
over many of the others is its universality; this method is applicable to any solid medium. Also, the
depth is on the order of millimeters (much deeper penetration than XRD), and the equipment is easy
to set up, portable, safe (no radiation hazards), and inexpensive [12,13].

3.2.5. Thermoelastic Methods

Understanding that deformation in a material can generate changes in temperature allows one to
use temperature maps of a material to determine the stresses present. With the appropriate infrared
camera set up, the temperature profile of a build can be obtained, and the internal stresses can be
obtained. Because the temperature–stress effect is quite small, the resolution of infrared cameras must
be fine enough for accurate determinations of stress, making this technique limited [12].

3.2.6. Nanoindentation Techniques

Localized mechanical properties such as hardness and elastic modulus are influenced by RSs.
Nanoindentation (NI) is a process via which a very small indent is made in the material while
recording the applied force and penetration depth, in order to determine material properties. Many
researchers used NI to measure the affected localized properties, and they calibrated the measurements
to obtain localized surface RSs for polycrystalline materials and metallic glasses [45–50]. Suresh and
Giannakopoulos [47] developed a standard method for estimating the surface RSs, and they showed
mathematically and experimentally that tensile RSs allow for a larger contact area between material
and indenter (and, thus, greater penetration depth) than compressive stresses for a given load. As
described by Suresh and Giannakopoulos [47], an important consideration in using NI to measure
RSs is that only surface/localized RSs can be measured, proportional to the depths and diameters of
the indenter probes. Nevertheless, the NI methods remain effective non-destructive measurement
techniques applicable to the surfaces of large components and thin films. Several research groups
applied NI methods to AM parts for the determination of bulk material properties [51–53].
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3.3. Common Residual Stress Measurement Approaches for Additively Manufactured Parts

Of the RS measurement techniques presented above, the non-destructive techniques are favorable
because they do not cause major alterations to the build which degrade the part’s integrity; however, the
destructive methods are the most standardized and allow for through-thickness stress measurements.
While either approach can be applied to additively manufactured parts, residual stresses in these
components are often measured non-destructively.

Stainless steel 316L fabricated by laser PBF was investigated by Wu et al. [32], and RSs were
measured with neutron diffraction, coupled with the sectioning method. AM process parameters were
investigated for their effect on RS formation. It was determined that compressive stresses existed
within the center of the parts, and tensile stresses were observed at the surfaces [32].

The additive manufacturing of Ti–6Al–4V using a modified gas tungsten arc welding and an
automated wire addition in a layer-by-layer process was investigated by Hoye et al. [54]. Residual
strains were measured using the non-destructive neutron diffraction technique, and it was determined
that, in the longitudinal direction (parallel to the weld direction), RSs were the most prominent,
with values of 565 ± 35 MPa 1 mm below the surface of the baseplate. RSs of almost 70% of the
yield strength of the titanium alloy were reported, and they were located near the surface at the
centerline of the weld. Also, at the interface region between the deposited material and the baseplate,
great variations in the principle stresses were observed [54]. An important consideration for this study
was the fact that the build was machined after the additive manufacturing process to achieve the
desired part geometry, which may have contributed to the magnitude of the RSs measured. The stress
profile is illustrated in Figure 14 [54].

 
Figure 14. Residual stress measurements in wire-fed additive manufacturing of Ti–6Al–4V at the weld
centerline distributed in the vertical z-direction [54].

Ding et al. [55] manufactured a thin wall of mild steel using the wire and arc additive manufacturing
(WAAM) process with a modified gas metal arc welding heat source. RSs in the sample were
measured via neutron diffraction and the time-of-flight approach. An important finding was that the
stresses in the longitudinal direction (parallel to the weld direction) were dominant over normal and
transverse-directed stresses, with values as high as 450 MPa in the longitudinal direction. It was also
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observed that distortions and stress redistribution occurred after the sample was unclamped from the
baseplate [55].

The WAAM process was also investigated by Colegrove et al. [56], who also used the neutron
diffraction method to characterize the residual stress formed. Samples of mild steel were fabricated
similarly to Ding et al. [55], as shown in Figure 15. After adding each layer, rollers were applied to
relieve RSs and deformation; a profiled roller matched the surface shape of the deposited layer, and a
slotted roller prevented lateral distortion. Similar results to Ding et al. [55] for the RS distribution were
reported, reaching nearly 600 MPa [56] for the unrolled or as-built case, as shown in Figure 16.

 
Figure 15. Geometry used by Ding et al. and Colegrove et al., with locations of thermocouple probes
identified [55,56].

 
Figure 16. Longitudinal residual stress distribution through the depth of the sample prepared by
Ding et al. and Colegrove et al. [55,56].
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Work was conducted by An et al. [57] using neutron diffraction methods for determining RS in
Inconel 625 thin-walled, curved samples fabricated by laser PBF. It was determined that, at the top of
the sample and near the baseplate, tensile hoop stresses of about 270 MPa existed. Also, tensile axial
stresses of as much as 500 MPa existed around the edges, and compressive axial stresses of around
200 MPa existed in the middle of the sample. It was shown that the applicability of neutron diffraction
was possible for Inconel 625 produced by laser PBF [57].

A titanium alloy, Ti–6Al–4V, was additively manufactured via EBAM by Cao et al. [38], and RSs
were also measured with neutron diffraction; the geometry and measurement orientation are shown in
Figure 17. As before, it was determined that the most significant RS was in the longitudinal direction,
parallel to the beam path, reaching about 320 MPa. In the same work, the hole-drilling method was
used and shown to be an effective method in additively manufactured parts [38].

 
Figure 17. Geometry used by Cao et al., showing the neutron diffraction measurement orientations [38].

Brice et al. [58] also used neutron diffraction to investigate 2219-T8 aluminum samples fabricated
with EBAM. It was apparent that an RS concentration was located at the interface between the deposited
material and the baseplate, reaching values of nearly 30 MPa along the entire interface. It was reported
that the RSs were all compressive in the principle directions. It was also noted that, after the deposited
material was un-clamped from the baseplate, the structure rebalanced, and the RS profile changed to
accommodate the new equilibrium boundary conditions [58].

Simson et al. [59] explored RSs in SLM samples of 316L stainless steel. Using XRD, RSs were
measured at the surface, and layers were removed via elecropolishing for additional XRD measurements
at different depths. RSs measured on the top surface of the sample exhibited the largest magnitude in the
scanning direction, and the largest RSs measured on the side of the sample were in the build-direction
reaching about 220 MPa. The difference in the RS orientation for the different layers measured was
attributed to the thermal gradient mechanism affecting the top surface residual stresses, and to the
cool-down mechanism, affecting the build-direction stresses [59].

Ahmad et al. [60] investigated RSs in two materials manufactured by SLM: Ti–6Al–4V and Inconel
718. Through the contour method and numerical simulation, RS profiles were developed. The authors
reported that significant distortion was observed in the titanium samples, but little noticeable distortion
was seen in the Inconel. The RS distribution was similar between the materials, with the highest
tensile RSs at the corners and surface of the specimens (titanium: 920 MPa, Inconel: 837 MPa) and
compressive RSs at the center region (titanium: 335 MPa, Inconel: 459 MPa) [60].

An SLM titanium alloy (Ti–6Al–4V) was also investigated by Knowles et al. [61] with the
destructive hole-drilling method. To capture the RSs through the thickness of the part, the hole was
drilled incrementally, and the procedure followed the standard ASTM E837-08. The RSs measured
in the samples were reported to be greatest at the surface, in some cases exceeding the material’s
yield strength. The maximum measured value was 1508 MPa, and the minimum measured value was
135 MPa. The author concluded with the suggestion that work be performed to mitigate or relieve
these stresses during manufacture [61].
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In general, it is observed that, in AM components, tensile stresses are present on part surfaces,
while compressive stresses exist in the center of the parts [29,30,32,34,60]. RSs of the greatest magnitudes
are found in the direction of the scan line, compared to the transverse and build directions [38,54–56,59].
It is also frequently observed that the scan strategy affects RS formation, with small successive islands
having lower magnitudes of RS than directional scanning [30,32,33]. Furthermore, the scanning speed
was shown to affect the magnitude of the RSs; slower scanning speeds (and therefore greater energy
input) resulted in larger RS than faster scanning speeds [34]. It was also observed that a large inter-layer
dwell time results in larger RSs than with a short time between layers [35]. Finally, it was shown that
pre-heating the baseplate of the build can reduce the thermal gradients and, thus, the RSs formed [36].
The EBAM process was suggested to generate RSs lower in magnitude, when compared to SLM, but a
concrete comparison was not made; different geometries and scanning strategies were investigated
between the AM technologies [36].

4. Computer Modeling of Residual Stresses

4.1. General Approaches for Modeling Residual Stresses

Essentially, to model RSs formed by AM processes, a thermal analysis is performed, followed by a
mechanical analysis. The thermal analysis introduces the temperature distribution in the build, and the
mechanical analysis determines distortions due to the thermal loads. These two frameworks are either
coupled or uncoupled. If they are coupled, the mechanical analysis is performed at every time step
of the thermal analysis, in order to account for the heat generated by deformations. The state of the
system at each time step is calculated either implicitly or explicitly. In explicit methods, the current
time step is used to calculate later time steps, and implicit methods use the current and the later state
to determine the later state. Implicit methods can handle any time step size, while numerical instability
may occur for explicit methods with large time steps. For highly non-linear processes, such as those in
AM (temperature-dependent materials, plastic deformations, etc.), implicit methods may not converge,
while explicit methods do, but they may require small time steps, increasing the computation cost. The
non-linearity often forces an explicit approach, and convergence requires small time steps, resulting in
large computational burdens for these types of simulations [62].

Zohdi [63] presented a computational methodology for the evolution of RSs from the deposition of
hot particles, as seen in AM. The approach involved an implicit-staggered, coupled thermo-mechanical
analysis, with an adaptive time step implemented and a finite difference time domain. The adaptive
time step was to enhance computation time; small time steps were used when the system was changing
rapidly, and larger time steps were used when the process was slower [63].

AM computer models are either at the micro or macro level, each of which provides different
information. Megahed et al. [64] reported that micro-scale models of AM processes involve the
interaction between the heat source and feedstock (powder particles, for example). The micro-scale
models provide information about the melt pool size, temperature distribution, and material
consolidation quality, whereas macro-scale models use the heat-affected zone dimensions and thermal
cycle to calculate the RSs in the part. Typically, simulations performed for RS calculations are on the
macro scale, and they assume some heat source distribution [65]. For the most physically accurate
model of the AM process, one would model the heat source interaction with the feedstock at the
micro level, and then model the fluid flow of the molten material, before finishing the simulation with
a macro model for RS and part distortion prediction using the generated temperature distribution,
as suggested by Ganeriwala [66] and Ganeriwala and Zohdi [67].

Regardless of the spatial consideration of the model, the heat transfer in AM processes must be
accounted for—the heat source for melting (laser or electron beam, typically), and the heat sinks for
cooling mechanisms (heat dissipation through convection and radiation from free surfaces, as well as
conduction through the material), as seen in Figure 18.
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Figure 18. Laser melting of Ti alloy powder on a steel baseplate with heat transfer mechanisms
shown [68].

No matter what modeling approach or time integration is used, conservation laws have to be
obeyed and can be found in many heat transfer textbooks [69]. Generally, the energy balance for a
closed system resembles the following Equation:

Q f lux = Qcond. + Qconv. + Qrad., (7)

where Qflux is the total heat flux, and Qcond., Qconv., and Qrad. are the conduction, convection, and
radiation heat transfer mechanisms, respectively [68]. The heat conduction Equation can be expressed
as follows:
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according to Fourier’s law, where k is the thermal conductivity, T is the temperature,
.
q is the rate of

heat transfer into the system, ρ is the density, Cp is the constant pressure heat capacity of the material,
x, y, and z are the spatial coordinates, and t is the time. Enthalpy, H, is often taken into consideration to
capture the phase-change information.

dH = CPdT. (9)

Finally, in the case of heat input by the beam (modeled as a heat flux) and heat losses from
convection and radiation, according to Labudovic et al. [70], the boundary conditions are treated
as follows:

k
∂T
∂n
− .

qs + h(T − T0) + σε
(
T4 − T4

0

)
= 0, (10)

where T0 is the initial ambient temperature, n is the surface normal vector,
.

qs is the rate of heat
input, h is the convection heat transfer coefficient, σ represents the Stefan–Boltzmann constant,
and ε is the emissivity. The stress calculations are more or less the same throughout the literature,
but the assumptions and simplifications made regarding heat flux, temperature distribution,
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and boundary conditions affect the RS predictions. Heigel et al. [71] stated that accurate RS calculations
from computational models require detailed knowledge of the surface heat transfer; thus, any
over-simplifications in the thermal analysis can result in inaccurate stress calculations.

4.2. Specific Approaches of Modeling Residual Stresses in AM

The work of Ghosh and Choi [72] reported a methodology for the finite element analysis (FEA)
prediction of microstructure formation, as well as RSs, in laser-aided DMD of H13 tool steel on a
mild steel substrate. Using the same heat conduction equation and boundary conditions described
by Equations (8)–(10), a transient thermal analysis was performed, assuming a Gaussian heat flux
distribution, given by the following equation [73]:

Q =
AP
πr2d0

e[−2
((x−vxt)2+(y−vyt)2)

r2 ] 1
5

⎡⎢⎢⎢⎢⎣−3
(

z
d0

)2
− 2

z
d0

+ 5

⎤⎥⎥⎥⎥⎦, (11)

where A is the laser absorption coefficient of the powder, P is the laser power, r is the laser spot radius,
d0 is the penetration depth, x, y, and z are the coordinates of the laser spot center, vx and vy are the
laser spot speeds in x- and y-directions, respectively, and t is time. The temperature results were
provided to a user-defined subroutine to determine the fraction of each phase of the material; strains
from transformation plasticity and volume change were also computed. The uncoupled mechanical
analysis then computed elastic, plastic, and thermal strains at each time step. It was reported that
the time steps were much smaller during the rapid initial heating than for the slow cooling process
in order to converge. It was also stated that the time steps for the thermal and mechanical analyses
were independent of each other. The stresses generated were obtained from the calculated strains,
assuming a linearly elastic and linearly plastic relationship. Experiments were carried out, and RSs
were measured with XRD. Discrepancies between experiment and simulation were attributed to X-ray
beam size relative to the interface size between laser passes, as well as the formation of “peaks” and a
“valley” due to the overlap between laser passes; the XRD likely missed data points in the “valley” [72].

An investigation by Zaeh et al. [74] explored the transient physical effects in SLM processes for
1.2709 tool steel. Two types of coupled thermo-mechanical simulations were carried out: a layer-based
detailed model and a part-based global model. The layer-based model utilized sufficiently accurate
heat source models that mimicked the thermal interaction between the laser beam and the powder
bed. This model allowed for process parameter optimization (scan strategy and speed, as well as
baseplate temperature) regarding RS and deformation on single layers. The part-based global model
allowed for the entire part quality. The heat source was applied uniformly to entire layers, without
concern for the scan strategy. The part-based global model calculated maximum tensile residual
stresses of about 1000 MPa in the horizontal plane and 416 MPa in the build direction, and maximum
compressive stresses of 1100 MPa in the horizontal plane and 804 MPa in the build direction at the
outer supports; the layer-based model predicted tensile stresses of 86 MPa in the longitudinal direction
and compressive stresses of about 628 MPa. Experimental validation of the simulations using neutron
diffraction revealed tensile stresses of 305 MPa in the longitudinal direction at the top surface and a
compressive stress of 184 MPa at the bottom of the part. The predicted stresses in the longitudinal
direction were about 187 MPa at the top surface of the part. The simulations predicted deformations
and RSs that were within measured values [74].

Zaeh and Branner [75] extended the work of Zaeh et al. [74] by investigating RS and deformation
in SLM of 1.2709 tool steel through simulations. A coupled thermo-mechanical system was employed,
and calculated RSs were verified with neutron diffraction. Simplifications were made to prevent long
computation times; for instance, the thermal load was applied to an entire layer for 20 ms, instead of
modeling the individual scanning vector. Radiative and convective boundary conditions were applied
to the part during the cool-down phase, as well as conduction to the baseplate. Tensile stresses were
calculated within the horizontal plane to have a maximum of 1000 MPa at the edge of the structure
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and 416 MPa in the build direction. For a specimen fabricated with the parameters used in the model,
the experimentally measured RSs were lower than the simulation predictions. Discrepancies were
attributed to the simplifications of the model and the differences in the support structure geometry
between model and experiment [75].

Krol et al. [76] compared simulation results to experimental measurements of RSs formed in
AM processes; the geometry can be seen in Figure 19. The heat flux was applied to the entire layer,
without modeling scan strategies. An experimental investigation of process parameters on residual
stress formation revealed, with neutron diffraction, that the finite element model must be of sufficient
detail to capture RS progression as a function of process parameters [76].

 
Figure 19. Geometry used by Krol et al. for finite element simulations [76].

The SLM of titanium and nickel powder was simulated by Gu and He [77] for the purpose
of RS predictions. The calculated stress values were compared to qualitative experimental results.
The simulation presented was a coupled thermo-mechanical analysis with a Gaussian heat source
distribution, and the results indicated that the maximum RSs occurred at the end of the scanning track,
with values of 86.3 MPa in the scanning direction, 95.7 MPa in the transverse direction, and 23.2 MPa
in the build direction. The qualitative experimental results were based on visual crack formation
in the manufactured part, indicating locations of large RSs, which agreed with simulated stress
distributions [77].

EBAM was simulated by Cao et al. [38] for the purpose of predicting RS and part distortion.
Experimental measurements using neutron diffraction and the hole-drilling method were used to
validate the simulations for Ti–6Al–4V specimens. After simulating different types of heat sources
(Gaussian heat distribution, simple point heat source, double ellipsoid, and uniform heat source),
a uniform heat distribution most closely fit the shape of the molten pool in the experiments. The
temperature distribution was obtained through the heat conduction equation and heat transfer equation
discussed previously. To account for the effect of fluid flow of the molten material on heat transfer (the
Marangoni flow), the thermal conductivity was artificially increased by a factor of three, based on other
reported works [78]. The RSs were calculated in a coupled mechanical analysis. RSs were measured at
five points in the longitudinal direction and five points in the transverse direction, showing maximum
values of about 320 MPa; comparing the measured values to the simulation, good agreement was
found, but it was noted that five data points were insufficient to fully validate the model. It was
also noted that the model predicted zero distortion near the plate extremities, but measurements
with a coordinate measurement machine (CMM) indicated small distortions [38]. A final comment
indicated that the effects of microstructure evolution were not simulated, which would have impacted
the predicted RSs, as explained by Myhr et al. [79].
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Denlinger et al. [80] modeled an electron beam-deposited Ti–6Al–4V AM part, and they explored
RSs generated. The uncoupled thermo-mechanical analysis assumed a Goldak double ellipsoid heat
source distribution [81], given as follows:

Q =
6
√

3Pη f

abcπ
√
π

e−[
3x2

a2 +
3y2

b2 +
3(z+vwt)2

c2 ], (12)

where P is the power of the electron beam, η is the absorption frequency, f is the process scaling factor,
x, y, and z are the coordinates, and a is the transverse dimension, b is the melt pool depth, and c is
the longitudinal dimension of the ellipsoid, vw is the scanning speed, and t is the time. Distortion
measurements were compared against the simulated distortion, and the magnitudes of the simulated
distortions were larger than those measured, but agreed reasonably well with a maximum error of
29%. The magnitude of the displacement predicted by the simulation are shown in Figure 20 [80].

 
Figure 20. Displacement magnitudes (in mm) at the end of the simulation: maximum displacement of
1.3 mm, minimum displacement of 0 mm [80].

A finite element method was developed by Ding et al. [55] for the thermo-mechanical response
during a WAAM process of mild steel, employing a steady-state thermal model, which was compared
to a conventional transient model and experimental measurements of residual stresses. In both models,
the thermal and mechanical systems were coupled, and the Goldak double ellipsoid heat source [81]
was applied. The models did underestimate the value of RSs in a one-layer wall, which was attributed
to the microstructure evolution not being captured by the model. Overall, the steady state and thermal
models agreed well with experimental measurements of residual stress, with the steady-state model
showing an 80% advantage in terms of computation time [55].

Chae [82] investigated RS evolution in DMD of low alloy steel by numerical simulation of
laser–powder interaction and molten fluid flow, and then the temperature distribution was used to
calculate the thermal strains, volumetric strains (from martensitic phase transformations), and plastic
strains due to the phase transformations. The strains were used to calculate RSs from three-dimensional
Hooke’s law. XRD was used to measure residual strains for a comparison to the simulation predictions,
and it was determined that the stresses at the top surface were over-predicted by 8.6%, and those
at the melt pool interface were over-predicted by 35.7%. The discrepancies were attributed to the
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extrapolated values of AISI 4340 steel material properties at high temperatures, due to limitations of
access in the database [82].

Parry et al. [83] explored the effect of scan strategy on RS formation through simulations of SLM
of Ti–6Al–4V alloy. The coupled thermo-mechanical analysis utilized the Goldak double ellipsoid
heat source model, and time-independent plasticity was modeled with a von Mises yield criterion to
capture the cyclic non-linear work hardening effect (the Baushinger effect). It was not explicitly stated
whether or not microstructure evolution was modeled [83].

Li et al. [9] developed a multiscale finite element approach for prediction of part distortion and
RSs generated during SLM of AlSi10Mg powder. The proposed simulation involved the micro-scale
modeling of a single track to obtain a temperature history, and then a meso-scale model, which extended
the micro-scale model to a deposited powder layer, as shown in Figure 21; finally, a macro-scale model
was used to apply the thermal load calculated from the meso-scale model to an entire part. Applying
the Gaussian heat source distribution to the surface of a powder layer, the micro-scale model was
solved. The temperature history was used as an input to the meso-scale model, where an equivalent
body heat flux was applied to the entire layer as follows:

q =
AP

dsdmH
, (13)

where ds is the laser spot diameter, dm is the melt pool depth, and H is the scan spacing (hatch spacing).
Finally, the macro-scale model was a coupled thermo-mechanical analysis, and the part was divided
into 12 layers, with each layer given the equivalent body heat flux [9].

 
Figure 21. Micro-scale simulation of scan strategy (a), to obtain an equivalent layer heat flux (b) [9].

Li et al. [84] simulated SLM of iron-based powders to predict RSs and part distortion. Due to a
lack of availability of material properties, temperature-independent properties were used in the model.
The thermal loads were similar to those described in Li et al. [9]. Comparisons to experimental data
were not discussed for model validation, but it was suggested that temperature-dependent material
properties would be investigated in future works [84].

Denlinger et al. [85] modeled an EBAM process of Ti–6Al–4V. RSs and distortions were calculated
and compared to measured stresses from the hole-drilling method. The thermo-mechanical analysis
was uncoupled, and the heat source was modeled as the Goldak double ellipsoid [81]. A unique
methodology in this work was the implementation of stress relaxation, where the stress and strains
were reset to 0 when the temperature exceeded a defined stress relaxation temperature. Different values
of relaxation temperature were investigated, and it was reported that the absence of relaxation effects
resulted in over-prediction of distortion by more than 500%, and a simulated relaxation temperature of
690 ◦C matched measured values most closely (within 25%) [85].

Heigel et al. [71] modeled directed energy deposition (DED) of Ti–6Al–4V using the Goldak double
ellipsoid heat source model [81]. The stress relaxation technique described by Denglinger et al. [85] was
employed. Free and forced convection as boundary conditions were investigated in the simulations,
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and RS predictions were compared to experimental results. The forced convection model matched
most closely to experimental results [71].

Wang et al. [86] used neutron diffraction to measure RSs in Inconel 625 manufactured by DED,
and they compared measurements to a finite element model of the same process. The thermo-mechanical
analysis was coupled, employing the Goldak double ellipsoid heat source model [81], with radiation
and convection boundary conditions. The heat treatment applied to the sample may have relieved RSs,
leading to an error in the computation of the residual strains and stresses [86].

EBAM of Inconel 718 was modeled by Prabhakar et al. [87]. In order to save computation time,
the uncoupled thermo-mechanical analysis assumed the heat transfer of the process to be uniform across
the entire layer, due to the rapid process, and radiation effects were also ignored. Distortions caused
by RSs were qualitatively compared to experiment, and they were observed to be in agreement [87].

Denlinger et al. [88] developed a finite element model to predict RS formation in Inconel 718
produced by laser PBF processes. The heat source was modeled with the Goldak double ellipsoid
model [81], but the thermal boundary conditions were treated in a way that accounted for heat
source–particle interactions; the thermal conductivity of the powder, kp, was calculated as follows [88]:

kp = k f
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where kf is the thermal conductivity of the argon gas surrounding the particles, φ is the fractional
porosity of the powder bed, ks is the conductivity of the solid, and kr is the heat transfer of the radiation
between the individual particles [88], calculated as follows:

kr =
4
3
σT3Dp , (15)

where Dp is the average diameter of the particles, σ is the Stefan–Boltzmann constant, and T is the
temperature. The emissivity of the powder is also calculated as follows [88]:

εp = AHεH + (1−AH)εs , (16)

where AH is the porous area fraction of the powder surface, εH is the emissivity of the powder surface
vacancies, and εs is the emissivity of the solid, defined as follows [88]:
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A mesh coarsening strategy was also implemented for computation time considerations,
which allowed elements below the deposited layer to merge as the heat sources moved in the
build direction. The thermal and mechanical analyses were uncoupled, and the distortion predictions
caused by RSs agreed strongly with measurements (maximum error of 5%) [88].

Zhao et al. [89] modeled RS formation in direct metal laser sintering of Ti–6Al–4V with a coupled
thermo-mechanical analysis. The heat source was modeled as two distributions for comparison. Firstly,
a uniform heating pattern was used, given as follows [89]:

Q =
P
πr2 . (19)
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Next, a semi-spherical power distribution model was used, given as follows [89]:

Q =
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2πr2
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2
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∣∣∣y− y0
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where x0 and y0 are coordinates of the laser spot center. The properties of the powder were estimated
from the density, ρ0, heat capacity, cp0, and thermal conductivity, k0, of the solid material as follows [89]:

ρ

ρ0
= 1−∅ , (21)
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cp0
= 1−∅ , (22)

k
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1 + 11 ∅2 . (23)

The emissivity of the powder was also assumed, as discussed above [88]. Calculated residual
stresses in Reference [89] were not compared to experimental results.

5. Residual Stress-Induced Distortion Prevention and Compensation

5.1. Approaches to Prevent Deflection

As discussed previously, adjusting AM process parameters can reduce RSs, but it may not
completely eliminate them from forming; therefore, strategies exist to take advantage of the distortions
induced by RSs to achieve accurate part dimensions. Mukherjee et al. [90] showed, analytically, that the
process variables from AM influence thermal strains (and, thus, thermal stresses), to guide researchers
investigating the mitigation of part distortion. It was shown that low heat input can reduce thermal
strains, the combined effect of a decrease in laser power and layer height can reduce the distortion,
and the combination of a decrease in laser power and an increase in scanning speed can reduce the
thermal strains.

Denlinger and Michaleris [91] investigated three distortion mitigation techniques in EBAM with
wire feedstock of Ti–6Al–4V. Three distortion mitigation techniques were investigated. Firstly, the
part was heated after the deposition to relax the thermal stresses; the other two methods involved
the deposition of additional material across the neutral axis of the build, extending beyond the
part geometry, to be machined after completion, either after the completion of each layer or after
the completion of all layers. These methods were examined with finite element analysis, and the
most successful was implemented into experiment. It was determined that depositing additional
material after the completion of each layer was the most successful, with 91% of the bending distortion
eliminated (see Figures 22 and 23) [91].

Colegrove et al. [92] investigated bulk deformation processes applied during the AM process for
property, RS, and distortion control. Rolling was applied to the WAAM of Ti–6Al–4V to apply plastic
deformation to relax the RSs formed. Depending on the orientation of the roller with respect to the
part (shown in Figure 24), the distortion and RS could be nearly eliminated from about 550 MPa to less
than 200 MPa [92].
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Figure 22. Desired geometry with cross-sectional plane for residual stress measurements (left),
and proposed concept (right) by Denlinger and Michaleris—upward and downward distortion
mitigated by a balance of sacrificial material [91].

 
Figure 23. Residual stress distribution with only four sacrificial layers added (left) and with 12 balanced
layers (right); the balanced sacrificial material yields a uniform distribution, reducing the distortion of
the part [91].

Aggarangsi and Beuth [93] investigated the effects of localized pre-heating in AM for reducing
the RSs generated. The researchers mentioned that uniform pre-heating was used to reduce RSs in
small parts, but it was impractical for very large parts; thus, they proposed a localized pre-heating
method. The two proposed methods involved a second heat source (lower power) in front of or
behind the melt pool, or the pre-heating of the top surface to a predetermined temperature. Uncoupled
thermal–structural simulations were used to investigate the effects on RS and part distortion in AISI
304 stainless steel. It was determined that the additional heat source following or leading the primary
beam did not significantly reduce the thermal gradient and RSs. However, pre-heating the top-most
layer to 673 K did reduce the maximum stress by 18% [93].

In a study by Stucker et al. [94], RapidSteel 2.0 and LaserForm ST-100 (specialty steels) parts were
fabricated via SLM, and the process parameters during the post-AM furnace/infiltration stage were
investigated for their effect on final part geometry. It was determined that the LaserForm ST-100 was
sensitive to the temperature ramp rate in the furnace, and it had more uniform shrinkage between the
axes and better feature definition (sharper corners); however, it had much larger absolute shrinkage
than the RapidSteel 2.0, which was more sensitive to the amount of infiltrant used. It was suggested
that a furnace cycle, which heated the part very rapidly, held it for the least amount of time necessary
for infiltration, and then cooled the part very slowly, would minimize shrinkage [94].
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Figure 24. Investigations of bulk deformation processes (rolling) applied to AM components during the
build process as a slotted roller in the build direction (a), flat rolling ahead of the heat source in the build
direction (b) or in the transverse direction (c), and an inverted profile roller for thick regions (d) [92].

Krol et al. [76] compared simulation results with neutron diffraction-measured RSs in AlSi12.
Process parameters were investigated for their influence on RS formation, including pre-heating the
specimen, increasing the scanning velocity, and changing the support pattern from a block to an
optimized pattern (with respect to the RSs simulated). The stress measurements indicated that the
optimized support pattern consistently resulted in a lower RS state (about 70 GPa vs. about 10 GPa in
some instances). Interestingly, the pre-heated (200 ◦C) specimens had higher tensile stresses than the
room-temperature specimens, and the increase in scanning velocity reduced the RSs formed [76].

The effect of inter-layer dwell time on RS formation in Inconel 718 and Ti–6Al–4V by a laser-based
directed energy deposition was investigated by Denlinger et al. [95]. It was determined that the dwell
time between layers had a significant effect on the formation of RSs. The dwell time serves to allow
additional cooling during the AM process. It was found that, for Inconel 718, an increase in dwell
time from 0 to 40 s showed very small changes in distortion and magnitude of RSs; however, for the
titanium alloy, the longer dwell times increased distortion by as much as 54%, and RSs by as much as
122%. Distortion measurements were made using a coordinate measurement machine (CMM), and RS
was measured with the hole-drilling method [95].

Vastola et al. [73] explored a finite element simulation of Ti–6Al–4V alloy manufactured by
electron beam melting to investigate the effects of beam size, beam power, scanning speed, and powder
bed temperature on RS development. A small beam size was found to generate larger RSs within
a smaller heat-affected zone (HAZ), and larger beam sizes had a larger HAZ with a more uniform
stress distribution. The beam power was increased by 20%, and the HAZ was observed to increase
by 15% and, thus, increase the distribution of generated stresses. The scanning speed was seen to
affect the depth of the HAZ; lower scan speeds had a deeper HAZ and deeper thermal gradients,
thereby leading to deeper RS generation. Finally, an increase in powder bed temperature was seen to
reduce the magnitudes of the RSs more than the other parameters [73].
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In studies by Li et al. [96] and Li et al. [97], a multiscale finite element model was developed
to accurately predict part distortion caused by RS formation in SLM processes. The simulation
was compared against experimental data for an iron-based powder. The simulation started with a
micro-scale model of the heat source–powder particle interaction, to obtain the temperature distribution
of the molten material. An equivalent heat flux was developed from the temperature data in the
micromodel and applied to a meso-scale model to obtain a RS field. Finally, the stress field was fed
into a macro-scale model to obtain part distortion with different scan strategies. The simulation results
were compared with experimental data and found to agree. Furthermore, the different scan strategies
revealed that a successive island strategy resulted in lower RS formation than the least heat influence
island strategy (see Figure 25) [96,97].

 
Figure 25. Different scan patterns investigated for residual stress formation in SLM [96].

5.2. Corrective Design to Mitigate Residual Stresses in AM

Afazov et al. [98] developed a method to compensate for the RSs and the subsequent distortions
in AM parts. The proposed method used a mathematical model to pre-distort the CAD geometry
based on a 3D scan of the distorted, as-built part. The workflow, shown in Figure 26, firstly prints
the part from the CAD file, scans the part, and compares the 3D scan data with the CAD geometry;
then, it inverts the distortion (while interpolating areas where measurement data are not available)
and re-creates a corrected surface mesh for printing. Using this distortion-compensation technique on
an impeller geometry (110 mm diameter, 40 mm height, with turbine blade height of 80 mm), Inconel
718 parts fabricated in laser powder bed fusion were successful with tolerances of ±65 μm [98].

Afazov et al. [99] also implemented a distortion correction, to take advantage of the generated
RSs, in order to obtain the correct part geometry. SLM was modeled with finite element analysis using
Ti–6Al–4V powder. The distortion was predicted, and the displacements of the mesh were inverted.
The coordinates of the mesh were updated based on the inverted distortion prediction. It was shown
that the non-corrected geometry had distortion of ±200 m, and the corrected geometry from the FEA
resulted in distortions of ±45 m [99].

Similar to the work of Afazov et al. [98] and Afazov et al. [99], Xu et al. [100] developed
a computational framework to compensate for the distortion in AM processes, to manufacture
dimensionally/geometrically accurate parts. The developed process is shown in Figure 27. The part is
additively manufactured from a CAD model, and the as-built (distorted) geometry is measured with
a CMM or 3D scanner. The distorted geometry is compared to the original CAD model, and a new,
“corrected” CAD model is generated by inverting the displacements between the geometry and the
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CAD model. The new CAD model, then, has dimensions that, when printed, would distort into the
correct final geometry. The authors reported an improvement in shape deformation of 55% when the
compensated framework was implemented [100].

 
Figure 26. Workflow of proposed distortion prevention method in AM [98].

 
Figure 27. Workflow of the proposed distortion prevention technique [100].

In work by Yaghi et al. [101], a method for mitigating distortion in AM parts was presented.
Two stainless-steel 316 impellers of 48.6 mm in height, with the largest diameter being 109 mm,
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were manufactured via a laser powder bed fusion AM process and then machined to the final geometry,
as shown in Figure 28. Measurements of distortion and RSs were taken on the parts using optical
measurements and the hole-drilling method combined with the contour method. In Figure 28,
the surface RSs changed from ~550 to ~250 MPa from (a) to (b). Point (c) had residual stresses
of ~150 MPa about 0.5 mm below the surface. A finite element model was developed to predict
distortion, which was validated with the measured data. The predicted distortions were applied to the
finite element model in the negative direction, and the surface mesh was re-mapped, resulting in a
pre-distorted CAD model for printing. Using the distortion compensation method, the part distortion
was reduced from 200 μm to less than 100 μm [101].

 
Figure 28. Printed impeller discussed in Yaghi et al. [101]. The measured surface RSs for (a,b) were
around 550 and 250 MPa, respectively; (c) had an RS of 150 MPa about 0.5 mm below the surface.

It is important to note that the distortion prevention techniques in which the CAD geometry
is altered, such that the distortion during manufacture results in an accurate geometry, as seen in
References [98–101], only enables dimensional accuracy; the RSs still remain in the parts. While the
final geometry of the part is correct, the fatigue life and structural integrity of the part might still be
affected [10]. According to Li et al. [28], the most common approach currently employed to reduce
the residual stresses in AM processes is to pre-heat the feed stock or substrate to decrease the thermal
gradients during manufacture. Furthermore, a post-manufacturing heat treatment of AM parts was
shown to reduce the dislocation density and, thus, type III RSs.

6. Conclusions and Future Works

AM is a growing technology, but there is a huge demand for RS and part distortion prevention in
additively manufactured components, as one of the most appealing qualities of AM is the ability to
produce complex near-net shape geometries usually faster than most other techniques. Any distortion
in precision parts can be catastrophic in use, and RSs can negatively impact the fatigue life and
other mechanical performance characteristics. It was demonstrated that the microstructure of various
material systems can change during AM processes, and inhomogeneous microstructure evolution,
as well as non-uniform phase transformations, can generate RSs within the material. In this regard,
stress-relieving heat treatments can help create a more uniform and stress-free microstructure.

As discussed, there are a number of methods for measuring RS, each with advantages and
disadvantages, different spatial resolutions, and capabilities regarding the size of the part. There are
also a variety of AM techniques and variable parameters available, each of which was shown to induce
RSs in the part, exceeding the yield strength of a material in some cases. It was shown that track
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length, island size, laser power, and scanning speed need to be optimized to reduce the generated RS
formation. Much work was conducted to explore the effects of process parameters on RS formation,
both experimentally and computationally.

In this paper, different AM technologies were described, and recent investigations on RS formation
were reported. As governed by the temperature gradient mechanism, compressive stresses typically
form in the center of the part, and tensile stresses form on the top layers. The largest magnitudes of
RSs are observed in the direction of the scan line. Small, successive scan islands result in lower RSs
than directional scanning. Faster scanning was observed to result in lower RSs than slower scanning,
due to the energy input that goes with the scanning speed. The dwell time between layers affects
the RSs formed, with large dwell times causing larger RSs. Finally, pre-heating the baseplate prior to
build can decrease the thermal gradients and lower the magnitudes of RSs. The EBAM process was
shown generate RSs lower in magnitude, compared to SLM, but SLM remains one of the most common
technologies due to its affordable and simple (no vacuum chamber) set-up.

The benefits of computational models of AM processes include the rapid and inexpensive
investigations of process parameters on RS, but the downside is the computational burden of the
simulations, as well as the correct capture of the physics and the validity of the assumptions made.
Experimental investigations are, of course, desirable, but they are expensive and time-consuming.
The research community needs a physically accurate and computationally inexpensive AM process
simulation. Another important and often neglected source of RS formation is the microstructure
evolution; this impacts the fundamental material properties, and it plays a direct role in performance,
but it is often missed in the simulations.

In addition to a computational framework to accurately capture the physics of AM processes,
further experimental investigations into residual stress prevention techniques must be conducted,
not just the distortion prevention techniques. While the geometry is preserved in the distortion
prevention methods, the RSs (which are the source of the distortion) remain in the part, affecting
the fatigue life and structural integrity of the components. Furthermore, in order to more accurately
capture the development and evolution of RSs in AM by computer simulations, micro-RS contributions
need to be superimposed to the current macro-scale frameworks. In this regard, strong coupling
of phase field schemes to the current formalisms mentioned in detail is a must in any robust AM
modeling framework, in order to account for dendritic growth and other solidification phenomena
and the associated expansions and contractions of the semi-solid and re-solidified regions around the
melt pool. Additionally, considering the effects of anisotropy of elastic properties in the semi-solid and
re-solidified regions in the simulation of RS development is yet to be studied.
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Abstract: Commercially available AZ31 magnesium alloy was four times extruded in an equal
rectangular channel using three different routes (A, B, and C). Micro tensile deformation tests were
performed at room temperature with the aim to reveal any plastic anisotropy developed during
the extrusion. Samples for micro tensile experiments were cut from extruded billets in different
orientations with respect to the pressing direction. Information about the microstructure of samples
was obtained using the electron back-scatter diffraction (EBSD) technique. Deformation characteristics
(yield stress, ultimate tensile stress and uniform elongation) exhibited significant anisotropy as a
consequence of different orientations between the stress direction and texture and thus different
deformation mechanisms.

Keywords: magnesium alloy; equal channel angular pressing; processing route; miniaturized tensile
tests; slip systems; twinning

1. Introduction

The drive for product miniaturization in various application fields, including biomedicine, the
watchmaking industry and communication technologies has significantly increased the demand for
metallic micro-parts. There are two approaches for their manufacturing: (i) Micro-machining (electron
discharge-, laser- or focused ion beam micro-machining or etching techniques) or (ii) micro-forming
when products have a high surface quality and a near-net shape can be obtained in few steps.
Consequently, the advantage of micro-forming technology in comparison to micro-machining is
the lower cost, given by a higher production rate [1]. In both cases, the so-called size-effect has to
be taken into the account. At the microscale, materials cannot be regarded as homogeneous as the
microstructural size can be similar to or larger than the parts’ dimension. This means that only a few
grains are present in the cross-section of a semi-product or micro-part. This makes the downscaling of
the conventional forming techniques difficult as the role of the orientation and size of every single grain
substantially influences the process flow. The micro-machined products can also behave unexpectedly;
deformation anisotropy, scatter in flow stress, size-dependent tribology properties or non-linear
increases to the specific cutting energy have been observed [2].

The above-listed difficulties can be overcome by using ultra-fine-grained (UFG) materials.
The submicron or nanometer grain size of UFGs, which gains a large number of grains per cross-section
of a component, ensures the reproducibility of the physical properties. Further, UFG materials
usually exhibit higher strength (cf. the Hall-Petch relation) and superplastic behavior at elevated
temperatures [3].
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Magnesium alloys are very popular in the structural applications as they are among the lightest
structural materials. The application of severe plastic deformation (SPD) methods results in the
formation of an ultra-fine microstructure. In the last two decades, equal channel angular pressing
(ECAP) has become the most popular and the most intensively studied SPD technique for magnesium
alloys. As it was shown by Kim [4] and Estrin [5], ECAP and the micro-extrusion can be integrated
into a single processing flow, which results in the production of high-strength micro-parts. Despite the
popularity of the ECAP process, deformation behavior on the micro-scale is rarely studied. There are
only a few papers (Al [6,7], Mg [8], Ti [9]) that deal with this topic.

In this work, the mechanical properties of ECAP processed AZ31 magnesium alloy was studied
using micro tensile tests (M-TT) [10]. The deformation behavior as a function of the processing route
and specimen orientation with respect to the pressing direction is discussed in detail. The EBSD data
were used for the interpretation of the achieved results.

2. Experimental Section

Sand cast AZ31 magnesium alloy with a nominal composition of Mg—3 wt% Al—1 wt% Zn was
investigated in this study. The material was subjected to standardization annealing for 18 h at 390 ◦C.
The microstructure of the alloy before and after annealing is reported in Figure 1a,b. Small precipitates.
visible in Figure 1a, are the Mg17Al12 electron compound. After standardization annealing, these
particles were mostly dissolved as is obvious from Figure 1b. The grain size of the annealed alloy was
300 μm. Samples depicted hereafter “as cast” are after standardization annealing.

 

Figure 1. SEM micrographs of the cast alloy before annealing (a) and after annealing (b).

The ECAP was performed on 10 × 10 × 100 mm3 billets at a temperature of 250 ◦C and up to 4
passes, following routes A, Bc and C [3]. All samples were pressed at a speed of 10 mm/min through
a die consisting of rectangular channels (inner angle ϕ = 90◦, outer curvature ψ = 0◦) with the same
cross-section of 10 × 10 mm2. In order to study the orientation dependence of micro-tensile properties,
samples with their longitudinal axis parallel to the ED-, TD- and ND-planes, this was parallel to the
extrusion (pressing), transversal- and normal-directions, respectively, were machined from the billets
(Figure 2a). The sample shape (l = 3 mm, w = 1.5 mm, t = 0.5 mm) is depicted in Figure 2b.
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Figure 2. (a) The sample coordinate system and the orientation of the specimens. (b) Dimensions of
the specimens used for micro-tensile tests.

The tensile tests were performed at room temperature with a strain rate of 10−3 s−1 in a
servo-electric test machine M-TT (Material testing Technology. Wheeling, IL, USA) with a 5 kN
load capacity. The strain was measured using the Digital Image Correlation (DIC) technique (Dantec
Dynamics AVS, Skovlunde, Denmark), implemented in Aramis software. The sample coordinate
system used for texture representation is depicted in Figure 2a. The samples were grinded by SiC
papers using diamond suspensions down to 0.25 μm. A final surface treatment for EBSD was performed
by ion polishing using a Gatan Precision Ion Polishing System (PIPS ion mill, (Gatan, Pleasanton, CA,
USA)) at 4 kV and an incidence angle of 6◦. The examination of microstructures and textures was
carried out using a Quanta field emission gun (FEG) scanning electron microscope (Thermo Fisher
Scientific, Waltham, MA, USA) operated at 10 kV equipped with the electron back-scattered diffraction
(EBSD) camera. Areas of approximately 250 × 250 μm2 with a step size of 0.2 μm were examined.
The average grain size was estimated form the EBSD data.

3. Results and Discussion

3.1. Initial Microstructure and Texture

The inverse pole figure maps of the initial microstructures after four passes are shown in Figure 3.
Areas smaller (80 μm × 80 μm) than the scanned one are presented in order to see the details. It is
obvious that the ECAP process resulted in a substantial refinement of the microstructure—small grains
were formed on all planes for every processing route. The average grain sizes and the fraction of high
angle grain boundaries (HAGB, >15◦) are listed in Table 1.

The average grain size on all planes was almost the same for route Bc. In contrast, the grain
refinement was orientation dependent for the two other processing routes. For both routes A and C,
it is obvious (Figure 3) that the microstructures have a significant character of bimodality—the area
fractions of larger grains exceed that for route Bc. This effect can be characterized by a log-normal
distribution of the grain sizes (only grains with misorientation angles larger than 15◦ were considered).
The narrowest distribution in all examined directions was found for route Bc (Figure 4), whereas the
widest for route C. Further, the fraction of HAGBs was also the largest for route Bc. This result is in
good agreement with many previous works, which have reported that route Bc leads to the most rapid
evolution of ultrafine microstructure [3,11].
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Figure 3. Inverse pole figure maps obtained for the particular planes and ECAP routes.

Table 1. Average grain sizes and fractions of high angle grain boundaries for particular ECAP routes
and planes, as estimated from EBSD measurements.

Route/Plane TD ND ED

ECAP Route
Grain Size

(μm)
Fraction of

HAGBs
Grain Size

(μm)
Fraction of

HAGBs
Grain Size

(μm)
Fraction of

HAGBs

A 3.57 85.5% 4.20 89.7% 3.98 91.0%
BC 3.43 92.1% 3.48 93.8% 3.37 90.2%
C 3.97 86.9% 4.33 89.5% 4.81 89.6%

During the ECAP process, simple shear was the dominant deformation mode, which is
accompanied with large crystal rotations [12]. Their magnitude depended on the orientation of
the active slip system with respect to the shear stress. The maximum value was reached when the
Burgers vector of active dislocations was perpendicular to the shear direction. The grains tended to
reach a stable orientation as the strain increased. This can be simply fulfilled for route C as between
two consecutive passes only the shear strain sign was changed, which did not cause further rotations.
However, this was not the case for route A nor for route Bc, where every orientation reached in the
nth pass was unstable with respect to shear in the (n + 1)th pass [12]. This led to activation of various
slip systems, particularly the non-basal ones, as was experimentally proved in our previous work [11].
The non-basal dislocations tended to form sessile configurations, which were the seeds for new grain
nuclei. This effect was most pronounced at the grain boundaries, where the stress concentrations were
the largest. Therefore, the larger grains were surrounded with a chain of smaller grains, according to
the observations of Figueiredo [13]. The (0001) pole figures showing the texture of the TD plane (this is
perpendicular to the extrusion direction), are shown in Figure 5. Following the notation of Beausir [14]
and Krajňák [15], two texture components A (route A and Bc) and B (route C) were observed. As it is
discussed in detail in these papers, both texture components form after the first ECAP pass. The type A
texture component was a result of extension twinning activated during the compression of the billet in
the feed-in (vertical) channel and the second-order pyramidal (<c+a>) slip. The type B texture appeared
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as a consequence of the increased activity of the basal slip. As the number of passes increased, the
different routes developed different textures owing to the mutual orientation of the shear planes of the
consecutive passes. For route A, when no sample rotation took place, the repeated pressing always
caused extension twinning and a <c+a>-slip in the vertical channel. This led to the strengthening of the
A-type texture component. For route Bc, the increased activity of a <c+a>-slip has been observed [11],
which led to the preservation of the A-type texture component. However, some B-type components
also remained. For route C, after the first pass, the grains rotated into an orientation favorable for
the basal slip. As it is discussed above, in this case only the shear sign, not the direction changed.
Consequently, the B-type texture component became dominant. The prevailing orientations of grains
within the billet are exemplified by the hexagonal prisms in Figure 5.

Figure 4. Average grain sizes of the particular samples (a). Grain size distributions for the particular
ECAP routes in the transversal plane (b), normal plane (c) and extrusion plane (d).

Figure 5. (0001) EBSD pole figures for the TD plane and the corresponding schemes of the prevailing
grain orientations.
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3.2. Mechanical Properties

The stress-strain curves for the particular routes and directions are plotted in Figure 6.
The characteristic parameters yield stress (YS), ultimate tensile strength (UTS) and uniform elongation
are listed in Table 2. All tests were repeated twice and the scatter between the values was below 2%.
It is obvious that the ECAP process increased the yield stress and tensile strength in comparison to the
initial state.

Table 2. Mechanical characteristics as a function of the processing route and direction of the tensile testing.

Route Plane
Yield Stress (σ02) Ultimate Tensile Strength (σmax) Uniform Elongation (εu)

[MPa] [MPa] [%]

Route A
TD 201 275 4.4
ND 117 264 9.4
ED 144 253 8.8

Route Bc
TD 160 261 5.9
ND 131 242 8.7

Route C
TD 231 295 3.9
ND 103 216 9.9
ED 112 236 11.8

Initial - 57 195 8.1

The main contribution to this increment was given by the refinement of the microstructure
according to the Hall-Petch rule [16,17]. The results of the micro tensile tests on the ECAPed samples
clearly showed that both the processing routes and the direction of the tensile tests had a substantial
impact on the mechanical properties. Since the grain sizes were similar, the texture was the foremost
parameter responsible for the variance of the stress values [18]. The texture determined the Schmid
factor (SF) of the particular deformation mechanism. Based on the EBSD measurement, the SFs for
uniaxial tension, parallel to the particular direction, were calculated by TSL OIM Analysis 7 software for
(0001)

〈
1120

〉
basal,

{
1010

} 〈
1120

〉
prismatic,

{
1012

} 〈
1123

〉
2nd order pyramidal and

{
1012

} 〈
1011

〉
extension twinning systems (Table 3).

Figure 6. Stress-strain curves (a–c) for particular routes as a function of the tensile direction and (e–g)
for the particular directions as a function of ECAP routes.
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Table 3. Schmid factors for the particular deformation mechanisms in particular billet planes calculated
for uniaxial tension.

Plane_Route Basal Slip Prismatic Slip Pyramidal <c+a> Slip Extension Twinning

TD_A 0.19 0.45 0.44 0.03
TD_B 0.31 0.13 0.43 0.02
TD_C 0.17 0.45 0.43 0.15
ND_A 0.24 0.39 0.42 0.35
ND_B 0.23 0.40 0.41 0.24
ND_C 0.19 0.45 0.44 0.29
ED_A 0.32 0.17 0.43 0
ED_B 0.20 0.42 0.43 0.36
ED_C 0.37 0.22 0.38 0

It was obvious that the SF for the pyramidal <c+a>-slip was almost the same for all routes and
directions. The activation of twinning was generally easier in ND, and for ED after route B processing.
The SF for the prismatic <a>-slips also had high values, except in ED for routes A and C or in TD for
route B, respectively. There was a large scatter in the SF values for the basal <a>-slip. The activation
of this mechanism was facilitated rather in ED. In the following two sections we discuss separately
the influence of the ECAP routes and tensile directions on the mechanical properties in terms of the
determined SFs.

3.2.1. Influence of the Tensile Direction on Mechanical Properties for the Particular ECAP Routes

Generally, it can be concluded that the highest YS and the lowest ultimate elongation were
observed in TD for all routes. In contrast, the lowest YS value was observed for ND. The uniform
elongations had similar values for ED and ND. The ultimate tensile strength was also the lowest for
ND, except route A, where its value was a bit higher than that for ED.

Route A (Figure 6a)—the SFbasal and SFtwinning values were the lowest in the TD direction.
The deformation was realized mainly by the prismatic <a>-slip and the pyramidal <c+a>-slip. The
critical resolved shear stress for these mechanisms at room temperature was several orders higher
compared to those for the basal slip and extension twinning [19]. In ND, the deformation curve had
a characteristic S-shape, which was clear evidence of the activation of extension twinning [20]. One
can argue that in fine-grained structures the probability of twinning is low [21]. However, we have to
keep in mind that the structure was bimodal—larger grains (d > 10 μm) were also present. In these
grains, the extension twins were easily nucleated [22]. As a consequence of the rapid twin growth,
the ultimate elongation exceeded that for TD. The UTS value was similar to that for ED owing to the
secondary hardening when the twin growth terminates [20]. In ED there was the highest SFbasal value
but the SFtwinning value was zero. Consequently, the activation of the <c+a>-slip was required for
plastic deformation, according to the von Mises rule [23]. The YS was between the ED and ND owing
to the interaction of basal and non-basal dislocations. The uniform elongation was quite large owing
to the activity of the basal slip [15].

Route B (Figure 6b)—in the ND direction, the ratio of the SF values was similar to that of route A,
thus YS and UTS were the lowest. The activity of twinning was lower than that of the previous case (cf.
the shape of the curves), which was most probably given by a more uniform grain size. Despite the
highest SFbasal and lowest SFprismatic values, the YS slightly exceeded of that for ED, where the ratio of
these SFs was exactly the opposite. The reason can be given in the fact that the higher SFtwinning in ED
lowers the YS and increases the ultimate elongation.

Route C (Figure 6c)—in this case, this situation is almost analogical to route A. The highest YS
and UTS and the lowest ultimate elongation were observed for TD owing to the low SFbasal and
high SFprismatic and SFpyramidal values. The ND again had the lowest strength value and the curves
indicated (but not as evidently as for route A) activation of twinning. In ED, the basal slip and the
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<c+a>-dislocation activity was expected, whereas the probability of twinning was close to zero. Thus,
the ultimate elongation was the largest for ED.

3.2.2. Influence of the ECAP Routes on the Mechanical Properties in the Particular Tensile Directions

In order to facilitate the overview of the SFs and the mechanical parameters relations, we plotted
the SF dependence of YS and the ultimate elongation in Figures 7 and 8.

ED (Figures 6e, 7 and 8a)—the YS increases with the decreasing SFbasal and increasing SFprismatic.
The higher critical resolved shear stress (CRSS) of the prismatic <a>-slip was in the background of this
effect. Further, the prismatic <a> dislocations acted as forest dislocations for the movement of the basal
<a> ones [24], which caused hardening. The high SFtwinning value was responsible for softening in the
route Bc case [25]. The uniform elongation behaved in the opposite way and increased with increasing
SFbasal and decreased with decreasing prismatic SFprismatic. It seems that the twinning was responsible
for the similar values of route A and Bc elongations.

TD (Figures 6f, 7, and 8b)—in TD, the values were the opposite compared to that for ED.
The strength values for route C exceeded that for the other two routes. The uniform elongations
were almost the same for all routes. The reason for this behavior is given by the fact that the SFbasal
value was the largest and the SFprismatic value was the smallest for route Bc, respectively. Accordingly,
the SF dependence of the uniform elongation was the same as for ED.

Figure 7. Dependence of the yield stress on the Schmid factor for (a) the basal <a>-slip, (b) the prismatic
<a>-slip; and(c) extension twinning.
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Figure 8. Dependence of the uniform elongation on the Schmid factor for (a) the basal <a>-slip, (b) the
prismatic <a>-slip and (c) extension twinning.

ND (Figures 6g, 7, and 8c)—the YS values were similar to ED (YSB > YSA > YSC). The UTS was
the highest for the route A. The ultimate elongation values are in order route C > route A > route B.
In this direction, the SF values were close to each other, which caused the mechanical parameters to
be similar.

4. Conclusions

The micro tensile properties of 4x ECAPed AZ31 magnesium alloy were examined as a function
of the ECAP processing route and tensile direction. The variation of the mechanical properties for
the particular samples was substantiated by the different textures, causing various conditions for the
deformation mechanisms. The processing routes and the direction of the tensile tests had a substantial
impact on the mechanical properties. The following particular conclusions can be drawn.

Influence of the Processing Routes:

• The Schmid factors for the basal <a> slip and extension twinning were foremost responsible for
the values of uniform elongation.

• The highest values of yield stress and yield strength were found for samples with the highest
Schmid factor for the prismatic <a> and pyramidal <c+a>-slips and the lowest Schmid factor for
basal <a> dislocations.

Influence of the Tensile Direction:

• In ED and TD, the yield stress was determined with the ratio of Schmid factors for basal <a> and
prismatic <a> slips. The higher the value, the lower the yield stress. In ND, the twinning activity
was significant for all routes.
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Abstract: Developing bio-inspired functional surfaces on engineering metals is of extreme importance,
involving different industrial sectors, like automotive or aeronautics. In particular, micro-embossing
is one of the efficient and large-scale processes for manufacturing bio-inspired textures on metallic
surfaces. However, this process faces some problems, such as filling defects and die breakage due to
size effect, which restrict this technology for some components. Electrically assisted micro-forming
has demonstrated the ability of reducing size effects, improving formability and decreasing flow
stress, making it a promising hybrid process to control the filling quality of micro-scale features.
This research focuses on the use of different current densities to perform embossed micro-channels of
7 μm and sharklet patterns of 10 μm in textured bulk metallic glass dies. These dies are prepared
by thermoplastic forming based on the compression of photolithographic silicon molds. The results
show that large areas of bio-inspired textures could be fabricated on magnesium alloy when current
densities higher than 6 A/mm2 (threshold) are used. The optimal surface quality scenario is obtained
for a current density of 13 A/mm2. Additionally, filling depth and depth–width ratio nonlinearly
increases when higher current densities are used, where the temperature is a key parameter to control,
keeping it below the temperature of the glass transition to avoid melting or an early breakage of
the die.

Keywords: electrically assisted; micro-embossing; bio-inspired functional surface; bulk metallic
glass; photolithography

1. Introduction

Nature has developed biological surfaces with periodic multiscale arrangements
(macro/micro/nano levels), showing a high state of intelligent functionality. One example of these
is the shark skin, which has placoid scales, with a rectangular base implanted in the skin with
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small spines or bristles that emerge to the surface. This particular scale configuration keeps
the skin clean, and also reduces drag [1,2]. In recent years, researchers have fabricated many
bio-inspired functional surfaces by using different materials and processes to achieve multiple intelligent
performances, such as antibiofouling, super-hydrophobicity and wear-resistance. In particular,
Chen et al. [2] made an overview of the bio-inspired sharkskin surface in terms of drag reduction
mechanism, fabrication methods and applications. Sharklet AFTM [3] developed silicon wafers
by using photolithography that was also coated with a reactive ion etching. This reactive coating
transferred defence properties to the elastomers against bacteria [4]. Accordingly, micro-manufacturing
processes, like photolithography, micro-machining, laser ablation, direct 3D printing, micro-molding
and micro-embossing, are commonly used for bionic microstructure fabrication, although each of
these processes presents some difficulties. Photolithography is a complex and a high cost process,
which transfers relatively poor mechanical capabilities to silicon. In micro-machining, micro-machining
tools are easy to wear during cutting micro-patterns. Laser ablation achieves micro-features with high
accuracy, despite being a low efficiency and high cost process in terms of energy consumption. Similar to
laser ablation, direct 3D printing could produce very complicated patterns with multiscale features,
but is time-consuming and limited in materials [1,2]. Finally, micro-molding is an economic process to
obtain bionic microstructures by using organic polymers, although poor mechanical properties and
easy aging are denoted in the dies.

Micro-embossing based on plastic deformation is a simple and highly efficient method to mass
produce bio-inspired functional surfaces on different types of materials, including metals. This process
presents several advantages: it has a high strength, low cost and is environmentally friendly. The most
relevant issue to address when using micro-embossing is size effects, which can cause filling defects
and breakage of micro-features on the embossed dies. Cao et al. [5] embossed micro-channel patterns
with 20 μm depth and 100 μm width on 500 μm thick AA5052 sheets by micro-rolling-based surface
texturing. They concluded that the relative velocity between the upper and lower rollers significantly
affected the filling ability. Also, Wang et al. [6] investigated the effects of grain size and cavity width on
the filling ability of pure nickel during micro-embossing. They observed that the worst filling ability
occurred for a width of 50 μm and ratio of cavity of 1.04, which was attributed to the coupling effect
of grain size and cavity dimension. Sareh [7] studied a double corrugation surface (origami pattern)
with the aim to analyze the flat-foldability depending on the surface characteristics. They found
the interrelation of crystallography and computational geometry for designing complex origami
structures. Also, Le and Goo [8] analyzed the thermomechanical impact of thermal layer protection
based on bio-inspired, corrugated-core sandwich structures. These sandwich structures improved
the deflection capabilities and reduced weight up to 65% compared with non-textured structures.
Qiao et al. [9] remonstrated the poor filling quality and high damage rate of micro-features of the dies
when performing embossed micro-channel of 10 μm in Al-1050 at room temperature. On the contrary,
a relatively good quality of micro-channel patterns was obtained when embossing ultra-fine-grained
material at elevated temperatures. Consequently, a possible way of reducing the size effect on filling
quality is to increase forming temperature and improve plastic flow based on superplasticity, but a
relatively longer processing time would be required with traditional thermal-assisted processes.
In order to reduce this processing time, researchers [10] found that the passage of electricity during
plastic deformation would give rise to multiple alterations of forming property and microstructure.
For example, Tang et al. [11] made a comprehensive review of the electrically assisted (EA) forming
processes including EA drawing, EA rolling and EA punching, which consistently proved that an electric
current could reduce deformation resistance, improve plasticity, simplify processes, increase energy
efficiency, lower cost and increase time-effectiveness. However, it should be noted that few works
have focused on the EA micro-forming. Recently, Wang et al. [12] found that current-induced softening
increases with decreasing grain size but increasing specimen size. Other researchers [13,14] concluded
that localized Joule heating at the grain boundaries would affect the mechanical properties, making the
Hall–Petch effect smaller as compared to the electrical/thermal decoupling tests. This assumption was
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demonstrated by Cao et al. [15], where local intergranular cavitation and local grain boundary melting
were observed in tensile samples subjected to an electric current. Additionally, Lai et al. [16] fabricated
micro-channels on 316 L stainless steel sheets by using EA micro-embossing. The results showed that
the channels were deeper and the residual stress was smaller when the process was electrically assisted.
Finally, Cao et al. [17] had also induced an electric current during a micro-rolling surface texturing
process, in order to increase the depth–width ratio of micro-channels. They found that the channel
depths of AA3003-H14 and Ti6Al4V increased by 15% and 200%, respectively. These changes were
attributed to the difference in electrical resistivity and, consequently, the Joule heating effect, which are
much higher in titanium alloy.

Considering the possible potential of controlling the filling quality and the difficulty of forming
bio-inspired functional surfaces with high aspect ratios on metals, especially for difficult-to-form
materials with high anisotropy [18], this research focuses on investigating the EA micro-embossing
process in AZ31 magnesium alloy. This hybrid process tries to fabricate micro-channels and sharklet
patterns in magnesium alloy when using dies manufactured with photolithographic silicon-molding,
thermoplastic-forming of bulk metallic glass (BMG) and EA micro-embossing. Then, the EA’s
capabilities regarding the filling ability of bio-inspired micro-features are investigated. As a
result, these EA textured surfaces were well transferred from BMG dies to large AZ31 areas,
achieving micro-features down to ~2 μm and a depth–width ratio up to ~1.4.

2. Methodology

2.1. Sample Preparation

The material used in this research was a commercial drawn AZ31 magnesium alloy rod with a
diameter of 15 mm and the following chemical composition: 94.8 wt% Mg, 3.5 wt% Al, 1.2 wt% Zn and
0.5 wt% Mn. The as-received materials were annealed at 400 ◦C for 2 h, which brought equiaxed grains
with an average size of 7.1 ± 1.1 μm. Figure 1 shows the material microstructure after the procedures
of grinding, polishing and etching. Micro-embossing specimens were cut into cuboid shapes with
the height (H) and the base side length (L) of 2.2 and 1.5 mm, respectively. A precision CNC milling
machine was used to cut the specimens from the axial cross sections of the annealed rods along the axial
direction, as shown in Figure 2. Note that the machining tolerance for all the geometric dimensions
was ±0.1 mm. Both end surfaces of the samples were mechanically polished using sandpaper to avoid
surface oxidation prior to testing, since bio-inspired micro-features were embossed on the end surfaces.

 
Figure 1. Optical micrograph of the studied AZ31 magnesium alloy to determine the grain size.
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Figure 2. Schematic illustration of specimen preparation by using a CNC milling machine: (a) the
geometry of the micro-embossing sample; (b) the sample cutting section and direction.

2.2. Preparation of Micro-Channel and Sharklet Dies

Micro-channel and sharklet pattern dies were fabricated by integrating the use of the properties of
BMGs, photolithography, BMGs’ crystallization and thermoplastic forming (TPF) in supercooled liquid
region (SCLR). Specifically, silicon dies with micro-channel and sharklet patterns were first fabricated
using photolithography. Afterward, we compressed BMGs on the silicon dies with TPF to make our
BMG dies. These two operations are thoroughly described below.

(1) Photolithographic Silicon Molding: In this study, the silicon dies with micro-channels and sharklet
patterns were prepared at Northwestern University, Evanston, IL, USA. A deep reactive ion etching
with an etching rate of ~3.6 μm/min was deployed for 6 min. Figure 3a,b exhibit the photomask
designed features of the micro-channel and sharklet patterns, respectively. The white areas in Figure 3
had no photoresist covering, and were etched away to produce depth channels of 15–20 μm. Through a
series of photolithographic procedures, such as cleaning, coating, exposure, developing, etching and
photoresist removal, multiple silicon molds were made to have large areas of micro-channel patterns,
as well as sharklet patterns. Table 1 lists the average depth and width dimensions, measured at five
points on the silicon molds by using Alicona Infinite Focus-Optical 3D measurement and inspection.
The average depth and width for the sharklet pattern were very close to our designed features.
Note that the design of the micro-channel width was 7 μm, although the silicon molds had widths of
8–9 μm. This dimensional dispersion can be associated with the leaking and scattering of the UV light
caused by dust between the wafer and mask during the exposure process.

(2) TPF of BMG dies: BMGs are known to have dramatic softening when reheated into the SCLR
(between the glass transition temperature Tg and the crystallization temperature Tx), where the glass
relaxes into a metastable liquid before its eventual crystallization. This behavior allows to BMGs
to have a high viscosity, high formability and be insensitive to heterogeneous influences, which is
comparable to plastics [19]. As a result, many TPF-based processes [20] were developed for BMGs in
SCLR to achieve high dimensional accuracy in complex geometries, especially in the micro-forming
industry [21,22].

Zr35Ti30Cu8.25Be26.75 was selected as the as-received material, since it has a small Tg and a large
SCLR, i.e., ΔT = Tx − Tg = 159 K, for any known commercial BMG. The thermal, mechanical and
rheological properties of Zr35Ti30Cu8.25Be26.75 are listed in Table 2. TPF generally occurs at temperatures
above Tg and below Tx for glassy material, to apparently decrease flow stress and avoid crystallization.
The fabrication of the bio-inspired functional surface on BMGs based on TPF includes pre-compression,
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polishing and thermoplastic embossing. Pre-compression of small pieces of round BMG specimens
was conducted at 673 K for several seconds under 1000 N by using an Instron compression machine.
Afterward, each pre-compressed round specimen was polished with 1 μm polishing slurry to obtain
a smooth and parallel surface prior to embossing bio-inspired micro-features. The thickness of the
pre-compressed BMG samples was around 0.6 mm. Thermoplastic embossing of BMGs when using the
7 μm micro-channel, and 10 μm sharklet pattern of silicon molds was performed at 700 K for 30 s under
3200 and 4300 N, respectively. After that, the BMG dies with bio-inspired functional surfaces were
obtained by etching out the silicon set in micro-features in 20% KOH solution at 120 ◦C. Micro-channels
and sharklet features on the fabricated BMG dies were characterized, as shown in Figure 4. The figure
shows well-ordered micro-scale patterns over large areas fabricated on Zr35Ti30Cu8.25Be26.75 BMG
samples using the TPF-based processes. The micro-scale features were measured at least three times,
e.g., the micro-channel BMG die has 7.07 ± 0.27 μm of width and 15.28 ± 0.3 μm of depth with a
depth–width ratio over two; the micro-sharklet BMG die has 15.62 ± 1.21 μm of width and 8.88 ±
0.33 μm of depth, with a depth–width ratio below one. These results show that it is harder to emboss
the sharklet micro-feature, perhaps because the deformation state tends to be more complicated due to
the complex sharklet pattern, impeding plastic flow.

Figure 3. Photomask designs: (a) the micro-channel and (b) the sharklet patterns.

Table 1. Geometrical measurements of depth and width of the silicon molds.

Silicon Die Avg. Depth (μm) Avg. Width (μm) Stdev. of Width (μm)

Channel pattern 20.13 8.03 0.95
Sharklet pattern 19.94 10.09 1.43

Figure 4. Characterizations of the textured bulk metallic glass (BMG) dies: (a) the micro-channels and
(b) the sharklet patterns.
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Table 2. Thermal, mechanical, and rheological properties of Zr35Ti30Cu8.25Be26.75.

Glass Transition
Temperature

Tg (K)

Crystallization
Temperature

Tx (K)

Liquidus
Temperature

Tl (K)

Angell
Fragility

m

Thermal
Stability

S

Shear
Modulus
G (GPa)

Poisson
Ratio

v

578 737 1044 65.6 0.34 31.8 0.37

2.3. EA Micro-Embossing Test

The EA micro-embossing system was schematically shown in Figure 5. The BMG dies were
placed on the lower platen of the micro-embossing machine with the bio-inspired functional surface
upward. Then, the cuboid specimen was placed on the BMG dies with the polished surface contacting
the bio-inspired micro-scale patterns. During micro-embossing, the upper and lower crossbeams
were driven by a DC motor to move downward and upward, respectively. The embossing force was
measured by a load cell of 1000 N capacity with a resolution of 0.1 N. Similar to in [23], a rectifier-based
DC power supply with a maximum output current intensity of 300 A was used to pass a continuous
constant current through the specimen, which was insulated from the loading system. The temperature
was measured by an infrared camera located on the back side of the sample. A layer of black paint was
added on the back surface prior to tests to set the emissivity and reduce the temperature errors with
the infrared camera. Furthermore, different current densities were chosen (i.e., 0 A/mm2, 6 A/mm2,
10 A/mm2, 13 A/mm2) to study the current induced effect on the fillability of bio-inspired micro-features.
All the tests were conducted with a fixed strain rate of 0.01 s−1 for a duration of ~50 s and stopped
after reaching ~300 N. All the workpieces were cleaned with acetone in an ultrasonic cleaning tank
after the EA micro-embossing tests.

Figure 5. Schematic illustration of the electrically assisted (EA) micro-embossing system.

3. Results and Discussion

Figure 6 shows four embossed areas performed with different current densities in AZ31
magnesium alloy. As can be seen, the channel pattern transferred from the BMG dies is disorderly at
0 A/mm2, with the micro-feature size probably approximate to the metal cutting error. During EA
micro-embossing, it is observed that the geometry integrity of the micro-channel pattern on the sample
surfaces is becoming more accurate with the increase in current density. Note that the channel width is
not uniform, probably because Joule heating tends to concentrate at a few local areas of the embossing
interfaces. Accordingly, the non-uniform distributions of current density, plastic deformation and
uneven contact/friction favors local melting areas between channels. The channel depth and width
were measured at least three times in each sample for repeatability purposes. The results also exhibit

64



Materials 2020, 13, 412

that the channel width is ~7 μm, which is very consistent with that of the BMG dies. Figure 7 shows
the relationship of the channel depth, depth–width ratio and current density. This figure denotes the
non-linear increase in the channel depth with respect to current density, showing a faster increasing
rate at the higher current density. The variation in depth–width ratio with respect to the current
density also exhibits a lower convex relationship. An unexpected result for the embossed depth was
found, i.e., a depth 20 times higher at 13 A/mm2 compared to 0 A/mm2. An area of channel patterns
with a depth-width ratio of ~1.4 was obtained (exceeding the common ratio of ~1 in a traditional
micro-embossing at a width far below 50 μm [6]). Note that the channel depth does not increase
much for current densities lower than 6 A/mm2, indicating that there also exists a current density
threshold [12] during EA micro-embossing. The Joule heating temperature also non-linearly increases
with the current density, which was found to be <200 ◦C (below the glass transition temperature of the
BMG without damage of the BMG micro-patterns). Consequently, it resulted in a faster softening and
a better filling ability for the embossing samples.

 

Figure 6. Micrographs of the micro-channel patterns obtained by EA micro-embossing at different
current densities: (a) 0 A/mm2, (b) 6 A/mm2, (c) 10 A/mm2, (d) 13 A/mm2.

Figure 7. Variations in channel depth and depth–width ratio with respect to different current densities.

Figure 8 exhibits the sharklet patterns on AZ31 sample surfaces transferred from BMG dies for
different current densities. Only a few parallel ridges with different lengths were marked into the
workpieces during micro-embossing without applying an electric current. Similar to the observations
in Figure 6, the passage of an electric current during micro-embossing improves the geometry integrity
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of the sharklet patterns and fillability, particularly for higher current densities. Also, the sharklet
feature copied from BMG dies has a high repeatability over the sample surface when using current
densities above 10 A/mm2 (the threshold was found at 6 A/mm2). A similar result is observed in
Figure 9, where the embossed sharklet depth nonlinearly increases with current density and the width
varies in a smaller order. The depth–width ratio in Figure 9 is found to not change with the current
density as much, as compared to the micro-channel embossing, e.g., ~0.33 at 13 A/mm2 vs. 0.06 at
0 A/mm2 during shark embossing. These differences could be attributed to the enhanced material flow
resistance caused by the complex micro-ridges/channels in different directions. The increasing rate
of sharklet depth against current density also rises over 6 A/mm2, considered as the current density
threshold where the electric current starts to significantly improve the embossing fillability. The Joule
heating temperature is relatively consistent with that in the EA micro-embossing of channel patterns,
i.e., below 200 ◦C (below the glass transition temperature of the BMG without damage of the BMG
micro-patterns). An excessive Joule heating would occur above a current density, e.g., ~20 A/mm2,
giving rise to a sharp deterioration in the embossed texture quality due to die breakage/melting.

 

Figure 8. Micrographs of the sharklet patterns obtained by EA micro-embossing at different current
densities: (a) 0 A/mm2, (b) 6 A/mm2, (c) 10 A/mm2, (d) 13 A/mm2.

Figure 9. Variations in sharklet depth and depth–width ratio for different current densities.

4. Conclusions

In this research, typical bio-inspired functional surfaces with a micro-channel of 7 μm and sharklet
patterns of 10 μm were EA micro-embossed on AZ31 magnesium alloy. To do that, textured BMG dies
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prepared by TPF-based compression on photolithographic silicon molds were used. We found that
both the filling depth and depth–width ratio non-linearly increased with current density. The results
also showed that larger and accurate areas of channel and sharklet textures could be fabricated by
using EA micro-embossing. The smallest feature, down to ~2 μm, and a depth–width ratio of up to
~1.4 were addressed when using current densities of 13 A/mm2 and temperatures below the glass
transition of the BMG. Finally, the geometry integrity of bio-inspired functional features could not
be well obtained below 6 A/mm2, indicating that the threshold of current density occurs in this EA
micro-embossing process.
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Abstract: The surface measures of machined titanium alloys as dental materials can be enhanced by
adopting a decision-making algorithm in the machining process. The surface quality is normally
characterized by more than one quality parameter. Hence, it is very important to establish multi-criteria
decision making to compute the optimal process factors. In the present study, Taguchi–Grey
analysis-based criteria decision making has been applied to the input process factors in the wire EDM
(electric discharge machining) process. The recast layer thickness, wire wear ratio and micro hardness
have been chosen to evaluate the quality measures. It was found that the wire electrode selection was
the most influential factor on the quality measures in the WEDM process, due to its significance in
creating spark energy. The optimal arrangement of the input process parameters has been found
using the proposed approach as gap voltage (70 V), discharge current (15 A) and duty factor (0.6). It
was proved that the proposed method can enhance the efficacy of the process. Utilizing the computed
combination of optimal process parameters in surface quality analysis has significantly contributed
to improving the quality of machining surface.

Keywords: EDM; surface; optimization; machining; titanium

1. Introduction

Due to its unique physical properties such as higher corrosion resistance and considerable strength,
titanium (α-β) alloy (Ti-6Al-4V) is employed in synthesizing dental specimens [1]. As a dental implant
material, titanium alloy must possess an adequate surface quality, free from residual stress. It is very
difficult to remove the material using traditional machining processes due its high strength, and as such,
nontraditional material removal processes such as laser beam machining (LBM), hybrid machining,
electro chemical machining (ECM), wire electrical discharge machining (WEDM) and abrasive-water jet
machining (AWJM) are utilized. Titanium alloy as dental material should have an optimal surface finish
through the machining process. The conventional machining method produces higher residual stress
due to vibrations made during the process [2]. The LBM and hybrid machining processes produce a
high heat affected zone (HZ) on the machined specimens [3]. The improper selection of laser power
results in affecting the machining performance of titanium alloy in the LBM process [4]. The AWJM
process causes the titanium alloy specimens to considerably taper [5]. The ECM process may result in
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the corrosion of the workpiece specimen [6]. For the utilization of titanium alloy as a bio material, the
specimen should have an optimal surface finish and performance during the machining process [7]. The
quality measures of the machined specimens should be as high as possible in order to manufacture the
product with favorable performance measures. The WEDM process is widely used to machine titanium
species as it produces relatively lower taperness and kerf widths. The material removal is achieved in
this process by applying a pulsed DC supply between the workpiece and wire electrode in an insulated
environment. As the WEDM process is of a nonlinear nature, the enhancement of process parameters
is required to obtain better performance measures. The surface quality can be effectively controlled by
white layer formation in the EDM process [8]. The surface quality performance measures are mostly
influenced by enhancing the input process factors in WEDM. The optimization of input process factors
in machining methods such as the WEDM process is very tedious due to their unsystematic nature [9].
It is important to establish multi-response optimization techniques to determine the optimal parameter
combination in the WEDM process [10,11]. Many multiple performance decision-making techniques
such as the assignment of the weight method, genetic algorithms, the Taguchi data envelopment
analysis ranking (DEAR) method and the Taguchi–Grey relation analysis (TGRA) that are available can
convert multiple response characteristics into a single performance measure in any process. Amongst
these, TGRA is widely used as it has higher efficacy and easy adaptability. Nanthakumar et al. made an
attempt to introduce the TGRA method as a means of optimizing process parameters in the materials
development process. It has been found that the proposed method can significantly improve quality
measures [12]. The optimal set of sintering process factors in the grinding process was found using the
TGRA method. It has been observed that the TGRA method can determine the optimal combination
effectively in any manufacturing process [13]. Pillai et al. effectively applied the TGRA method to
optimize the parameters involved in the robotics-assisted machining process [14]. It was inferred that
the TGRA method can compute the optimal process parameters, the significance of which determines
responses in machining processes [15–17]. The grinding parameters of green manufacturing processes
can be optimized using the TGRA method. It has been found that the proposed approach can increase
prediction accuracy [18,19]. Product design can be further enhanced by the TGRA method [20]. The
detailed survey showed that only multi-criteria decision making (MCDM) can provide better process
factors in machining processes. It was also found that little attention was given to optimizing surface
quality performance measures such as white layer thickness, wire wear ratio and micro hardness in
the WEDM process of machining titanium alloy. In regards to structure, the surface should be of the
highest possible quality. MCDM can be utilized in achieving this. In the present study, Taguchi’s
experiment model and Grey’s relational analysis methodology were applied in order to enhance the
surface performance measures in cutting titanium alpha-beta (Ti-6Al-4V) alloy with the WEDM process.
The following are the primary aims of the investigation on machinability using various process factors:

1. To compute the optimal process factors for obtaining better surface quality measures of titanium
alloy specimens using the TGRA method.

2. To evaluate the influence of input factors on surface measures.
3. To investigate the surface quality at optimal levels in the process.

2. Materials and Methods

Titanium(α-β) alloy was chosen as the specimen due to its usability as a dental implant material.
Despite possessing a higher corrosion resistance and lighter weight, it is a high strength material [1].
The measurement approaches of quality measures and design of experiments are also discussed in the
present subsection. Due to their efficacy in evaluating surface related parameters, pulse-on time (Ton),
Pulse-off time (Toff), servo voltage (SV), wire electrode (WE) and wire tension (WT) were selected as
the input factors of the multi criteria optimization in the present study. The selection of process factors
is given in Table 1 [17].
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The surface quality of machined workpiece specimens, average white layer thickness (AWLT),
micro hardness (MH) and wire wear ratio (WWR) were selected as the surface measures in the present
study. In the WEDM process, the machining quality of the specimen is considerably characterized
by the wire wear ratio due to its importance in evaluating the discharge energy of every pulse cycle.
WWR can be calculated using the following Equation (1): [20,21]

WWR =
WI −WF

WI
(1)

where WI-Initial weight of the workpiece specimen; WF-Final weight of the workpiece specimen after
the machining process.

Table 1. Selection of Process factors.

Control Factor Level I Level II Level III Unit

Ton 110 120 130 μs

Toff 30 40 50 μs

SV 40 60 80 V

Wb 5 7 9 Kg

WE Brass Wire
Electrode (BWE)

Zinc coated Brass Wire
Electrode (ZWE)

Diffused Brass Wire
Electrode (DWE) -

Wire diameter 0.25 mm

Wire feed rate 4 m/min

Dielectric medium Deionized water -

Dielectric flow rate 1.2 bar

Peak current 16 A

The weight of workpiece specimens was calculated using electronics balances with an accuracy of
0.001 g [22]. The micro hardness (HV) of the processed workpiece was computed using Vickers-based
micro hardness tester in Kg/mm2. The applied load was considered as 300 g. Due to the divergent
width of the AWLT over the machined surface, it must be taken for the purpose of analysis and was
calculated using the Equation (2) as follows:

AWLT =
Area of recast layer

Length of recast layer
(2)

The AWLT area was computed by sketching a polyline along the white layer on the specimen
using WEDM [8,23]. Figure 1 illustrates the steps involved in TGRA of the present work.
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Figure 1. Steps involved in TGRA computation.
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3. Results and Discussion

Titanium alloy specimens were machined using the WEDM method into rectangular specimens in
accordance with the Taguchi system. The performance measures of each trial have been measured and
tabulated. Figure 2 demonstrates the surface topography of a machined titanium alloy specimen in
WEDM. In the EDM process, the surface morphology replicates the tool electrode. The surface patterns
caused by the wire electrodes can be clearly viewed in the machined surface as shown in Figure 2.
Table 2 shows the L27 orthogonal table with input factors and response values in the EDM process.
Table 3 illustrates the signal-to-noise (S/N) ratio with their normalized value (N S/N) of the selected
performance measures. Micro hardness was chosen as a larger-the-better (LTB) quality, whereas WWR
and AWLT were chosen as smaller-the-better (STB) quality level characteristics. As the present study
of surface performance measures was completed with both the LTB and STM quality characteristics,
the distinguishing coefficient value was selected as 0.5 [6].

 
Figure 2. Surface topography of the machined Ti-6Al-4V alloy in WEDM process.

Table 2. OA with performance measures.

Trial Ton Toff SV WT WE WWR MH AWLT

1 110 30 40 5 BWE 0.1666 516.76 5.1

2 110 30 40 5 ZWE 0.0909 465.2 2.11

3 110 30 40 5 DWE 0.0686 494.86 2.11

4 110 40 60 7 BWE 0.1248 518.3 2.72

5 110 40 60 7 ZWE 0.0454 500.33 1.85

6 110 40 60 7 DWE 0.1111 393.9 1.75

7 110 50 80 9 BWE 0.1682 514.2 5.33

8 110 50 80 9 ZWE 0.0919 445.4 3.43

9 110 50 80 9 DWE 0.0258 425.86 2.401

10 120 30 60 9 BWE 0.1686 429.9 3.17

11 120 30 60 9 ZWE 0.0908 466.1 0.55

12 120 30 60 9 DWE 0.0682 663.16 4.28

13 120 40 80 5 BWE 0.125 425.76 2.34
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Table 2. Cont.

Trial Ton Toff SV WT WE WWR MH AWLT

14 120 40 80 5 ZWE 0.0929 487.1 2.72

15 120 40 80 5 DWE 0.0222 421.73 4.59

16 120 50 40 7 BWE 0.125 460.26 5.67

17 120 50 40 7 ZWE 0.045 557.73 1.88

18 120 50 40 7 DWE 0.1121 543 5.84

19 130 30 80 7 BWE 0.125 401.96 3.73

20 130 30 80 7 ZWE 0.1165 563.26 2.55

21 130 30 80 7 DWE 0.1107 401.3 4.31

22 130 40 40 9 BWE 0.125 512.13 3.36

23 130 40 40 9 ZWE 0.0454 496.13 3.08

24 130 40 40 9 DWE 0.0666 508.96 3.54

25 130 50 60 5 BWE 0.125 366.46 2.77

26 130 50 60 5 ZWE 0.1365 534.8 2.37

27 130 50 60 5 DWE 0.1131 478.73 2.35

Mean 0.10025556 481.233 3.18152

Standard deviation 0.04096588 64.0385 1.3149

Standard error 0.00788412 12.3246 0.25306

Table 3. S/N value with its normalized value.

Trial No.
WWR MH AWLT

S/N Ratio N S/N Ratio S/N Ratio N S/N Ratio S/N Ratio N S/N Ratio

1. 1.55665 0.994114 5.426578 0.579453 −1.41514 0.942649

2. 2.082872 0.695296 5.335279 0.402238 −0.64856 0.569094

3. 2.327352 0.556466 5.388965 0.506444 −0.64856 0.569094

4. 1.807571 0.851627 5.429162 0.58447 −0.86914 0.67658

5. 2.685888 0.352869 5.398513 0.524978 −0.53434 0.513433

6. 1.908572 0.794273 5.190772 0.121741 −0.48608 0.489912

7. 1.548348 0.998829 5.422264 0.57108 −1.45345 0.96132

8. 2.073369 0.700692 5.2975 0.328907 −1.07059 0.774748

9. 3.176761 0.074124 5.258534 0.25327 −0.76078 0.623779

10. 1.546285 1 5.266735 0.269189 −1.00212 0.741382

11. 2.083828 0.694753 5.336958 0.405496 0.519275 0

12. 2.332431 0.553582 5.643237 1 −1.26289 0.868456

13. 1.80618 0.852417 5.25833 0.252874 −0.73843 0.612886

14. 2.063969 0.70603 5.375236 0.479796 −0.86914 0.67658

15. 3.307294 0 5.250069 0.23684 −1.32363 0.898054

16. 1.80618 0.852417 5.326006 0.384238 −1.50717 0.987494

17. 2.693575 0.348504 5.492848 0.708087 −0.54832 0.520242

18. 1.900789 0.798693 5.4696 0.662961 −1.53283 1

19. 1.80618 0.852417 5.208366 0.155891 −1.14342 0.810238
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Table 3. Cont.

Trial No.
WWR MH AWLT

S/N Ratio N S/N Ratio S/N Ratio N S/N Ratio S/N Ratio N S/N Ratio

20. 1.867348 0.817682 5.501418 0.724721 −0.81308 0.649263

21. 1.911705 0.792494 5.206938 0.153121 −1.26895 0.871412

22. 1.80618 0.852417 5.41876 0.564279 −1.05268 0.76602

23. 2.685888 0.352869 5.391191 0.510765 −0.9771 0.729191

24. 2.353052 0.541873 5.413367 0.55381 −1.09801 0.788109

25. 1.80618 0.852417 5.128053 0 −0.88496 0.68429

26. 1.729735 0.895827 5.456383 0.637306 −0.7495 0.618278

27. 1.893075 0.803073 5.360181 0.450574 −0.74214 0.614691

3.1. Computation of Optimal Process Parameters

The values of Grey Relational (GR) components along with their rank of all trials are given in
Table 4. Table 5 shows the average of the GR scale for all the levels of process factors. The average Grey
technique value specifies the relationship levels among the comparative values and a reference value.
Hence, the optimal assessment of each process factor is the highest average GR value in the process.

Table 4. GR coefficient with its rank.

No.
GR Coefficient

GR Grade
WWR MH AWLT

1. 0.988365 0.543155 0.897101 0.809541

2. 0.621346 0.455472 0.537111 0.537976

3. 0.529923 0.503243 0.537111 0.523426

4. 0.771161 0.546132 0.607223 0.641505

5. 0.43587 0.512809 0.506808 0.485162

6. 0.708489 0.362776 0.495006 0.522091

7. 0.997662 0.538259 0.928195 0.821372

8. 0.625541 0.426951 0.689415 0.580636

9. 0.350662 0.401049 0.570632 0.440781

10. 1 0.406236 0.659093 0.688443

11. 0.620927 0.456828 0.333333 0.470363

12. 0.528308 1 0.79171 0.773339

13. 0.772102 0.400922 0.563626 0.578883

14. 0.629747 0.490098 0.607223 0.575689

15. 0.333333 0.395833 0.830639 0.519935

16. 0.772102 0.448124 0.975598 0.731941

17. 0.434218 0.631382 0.51033 0.52531

18. 0.712954 0.597343 1 0.770099

19. 0.772102 0.371994 0.724887 0.622994

20. 0.732796 0.644929 0.587726 0.65515
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Table 4. Cont.

No.
GR Coefficient

GR Grade
WWR MH AWLT

21. 0.706708 0.371229 0.795434 0.624457

22. 0.772102 0.534347 0.681218 0.662556

23. 0.43587 0.505441 0.648669 0.529993

24. 0.521851 0.528435 0.702354 0.584214

25. 0.772102 0.333333 0.612963 0.572799

26. 0.827577 0.57958 0.567072 0.658076

27. 0.717436 0.476451 0.564775 0.58622

Table 5. Average GR grade for input factors.

Factor Notation
Average GR Grade

High-Low
1 2 3

Ton 0.5958 0.6260 0.6107 0.0302
Toff 0.5706 0.5667 0.6319 0.0652
SV 0.6306 0.5998 0.6022 0.0308
WT 0.5958 0.6199 0.6169 0.0240
WE 0.6811 0.5576 0.5938 0.1235

Total mean GR grade = 0.6066.

Figure 3 shows the response graph of average Grey Relational grades. It was observed that the
optimal values of parameters are level 2 (Ton), level 3 (Toff), level 1 (SV), level 2 (WT) and level 1
(WE). The high-low indicates the level of the most dominant process parameter in formulating the
performance measures among all the input process parameters in any machining process. It was
observed that the wire electrode significantly influences the quality measures such as white layer
thickness, micro hardness and WWR in the WEDM process. The crater size produced by the discharge
energy is mainly characterized by the electric current conductance of the electrode in WEDM. As the
surface quality of the machined workpiece is evaluated using crater size and material removal, the
wire electrode possesses a vital role in evaluating the surface performance measures in WEDM [22].

Figure 3. Based optimal process parameters computation.
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3.2. Confirmation Experiment

Following the detection of the optimal factor combination, the confirmation test was performed to
examine its confidence. In this present test, the experiment was conducted in WEDM under the optimal
factor combination [7]. The predicted GR grade (Ga) was computed as per the following Equation (3):

Ga = Gb +
∑

(Gc −Gb) (3)

where Gb-total average GR grade and Gc-optimal average GR grade. The predicted value was found
as 0.762953. The response values were obtained with an optimal factor combination of 0.1675 (WWR),
512.8 (MH) and 4.35 (AWLT). The GR grade was calculated as 0.787367. The GR grade value was
improved by 3.2% from the predicted mean value.

The main effect plot was used to examine the significance of the input factors on responses using
Minitab software [16]. Figure 4 shows the effects of input factors on Grey relational grades. The
surface measures of the machined specimens were considerably characterized by the wire wear ratio
due to its significance in examining the discharge energy of every pulse cycle. The micro hardness
and white layer thickness are characterized by the amount of resolidification of the workpiece and
tool electrode. As the servo voltage contributes mostly to resolidification, it considerably influences
the micro hardness and AWLT. The physical characteristics of the wire electrode influence the white
layer thickness, as the recast layer consists of melted wire electrode material. The selection of the wire
electrode has a vital role in determining the AWLT due to its weight in formulating the recast layer
thickness. As the wire electrode has a considerable effect on determining the surface quality related
parameters, it has a highly influential role in deciding surface measures in WEDM.

 
Figure 4. Effects of input process factors on Grey relational grade.

4. Surface Analysis under Optimal Process Parameters Combination

The surface quality measures of the processed specimen under the optimal input factors such
as Ton (120 μs), Toff (50 μs), SV (40 V), WT (7 Kg) and WE (BWE) have been analyzed for surface
morphology enhancement.

As surface hardness is the surface layer property, the AWLT has a highly influential role in
determining the MH of the specimen. The recast layer of the processed specimen in the WEDM process
should have a uniform and minimal thickness in order to enhance the quality measures. While the
white layer formation cannot be avoided, its thickness should be as minimal as possible. The specimen
processed under the optimal input parameters combination displays a uniform and low AWLT as
shown in Figure 5. The electrical pulse energy is proportional to the width of the white layer. The
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pulse duration can increase the pulse energy in the WEDM process. The pulse energy impacts the
resolidification of the melted particles. The pulse energy level as displayed in Figure 5 results in a
lower recast layer thickness and uniform distribution.

 

Figure 5. White layer distribution of machined specimen in WEDM process.

Figure 6 shows the minimum white layer zone and a few cracks on the processed surface under the
optimal process parameters combination. A higher white layer could increase the residual stress on the
machined surface in the EDM process. The delivery of the higher pulse energy creates higher residual
stress, which subsequently creates micro cracks. Due to this high residual stress, these cracks then
propagate. This could affect the surface performance measures and fatigue life of titanium workpiece
specimens in EDM. Dental implants should have lower residual stress to increase the life and quality
of the products [1]. The surface quality of the specimens at optimal process parameters was observed
to have fewer micro cracks, as shown in Figure 6. Hence, it was proved that the fatigue life of the
machined components could be considerably enhanced by adopting the proposed MCDM technique.
Dental implants should have considerably lower surface roughness. The surface roughness of the
titanium alloy can be effectively modified by the pulse energy during the machining process. The heat
affected zone (HAZ) can be viewed as the white region. It was noted that more HAZ was found in the
trial with a high discharge energy combination than in the trial using the optimal combination. The
surface roughness of machined specimens in the EDM process can be reduced by uniform and tiny craters
on the processed surface [17]. In Figure 7, the distance between C and D indicates the evaluation length
of the surface roughness measurement, while the distance between A and B specifies the maximum peak
value of roughness. The average value of roughness was inferred from the figure itself. It was observed
that the surface roughness could be effectively reduced by incorporating the optimal input parameters
combination in the EDM process due to the optimal pulse energy as shown in Figure 7.
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Figure 6. Comparison between surface morphology of machined specimens in WEDM process.

 

Figure 7. 3D surface analysis of machined specimen in WEDM process.
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5. Conclusions

The TGRA method was used to assess the optimal factors combination in obtaining optimal
surface measures such as wire wear ratio, MH and AWLT when machining titanium (α-β) alloy with
the WEDM process. The following conclusions were made:

• In achieving better quality measures, the optimal electrical factors amongst the existing factor
combinations were found to be gap voltage (70 V), discharge current (15 A) and duty factor (0.6).

• The maximum high-low grade value shows that the wire electrode affects the surface measures
due to its significance in determining spark energy in WEDM.

• Using a TGRA based MCDM approach, the surface quality analysis has also shown that the
optimal input factors combination significantly contributes to improving the quality of the
machined surface.
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Abstract: Electrically-assisted (EA) forming is a low-cost and high-efficiency method to enhance
the formability of materials. In the study, EAF tensile tests are carried out to study the properties
of T2 copper foil in an annealed state, and the effect of the electric current on the forming quality
of corrugated foils is further studied in the EA rolling forming process. The result shows that the
current reduces the flow stress and the fracture strain, which is different from the result of rolled
samples. The joule heating effect on mechanical properties is significant in EA tension, and the
softening effect of the surface layer can be observed at tensile strength, due to the grain size effect.
Moreover, the current can weaken the grain size effect. In the rolling forming process, the influence
of different electrical parameters on the forming height is remarkable, especially for the rolled T2
copper. The appropriate electrical parameters can improve the forming height, while keeping a small
thickness thinning. Nevertheless, the high current density will lead to local rupture. This study
proves that the current can improve the forming quality of the corrugated foils and is a promising
surface texture forming process.

Keywords: surface microstructure; electrically-assisted rolling; current density; T2 copper foil

1. Introduction

Surface texture is highly critical in aviation, aerospace, and so forth, due to the special function
of physics and chemicals, such as the drag reduction, the hydrophobicity, optics, heat and mass
transfer [1]. The fabrication methods of the micro texture include electrochemical micromachining,
laser surface texturing, electric discharge texturing, lithography, and micromachining. Electrical
chemical micro machining is an advanced process which can fabricate the surface texture in metallic
plates. Lee et al. [2] studied the effects of the inter-electrode gap, pulse rate, and electrolytic inflow
velocity on the forming accuracy of the micro channel. A laser surface texturing to fabricate the
surface texture was conducted by Tang et al [3]. They produced spikes on brass substrate, which had a
super-hydrophobic function, using a pulse laser ablation process, and the height of these spikes related
to the power of the laser beam. Electric discharge texturing can change the mechanical properties of
the sample surface and form the micro structure by a high temperature [4]. Lithography involves
multiple steps, like insulation, mask generation, and machining. He et al. [5] conducted lithography
and an etching experiment to generate the micro-pillar-based surface textures on a silicon wafer
and fabricate the nano pillars on the micro pillars. Hung and Lin [6] studied the micro scale tool
piece electrode and the fabricating high-aspect-ratio micro channel on bipolar plates by electrical
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discharge machining. The surface texture can be easily fabricated by these methods mentioned above.
However, laser surface texturing and electric discharge texturing can generate heat-affected zones
or thermal residual stresses. Micromachining is not economically viable because of a lot of material
waste. Electrochemical micromachining and lithography pose environmental concerns. A method
which meets the demands of mass production and environmental protection is needed.

Rolling forming is a promising process for manufacturing surface microstructure sheets because
of its low forming force, high efficiency, low cost, and good forming accuracy [7]. Ma et al. [8] found
that the grain size and the crystal texture had a significant effect on the springback by rolling forming.
Huang et al. [9] observed that the maximum thickness thinning of the micro channels with aspect
ratios up to 1.0 was 18.7% by the micro-channel rolling forming test. Zhou et al. [10] improved the
forming depth of the micro-structure and flatness of sheets by increasing the relative speed of the
upper and lower rollers using a new desktop roll forming tool.

When the ratio of sheet thickness to grain size was small, the formability decreased [11]. The studies
show that the current can reduce the flow stress, improve plasticity, and formability, this is called the
electroplastic effect [12]. Ross et al. [13] presented the direct current (DC) EA compression experiments
of Ti-6Al-4V alloy. The forming load was significantly reduced and the formability was improved.
Andrawes et al. [14] found that the forming energy decreased, but the ductility and the elongation also
decreased by the DC EA tension of aluminum alloy. However, the pulse current can not only reduce
the flow stress but also significantly increase the elongation of aluminum alloy, according to the studies
of Salandro et al. [15] and Roh et al. [16]. Jeong et al. [17] reported that the elongation significantly
decreased when the pulse current was applied via the tensile test of trip-aided steel. They believed that
the increase of the stability of retained austenite inhibited the effect of mechanically induced martensite
transformation with the increase of temperature. In the investigation of Gennari et al. [18], the uniform
elongation and total elongation were improved greatly in the EA tensile test, while the changes of
the yield stress and ultimate tensile stress were inapparent, compared to the thermal test. Perkins
et al. [19] conducted a series of studies by the EA compression of different metals, and found that
there was a threshold current density in EA compression. Later on, Jones et al. [20] found that when
the current density reached 30 A/mm2, the compressive properties of AZ31 magnesium alloys were
remarkably improved without fracture. Siopis et al. [21] reported that with the increase of grain size,
the degree of flow stress reduction became smaller, while the threshold value of the current density
became larger. The decrease of the flow stress was clearer using a current when the samples underwent
pre-plastic deformation [22,23]. Ross et al. [13] indicated that the thermal effect was not the main factor.
The decrease of the grain size improved the degree of the joule heat rise and stress decrease, moreover,
local intergranular voids and partial grain boundaries melted, according to the study of Fan et al. [24].
The effect of the current on the size effect was studied by Siopis et al. [21]. They believed that when the
current was applied, the data dispersion would be reduced. Their studies indicated that the current
can weaken the size effect [25,26]. Compared with the tensions at room temperature, oven-heated and
air-cooled conditions, the fracture stresses were smallest and the fracture strains were largest in the EA
tension [27].

Scholars also studied the EA forming process, such as drawing, rolling, bending, and embossing.
Egea et al. [28] studied the current-assisted drawing process of 308L stainless steel. It was found that
the material formability and energy efficiency increased by 11.9% and 7.6%, respectively. Li et al. [29]
improved the toughness and strength of zirconium by EA rolling and subsequent low temperature
annealing. Khal et al. [30] reported that with the increase of the current density, pulse frequency, and
pulse duration, the springback can be further reduced by EA bending. Mai et al. [31] conducted the
EA micro-channel embossing process of SS316L. When the current density increased to 50 A/mm2,
the micro-channel depth increased to 26%. Cao et al. [32,33] studied the effects of the rolling force and
the joule heat and friction on the forming quality of the microstructure by the EA roll forming process.
The forming depth and width of the micro-channels increased with the increase of the temperature,
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rolling force, and friction force. It was proved that the joule heat was the main reason for the increase
in the forming depth.

To conclude, the EA tension tensile and compression mechanical property have been sufficiently
investigated. However, there are few studies on the EA process, especially on the thin sheet metal with
microstructures. The influence of electrical parameters on the forming quality of the microstructures
is not clear. In this paper, the EA uniaxial tension of T2 copper is studied experimentally. The
effects of different current parameters on the flow stress, fracture strain, and grain size effect are
analyzed. Furthermore, the EA rolling forming process is investigated, and the results of different
electrical parameters on the forming quality are analyzed, which verify the feasibility of the EA rolling
forming process.

2. Materials and Methods

2.1. Experimental Materials

In this work, commercial T2 copper foils with the thickness of 100 μm in the rolled state and
annealed state (annealed at 310 ◦C and air cooled) were chosen as the experimental materials. To study
the grain size effect on the deformation behavior, T2 copper foils in the rolled state were annealed at the
temperature of 350, 450, 550, and 650 ◦C for 1 h to obtain different grain sizes. The microstructures were
examined using optical microscope (OM) after grinding, polishing, and etching. The microstructure
and obtained grain size are given in Figure A1 and Table 1, respectively. The T2 copper foil was
machined to tensile test samples by the electrical discharge machining (EDM) method, as shown in
Figure A2.

Table 1. Grain sizes under different temperatures.

Temperature (◦C) 350 450 550 650

Grain size d (10−6m) 12.31 17.73 27.87 44.49

2.2. Experimental Set-Up

The EA micro-tension device was developed on the basis of a tension testing machine (CMT8502).
Two insulation blocks were inserted between the EA tension grips and tension testing machine, as
illustrated in Figure A3a. As shown in Figure A3b, the EA rolling system and corrugated surface
microstructure were designed to conduct the EA rolling experiment. The power supply (JX-HC DC
pulse power, Lanzhou, China) had a maximum voltage of 30 V, which could output a high frequency
square wave pulse current, as shown in Table 2. The temperature of specimens was measured by a
FLIR infrared camera.

Table 2. DC power parameters.

Voltage/V Frequency/Hz Pulse Duration/10−6 s

0~30 10~1000 3~500

3. Results and Discussion

3.1. EA Uniaxial Tensile Test

EA uniaxial tensile tests using samples of annealed state were carried out under a strain rate
of 10−3s−1 at room temperature. The current started and continued 30 s when the tensile test was
conducted for 100 s. It is found that the flow stress decreases nearly instantly as soon as the electric
current is present, and the flow stress decreases with the increase of voltage, as shown in Figure 1. The
flow stress increases after closing the power, but compared with the uniaxial tension of no current, the
flow stress is still lower, especially at the great voltage.
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Figure 1. True stress–strain curves of annealed T2 copper.

To further study the effect of the current on mechanical properties, the current was present during
the tension test. The influences of voltage, frequency, and pulse duration on the mechanical properties
and temperature are shown in Figure 2. It is seen from Figure 2a that the flow stress and the fracture
strain decrease with the increase of the voltage in the EA tension. The result is similar to that of Zhang
et al. [27]. They conclude that the effect of the joule heating on the mechanical properties can be
neglected. Figure 2b presents the maximum temperature of the specimen in the gauge section. The
temperature increases instantly by joule heating and then changes slowly for the balance of the joule
heating and air cooling until the fracture of samples. Furthermore, as the the voltage increases, the
temperature increases because of the Joule heating effect. Mean temperatures are 60.35 ◦C at 4 V, 138.25
◦C at 6 V, 301.45 ◦C at 8 V, and 447.00 ◦C at 10 V, respectively. When the voltage increases from 4 to 10
V, the temperature increases from 60.35 to 447.00 ◦C, the reduction rate of the tensile strength increases
from 15.68% to 77.24%. The maximum reduction rate (77.24%) is much larger than that (23%) in the
reference [27]. It needs to be noted that the temperature rise is significant in this study, and maybe the
joule heating effect is the main reason for the change of mechanical properties.

Figure 2c,d depicts the variations in the true stress–strain for various pulse durations and
frequencies, respectively. It can be seen that the flow stress and fracture strain decrease as the
pulse duration or frequency increases. Note that the flow stress continues to decrease, but a change
of the fracture strain is not apparent, which indicates that the high frequency is conducive to the
plastic deformation.

From Figure 2, it is found that when the temperature is high, such as 447 ◦C, the flow stress
reduction remarkably increases, which indicates that the current density (related to the voltage,
frequency, and pulse duration) threshold is mainly temperature-independent.

It is interesting that the results are different from that of rolled samples. The flow stress drop
is more remarkable, moreover, the fracture strain increases significantly in the EA tension test of T2
copper foil (rolled state) [34]. The current promotes dislocation movement, makes dislocation easier
to overcome obstacles, and restrains the slip band generation. Hence, it can be understood, from the
results, that the current has a more significant influence on the samples of higher dislocation density.
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Figure 2. EA tensile test results: (a) different voltages; (b) temperature of gauge; (c) different durations;
(d) different frequencies.

In order to investigate the grain size effect on the EA tension, the EA tensile tests of various grain
sizes and N values were carried out, as shown in Figure 3. Figure 3a shows that the flow stress and
fracture strain decrease in the EA tension, due to the increase in the grain sizes, which corresponds to
results in Figure 2a. The relationship between the tensile strength and grain sizes at a voltage of 6 V is
depicted in Figure 3b. This cannot be interpreted by the Hall–Patch relation, due to the softening effect
of the free surface at d = 44.49 μm [35]. This is due to the interactive effect of specimen and grain sizes.
However, the softening effect is weakened when the current is present. This result indicates that the
current can weaken the grain size effect, which corresponds to the result of Wang et al [25].

Figure 3. Tensile test results with different N value: (a) EA tensile test; (b) flow stress and fracture strain.
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3.2. Rolling Forming of Corrugated Surface Microstructure

The rolling tests were conducted to investigate the effect of clearance between the upper roller
and lower roller on the formability of the surface microstructure. The clearance is relative to the initial
position in Figure 4. Figures 4 and 5 show the forming height and the rolling load by the load sensor
(Interface MSC-130KN-375, Shenzhen, China) under different clearances. The rolling load and the
forming height increase with the decrease of clearance.

 

Figure 4. Forming height with different clearances.

Figure 5. Rolling load with different clearances.

As the clearance decreases, the maximum thickness thinning rate and data dispersion increase, as
shown in Figure 6a. The thicknesses of the wave crest and trough are at a minimum (in Figure 6b).
Figure 7a presents the scheme of mechanical analysis. The bending and tensile deformation occur at
part A, but the tensile deformation is only at part B, moreover, the tensile stresses are similar at part A
and part B. But part A has a different bending deformation that results in the large deformation and
thickness thinning (Figure 7b).
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Figure 6. Thickness thinning measure results: (a) maximum thickness thinning rate; (b) distribution
of thickness.

Figure 7. Mechanical analysis in rolling process: (a) scheme of mechanical analysis; (b)
thickness thinning.

3.3. EA Rolling Forming

The EA rolling tests were conducted at a roll speed of 0.75 r/min and a clearance of 0.4 mm
at room temperature. The influences of various voltages, frequencies, and pulse durations on the
forming height and the thickness thinning rate are demonstrated in Figure 8, Figure 9, and Figure 10,
respectively. It can be seen from Figure 8a that the height has a significant improvement at 15 V for
two kinds of materials, especially the rolled samples, which is attributed to the flow stress drop due to
the joule heating effect.

The thickness thinning rate of annealed samples is significantly lower than that of rolled samples,
as shown in Figure 8b. But the difference between various voltages is insignificant, whither in a rolled
or annealed state. A small part of the wave crest and trough crack for the rolled samples is due to the
higher temperature when the voltage increases to 20 V, but this is not the case for the annealed samples.
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Figure 8. Experimental results of different voltage: (a) forming height; (b) maximum thickness
thinning rate.

It is observed from Figure 9a that the height remarkably increases at 800 Hz for two kinds
of materials. The difference of the thickness thinning rate between various frequencies is also not
significant. However, the higher frequency can not only increase the forming height, but also reduces
the thickness thinning, as shown in Figure 9b.

Figure 9. Experimental results of different frequency: (a) forming height; (b) maximum thickness
thinning rate.

It is observed from Figure 10a that as the pulse duration increases, the forming height increases
for two materials. Compared to the effect of the voltage and frequency, the change of height is smaller.
Meanwhile, the thickness thinning rates also differ slightly (Figure 10b). For the high pulse duration
(300 μs), some cracks also are observed for two state samples.
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Figure 10. Experimental results of different duration: (a) forming height; (b) maximum thickness
thinning rate.

To summarize, when the current density threshold is reached, the joule heating temperature is
sufficiently high to reduce the flow stress remarkably, there is a range of current density, which can
significantly improve the forming height and maintain a smaller thickness thinning rate. Nevertheless,
a larger current density can lead to a local fracture.

4. Conclusions

In this work, the effects of voltage, frequency, and pulse duration on tensile properties and rolling
forming process of T2 copper are investigated by the EA tension and EA rolling process. The influence
of the current on the grain size effect is studied by EA tension with T2 copper foil of various grain sizes.
The following results can be concluded:

(1) The flow stress and fracture strain decrease as the current density increases, which is mainly
attributed to the joule heating effect.

(2) The softening effect of the surface layer is significant, and this is due to the grain size effect at
coarse grains. However, it can be weakened in the EA tension.

(3) With the decrease of clearance, the forming load and the forming height of the microstructures
increase gradually, and the thinning of the wave peaks and troughs is more serious than that of
other parts.

(4) The forming height significantly increases by the EA rolling forming process, moreover, the wall
thickness change slightly under proper current parameters. Thus, it is conducive to the formation
of corrugated foils.
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Appendix A

 

Figure A1. Microstructure of T2 copper foil along the thickness direction after annealing treatment:(a)
350 ◦C; (b) 450 ◦C; (c) 550 ◦C; (d) 650 ◦C.

 

Figure A2. Geometry of tensile samples.

 

Figure A3. EA device: (a) tensile insulated grip; (b) EA rolling device.
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Abstract: Slow tool servo (STS) diamond turning is a well-developed technique for freeform optics
machining. Due to low machining efficiency, fluctuations in side-feeding motion and redundant
control points for large aperture optics, this paper reports a novel adaptive tool path generation
(ATPG) for STS diamond turning. In ATPG, the sampling intervals both in feeding and cutting
direction are independently controlled according to interpolation error and cutting residual tolerance.
A smooth curve is approximated to the side-feeding motion for reducing the fluctuations in feeding
direction. Comparison of surface generation of typical freeform surfaces with ATPG and commercial
software DiffSys is conducted both theoretically and experimentally. The result demonstrates that
the ATPG can effectively reduce the volume of control points, decrease the vibration of side-feeding
motion and improve machining efficiency while surface quality is well maintained for large aperture
freeform optics.

Keywords: freeform optics; slow tool servo; tool path generation; large aperture optics

1. Introduction

Most currently conventional optical devices from 2D optical design methods are usually
rotationally symmetric. While systems with such optics perform well in numerous applications,
the requirement of high energy efficiency or aberration correction often cannot be satisfied with the
same optics because of its inherent symmetry limitations on geometry. In order to meet those kinds of
demand, 3D optical design methods have been developed, such as the simultaneous multiple surface
(SMS) 3D method [1], supporting the quadric method [2]. In general, the results of a 3D design method
are nonrotational, nonlinear asymmetric surfaces, known as freeform surfaces. With the development
of 3D optical design methods, large aperture freeform optics are increasingly used in both non-imaging
and imaging optical systems due to its capacity of improving optical performance [3–6]. There are three
ultra-precision machining processes, namely fast tool servo (FTS), slow tool servo (STS) and diamond
milling frequently used to produce optical freeform surfaces. STS machining has the advantages of
fast setting-up and a large degree of freedom in processing, especially for freeform surfaces with large
deviation [7,8]. However, the tool path generation and tool shape compensation must be conducted
carefully for efficiently producing contoured surface with submicron form accuracy and nano-scale
roughness or less.

Over the past decades, much research work has been conducted on tool path generation for
diamond turning of freeform optics, including angle sampling strategy, spiral path and tool radius
compensation. Fang et al. [9] used non-uniform rational basis spline (NURBS) surface to represent a
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freeform surface, and carried out the compensation and optimized values for tool geometry. Gong et
al. [10] calculated the non-zero rake angle tool position directly from symbolic computation. In addition,
the authors [11] projected space Archimedean spiral onto freeform surface along the normal direction
of the base surface to get the diamond tool path. Wang et al. [12] machined a toric surface by generating
a spiral tool path with the constant-angle method, and analyzed the different entrance parameters
algorithm on Position–Velocity–Time (PVT) interpolation. Zhu et al. [13] proposed the adaptive tool
servo (ATS) mode that the sampling angle and feedrate were actively adjusted at any cutting point to
adapt shape variation of the desired surface.

During the conventional multi-axis computerized numerical control (CNC) milling of freeform
surfaces, it is crucial to adapt the side-feeding motion and forward sampling of tool motions to surface
shape variations to achieve uniform surface quality with maximum efficiency [13]. Koren et al. [14]
used a non-constant offset of the previous tool path to guarantee the cutter moving in an un-machined
area and without redundant machining. However, this method is not suitable for STS because the
non-constant offset of the spiral path will lead to additional motion of the lateral feeding axis (x-axis)
when it follows the c-axis. Due to the limitation of the dynamic response of the servo axis, this will
lead to the following error and vibration.

Generally, the following problems exist in tool path generation algorithm for slow tool servo
diamond turning of large aperture freeform optics:

Current angle sampling strategies are still constant-angle and constant arc-length methods [15,16],
which are aimed at path generation of axisymmetric surfaces. However, the curvature of a freeform
surface is not uniform on the whole part and the strategy of constant-angle or constant arc-length
cannot adapt to the change of freeform surface shape. Therefore, the uniform sampling will inevitably
lead to an uneven distribution of surface accuracy [11,17]. Especially for large aperture optical surfaces,
when the constant-angle method is applied, the surface quality of central region is better than that of
the outer region due to the fact that the point density of outer region is relatively sparser than those
on the central region. Therefore, in order to ensure the allowable interpolation error on the outer
region, a large number of sampling points are needed on the outer region of the surface, which results
in redundant control points on the center region. Moreover, the volume of points generated by this
method probably exceeds the storage capacity of CNC system.

The cutting residual is caused by the tool radius envelope along the feeding direction, which is
regarded as surface roughness. Kwok et al. [18] and Yu et al. [19] developed the model for predicting
the residual error in STS, indicating that the residual error is not only dominated by the tool nose radius
and feedrate, but also highly dependent on local surface curvature. Currently, the commonly adopted
constant feed in STS leads to a heterogeneous distribution of the cutting residual error, especially for
freeform optics with large curvature variation. To guarantee the cutting residual within a tolerance
level, machining of the entire whole surface is required to maintain the minimum feedrate, which is
not necessary for other regions and significantly reduces the machining efficiency.

Current tool path generation methods do not consider the dynamic performance of machine tools.
In traditional machining of rotational symmetrical surfaces, the feed axis and spindle are independent,
so the dynamic performance of machine tool is not considered. However, when a freeform surface
is machined by STS diamond turning, the feed axis and the spindle should maintain a strict spatial
position relationship. Therefore, an optimal tool path is very important. Although the ATS method
proposed by Zhu [13] can produce control points with a uniform distribution of surface profile errors,
and much CAM software used in milling which could be ported to turning can output a constant load
or constant scallop height tool path [20,21]. However, because they produce irregular spiral paths,
this will bring additional fluctuations to the feed axis, reducing the machining surface quality.

In this paper, a novel path generation of STS diamond turning for large aperture freeform optics;
namely, adaptive tool path generation (ATPG) is proposed. Firstly, the principle of the novel generation
method is introduced and the path generation algorithm is presented in detail with analysis of the
motion characteristics of machine tools. The results show that, on the premise of satisfying the
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machining accuracy, the proposed algorithm can reduce the volume of control points, and improve the
dynamic characteristics of machine tools and machining efficiency. Finally, both theoretical analysis
and experimental comparison of the algorithm are conducted.

2. Basic Principle of Adaptive Tool Path Generation

The principle of diamond tool turning freeform optics is that the diamond tool contours the
complex surface along the spiral path as shown in Figure 1a. The stroke of the diamond tool is
synchronized to the angle and radial position of freeform surface on the machine’s spindle. The forward
and reverse motion is achieved by z-axes of machine tools (STS).

Figure 1. Schematic of principle of slow tool servo (STS), (a) the relative motions; (b) error in forward
cutting direction and (c) error in feeding direction.

There are two intrinsic errors in STS machining, namely interpolation error and cutting residual
as shown in Figure 1b,c [22]. In the forward cutting direction, the deviation between the desired
surface and the tool trajectory leads to the interpolation error and the error is highly dependent on the
distance Lθ between the two consecutive control points as well as the local surface profile. Generally,
most diamond machine tools offer PVT spline interpolation for STS, which creates a path known as a
cubic Hermite Spline. Therefore, for a given interpolation tolerance εf, the algorithm adaptively adjusts
the angle interval Lθ according to the error of Hermite interpolation to ensure that the error is within
the range [−εf, + εf], so that the error is homogeneously distributed in the whole cutting direction.
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In the feeding direction, in order to improve the machining efficiency, the feedrate should be
adjusted with surface curvature. Because the curvature of a freeform surface not only changes with
radius, but also changes with polar angles, as shown in Figure 2. The curvature of a freeform surface
at the polar angle θ1 and θ2 of the same radius is different, so the calculated feedrate f 1 and f 2 on the
same radius are different, which leads to the position of diamond tool changing with spindle angle
in the process of feeding. As a result, micro-fluctuations are generated in the process of machining,
which would deteriorate the surface quality of machining, just as shown in Figure 3a. The dash line
denotes the feedrate calculated by the surface shape (In fact, it is the feedrate in ATS). In contrast,
ATPG sets the feedrate to a constant equal to the minimum value of this revolution, which can restrain
the fluctuations of feedrate with angles. Therefore, the final feedrate only changes with radial position.
Furthermore, if the feedrate varies dramatically along the radius, the feedrate will be re-fitted with a
smooth curve to suppress the vibration in the feeding direction, just as shown by the red solid line
in Figure 3b. It should be noted that the blue dash dot line donates the feedrate in the traditional
machining mode, which maintains the minimum feedrate to guarantee the cutting residual on the
whole surface.
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Figure 2. Schematic of feed variation with angle on the same radius for freeform surface.

π π

Figure 3. Schematic of feedrate in different methods. (a) Feedrate in one revolution of spiral path;
(b) Feedrate along the radius on the whole surface.
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Although the feedrate in ATPG is slightly smaller than ATS, it is still larger than the traditional
settings. The advantages of this setting are that it not only improves the machining efficiency, but
also suppresses the micro-fluctuation caused by surface shape. Although this will result in a slight
heterogeneous distribution of interpolation error at different angles on the same radius, it is almost
negligible, and the advantage is to increase the stability of the machine tool.

3. Tool Path Generation for STS Diamond Turning

In the traditional STS diamond turning, the machined surfaces have to be evaluated after the
machining process which gives a high risk of the machined surface failing to meet the contour accuracy.
The surface generation algorithm is not only the generation of a diamond tool path, but also a predictive
method to analyze the contour accuracy by using different cutting strategies.

Figure 4 shows the general process of ATPG, including five steps to generate the final control
points: (1) Tool interference check; (2) Determination of the feedrate for every revolution of the
spiral path; (3) Determination of smooth curve fitting the relationship between feedrate and radius;
(4) Determination of control points in the cutting direction with the constraint of interpolation error;
(5) Tool radius compensation.

 

fi
r

Figure 4. The general process of ATPG for STS.

3.1. Tool Interference Check

Due to the geometrical complexity of freeform surfaces, it is necessary to check tool interference,
and the sectional curve method [9] is used to check the tool parameters before machining,
which decomposes the whole surface into two-dimensional sectional curves and integrated the tool
parameters from curves.

3.2. Determination of the Feedrate for Every Revolution of the Spiral Path

The coordinate system of the workpiece for STS machining is shown in Figure 1a.
The desired surface can be expressed as z = f (x,y), which can be also expressed as z = g(θ,ρ) by
coordinate transformation.

Let’s suppose that the radius corresponding to the Ni-th revolution of the spiral path is ρi at the
angle θi = 2πi, so the corresponding curvature at this revolution can be defined as [23]:

Ki = min

⎧⎨
⎩ ∂2g/∂ρ2

[1+∂g/∂ρ]
3
2

∣∣∣∣∣
ρ=ρi

, ∀θ ∈
[
0
◦
, 360

◦)⎫⎬⎭ (1)

where Ki means the minimum curvature of the cross-sectional profile passing through the rotation
center over the whole revolution.
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By approximating the local profile as a segment of arc, the distance Li (Figure 1c) between the
two consecutive revolutions Ni and Ni+1 on the desired surface with respect to a given cutting residual
error tolerance εt (Figure 1c) can be estimated by [14]:

Li =

√
8Rtεt

1 − RtKi
(2)

where Rt denotes the nose radius of a diamond tool.
At the same time, we define the slope of the cross-sectional profile dzi (Figure 1c) at the radius ρi as:

dzi = min

{
∂g
∂ρ

∣∣∣∣
ρ=ρi

, ∀θ ∈
[
0
◦
, 360

◦)}
(3)

As shown in Figure 1c, the feedrate fi for the Ni-th revolution in the projected tool path and radius
ρi+1 corresponding to the Ni+1-th revolution in the projected tool path can be approximately expressed as:

fi =
Li√

1+dzi
2

(4)

ρi+1 = ρi + fi (5)

The first revolution can be set as:

N1 = 0, ρ1 = d/2 (6)

where d is the inner diameter of the desired surface, and if the desired surface is started from the center,
d = 0.

Since there is only one parameter ρi+1 unknown, it can be calculated by numerical iteration
solving Equations (1), (2) and (6). Thus, we can sequentially obtain series of number pairs (Ni,ρi).

3.3. Determination of Smooth Curve about the Relationship between Feedrate and Radius

Obviously, the curve of series of number pairs (Ni,ρi) is related to the characteristics of side-feeding
motion of machine tool, especially for the machine tool whose spindle is mounted on the x-axis.
The drastic fluctuations in the curve may cause the side-feeding acceleration of the machine tool to
exceed the allowable range, which may result in the failure of the machining process. Therefore,
some drastic fluctuations of the number pairs (Ni,ρi) should be limited, if necessary. Hence, we use
a continuous and smooth curve to approximate the curve of number pairs (Ni,ρi) and the feedrate
obtained by fitting should not be greater than number pairs (Ni,ρi), just as shown by the red solid line
in Figure 3b. After that, we can obtain the functional relationship between the radius ρ and revolution
number N, which can be expressed as:

ρ = �(N) (7)

where N denotes revolution of spiral, and it is not necessary to be an integer.

3.4. Determination of the Control Points in Cutting Direction

Let us assume that the k-th cutting point Pk(θk,ρk,zk) in the Nk-th revolution of the spiral path, so
the corresponding angle θk can be expressed by

θk = 2π(Nk − [Nk]) (8)

where [·] denotes rounding operation.
Because the spiral radius increment and angle increment are very small between the two

consecutive control points in the actual tool path, an arc can approximate the segment spiral path.
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Hence, the tool spiral path that passes through the point Pk(θk,ρk,zk) can be approximated by the curve
z = g(θ,ρk), and the parameter ρk is already known, so the curve is a function of one variable, which can
be expressed approximately as:

z = φ(θ) = g(θ, ρk), θ ∈ (θk − δ,θk + δ) (9)

where δ is a small number, and φ(·) denotes the operator notation of one variable function.
PVT mode provides an excellent contouring capability because it takes the interpolated

commanded path exactly through the control points. It generates a path known as a Hermite spline.
Hence, according to the error of piecewise cubic Hermite interpolation, the relationship between the
interpolation error tolerance εf and angle increment Lθ between the two consecutive control points
Pk(θk,ρk,zk) and Pk+1(θk+1,ρk+1,zk+1) can be constructed by [24]:

ε f ≤
L4
θ

384
max

θk≤θ≤θk+1
|φ(4)(θ)| (10)

where the curve z = φ(θ) is supposed φ(θ) ∈ C4[θk − δ, θk + δ], and φ(4)(·) denotes the 4th derivative.
The following relation is also established as:

θk+1= θk + Lθ (11)

so the unknown parameters Lθ and θk+1 be derived from Equations (10) and (11) by
numerical calculation.

The corresponding revolution Nk+1 for Pk+1 can be obtained by:

Nk+1 = Nk + Lθ/2π (12)

The other parameters ρ for Pk+1 can be obtained by:

ρk+1 = �(Nk+1) (13)

zk+1 = g(θ k+1, ρk+1
)

(14)

Thus, the coordinate of point Pk+1(θk+1,ρk+1,zk+1) can be obtained by combining the equations
from Equation (8) to Equation (14). By conducting the iterative steps with respect to N1 = 0, the whole
toolpath can be adaptively resampled.

3.5. Tool Radius Compensation

Traditionally, there are two methods of tool nose radius compensation for diamond turning,
xz-direction compensation [9,25] and z-direction compensation [10]. Generally, the xz-direction tool
compensation is accomplished by the normal vector of the machined surface and cutting plane;
however, the direction of normal vector of the freeform in the cutting plane periodically changes
with angle, resulting in a slight periodic displacement of the tool in side-feeding motion. Especially
for the machine tool whose spindle is mounted on the x-axis, the stability of side-feeding motion is
particularly important to surface quality. Thus, we adopt the z-direction compensation in ATPG as
shown in Figure 5.
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Figure 5. Schematic of tool radius compensation in the z-direction.

Without loss of generality, Pi(θi,ρi,zi) is the control point, and Pi
′(θi,ρi,zi

′) is the corresponding
coordinate of tool edge center, where zi

′ is the only unknown parameter. The curve that is a
cross-sectional profile passing through the rotation center O and Pi can be expressed as:

z = g(θ , ρ)|θ=θi
= Θ(ρ) (15)

Pti(θi,ρti,zti) is assumed as the corresponding foot point on the curve z = Θ(ρ) of the Pi
′(θi,ρi,zi

′),
where ρti, zti are the unknown parameters as shown in Figure 5. According to the geometric constraint,
assuming that a round edged diamond tool with a zero rake angle is adopted, the following relations
can be obtained: ⎧⎪⎨

⎪⎩
‖Pi

′Pti‖ = Rt

ni · nti = 0
zti = g(θ i, ρti)

(16)

where ‖·‖ denotes the Euler distance between any two points, and ni is the normal vector of the curve
z = Θ(ρ) at the point Pti(θi,ρti,zti), which can be expressed as:

ni =
(
ρi − ρti, zi

′ − zti
)

(17)

where nti is the tangent vector of the curve z = Θ(ρ) at the point Pti(θi,ρti,zti), which can be expressed as:

nti = (1 ,
∂Θ
∂ρ

)∣∣∣∣
ρ=ρti

(18)

Thus, according to Equations (15), (17) and (18), Equation (16) can be solved by Newton’s
iteration method.

After the tool radius compensation, the whole tool path control points are generated.

4. Theoretical Investigation

4.1. Demonstration of Surface Generation in ATPG

To demonstrate the process of this novel method, a typical astigmatic surface was employed for
investigation as shown in Figure 6, which can be mathematically described as z = Kρ2sin(2θ). To clearly
show the difference between the ADPT and conventional method, the aperture of the workpiece was
set as 5 mm. and the amplitude was set as 1mm. The tool nose radius was set as Rt = 1.0 mm with a
zero degree rake angle, and the tool parameters have been checked by tool interference check.

Tolerances of interpolation error and cutting residual were set as εf = 100 nm and εt = 100 nm,
respectively, based on the optical requirements.
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Figure 6. Schematic of desired surface (astigmatic surface).

We firstly calculated the feedrate for each revolution, and Figure 7 showed the calculation
process of feedrate for radius ρ = 2 mm (reference radius). Firstly, according to the curvature of
the cross-sectional profile passing through the rotation center and the equations mentioned above,
the feedrate at different angles was calculated and shown in the blue dash line. It can be seen that
the feedrate is different at different angles. This means that the motion of the x-axis was different
with the position of a c-axis at this radius, which would cause micro-fluctuations of x-axis. In order to
suppress these fluctuations and guarantee the accuracy of cutting residual, we set the feedrate equal to
the minimum feedrate, as shown in the red line, ensuring that the x-axis remained uniform motion in
all positions of c-axis on this radius. As in so many other revolutions, we can get fi and Ni along the
feeding direction on the whole surface.

Figure 7. Schematic of feed calculation process at ρ = 2 mm.

After obtaining series of number pairs (Ni,ρi), which are shown in Figure 8 with the red dotted
line, in order to suppress drastic fluctuations in the side-feeding motion of machine tool, we used a
continuous and smooth curve to approximate these number pairs (Ni,ρi) by a numerical curve fitting
method. This curve model can be any mathematical function. For this case, after comparing the fitting
residuals of various functions, cubic polynomials were suitable because its residuals are the smallest,
and it can be expressed by:

ρ = �(N) = aN3 + bN2 + cN + d (19)

where polynomial coefficient a = −4.9469 × 10−8, b = −8.774 × 10−7, c = 0.0263, and d = −1.141 × 10−4.
The sum of squares error (SSE) is 2.082 × 10−7; this means that goodness of fit is very high.
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Figure 8. Curve fitting for (Ni,ρi).

Thus, we can obtain the whole surface control point coordinates by combining the equations from
Equations (8) to (14).

After the tool radius compensation with solving Equation (16), the whole tool path control points
were finished.

4.2. Characterization of Motion in ATPG

To characterize the motions of the machine tool, the sampling intervals for the x-axis and z-axis
were extracted. The spindle speed was set as 500 rpm. The velocity for each axis is as shown in Figure 9.
It is noted that the sampling strategy in the region near the center of rotation follows the constant
angle strategy due to the too large interval for the given interpolation error.

Figure 9. Features of the motion (a) side-feeding motion in the feeding direction; (b) feedrate with
angles at ρ = 2mm in the cutting direction, translational motion along the z-axis in (c) ATPG and
(d) DiffSys.

To have a comparison, the tool path was generated by both ATPG and conventional method,
which is calculated by DiffSys (a commercial and professional CAM software for ultra-precision
turning, version 3.98, WESTERN ISLE, North Wales, GB). DiffSys follows the constant-angle strategy
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which was based on the interpolation tolerance and the minimum radius of curvature of the part. It is
clear that in the feeding direction the x-axis speed varies smoothly according to surface shape in ATPG
from Figure 9a, and the speed does not present micro fluctuations during the whole process. This is
due to the smooth curve fitting and no compensation on the x-axis direction in ATPG. Because the
feedrate in DiffSys is defined by the minimum radius of curvature of the part, the feedrate of ATPG is
greater than that of DiffSys on the whole part. Meanwhile, although in order to suppress the micro
fluctuations of motion in the cutting direction, ATPG takes the minimum feedrate calculated according
to the surface shape in every spiral path, it is still higher than that of DiffSys. Through Figure 9a,b,
it is clear that the machining efficiency is improved in ATPG. Figure 9c,d show the speeds of the
two methods in the z-axis, and there is no obvious difference in the z-direction.

We computed the intermediate “way-points” for each axis for each point along the spline path
by Hermite spline interpolation. After subtracting the desired surface, error maps of the theoretically
generated surface for ATPG and DiffSys are illustrated in Figure 10. It can be seen that all interpolation
errors are restricted in [−εf, +εf], and the interpolation errors are homogeneously distributed over the
entire surface. For DiffSys which adopts the constant-angle methods, the surface quality of central
region is better than that of the outer region, and in order to ensure the allowable interpolation error
on the outer region, a large number of sampling points are needed on the outer region of the surface,
which results in redundant control points on the center region. In this case, the number of control
points in ATPG (3,920) was only about 64% of that in DiffSys (6061). Therefore, the machining time in
DiffSys would be much longer than that in ATPG to have similar machining accuracy.

Figure 10. Characteristics of the generated surface error maps along the toolpath in (a) ATPG and
(b) DiffSys.

5. Experimental Results and Discussion

5.1. Experimental Setup

The astigmatic (AST) surface was machined for investigating the performances. Considering the
testing ability of the interferometer, the aperture of the workpiece was 50 mm, the amplitude was set
as 4.8 μm, respectively. To have a comparison, the tool path was generated by both ATPG and DiffSys,
and DiffSys follows the constant-angle strategy that was based on the interpolation tolerance and the
minimum radius of curvature of the part. The feedrate in DiffSys was set as f = 8.9 μm/rev, which
was based on the surface finish specification and the maximum slope of the part, and the tool radius
compensation in DiffSys was set along the z-direction as well.

In order to validate the performance of ATPG for large aperture optical surfaces, an off-axis
paraboloid (OAP) with an aperture of 213 mm was also machined, where the vertex curvature radius
R was 915 mm and off-axis magnitude was 915 mm. We compared the programs generated both by
ATPG and Diffsys for the same setting rule.

The cutting experiments were performed on a CNC ultra-precision lathe (Precitech Nanoform®

250 ultra, Keene, NH, USA). The configurations of this experiment were shown in Figures 11 and 12a.
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A natural single crystal diamond tool with a nose radius of 1.04 mm and a zero rake angle (Contour Fine
Tooling, Hertfordshire, UK) was used in this experiment. Before machining, the diamond tool
parameters have been checked according to the sectional curve method. The workpiece materials are
brass and oxygen-free high-conductivity copper (OFHC), respectively.

 

Figure 11. Hardware configurations of AST surface machining, where (1) diamond tool; (2) workpiece;
(3) fixture; (4) spindle.

  
(a) (b) 

Figure 12. (a) Hardware configurations of off-axis paraboloid (OAP) machining and (b) form test,
where (1) workpiece; (2) adjustment mechanism; (3) standard ball; (4) planar interferometer.

After turning, a laser Interferometer (Zygo, MST, Middlefield, CT, USA) was employed to
measure the machined surface form error. The AST surface was tested directly by the interferometer
and the OAP was tested though optical properties of quadric surfaces as shown in Figure 12b.
A white light interferometer (Bruker, ContourGT-K1, Madison, WI, USA) was employed to measure
surface roughness.

5.2. Results and Discussion

After subtracting the design surface, the form errors for the two machined surfaces (AST) are
respectively shown in Figure 13a,b. The roughness was measured by a white light interferometer and
shown in Figure 13e,f, respectively. More details of the experimental results are summarized in Table 1.
The total volume of control points for ATPG was 23,581, while that for DiffSys was 35,053. As shown
in Table 1, it can be seen that the surface machined by ATPG is slightly better, but considering the
fabrication and metrology uncertainty, there is no significant difference between the two methods for
surface quality. Nevertheless, the number of control points generated by ATPG is 32.7% less than by
DiffSys in this case. The machining efficiency is also improved, which is particularly important for
large-aperture optical surfaces.
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Figure 13. The form error obtained by (a) ATPG (AST), (b) DiffSys (AST), (c) DiffSys (OAP), (d)
ATPG (OAP); and the roughness of the turned surfaces obtained by (e) ATPG (AST); (f) DiffSys (AST);
(g) DiffSys (OAP); (h) ATPG (OAP).

Table 1. Result of the experiments.

Item
AST OAP

ATPG DiffSys ATPG DiffSys

Number of control points 23,581 35,053 281,141 592,541
Cutting time 5 min 30 s 8 min 1 h 2.2 h

PV error (nm) 163 169 701 693
Roughness Ra (nm) 4.8 4.9 4.6 4.5

The machined OAP surfaces were measured through optical properties of quadric surfaces as
shown in Figure 12b and further shown in Figure 13c,d; the roughness was shown in Figure 13g,h.
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Comparing the data in Table 1, the number of control points generated by ATPG is 52.5% less than
by DiffSys in this case, and the roughness is still keeping the same level; this is very significant for
large aperture optics to reduce the volume of NC program. Although the form errors exceed the preset
value, it is mainly caused by low frequency components from the test data, which should be caused by
clamping deformation. This is not the subject of this paper.

Generally speaking, more control points mean higher interpolation accuracy. However, as the
number of points increases, the number of points is no longer the bottleneck for machining accuracy.
Furthermore, because the new tool path makes the axis speed variation very small, the machine tool
can adapt to a higher spindle speed. Hence, the comparison verifies the high machining efficiency
of the ATPG for achieving the same surface quality. It is noted that the PV value of the form error
and roughness is higher than the preset theoretical one. The reason is that, besides the accuracy
of interpolation, factors that determine the surface form and roughness still include machine tool
vibration, tool wear, lubrication and clamping deformation, etc.

6. Conclusions

This research proposes a novel adaptive tool path generation (ATPG) for freeform optics to
improve machining efficiency. The main conclusions are as follows:

• With consideration of machine tool motion characteristics, an adaptive tool path generation
is investigated, including establishing the functional relationship between spiral radius and
revolution number with respect to cutting residual, smooth curve fitting and solving cutter
contact points in the cutting direction with the consideration of interpolation error and tool
radius compensation.

• A theoretical investigation for ATPG is conducted. The results indicate that the smooth curve
produced by the spiral radius and revolution number can effectively suppress vibration of
side-feeding motion, which can make the machining operated at a higher spindle speed.

• A comparison investigation on surface generation in ATPG and DiffSys was experimentally
conducted on typical freeform surfaces. By adopting ATPG, the volume of tool path control points
and machining time are effectively reduced, while surface form error as well as roughness is
maintained. Therefore, the proposed ATPG significantly increases the machining efficiency for
large aperture freeform optics.
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Abstract: Slow tool servo (STS) assisted ultra-precision diamond turning is considered as a promising
machining process with high accuracy and low cost to generate the large-area micro lens arrays
(MLAs) on the roller mold. However, the chatter mark is obvious at the cut-in part of every machined
micro lens along the cutting direction, which is a common problem for the generation of MLAs
using STS. In this study, a novel forming approach based on STS is presented to fabricate MLAs on
the aluminum alloy (6061) roller mold, which is a high-efficiency machining approach in comparison
to a traditional method based on STS. Based on the different distribution patterns of the discrete
point of micro lens, the equal-arc method and the equal-angle method are also proposed to generate
the tool path. According to a kinematic analysis of the cutting axis, the chatter mark results from
the overlarge instantaneous acceleration oscillations of the cutting axis during STS diamond turning
process of MLAs. Cutting parameters including the number of discrete points and cutting time
of every discrete point have been experimentally investigated to reduce the chatter mark. Finally,
typical MLAs (20.52-μm height and 700-μm aperture) is successfully machined with the optimal
cutting parameters. The results are acquired with a fine surface quality, i.e., form error of micro lenses
is 0.632 μm, which validate the feasibility of the new machining method.

Keywords: slow tool servo; ultra-precision diamond turning; micro lens arrays (MLAs); chatter mark;
forming method

1. Introduction

In recent years, microstructure surfaces, such as micro lens arrays (MLAs) with spherical shape
and accurate position, have been extensively used in a series of areas, including liquid crystal
display (LCD), illumination, data storage, sensor devices, and so forth, due to their excellent optical
features [1–4]. Therefore, many researchers have paid attention to exploring more controllable and
efficient methods to fabricate MLAs. Investigations showed that the roll-to-roll (RTR) replication
technique [5–8], which is a typical continuous forming process, is regarded as a promising approach
with high accuracy, high efficiency, and low cost, to generate various microstructure surfaces in
comparison with plane replication technology. The cylindrical roller mold containing millions of
micro lenses plays a key role in the RTR technique. Although various fabrication methods have
already been proposed, including chemical etching [9], laser lithography [10], diamond broaching [11],
and end-fly-cutting [12], the methods mentioned are not suitable for fabricating MLAs on the
cylindrical roller mold due to their limitations. Micro-milling is also used for fabricating various
microstructures on flat or roll molds [13–16], which can cut nonferrous metal and tool steel.
But machining efficiency of the micro-milling process is too low to fabricate large-area micro lens arrays.
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Up to now, ultra-precision diamond turning using a slow/fast tool servo is regarded as a
state-of-the-art method to generate MLAs on the cylindrical roller mold [17–20]. To fabricate MLAs
with a high aspect ratio (AR), the clearance angle of the cutting tool has been increased via lowering
the position of the cutting tool tip relative to the rotation center of the workpiece in the vertical
direction [21]. Based on this novel machining method, the interference phenomenon between the flank
surface of the diamond tool and the machined surface can be eliminated when MLAs with high AR are
processed using slow tool servo (STS) diamond turning on the roller mold. As a consequence, the AR of
MLAs can be increased to about five times larger than previous fabrication results with the method of
traditional diamond turning using the same diamond tool. In addition, to solve the problem of cutting
tool wear during large-area MLAs machining over a roller mold, Gao et al. [22,23] have developed a
fabrication method of tool replacement stitching. The contact force between the cutting tool tip and the
roll surface was utilized to scan the interrupted point on the roll surface by a force sensor integrated
on the fast tool servo (FS-FTS) system. A sub-micrometer cutting tool positioning for the new replaced
cutting tool can be realized derived from the proposed method. Kong et al. [24] have presented a
novel orthogonal slow tool servo (OSTS) assisted diamond turning approach. In addition, a tool
path generator based on OSTS has been developed for manufacturing different wavy microstructures.
In such a manner, the various wavy patterns with fine surface finish can be machined stably on a roller
surface. To fabricate the complex microwave pattern of optical films on a Ni-coated steel roller mold,
Lee et al. [25] have developed a right/left-horizontal swing fast tool servo (HFTS) with different hinge
structures. The simulated analysis and experimental results have shown that HFTS with a single fixed
hinge is more appropriate for precision manufacturing of the optical microstructure than HFTS with
double fixed hinges because the former can avoid over-constraint conditions. Both the OSTS and the
HFTS machining approaches provide feasibility for the fabrication of various wave prism patterns.

Although sufficient research has been dedicated to the generation of microstructures using
STS/FTS assisted diamond turning, most of these aimed to manufacture MLAs on the planar mold
rather than the roller mold. And the trajectory method is always used for processing MLAs on
the planar or cylindrical mold [18,26,27]. The productivity of STS diamond turning is restricted by
the preceding tool path. What is more, the obvious chatter mark occurs at the cut-in part of every
processed micro lens along the cutting direction, which is a general problem for machining MLAs
using STS [21,28]. This defect reduces the surface quality of micro lens and affects its optical properties.
But the problem has received relatively little attention in previous research.

In this study, a new machining method based on STS diamond turning is proposed to generate
MLAs on the roller mold. Two distribution strategies of the discrete point are defined to generate the
tool path. Furthermore, the effects of cutting parameters, such as the number of discrete points and
cutting time of every discrete point on the chatter mark of micro lens surface, are analyzed in detail.
Finally, a series of cutting experiments are carried out to validate the effectiveness of the proposed
methodology and analysis.

2. A New Fabrication Approach of MLAs

2.1. Principle of Machining Method

In the conventional STS diamond turning process, trajectory method is usually adopted to
fabricate MLAs on the planar or cylindrical mold. In other words, every micro lens is determined
by multiple cutting to generate the complete profile at the axial and circumferential direction,
as shown in Figure 1. Therefore, the application of the STS method is already restricted by
the relatively low production efficiency of this machining method in the research field of optical
manufacturing. To overcome the drawback associated with the traditional trajectory method, a novel
and high-efficiency machining approach of MLAs on the roller mold is presented in this study.
As illustrated in Figure 2, the forming method based on STS diamond turning was used for the
generation of MLAs on the roller mold. Single cutting at the axial direction can process an entire
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micro lens, so it decreases the period of the machining process. The production efficiency of MLAs can
be improved dozens of times in comparison with the conventional trajectory method based on STS
diamond turning and micro-milling [14,27].

Figure 1. Schematic of the trajectory method. (a) The axial direction; (b) the circumferential direction.

Figure 2. Schematic of the forming method. (a) The axial direction; (b) the circumferential direction.

2.2. Tool Path Selection

To generate the tool path for the machining of MLAs on the roller mold, the equal-arc method
and the equal-angle method are presented in this work, which is based on the various distribution
patterns of the discrete point of micro lens. As for the equal-arc method, the arc length of micro lens
between any two adjacent discrete points is defined to be equal. While the rotation angle of the C-axis
from one discrete point to the next discrete point is different, i.e., α1 	= α2 and α3 	= α4, as shown in
Figure 3. And cutting time of every discrete point is set as a constant value, which is determined by the
machining parameters. Therefore, the velocity of the C-axis of the motion system is also varied between
the different discrete points during processing. So, this motion control strategy will result in frequent
acceleration and deceleration of the spindle during machining. Additionally, because the weight of the
roller mold is normally hundreds of kilogram or even a ton, frequently changing speed would greatly
affect the dynamic behavior and accuracy of the motion control in the case of the heavy load.
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To overcome the deficiency of the equal-arc method, the equal-angle method is developed in
the subsequent study. In this motion control strategy, the rotation angle of the C-axis for adjacent
discrete points is the identical value, i.e., β1 = β2 and β3 = β4, as shown in Figure 4. Therefore,
the spindle has uniform motion between the different discrete points during processing. In terms of
the control and motor system, such a strategy is considered more reasonable and easier to implement.
So, the equal-angle method is utilized to fabricate MLAs in all experiments.

 

Figure 3. The equal-arc method.

 
Figure 4. The equal-angle method.

3. Experimental Setup

To validate the effectiveness of the proposed new STS assisted ultra-precision diamond turning
method, MLAs were generated using the in-house developed ultra-precision horizontal drum roll lathe
(including the linear X-, Z-, and the rotatory C-axes) in this study, as shown in Figure 5. The specification
of the ultra-precision drum roll lathe is summarized in Table 1. The machining principle of STS assisted
ultra-precision diamond turning of MLAs is shown in Figure 6. Both ends of the roller mold are fixed
on the headstock and tailstock spindle through four-jaw independent chuck, respectively. Among all
those axes, the X-axis of the machine system is used as the cutting axis, which controls the cutting
depth and aperture of a single micro lens. The pitch between two adjacent micro lenses in the radial
direction is determined by the rotary motion of the C-axis. The pitch between two adjacent micro lenses
in the axial direction, which is parallel to the centerline of the roller mold, is controlled by linear motion
of the Z-axis. In addition, the X-axis and C-axis are synchronized to form the designed micro lens via
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the Universal Motion and Automation Controller (UMAC) in the circumferential direction. Therefore,
the spindle speed is related to the diameter of roller mold, number of discrete points and cutting time
of every discrete point. When a circle of micro lenses is finished on the roller mold, the Z-axis moves
the distance of an axial pitch. Then the next circle of micro lenses can be processed sequentially.

 

Figure 5. Experimental setup for the machining process.

Table 1. Specification of the machine tool.

The Machine Tool Values

Positioning accuracy C-axis: ±3 arc s (compensated)
X-axis: 0.73 μm/200 mm (compensated)

Z-axis: 0.95 μm/1100 mm (compensated)

Repetitive positioning accuracy C-axis: ±2 arc s (compensated)
X-axis: 0.63 μm/200 mm (compensated)

Z-axis: 0.88 μm/1100 mm (compensated)

 
Figure 6. Schematic of slow tool servo (STS) diamond turning of micro lens arrays (MLAs).

Before the fabrication of MLAs, the surface of the roller mold must be machined to eliminate
both imbalances from itself and installation error. Generally, this process consists of two parts,
including rough machining and finish machining. In the first stage of rough machining, a cutting depth
of 15 μm and a feed rate of 20 μm/rev are adopted to remove materials rapidly using a round-shaped
polycrystalline diamond (PCD) tool. In the second stage for finish machining, a cutting depth of 5 μm
and a feed rate of 5 μm/rev are applied to generate a mirror-like surface with a round-shaped natural
diamond (ND) tool. Finally, MLAs are machined using the above-mentioned ND tool, which was
used for the mirror finishing. The purpose of this operation is to avoid the error which results from
repetitive tool setting. The machining accuracy could be affected by the changes of the cutting depth
and the aperture of every micro lens, which are derived from the above tool setting error.

In terms of the MLAs experiments, the experimental conditions including the dimension of the
cutting tool, cutting parameters and size of micro lens are listed in Table 2. In general, the size of the
roller mold was too large to directly measure MLAs on its surface using existing measuring instrument
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in the laboratory. To solve this problem, MLAs with the same aperture were processed using the same
cutting parameters by the above machine tool on a small roller mold, which could be directly inspected
by commercial ultra-precision 3-D metrology devices, as shown in Figure 7.

Table 2. Experimental conditions for generation of micro lens arrays (MLAs).

The Cutting Tool Values

Tool material Single-crystal diamond
Tool nose radius rt 2.995 mm
Tool rake angle αt 0◦

Tool clearance angle γt 8◦

The Cutting Parameters
Number of discrete points n 100, 200, 400, 600 and 800

Cutting time of every discrete point t 0.5, 1, 1.5, 2 and 2.5 ms
Workpiece material Aluminum alloy (6061)

Lubricant ISOPAR H

The Size of Micro Lens
Height of the micro lens 20.52 μm
Aperture of micro lens 700 μm

The pitch of radial direction 1 mm
The pitch of axial direction 1 mm

 

Figure 7. MLAs on the small workpiece. (a) The machining system; (b) partial enlarged view.

4. Results and Discussion

4.1. Form Error of Micro Lens

As illustrated in Figure 8a, the three-dimensional topography of the machined micro
lenses was measured using a white light interferometer (Zygo Newview 8200 from Zygo Corp.,
Middlefield, CT, USA). Wavy distortions can be clearly observed at the cut-in part along the cutting
direction. The form error between the machined micro lens surface and an ideal spherical surface
(R = 2.995 mm) was derived using a post-process software (Metropro, from Zygo Corp., Middlefield,
CT, USA) and revealed in Figure 8b, appearing to obvious chatter mark in the same part. Owing
to the location of both the distortion and the chatter mark which are a one-to-one correspondence,
it is expected that the distortions of micro lens surface are caused by the chatter mark. It is a general
problem with the fabrication of MLAs using trajectory method or forming method based on STS
diamond turning.

To investigate the generation of the chatter mark, the real-time motion information of the
cutting axis (X-axis) was collected synchronously via the UMAC during processing, including actual
acceleration, follow error, actual position, and command position, as revealed in Figure 9. In addition,
the green lines as highlighted in Figure 9b represent the surface of the workpiece, i.e., the initial
position of the cutting process for every micro lens. As observed in Figure 9a, there are a few overlarge
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acceleration oscillations occurring for the X-axis in the MLAs processing. Further, the fluctuations
of the follow error are accordingly caused by the acceleration oscillations. It can be seen that the
maximum amplitude of follow error is up to several micrometers, but the oscillation amplitude will
decrease over time. Even so, once the large fluctuations of follow error occur in the cutting area,
i.e., the upper part of the green line in Figure 9b, both the actual position and the command position of
the cutting axis (X-axis) are obviously misaligned, as highlighted with a black dotted circle in Figure 9b.
This phenomenon will result in the distortion of the profile for machined micro lenses. Thus, it can
be determined that excessive follow error is reflected to the surface of micro lens in the form of a
chatter mark. Further, the chatter mark can be attributed to an overlarge instantaneous acceleration
and deceleration of the cutting axis (X-axis) of the machine tool during processing.

 

 

Figure 8. Zygo photographs of micro lens. (a) 3-D topography of machined micro lens; (b) The form
error of machined micro lens surface from a designed sphere (n = 100, t = 1 ms).
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Figure 9. The collected real-time kinematic information of the cutting axis. (a) Actual acceleration and
follow error; (b) Follow error, actual, and command position.

4.2. Effect of the Number of Discrete Points

In this section, the effects of the number of discrete points for the form error of micro lens will
be investigated in detail. The corresponding experiments were carried out on the aluminum alloy
(6061) roller mold using the STS approach based on the self-developed ultra-precision horizontal
drum roll lathe. The number of discrete points is 100, 200, 400, 600, and 800 for a single micro lens,
and the cutting time of every discrete point is 1 ms. The size of machined micro lenses is shown in
Table 2. The plot of form error of machined micro lenses at a various number of discrete points is
shown in Figure 10. In this study, Root-Mean-Square (RMS) is used for characterizing the form error of
machined micro lenses. In addition, the measured data were processed using a Gaussian low-pass
filter provided by Metropro before the calculation of RMS. The mathematical definition and the digital
implementation of RMS can be formulated as:

ZRMS =

√√√√ 1
N

N

∑
n=1

|zn|2 (1)

where N is the number of the measurement point of every micro lens and zn the form error of the
profile at point number n.

As it can be seen from Figure 10, when the number of discrete points is 100, RMS is more
than 1 μm. The shape of every micro lens distorts at the cut-in part due to the generation of the
overlarge chatter mark, as shown in Figure 8b. With the increasing of the number of discrete points,
RMS decreased obviously. Furthermore, MLAs have a fine surface quality with 0.724 μm RMS when
the discrete point is 400, i.e., RMS is decreased by about 28.10%, as shown in Figure 11. No chatter
mark appears at the cut-in part along the cutting direction. But the surface quality of MLAs could
not be improved significantly when the discrete point is 800, i.e., RMS is reduced by about 31.88%
(RMS = 0.686 μm).
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Figure 10. Form error of micro lenses machined at various discrete points.

 

 

Figure 11. Zygo photographs of micro lens. (a) 3-D topography of machined micro lens; (b) The form
error of machined micro lens surface from a designed sphere (n = 400, t = 1 ms).

According to the above experimental results, the surface quality can be improved effectively
by increasing the number of discrete points of every micro lens. This is because as the number of
discrete points increases, the cutting depth at each discrete point decreases accordingly. So, when the
cutting time of every discrete point is a constant value, acceleration and deceleration of the cutting axis
(X-axis) also reduce during processing. Then above overlarge acceleration oscillations of the cutting
axis can be eliminated, and so do fluctuations of its follow error, when the number of discrete points
is sufficient. Consequently, the micro lens with no surface chatter mark can be fabricated. It is noted
that too many discrete points do not always reduce form error significantly. After the chatter mark
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disappears on the surface of micro lens, the number of discrete points is no longer the main factor
affecting surface quality.

4.3. Effect of Cutting Time of Every Discrete Point

The cutting time of every discrete point is another major cutting parameter for MLAs machining.
Cutting time of every discrete point and the number of discrete points together determine the
machining speed of the micro lens. To analyze the influences of the cutting time of every discrete
point on form error of micro lens, some cutting experiments were conducted at various cutting times
when the number of discrete points was a constant value. The form error is not significantly improved
when the number of discrete point is greater than 400. Taking the machining efficiency into account,
the number of discrete points is 400 for a single micro lens. The cutting time of every discrete point is
0.5, 1, 1.5, 2, and 2.5 ms. The plot of form error of machined micro lens with different cutting times
of every discrete point is shown in Figure 12. It can be seen that increasing the cutting time has a
certain impact on improving form error of micro lens. When the cutting time of every discrete point is
0.5 ms, RMS is 0.746 μm. As the cutting time of every discrete point increases, RMS decreases slightly.
Furthermore, when the cutting time of every discrete point is 1.5, 2, and 2.5 ms, RMS are 0.632, 0.651,
and 0.626 μm, respectively.

This is because increasing the cutting time of every discrete point can further reduce acceleration
and deceleration of the cutting axis when the cutting depth is the same value. In addition,
fluctuations of follow error of the cutting axis also further decrease correspondingly. Thus, the surface
quality of micro lens can be improved further. Similarly, too much cutting time of every discrete point
do not decrease form error significantly.

 

Figure 12. Form error of micro lenses machined at different cutting time of every discrete point.

4.4. Effect of Cutting Depth

The amplitude of the form error is greater at the cut-in part and cut-off part in comparison to
other cutting areas along the cutting direction. It is an obvious feature in the 2D sectional profile of the
form error of machined micro lens surface, as shown in Figures 8b and 11b. This is because cutting
depth of every discrete point is different when the equal-angle method is used during processing,
as shown in Figure 13. The maximum value of cutting depth occurs at the first and last discrete point;
the minimum value of cutting depth appears at the bottom of every micro lens. With the increasing
cutting depth, the cutting force is also bigger. Certainly, the cutting force will determine the elastic
recovery of materials and relieving amount, i.e., bigger cutting force generates greater elastic recovery
and relieving amount after cutting [29]. The form accuracy of micro lens will degrade due to the
existence of elastic recovery and relieving amount. Therefore, the form error at the cut-in part and
cut-off part is larger under the influence of bigger elastic recovery and relieving amount.

Based on the discussion above, the optimal cutting parameters were adopted for generating
typical MLAs (20.52-μm height and 700-μm aperture), which took into account form accuracy, as well

120



Materials 2018, 11, 1816

as machining efficiency. The number of discrete points was 400, and the cutting time of every discrete
point was 1.5 ms. The measurement result is shown in Figure 14 with 0.632 μm RMS and no chatter
mark was observed. Compared with the previous research, both aperture and height of the machined
micro lens vary from different researchers. So, RMS cannot be directly compared to evaluate the
form error of micro lens. In terms of chatter mark, the acquired surface quality is similar to or even
better than the conventional trajectory method based on FTS/STS diamond turning of MLAs [21,28].
Therefore, the experimental result proves the effectiveness of the novel forming method based on STS
diamond turning. The extendable fabrication of similar microstructure surfaces can be also performed
in this way.

Figure 13. Schematic of the change trend of cutting depth for the equal-angle method.

 

 

Figure 14. Zygo photographs of micro lens. (a) 3-D topography of machined micro lens; (b) The form
error of machined micro lens surface from a designed sphere (n = 400, t = 1.5 ms).
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5. Conclusions

A novel forming method based on STS diamond turning is presented to generate MLAs on the
roller mold, which addresses the inherent drawback of relatively low production efficiency associated
with traditional trajectory method. The MLAs (20.52-μm height and 700-μm aperture) is successfully
machined without a chatter mark using the optimal cutting parameters. The proposed method
can be extensively applied to other microstructures. According to the above experimental results,
the conclusions can be presented as follows:

1. Taking into account the capacity of the control and motor system, the equal-angle method is
recommended during processing. In this tool path, there is no frequent speed changes of the
C-axis in the case of the heavy load during processing;

2. According to the kinematic analysis of the cutting axis, the chatter mark can be attributed to the
overlarge instantaneous acceleration oscillations of the cutting axis of the machine tool during
STS diamond turning of MLAs;

3. Increasing the number of discrete points of every micro lens will reduce the form error effectively.
Furthermore, when the number of discrete points is greater than 400, MLAs have a fine surface
quality without the chatter mark. And when the discrete point is 800, the form error of machined
micro lens is reduced by about 31.88%, i.e., RMS is 0.686 μm;

4. Increasing the cutting time of every discrete point also has a certain impact on improving the
surface quality of micro lens. When the cutting time of every discrete point is 2.5 ms, the form
error of machined micro lens is reduced by about 37.84%, i.e., RMS is 0.626 μm. But too much
cutting time of every discrete point does not decrease form error significantly.

6. Future Work

In the current study, although the forming method can be used for generating the MLAs with
no chatter mark efficiently. As for the form accuracy of the machined micro lens, the effect of elastic
recovery and relieving amount for the form accuracy cannot be neglected. If both factors can be
studied and compensated, the form accuracy is likely to be improved further. In the future research,
compensation strategy of form accuracy will become the focus based on the forming method.
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Abstract: Ultrasonic vibration (UV) is widely used in the forming, joining, machining process, etc.
for the acoustic softening effect. For parts with small dimensions, UV with limited output energy is
very suitable for the microforming process and has been gaininf more and more attention. In this
investigation, UV-assisted uniaxial tensile experiments were carried out utilizing GB 5052 thin sheets
of different thicknesses and grain sizes, respectively. The coupling effects of UV and the specimen
dimension on the properties of the material were analyzed from the viewpoint of acoustic energy
in activating dislocations. A reduction of flow stress was found for the existing acoustic softening
effects of UV. Additionally, the residual effects of UV were demonstrated when UV was turned
off. The uniform deformation ability of thin sheet could be improved by increasing the hardening
exponent with UV. The experimental results indicate that UV is very helpful in improving the forming
limit in microsheet forming, e.g., microbulging and deep drawing processes.

Keywords: ultrasonic vibration; acoustic softening; residual effect; microthin sheet; forming limit

1. Introduction

As demands on miniature/micrometal products increase significantly, for example, metallic parts
with microchannels fabricated through ultra-thin sheets are widely used in mass and heat transfer areas,
e.g., heat exchangers and proton exchange membrane fuel cells (PEMFCs). Due to its advantageous
characteristics for mass production, microforming has become an attractive option in the manufacture
of these products [1]. However, the geometrical size of the workpiece, the microstructural length
scale of deforming materials, and their interaction significantly affect the deformation response of
microscale objects, e.g., flow stress, springback, forming limit. [2–4]. Several kinds of microsheet
forming processes, e.g., rigid stamping, hydroforming, and rubber pad forming, have been carried
out to manufacture microchannels in recent years [5,6]. Microrigid stamping was a commonly used
technology for microchannels due to its advantages of low cost and high productivity. A significant
thinning easily occurred at the corner regions of the formed microchannel in rigid stamping, which
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was associated with the tensile force applied at the corner and the friction, resulting in the occurrence
of localized strain [7,8]. Then, forming limit diagrams were used to determine the safe limit of the
metallic bipolar plates [9]. Since hydroforming has obvious merits, e.g., flexibility, higher drawing ratio,
good surface quality, less springback, and the low cost of mold, it has attracted more attention [10,11].
However, the channel height of a hydroformed workpiece was a function of the pressure, and high
pressure and the seal became a big problem [5,12]. For rubber pad forming, only half of a single
rigid tool is needed, and the punch-cavity misalignment problem can be avoided. A metallic bipolar
plate was successfully fabricated using stainless steel SS304 [13] and titanium with a TiN layer [14].
To improve the filling percentage, thinning percentage, and dimensional accuracy, semi-stamp rubber
forming was carried out instead of convectional rubber forming [15]. However, the main drawback
of the rubber pad forming process is that the life of the rubber pad is not so long and should be
replaced after the production of only about 100 plates. Previous investigations have indicated that the
existing process cannot be used for the manufacture of microchannels due to the obvious drawbacks
mentioned above.

To improve the formability of thin sheet, industrial applications of dynamic load/ultrasonic
vibration (UV) were utilized in many metallic sheet forming processes. The application of 20 and
28 kHz oscillation increased the limit drawing ratio (LDR) from 2.68 to 3.01 for cold rolled steel for
deep drawing. Greater accuracy and deeper cups can be formed by stopping the oscillation after the
maximum punch load rather than applying the oscillation throughout the deep drawing process [16].
In the rigid bulging of microchannels, a kind of dynamic load with a frequency of 0.5Hz could improve
the forming depth of 7% and decrease material thinning from 10.7% of static loading to 7.8% [17,18].
In UV-assisted microdeep drawing, the punch force decreased as the oscillation amplitude increased,
and LDR increased from 1.67 to 1.83, from 1.75 to 1.92, and from 1.83 to 2 for a thickness of 50, 75,
and 100 μm, respectively [19]. Further, wrinkling and cracking could be avoided through ultrasonic
vibration to decrease the coefficient of friction between the sheet material and the die [20]. Using
UV to form molten plastic as a flexible punch, a trapezoidal cross-section microchannel of 697.2 μm
width and 248.4 μm depth was successfully replicated up to 98% on a thin T2 copper sheet of an initial
thickness of 50 μm [21,22]. The UV-assisted microforming processes have shown that it was helpful in
improving the quality of microparts. However, the mechanism of deformation behavior should be
investigated in detail, especially for the thin sheet when UV is applied.

One of reasons dynamic load/ultrasonic can improve formability is the acoustic softening effect,
as shown in many research studies. High frequency vibration was found to significantly reduce the
apparent static shear stress necessary for the plastic deformation of metals [23]. Further, the amount
of reduction was directly proportional to the acoustic energy input to the specimen; this yielding
of metals due to ultrasonic irradiation has the possibility to be more efficient than other methods,
e.g., heating [24]. To realize the mechanism of the softening effect of ultrasonic vibration, a significant
reduction in subgrain formation was found and analyzed from the viewpoint of acoustic energy,
which can be attributed to its ability to enhance dislocation dipole annihilation to cause dislocations
to travel longer distances [25]. A modeling framework for acoustic plasticity was proposed to
model the acoustic softening considering the acoustic energy intensity based on the crystal plasticity
theory [26]. An opposite result by a dislocation dynamics simulation indicated that the acoustic effect
was associated with extensive enhancement of subgrain formation [27]. However, the effects of UV
on the properties of materials have not been investigated considering dimensions of microparts in
UV-assisted microforming processes. The mechanism of stress reduction was investigated, and the
evolution of the microstructure was observed through experiments and simulation. However, research
was seldom carried out on the small specimens. From the viewpoint of acoustic energy, the density is
changed during the miniaturization of specimens. Additionally, the density of microdefects in metallic
specimens, e.g., dislocations and grain boundaries, becomes smaller in small specimens, which is
considered to absorb the acoustic energy. Investigations should be done to analyze the effect of grain
size and specimen size on deformation behavior in UV-assisted deformation.
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In the investigation, UV-assisted uniaxial tensile tests were carried out utilizing GB 5052 thin
sheets with different thicknesses from 50 to 100 μm. Further, the effects of UV parameters, e.g., vibration
amplitude and duration, were also studied. Properties of materials, e.g., yield stress, tensile strength,
elongation, and hardening exponent, were obtained from the UV-assisted experiments. The coupling
effects of UV and specimen dimension were analyzed from the viewpoint of acoustic energy in
activating dislocations.

2. Materials and Methods

2.1. Experimental Set-Up

In this investigation, a kind of ultrasonic-vibration-assisted uniaxial tension device was utilized
as shown in Figure 1 [28], which was developed by our group based on a testing machine (UTM6104,
Shenzhen Suns Technology Stock Co., Ltd., Shenzhen, China) with a 10 kN load cell. A vibrator
was designed, including an ultrasonic transducer and an ultrasonic horn. A piezoelectric ceramic
transducer (PZT-8) with a sandwich structure was selected as the ultrasonic transducer, and it could
effectively transform the electric energy to mechanical longitudinal vibration. To clamp the thin sheet
specimen, a groove structure was designed at the top end of the ultrasonic horn. The width and
depth of the groove were selected as 0.2 and 10 mm, respectively, based on finite element analysis
using the ABAQUS commercial software (v6.12, Dassault Systems SIMULIA, France). One side of
the thin sheet specimen is clamped by the vibrator using the groove structure at the top end of the
ultrasonic horn, which is fixed at the bottom parts of the testing machine. Another side of the specimen
is clamped by a tool installed on a moving beam of the testing machine. In the uniaxial tension device,
the moving beam can move upward, then a force is applied on the specimen to fix the bottom part of
the specimen. During the tensile test, the vibrator can be turned on, and UV is applied on the specimen
by the ultrasonic horn.

 
Figure 1. Ultrasonic-vibration-assisted uniaxial tension device.

Measured by the laser vibrometer Polytec OFV-5000, the longitudinal vibration frequency of
the manufactured vibrator was 21.1 kHz, and its vibration amplitude could be changed from 0.48
to 15 μm depending on the input current, which could meet the requirement of uniaxial tension in
these experiments.

2.2. Experimental Material

Commercial rolled aluminum alloy GB 5052 sheet was selected in this investigation for its
excellent properties, e.g., higher strength alloys, excellent corrosion resistance, and high fatigue
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strength. The thicknesses t of selected rolled aluminum alloy sheets are 50, 60, 80, and 100 μm, and the
dimensions of their specimens were designed according to the similar theory as shown in Figure 2. To
study the effect of the grain size and reduce the effect of strain hardening induced by the rolling process,
heat treatment experiments for a thickness of 50 μm were carried out using a tubular vacuum heat
treatment furnace (T1200) at temperatures of 200, 300, 400, 500, and 600 ◦C for 1 h of the holding time
with 10 ◦C/min of the heat rate, respectively. After heat treatment, specimens were electrochemically
polished under a voltage of 5 V and current of 0.5 A for 8 s using a solution of 10 mL of HClO4 and 60
mL of C2H5OH. The obtained microstructures under different temperatures are shown in Figure 3,
and the grain size as shown in Table 1 was manually measured using the intercept method according
to ASTM E112 [29]. For other thicknesses of sheets, only the temperature of 400 ◦C was selected to
eliminate the effect of strain hardening. The heat treatment process was only used to eliminate the
hardening effect during the manufacturing of the thin sheet with the rolling process. The difference of
grain size for different thicknesses was ignored for the same heat treatment process. Thus, grain sizes
of thin sheets with different thicknesses were not measured in this investigation.

Table 1. Grain size of a GB 5052 thin sheet after annealing treatment (50 μm in thickness).

Temperature/◦C 200 300 400 500 600

Grain Size/μm 4.3 13.68 18.7 25.55 47.65

  

(a) (b) 

Figure 2. GB 5052 thin sheet specimens and their dimensions. (a) Dimensions of specimen (50 μm in
thickness); (b) Dimensions of specimens with different thicknesses.
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 3. Microstructure of a GB 5052 thin sheet after heat treatment at different temperatures (50 μm
in thickness). (a) 200 ◦C; (b) 300 ◦C; (c) 400 ◦C; (d) 500 ◦C; (e) 600 ◦C.

3. Results and Discussion

3.1. Effect of UV on Properties of Specimen with Different Thicknesses

During the miniaturization, size effects have an obvious influence on the properties of the specimen.
To realize this kind of effects, GB 5052 specimens with different thicknesses were utilized after heat
treatment on the temperature of 400 ◦C for 1 h, and uniaxial tensile tests were carried out with a punch
speed of 0.3 mm/min and vibration amplitude of 0.48 μm. The experimental results are shown in
Figure 4, demonstrating that the flow stress decreases with the decrease of thickness both without
and with UV. This means that the size effect on flow stress occurs, which has been studied in many
papers [2].
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(a) (b)  

Figure 4. Curves of stress–strain of specimens with different thicknesses. (a) Without UV; (b) With UV.

To study the effect of UV on the properties of materials in detail, the yield stress, tensile strength,
elongation, and hardening exponent were achieved as shown in Figure 5 based on curves shown in
Figure 4. It clearly shows that the thickness of the specimen has an obvious effect on the parameters of
the thin sheet. The yield stress and tensile strength decrease with the decrease of thickness, and the
elongation and hardening exponent increase with the decrease of thickness. Only the elongation for a
thickness of 50 μm does not follow this rule, which becomes lower.

  
(a) (b) 

  
(c) (d) 

Figure 5. Effect of UV on properties of specimens with different thicknesses. (a) Effect of UV on
yield stress; (b) Effect of UV on tensile strength; (c) Effect of UV on elongation; (d) Effect of UV on
hardening exponent.
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When UV was applied, the yield stress, tensile strength, and elongation decreased, and the
hardening exponent increased, which was similar with the results shown above. For the acoustic
softening effect, the flow stress can be reduced, since dislocations are activated by the energy and
become easy to slip, even those on the ‘hard’ orientation. As a result, the yield stress and tensile
strength become smaller in UV-assisted tests. When radial shrinkage occurs during tensile tests, UV
can increase the extension of the crack since the acoustic energy density becomes bigger for the small
cross-section area induced by the shrinkage. Then, the elongation is decreased by ultrasonic vibration.
However, the proportion of uniform deformation is generally increased by UV, which is helpful in
improving the critical limit. We plan to study these phenomena in future investigations.

An increase of the hardening exponent was observed in the tests by UV. The reason may be
that UV activates more dislocations and promotes the interaction of dislocations. As a result, more
subgrains are formed, which leads to the increase of the hardening exponent [27]

The effect of UV is almost the same for specimens with different thicknesses. This may be
attributed to the fact that the acoustic energy is too small. The coupling effect of UV and dimension
will be studied in depth in future investigations.

3.2. Effect of UV on Properties of Specimens with Different Grain Sizes

Uniaxial tensile tests were carried out with a punch speed of 0.3 mm/min and vibration amplitude
of 0.48 μm using GB 5052 thin sheet specimens of 50 μm in thickness. The obtained curves of
stress–strain for GB 5052 sheets with different grain sizes are shown in Figure 6 without and with UV,
respectively. To analyze the effect of UV on the mechanical properties of GB 5052 thin sheet, yield stress,
tensile strength, elongation, and harden exponent were obtained from the curves of stress–strain.

  
(a) (b) 

Figure 6. Curves of stress–strain of GB 5052 sheet. (a) Without UV; (b) With UV.

For the existing acoustic softening effect, the flow stress is reduced by UV. The yield stress and
tensile strength are shown in Figures 7 and 8, respectively. We notice that the data in Figure 8 are
different from those in Figure 5c for the same condition. The reason may be that the tests were carried
out at a different time and using different batches of material.
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Figure 7. Effect of UV on yield stress.

Figure 8. Effect of UV on tensile strength.

A softening effect can be observed from the two figures, and the reduction of flow stress is very
small. The reason is that the softening effect depends on the level of acoustic intensity applied on
specimens. A little acoustic energy used in these experiments, which is proportional to the vibration
amplitude, accordingly leads to a small reduction of flow stress.

For different grain sizes, the effects of UV are almost similar. One reason is the small vibration
amplitude. Another one, also important, is that the density of defects in thin sheets becomes very
similar after heat treatment. Generally, defects in metallic materials can absorb acoustic energy and
activate dislocations to move, which leads to a reduction of shear stress during plastic deformation.
Thus, the effects of UV on yield stress and tensile strength are very small in this investigation.

The elongation of thin sheets indicates the limited plastic deformation ability of metallic materials,
which is very important in thin sheet forming. The effect of UV on the elongation of thin sheet with
different grain sizes is shown in Figure 9. It is found that the elongation of the thin sheet is decreased,
and the reduction slightly increases with the increases of grain size. During the uniaxial tensile
deformation, radial shrinkage will occur before the fracture of the specimen. The appearance of radial
shrinkage means that the area of the cross-section becomes smaller. With the same vibration amplitude,
as well as the same input acoustic energy, the acoustic energy density will be increased for the smaller
area, which will improve the activation of dislocations and local plastic deformation. As a result,
the elongation with UV becomes smaller.
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Figure 9. Effects of UV on elongation.

The hardening exponent is another important parameter which indicates the ability of uniform
plastic deformation of thin sheet. The effect of UV on the hardening exponent is shown in Figure 10.
The experimental results showed that UV increases the hardening exponent, especially for specimens
with a bigger grain size, which means that the uniform deformation ability is increased by ultrasonic
vibration. The reason is that UV as a kind of energy can activate more dislocations to move, even
dislocations in an unfavorable position, which is validated by Electron Backscattered Diffraction
(EBSD) analysis [25]. The more dislocations are activated, the more uniform plastic deformation can
be realized.

 
Figure 10. Effects of UV on the hardening exponent.

3.3. Effect of UV Duration on Properties of Specimen

The different duration of UV means a different acoustic energy applied on the specimen, and the
effect of UV duration was analyzed in this investigation. With GB 5052 thin sheets of 50 μm in thickness
treated on the temperature of 400 ◦C, UV-assisted uniaxial tensile experiments were carried out with a
punch speed of 0.3 mm/min using a vibration amplitude of 5 μm under different durations of 20, 30,
and 40 s, respectively. Experimental results showed that the flow stress can be decreased immediately
during tensile deformation when UV is applied on the specimen as shown in Figure 11. This means
that the acoustic softening effect occurs. The reduction of flow stress is almost the same for the same
vibration amplitude. When UV is turned off, the flow stress goes back to that without UV. However,
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the flow stress becomes smaller after UV, which can be treated as a kind of residual effect because the
acoustic energy forces dislocations to move in a preferred direction, and materials’ properties undergo
permanent changes [24].

 
Figure 11. Effect of UV duration on flow stress.

In Figure 11, the effect of UV duration on tensile strength and elongation can be obtained, as shown
in Figures 12 and 13, respectively. The tensile strength can be obviously decreased from 77.6 MPa
for 0 s to 72.5 MPa for 40 s; the reduction percentage is about 6.6%. Further, the elongation was
reduced from 0.73 for 0 s to 0.21 for 40 s. Although UV is turned off, its effect on the tensile strength
and elongation is very clear, which is called a kind of residual effect. This may be attributed to the
permanent changes of the microstructure in metallic materials after UV-assisted deformation [24].
For a longer duration of UV, more acoustic energy was applied on the specimen, and its effect on the
properties increased accordingly.

 
Figure 12. Tensile strength under different durations.
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Figure 13. Elongation under different durations.

3.4. Effect of Vibration Amplitude on Properties of Specimen

As we know, acoustic energy is proportional to vibration amplitude, which has an obvious effect
on the properties of materials. In this investigation, UV-assisted uniaxial tensile experiments were
carried out with a punch speed of 0.3 mm/min using a duration of 30 s under different vibration
amplitudes of 5, 5.6, and 6.2 μm, respectively. Further, the GB 5052 thin sheet of 50 μm in thickness
treated on the temperature of 400 ◦C was selected, and the experimental results are shown in Figure 14.
It was found that the flow stress decreases immediately. The reduction of flow stress was 16.43, 21.67,
and 24.82 MPa, respectively. A higher level of acoustic intensity may provide more energy to motivate
more dislocations to slide from their pinned points and also lead to a multiplication of dislocations [24].
As a result, the reduction of flow stress increases with the increase of vibration amplitude.

Figure 14. Curves of strain-stress under different vibration amplitudes.

4. Conclusions

In this investigation, UV-assisted uniaxial tensile tests were carried out utilizing GB 5052 thin
sheets. The effects of UV on the properties of materials were analyzed in detail for specimens with
different grain sizes and original thicknesses, respectively. An acoustic softening and residual effect
was found in the investigation. The following conclusions can be obtained.
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1. Flow stress, e.g., yield stress and tensile strength, is decreased for the acoustic effect. Additionally,
the reduction of flow stress increases with the increase of vibration amplitude. The reason is that
acoustic energy, which is proportional to amplitude, activates dislocations and gives the energy
for dislocation slipping.

2. Since lots of dislocations, even ‘hard’ orientation, are activated by acoustic energy, the interactive
effects of dislocations are increased. Then, the hardening exponent becomes bigger, which can
improve the uniform deformation ability of thin sheets.

3. With the increased duration of UV, tensile strength and elongation are decreased. Even when UV
is turned off, its effect is still observed, which is called a residual effect. The reason may be that
the microstructure of the specimen is permanently changed by UV.

4. The effect of UV on the properties of specimens with different grain sizes and thicknesses is
similar. The reason may be that the acoustic energy is small. The coupling effect of UV and
specimen dimension will be studied in future investigations.
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Abstract: Thermoplastic microforming not only breaks through the bottleneck in the manufacture
of metallic glasses, but also offers alluring prospects in microengineering applications.
The microformability of metallic glasses decreases with a reduction in the mold size owing to the
interfacial size effect, which seriously hinders their large-scale applications. Here, ultrasonic vibration
was introduced as an effective method to improve the microformability of metallic glasses, owing
to its capabilities of improving the material flow and reducing the interfacial friction. The results
reveal that the microformability of supercooled Zr35Ti30Cu8.25Be26.75 metallic glasses is conspicuously
enhanced by comparison with those under quasi-static loading. The more intriguing finding is that
the microformability of the Zr-based metallic glasses can be further improved by tuning the amplitude
of the ultrasonic vibration. The physical origin of the above scenario is understood, in depth, on the
basis of ultrasonic vibration-assisted material flow, as demonstrated by the finite element method.

Keywords: metallic glasses; thermoplastic microforming; ultrasonic vibration; formability

1. Introduction

Thermoplastic microforming (TPMF) has broken through the bottleneck in the manufacture
of metallic glasses (MGs), providing an alternative way to fabricate MG parts/components with
high precision and excellent mechanical properties, which offers alluring prospects of MGs in
microengineering applications [1–5], while the microformability of MGs is seriously hindered by
the interfacial effect and high viscosity in the supercooled liquid region (SCLR, a temperature window
between glass transition temperature Tg and crystallization temperature Tx). The low viscosity and the
spatiotemporally homogeneous flow are also regarded as critical parameters that significantly affect
the thermoplastic formability of MGs in the supercooled liquid state [6–9].

To improve the microformability of supercooled liquid MGs, processing parameters such as
temperature and strain rate are usually considered as crucial factors, because these parameters
determine the flow characteristics of the MGs. In our previous research [10], we revealed an inherent
relationship between the thermoplastic formability and the flow characteristics, namely, Newtonian
flow facilitates the forming capability, while thermoplastic forming in a non-Newtonian flow regime
tends to be difficult. However, it is noted that the MGs would have a very short forming time window
during the high-temperature forming process, which induces the risk of possible crystallization
during plastic forming. To reduce the viscosity of MGs and avoid the possible crystallization, rapid
temperature increases [11,12] and fast cooling [2] have been introduced to avoid the interaction with
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time–temperature–transformation (TTT) curve. On the other hand, in order to reduce the interfacial
effect, the hot rolling method [13] and the thermoplastic blowing method [14] have been tried to reduce
the physical contact area between MGs and the mold, while these methods are hard to be applied in
the microforming of MGs. The method of adding lubricant has also been found to be very limited for
reducing the interfacial friction. Therefore, a new method is urgent necessary to reduce the interfacial
friction and lower the viscosity of MGs in the supercooled liquid region.

In recent years, vibration loading has been introduced to improve the microforming capacity
of supercooled liquid MGs. It was found that low-frequency vibration (f ≤ 10 Hz) could effectively
improve the plastic strain of MGs, owing to the vibration-assisted viscosity reduction and homogeneous
flow [6]. Lateral extrusion experiments of Zr55 (Zr55Cu30Al10Ni5) MGs with low-frequency vibrations
also revealed an enhanced microformability under vibration loading [15]. Ultrasonic vibration
with high loading frequency of above 20 Hz has also been widely applied in metal microforming
processes because of its superiority in enhancing formability via a reduction of the forming force and
a decrease in friction at the interface [16–18], originating from the ultrasonic stress-softening effect,
stress superposition effect, and periodic separation with ultrasonic vibration. Studies on ultrasonic
vibration have been performed for shear formability of MGs [19]. This technique also exhibits potential
applications in micro/nanoscale forming of MGs. By increasing loading frequency to about 20 KHz,
Ma et al. [20,21] used high frequency ultrasonic beating method to fabricate micro- to macroscale
structures, avoiding crystallization and oxidation of MGs, while the systemic investigation of ultrasonic
vibration on microformability of metallic glasses is still lacking, and the underlying physical origin for
ultrasonic-assisted thermoplastic forming of metallic glasses still remains unanswered.

In this work, ultrasonic vibrational loading was introduced as an innovative method to
improve the thermoplastic microformability of Zr35Ti30Cu8.25Be26.75 MGs in a supercooled liquid state.
It will be shown that the microformability of the supercooled liquid Zr-based MGs improves with
increasing ultrasonic vibration amplitude, exhibiting an ultrasonic vibration-enhanced thermoplastic
microformability. The physical mechanism of the phenomenon is rationalized in terms of the evolution
of free volume concentration (cf) and flowing unit volume, which is further understood with assistance
of finite-element-method (FEM) simulation. The present results provide an effective method to enhance
the thermoplastic microformability of MGs.

2. Experimental Setup and Procedure

2.1. Materials

A Zr35Ti30Cu8.25Be26.75 (Zr35) MG system was selected for this research because of its excellent
oxidation resistance, wide supercooled liquid region, and good glass-forming ability. Alloy cylinders
with dimensions of φ 3 mm × 150 mm were fabricated by arc melting a mixture of pure Zr, Ti, Be,
and Cu metals (purity > 99.5%) under a Ti-gettered argon atmosphere, followed by jet casting into a
copper mold. The glassy structure of the as-cast alloy was verified by X-ray diffraction (XRD, Philips
X’Pert Pro, Amsterdam, The Netherlands). The thermal response was determined by differential
scanning calorimetry (DSC, TAQ2000, TA Instruments, New Castle, DE, USA) at a heating rate of
20 K·min−1, showing a glass transition temperature (Tg) of 303.5 ◦C with a wide supercooled liquid
region of 145 ◦C. The isothermal crystallization experiments revealed that the incubation time is more
than 300 min at 370 ◦C [2,6,10,22]. The Zr35 samples with dimensions of φ 3 mm × 3 mm (strength of
1560 MPa) were sectioned from the bars, and the single factor experiments were completed for this
research, such as ultrasonic power output, temperature, and forming velocity.
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2.2. Ultrasonic Microextrusion System

To meet the requirements of ultrasonic vibration and equipment installation, we designed
and fabricated a 20 kHz ultrasonic vibration system by ourselves. The ultrasonic vibration system
included a TJS-3000 ultrasonic generator, two YP5020-4D ultrasonic transducers, two ultrasonic step
horns (which were all produced by Hangzhou Success Ultrasonic Equipment Co., Ltd., Hangzhou,
China), and a special porous sonotrode. In contrast to standard ultrasonic devices with a vertical
arrangement, we designed an ultrasonic vibration system with a horizontally symmetrical arrangement,
wherein a cylindrical ultrasonic horn and a microforming indenter were connected in sequence to the
surface center of the porous sonotrode, as shown in Figure 1. The porous sonotrode could convert
the horizontal input vibrations of the ultrasonic transducers into vertical output vibrations [23],
and the indenter could have vertical ultrasonic resonance vibrations with the sonotrode. Additionally,
the ultrasonic vibration system could be easily mounted with a press machine through two flange
support seats without the need for specially designed mounting structures. The ultrasonic vibration
modes in the vertical direction of both the unloaded ultrasonic vibration system and the forming tool
(cylindrical ultrasonic horn and indenter)-loaded system were simulated by ANSYS software (version
13.0), and the results are shown in Figure 2. The results show that the frequency of the ultrasonic
system is reduced from 19,661 Hz (shown in Figure 2a) to 19,573 Hz (shown in Figure 2b) with the
increase in loading (frequency tracking range of the TJS-3000 ultrasonic generator (Hangzhou Success
Ultrasonic Equipment Co., Ltd., Hangzhou, China) is 20 ± 0.5 kHz), and the maximum ultrasonic
amplitude can be obtained at the end of the indenter (shown in Figure 2b with blue color), which
means that the ultrasonic system is insensitive to load fluctuations and is fit for vertical ultrasonic
micro-extrusion processes.

Figure 1. A schematic of the ultrasonic microextrusion system.
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Figure 2. Models of the ultrasonic microextrusion systems in different situations: (a) model of the
unloaded ultrasonic system; (b) model of the ultrasonic system loaded with a forming tool.

In addition to the ultrasonic vibration system, the microextrusion device was composed
of an M-4050 universal test machine produced by Shenzhen REGER (Shenzhen, China) and a
KSY-6D-16 electric heating device produced by Wuhan Yahua Electric Furnace Co., Ltd. (Wuhan,
China) (the temperature range was 50–1000 ◦C, and the temperature control precision was ±1 ◦C).
The ultrasonic amplitude of the indenter was adjusted by the power output percentage of the ultrasonic
generator, and the power output percentages in the experiments were set to 30%, 40%, 50%, and 60%.
The corresponding ultrasonic amplitudes at the end of the indenter in the vertical direction were
detected by a V100 laser vibration meter from RION Co., Ltd. (Tokyo, Japan) and were 12, 16,
20, and 24 μm, respectively. The mold and the indenter were made from H13 hot-work die steel
(Guangzhou Hengwei Electromechanical Equipment Co., Ltd., Guangzhou, China). The two parts
of the mold were clamped together by bolts, and the microextrusion mold cavity was composed of
3 circular subsection slots, L1, L2, and L3, whose diameters were 2, 1, and 0.75 mm, and lengths 2, 4,
and 23.5 mm, respectively. The structure diagram of the mold and the indenter are also shown in
Figure 1. The experimental temperature was set at 370, 380, and 390 ◦C in supercooled liquid region,
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while the microextrusion rate was set at 0.36 mm/min. The experimental microextrusion rate was set at
0.12, 0.24, 0.36 mm/min, while the temperature was set at 380 ◦C. During the ultrasonic microextrusion
experiments, the mold was first heated to the setting temperature, and then the Zr35 sample was put
into the mold, keeping the temperature for about 10 min, and the indenter contacted the sample with a
pre-load of about 200 N. Then, the ultrasonic generator turned on, and the indenter started producing
vertical ultrasonic vibration in addition to depressing the sample.

3. Results

3.1. Effect of Ultrasonic Power Output

Figure 3 illustrates the microextrusion results under different ultrasonic power outputs (which
corresponds to various ultrasonic vibration amplitudes for the indenter) and the filling lengths of
the 3 different circular slots and the entire extrusion length are shown in Table 1. From Figure 3a,
the extrusion length (L) increases with increasing ultrasonic power output, such as L is only 3.43 mm
for the supercooled liquid MGs formed under static loading, while the value of L increases to 15.42 mm
under ultrasonic loading with power output of 60%. The detailed data are summarized in Table 1,
from which the Zr35 alloy can be pushed into the L3 circular slot (0.75 mm diameter) when the
ultrasonic power output is greater than 30%, which indicates that a sufficiently large ultrasonic
vibration amplitude is necessary for enhancing microfilling capacities of the Zr35 MG.

Figure 3. Microphotos of extruded Zr35 alloy (a) and recalculated microextrusion lengths of samples at
various ultrasonic power outputs (b).

Table 1. Microextrusion length of Zr35 alloy at various ultrasonic output powers.

Ultrasonic
Output Power

First Section Slot
Length (L1) (mm)

Second Section Slot
Length (L2) (mm)

Third Section Slot
Length (L3) (mm)

Whole Extrusion Length
(L = L1 + L2 + L3) (mm)

0 2 1.43 0 3.43
30% 2 3.72 0 5.72
40% 2 4 1.89 7.89
50% 2 4 6.66 12.66
60% 2 4 9.42 15.42

According to the previous research [24], the microforming ability of MGs on mold filling in the
SCLR can be described as,

P = 32η× v
L
d2 (1)

where P is the flow stress of the MGs, η is the apparent viscosity of a fluid, v is the fluid velocity, d is
the diameter of the cylinder groove, and L is the fluid filling depth.

143



Materials 2018, 11, 2568

Accordingly, a similar approach is introduced to describe the microfilling capacity of MG at
various sections with different sectional areas. L∗

i is defined as the equivalent filling length of the
different subsections, assuming that the whole equivalent microextrusion length is defined as L*, then,

L∗ =
3

∑
i=1

L∗
i =

L1

d2
1
+

L2

d2
2
+

L3

d2
3

(2)

where L1, L2, and L3 are the microfilling lengths of the different subsection slots shown in Figure 1,
and d1, d2, and d3 are the corresponding diameters of these circular slots.

The extrusion lengths and the corresponding equivalent extrusion lengths are calculated,
and summarized and described in Figure 3b. With increasing ultrasonic power output, it is clear
that the equivalent extrusion lengths increase faster than the extrusion lengths. When the ultrasonic
power output increased from 0% to 60%, the equivalent microextrusion lengths increased from 1.93 to
21.25 mm, which is 11 times longer than that of static loading, while the corresponding microextrusion
length is just 4.5 times greater than that under static loading. Therefore, the equivalent extrusion
length more objectively reflects the variation trends of the microfilling capacities of MGs at the micro-
and nanoscales.

The true stress–strain curves of Zr35 MG extruded with different ultrasonic power outputs are
depicted in Figure 4. The results show that the flow stress gradually reduces with increasing ultrasonic
power output. Compared with the static loading process, the true stress is maximally decreased by
12.49%–60.17% when the ultrasonic power output increases from 30% to 60%.

Figure 4. True stress–strain curves for different ultrasonic power outputs.

3.2. Ultrasonic Loading under Various Temperatures

The ultrasonic microextrusion results with different supercooled liquid temperatures are shown
in Figure 5, where the microextrusion rate is 0.36 mm/min and the ultrasonic power output is 40%.
Figure 5a shows the microextrusion length (L) of Zr35 alloy at different supercooled liquid temperatures.
Overall, the extrusion length increases with increasing supercooled liquid temperatures, wherein L
with ultrasonic vibration at 370 or 380 ◦C is larger than that with static loading at 380 or 390 ◦C, which
are marked with red and blue circles, respectively (the extrusion lengths for different temperatures
are shown in Table 2). This phenomenon indicates that the ultrasonic vibration can improve the
microfilling capacity of Zr35 MG similarly with temperature raising in the SCLR.
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(a) (b) 

Figure 5. Ultrasonic microfilling length of Zr35 at different supercooled liquid temperatures:
(a) microextrusion length (L); (b) equivalent extrusion length.

Table 2. Extrusion length of Zr35 at different supercooled liquid temperatures.

Extrusion Length and Temperature
Without

Ultrasonic Vibration
With 40% Ultrasonic

Output Power

Supercooled liquid temperature (◦C) 370 380 390 370 380 390
First section length (L1/mm) 1.81 2.00 2.00 2.00 2.00 2.00

Second section length (L2/mm) 0 1.43 4.00 1.90 4.00 4.00
Third section length (L3/mm) 0 0 0.60 0 1.89 4.61

Whole extrusion length (L = L1 + L2 + L3/mm) 1.81 3.43 6.60 3.90 7.89 10.61

The equivalent extrusion lengths at different supercooled liquid temperatures are summarized in
Figure 5b. The results reveal that the equivalent microextrusion lengths at 40% ultrasonic power output
increase by 2, 5.83, and 7.13 respectively, compared with those of static loading under supercooled
liquid temperatures of 370, 380, and 390 ◦C.

The true stress–strain curves of Zr35 extruded at different supercooled liquid temperatures are
shown in Figure 6. The results illustrate that the flow stress of Zr35 gradually reduces with increasing
supercooled liquid temperatures. Compared with the static loading process, the true stress at 40%
ultrasonic power output is maximally decreased by 23.67%, 34.36%, and 34.92%, respectively, when
the supercooled liquid temperatures are 370, 380, and 390 ◦C.

Figure 6. True stress–strain curves at different supercooled liquid temperatures.
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3.3. Effect of Microextrusion Rate

Figure 7 illustrates the ultrasonic microextrusion lengths with various microextrusion rates, which
is also summarized in Table 3, wherein the temperature is 380 ◦C and the ultrasonic power output is
40%. It is clear that the extrusion length reduces with the increasing of microextrusion speed. On the
other hand, L is only 5.02 mm for the extrusion rate of 0.12 mm/min under static loading, while the
value of L increases to 10.68 mm when the ultrasonic loading with power output of 40%, exhibiting an
ultrasonic vibration dependence.

 

Figure 7. Ultrasonic extrusion length of Zr35 MG at various microextrusion rates.

Table 3. Extrusion length of Zr35 at different microextrusion rates.

Extrusion Rate and Length
Without

Ultrasonic Vibration
With 40% Ultrasonic

Output Power

Microextrusion rate (mm/min) 0.12 0.24 0.36 0.12 0.24 0.36
First section length (L1/mm) 2.00 2.00 2.00 2.00 2.00 2.00

Second section length (L2/mm) 3.02 1.93 0.78 4.00 4.00 3.93
Third section length (L3/mm) 0 0 0 4.68 2.39 0

Whole extrusion length (L = L1 + L2 + L3/mm) 5.02 3.93 2.78 10.68 8.39 5.93

Finally, the glassy structure of the microformed Zr35 alloys were characterized with X-ray
diffraction, and one of the representative results of 380 ◦C and 60% ultrasonic power output is
illustrated in Figure 8, wherein only a wide dispersion peak appears, demonstrating that the Zr35 alloy
remains as amorphous structure after ultrasonic uniaxial compression.

 

Figure 8. XRD results of ultrasonic uniaxial compressed Zr35 sample.
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4. Discussion

The above phenomena can be analyzed in terms of ultrasonic energy transmission. Actually, it is
very difficult to directly measure the ultrasonic vibration characteristics of MGs during the ultrasonic
microextrusion process. Therefore, the ultrasonic vibration energy of the alloy obtained from the
ultrasonic microextrusion process could be estimated according to the ultrasound energy density
between the ultrasonic vibrating indenter and the Zr35 sample.

According to Yao [25], the coefficient of the sound power transmission from the H13 indenter to
the Zr35 sample can be expressed as in Equation (3).

αt =
4ρH13cH13ρZr35cZr35

(ρH13cH13 + ρZr35cZr35)
2 (3)

where CH13 and CZr35 are the longitudinal vibration wave velocities of H13 die steel and MG samples,
respectively. According to the material properties of H13 steel [26] and Zr35 [27], the value of CZr35 is
2861.5 m/s and the value of CH13 is 6072 m/s. Therefore, the value of αt is 0.739.

The sound energy density gained by the Zr35 sample can be calculated by Equation (4). The sound
energy densities of the Zr35 samples at different ultrasonic power outputs are shown in Table 4.

En =
1
2
ξ2

H13ω
2ρH13αt (4)

En is the sound energy density of Zr35, ξH13 is the vibration amplitude of the indenter, and ω is
the excitation angular frequency (ω = 2πf = 125,600 rad/s).

Table 4. The ultrasonic energy densities and amplitudes at different ultrasonic power outputs.

Ultrasonic Power Output Ultrasonic Amplitudes ξH13 (μm) Energy Density En (kJ/m3)

0 0 0
30% 12 7.41
40% 16 13.173
50% 20 20.583
60% 24 29.64

Based on the ultrasonic softening and thermal activation theories [25], the reduction of the material
flow stress caused by the ultrasonic vibrations can be attributed to the ultrasonic volume effect, which
is comprised of the acoustic softening and stress superposition effects. The total flow stress reduction
by the ultrasonic volume effect can be expressed as in Equation (5).

Δσs = −K(αtξ)
n − 2βτ̂(En/τ̂)m (5)

The negative sign indicates stress reduction, β and m are experimental constants of the material
(m > 0), τ̂ is the shear threshold of the material, which is equivalent to the shear strength of the material
at absolute zero, αt is the sound power transmission coefficient, n is the hardening index and the value
is 1, and K is the material strength coefficient, which is the slope of the curve of stress reduction and
ultrasonic amplitude caused by the stress superposition.

The parameters of β, m, τ̂, K, and n are intrinsic parameters of the material, so the shear stress drop,
�σs, is only related and proportional to the ultrasonic energy density, En, and ultrasound amplitude,
ξ. With an increase in the indenter’s ultrasonic vibration amplitude, the ultrasonic energy density, En,
absorbed by the Zr35 sample, should increase. Moreover, the value of the shear stress drop, �σs, also
increases, and the flow stress of Zr35 appears to decrease, which suggests that the ultrasonic volume
effect on MGs is more obvious. Thus, the microforming capacity of Zr35 is greatly enhanced, and the
equivalent whole extrusion length, L*, becomes longer.
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The phenomenon of true stress–strain various with ultrasonic power output in Figure 4 can also be
illustrated with the Equation (5). With increasing of power output, the ultrasonic vibration amplitude
of the indenter is increased, while the stress superposition effect generated by the high frequency
intermittent impact between the indenter and Zr35 sample is also strengthened, which possibly
increases the decrease of the true stress of MGs. It is worth noting that previous research revealed that
as for the metallic glasses, the vibration induced softening responsible for the reduction of stress [6].
On the other hand, part of the absorbed ultrasonic energy converted into heat [28], which can improve
the material flow of Zr35 alloy in the SCLR. Furthermore, the ultrasonic vibration of the indenter can
generate the ultrasonic softening effect in Zr35 [29], which will reduce the deformation resistance
and improve the microfilling capacity of Zr35. Therefore, improvement in the microfilling capacity
of MGs should be the combined effect of the ultrasonic softening effect and increasing temperature,
and should be more obvious for MGs at lower temperatures. This is the reason why the ultrasonic
microextrusion process can have a similar effect on improving the microforming capacity of MGs in
the SCLR as increasing temperature. The increase in the microfilling capacity of Zr35 by ultrasonic
vibration reaches a maximum value at 390 ◦C.

Furthermore, the phenomenon of true stress–strain with respect to supercooled liquid temperature
in Figure 6 can be explained with free volume theory and viscosity variation of MGs. The higher
temperature can lead to the increment of free volume concentration in the Zr35 and the decrease of
viscosity, which facilitates the thermoplastic forming of Zr35 alloy. When the ultrasonic vibration
is superimposed on the Zr35 samples, atomic diffusion increases and, therefore, there is a more
conspicuous softening phenomenon.

5. FEM Analysis

In order to analyze the ultrasonic flow deformation mechanism of MGs in the SCLR, ABAQUS
software was used to simulate the effects of the ultrasonic vibration amplitude on the flow deformation
behavior of Zr35 during ultrasonic TPMF in the SCLR. A constitutive relation based on the free volume
model was selected [30] and expressed as:

ln τs = (m + n)
[

W
KT

+ (lnγ− lnγ0)

]
+ ln

[
s
(

1
4

)m]
(6)

where τs = 1/2σ is the shear stress, m = n = −1.31 × 10−3T + 1.00478 and s = 21.6 +

866 {1 + exp[(T − 674)/13.5] are the temperature-dependent parameters, and γ0 = 5.07 × 1033 s−1

is the reference strain rate of Vitreloy-1 BMG (i.e., Zr41.2Ti13.8Cu12.5–Ni10Be22.5 BMG). The Zr-based
MGs studied in the present work have a similar composition to the Vitreloy-1 BMG, and the above
parameters can be used in the calculation.

To eliminate the influence of friction on the flow deformation behavior of the MGs, the uniaxial
tensile process of the MGs was simulated to study the ultrasonic-assisted flow deformation mechanism
of the MGs. The sample for the FEM simulations was set to be a cylindrical Zr35 sample with a
diameter of 3 mm and a height of 10 mm. An axisymmetric two-dimensional simulation model
was used for quasi-static analysis because of the symmetrical structural characteristics of the sample.
The upper end of the sample was stretched, and the lower end was fixed. The tensile stroke was set at
4 mm.

In the ultrasonic uniaxial tensile simulation experiments of Zr35, the supercooled liquid
temperature was set to 370 ◦C, the ultrasonic frequency was set to 20 kHz, and the ultrasonic amplitudes
were set to 0, 12, and 24 μm, in turn. A 20 mm/s drawing speed was applied to the upper end of
the sample, and a sinusoidal displacement was superimposed onto the lower end of the sample for
simulating the ultrasonic vibration. When the vibration amplitude was 12 μm, the superimposed
displacement could be calculated as follows:

S = 0.012 sin 125600t (7)
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The distribution of simulated equivalent stress of uniaxial tensile with ultrasonic vibration
amplitudes of 0, 12, and 24 μm are shown in Figure 9a–c. The maximum equivalent stress at the
different vibration amplitudes is 159.7, 138.2, and 114.0 MPa, respectively, which is a reduction of 13.5%
and 28.6% with increasing ultrasonic amplitude. The distribution area of the maximum equivalent
stress also decreased, which is shown in the red area of Figure 8. Additionally, the value of the
equivalent strain is shown in Figure 10a–c, which was enhanced by the increasing ultrasonic vibration
amplitude. The maximum equivalent strain increased by 16.74% and 33.38% when the ultrasonic
vibration amplitude was increased to 12 and 24 μm, respectively. The maximum strain area exists in
the upper and middle parts of the sample.

Figure 9. The distribution of the simulated equivalent stress the uniaxial tensile of Zr35 at different
ultrasonic vibration amplitudes: (a) 0 μm; (b) 12 μm; and (c) 24 μm.

Figure 10. The distribution of the simulated equivalent strain of the uniaxial tensile of Zr35 at different
ultrasonic vibration amplitudes: (a) 0 μm; (b) 12 μm; and (c) 24 μm.

The reason for this phenomenon is mainly attributed to the ultrasonic softening effect of the
material caused by the assisted ultrasonic vibration. In the process of ultrasonic plastic deformation,
the stress field generated by the internal deformation of the material is superimposed over the periodic
stress field of the ultrasonic vibration. With an increase in the ultrasonic amplitude, the effect of
ultrasonic softening becomes more obvious, the plastic forming of the material becomes easier,
and more free volume is generated in the plastic deformation process of the MGs. The higher
free-volume concentration in the MGs means a lower viscosity for the MGs, together with smaller
flow units in the sample under assisted ultrasonic vibration. The more homogeneous spatiotemporal
distribution of flow units facilitates the thermoplastic microformability of the MGs, based on the above
experimental results and theoretical analysis.
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The profiles of the corresponding velocity distributions obtained from the above FEM simulation
results are shown in Figure 11. The results show that the velocity is distributed heterogeneously along
the uniaxial tensile direction due to the unidirectional stress. To further distinguish differences in the
material flow during the ultrasonic uniaxial tensile process at different vibration amplitudes (i.e., 0,
15, and 30 μm), the velocities (V) at positions A–C (with an amplitude of 0 μm), A1–C1 (with an
amplitude of 15 μm) and A2–C2 (with an amplitude of 30 μm) are calculated and compared, as shown
in Figure 11a. As delineated in Figure 11b,c, the flowing velocity has a value ranging from 19.85 to
1869.99 mm/s at positions A1–C1, and a value ranging from 421.71 to 3874.21 mm/s at positions
A2–C2, which are two orders of magnitude greater than the velocities with vibration in the A–C areas
(0.21–19.85 mm/s). This indicates that a larger ultrasonic vibration amplitude corresponds to a greater
change in the flow rate of the amorphous alloy.

Figure 11. The simulated velocity distribution under three ultrasonic amplitudes by assuming a
temperature of 370 ◦C: (a1) 0 μm; (a2) 15 μm; and (a3) 30 μm. (b,c) present the corresponding speed
distribution at various positions.

Kim proposed a free-volume constitutive model to characterize the internal atom changes in
amorphous alloys by studying the deformation behavior of amorphous alloys [30]. The relationship
between free volume and strain rate is expressed in Equation (8).

v∗f =
[

1
v f e

− (c ln γ + l)

]−1

(8)

Here, v∗f is the steady state free volume, vfe = (T − T0)/DT0 is the balanced free volume, and c
and l are temperature-related parameters.

From the above Equation (8), it can be concluded that an increase in the strain rate will lead to an
increase in the steady-state free volume and a decrease in the viscosity of the amorphous alloy, and the
occurrence of plastic deformation will also be easier.

In general, higher ultrasonic vibration amplitudes can achieve higher flow velocities and easier
material flow of Zr35 MGs in the SCLR. Thus, the microplastic forming capacity of Zr35 can be
gradually improved by increasing the vibration amplitude, which is in agreement with the analysis of
the equivalent stress and strain above.

150



Materials 2018, 11, 2568

6. Conclusions

In this work, the ultrasonic vibration was introduced to the microextrusion processing of
MGs. The ultrasonic microformability of Zr35 in the SCLR was studied with experiments and FEM.
The conclusions are as follows.

• Ultrasonic vibration is an effective method to improve the thermoplastic microformability of MGs
by superimposing the assisted ultrasonic vibration onto the microextrusion tool.

• With increasing ultrasonic power output, the equivalent microfilling length of Zr35 can be
increased by 11-fold, and the true stress can be decreased by 60.17%.

• Sufficient ultrasonic power output (>30%), which means a sufficiently large ultrasonic vibration
amplitude of the microextrusion tool, is the essential condition to obtain better microformability
of Zr35, which can be successfully packed into a circular slot with a 0.75 mm diameter.

• Ultrasonic vibration of the microextrusion tool can produce a similar effect as temperature increase
on improving the microformability of Zr35 in the SCLR.

• Larger ultrasonic vibration amplitudes of the tool can generate more free volume in the plastic
microforming process of Zr35 MGs, which can then obtain a higher flow velocity and easier
material flow.
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Abstract: In order to quantitatively describe the effect of the initial grain orientation on the inhomogeneous
deformation of 304 austenitic stainless steel foil during tension, a three-dimensional uniaxial tension
model was established, based on the crystal plasticity finite element method (CPFEM) and Voronoi
polyhedron theory. A three-dimensional representative volume element (RVE) was used to simulate the
slip deformation of 304 stainless steel foil with five typical grain orientations under the same engineering
strain. The simulation results show that the number and characteristics of active slip systems and the
deformation degree of the grain are different due to the different initial grain orientations. The slip systems
preferentially initiate at grain boundaries and cause slip system activity at the interior and free surface of
the grain. The Brass, S, and Copper oriented 304 stainless steel foil exhibits a high strain hardening index,
which is beneficial to strengthening. However, the Cube and Goss oriented 304 stainless steel foil has a
low deformation resistance and is prone to plastic deformation.

Keywords: ultra-thin foil; slip system evolution; tensile process; crystal plasticity; numerical
simulation; grain orientation

1. Introduction

Precision stainless steel foil with thickness ranging from 0.01 to 0.1 mm is a high-end steel product,
which has been widely used in micro-manufacturing, micro-electromechanical, and other sophisticated
micro-products [1]. With the increasing miniaturization of components, higher requirements are put
forward for high-quality precision stainless steel, such as good ductility, high dimensional accuracy,
and low surface roughness [2,3]. When the foil thickness is reduced to microscale, the anisotropy of the
material increases, and the size effects become significant [4,5]. In this case, the grain morphology, size,
orientation, and grain boundary have important impacts on the plastic deformation behavior [6,7].
Therefore, the traditional macroscopic plastic deformation theory appears to be no longer applicable to
the plastic deformation analysis of the stainless steel foil in microscale.

The crystal plasticity finite element method (CPFEM) is widely used to homogenize the discrete
dislocations and analyze the macroscopic effects of dislocation slip, based on the continuum theory, which
reflects the microstructural characteristics of materials [8–11]. The mechanisms involved in the macro
and micro-deformation of non-ferrous metal materials during tensile deformation have been studied
by many scholars using CPFEM. Si et al. [12] established a polycrystalline model based on CPFEM and
Voronoi polyhedron theory, and studied the effect of grain size on inhomogeneous deformation and
grain rotation during the deformation process of polycrystalline aluminum. The results showed that
the plastic deformation occurred preferentially at grain boundaries, and the multi-system slip caused
local hardening near grain boundaries. Hama and Takuda [13,14] used CPFEM to analyze the hardening
and unloading behavior of magnesium alloy strips during tensile deformation. They found that the
pyramidal slip system dominated in the loading process, and only the base slip systems were activated
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during unloading. Ritz and Dawson [15] studied the effect of grain morphology on tensile deformation of
aluminum alloys using CPFEM, and pointed out that grain morphology had little effect on the anisotropy
of elastic deformation but significantly affected the micro-stress distribution in the grain interior and at the
grain boundary. Pi et al. [16] analyzed the effects of polycrystalline model type and tensile strain rate on
deformation, necking, and texture evolution of polycrystalline aluminum during the tensile process by
CPFEM. Their results showed that the stress increased with the increase in strain rate, and the calculated
results by CPFEM were closer to the experimental results.

In order to balance the relationship between the total central processing unit (CPU) calculation time
and the model size, the representative volume element (RVE) model with the smallest number of grains was
adopted by many scholars to reflect the mechanical behavior of macroscopic samples. Nakamachi et al. [17]
proposed a crystalline homogenization algorithm based on multi-scale asymptotic series expansion,
established the RVE model for a micro polycrystal structure that could satisfy the periodicity condition
of crystal orientation distribution, and verified the accuracy of the RVE model through analytical and
statistical examinations. Jigh et al. [18] applied the RVE model to predict the mechanical behavior of metal
foams with real microstructure, and studied the effects of different boundary conditions on mechanical
properties. Zheng et al. [19] established the RVE model based on CPFEM to predict the influence of
structural parameters and relative density of multi-stage honeycomb on its equivalent elastic parameters.
The accuracy of the RVE model was verified by comparing with the elastic parameters calculated by the
relevant theoretical analytical formula. Kamiński et al. [20] used the iterative and generalized stochastic
perturbation technique as a finite element method to determine the effective elasticity tensor for rubber
reinforced with the carbon black particles, and applied this to the homogenization problem of the RVE
model in such a composite. This study showed some significant differences between numerical and
analytical homogenization methods in the context of geometrical uncertainty in the RVE of the composite.

Based on the above literature reviews, it is clear that grain size and morphology as well as strain
rate do have an important effect on the plastic deformation behavior of materials. At present, research
on the effect of grain orientation on the tensile deformation of 304 austenitic stainless steels, based
on the three-dimensional CPFEM model, is still limited. In the present paper, a three-dimensional
RVE uniaxial tension model is established based on the CPFEM and the Voronoi polyhedron theory.
The effects of initial grain orientation on the inhomogeneous deformation and evolution of slip systems
of 304 stainless steel foil during uniaxial tension are analyzed in detail.

2. Crystal Plasticity Model

The main physical mechanism of plastic deformation of the face-centered cubic (FCC) metal at
room temperature is dislocation slip [21]. According to the visco-plasticity criterion proposed by
Schmid’s law [22], the relationship between the shear strain rate

.
γ
α and the resolved shear stress τα of

each slip system is established in the form of the exponential function as:

.
γ
α
=

.
γ0
α fα
(
τα

ταc

)
, (1)

where the resolved shear stress τα is the driving force of the slip motion. The slip system α starts when
the resolved shear stress reaches the critical value ταc .

The material rate sensitivity formula, established by Hutchinson [23], is as follows:

fα =
τα

ταc
×
∣∣∣∣∣ταταc
∣∣∣∣∣n−1

, (2)

where
.
γ0
α is the reference shear strain rate of slip system α, n is the rate sensitive coefficient, n = 0 and

n = ∞ correspond to viscoelasticity and rate-independent materials, respectively, τα is the resolved
shear stress of the slip system α, ταc represents the dislocation slip resistance or critical resolved shear
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stress of the slip system α, which is the accumulation of the shear strain of the corresponding slip
system on the hardening of the slip system α. ταc is expressed by:

.
τc
α
=

N∑
β=1

hαβ

∣∣∣∣∣ .
γβ
∣∣∣∣∣, (3)

where
.
γβ is the shear strain rate of the slip system β and hαβ is the latent hardening coefficient.

In the present paper, the hardening model proposed by Bassani and Wu [24,25] was used to
describe the interactions between different slip systems with different slip coefficients, which can
accurately reflect the slipping process of all three hardening stages of FCC metal. The self-hardening
moduli hαα can be expressed as follows:

hαα =

[
(h0 − hs)sech2

(
(h0 − hs)γα

τs − τ0
+ hs

)]
×G
(
γβ; β � α

)
(4)

G
(
γβ; β � α

)
= 1 +

N∑
β=1β�α

fαβ tanh
(
γβ

γ0

)
, (5)

where h0 is the initial hardening modulus; hs is the hardening modulus in the easy slip stage; τ0 is the
initial critical resolved shear stress; τs is the critical shear stress saturation value; γ0 is the reference
shear strain; and fαβ is the interaction coefficient between the α and β slip system. The factor depends on
the geometric relationship of the two slip systems, which is represented by five constants ai(i = 1 ∼ 5).

The latent hardening moduli hαβ is given by:

hαβ = qhαα, (6)

where q is the latent hardening parameter.
The above constitutive model was compiled into the user-defined material subroutine (UMAT) of

ABAQUS finite element software by Fortran language for subsequent finite element simulation [26],
and the combination of crystal plasticity constitutive theory and finite element method was realized.
A numerical integration method using implicit differential equations was adopted to solve the
rate-dependent crystal plasticity equation. The UMAT used the ABAQUS internal interface to
communicate with the main solver. The specific process is shown in Figure 1.

 

Figure 1. The internal operation flow chart of ABAQUS finite element software.
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3. Finite Element Model for Stainless Steel Foil

X-ray diffraction (XRD) phase analysis of the ultra-thin 304 stainless steel foil (0.05 mm) showed
that the main phase constituent was FCC austenite. The elastic constants of single crystal austenite are
C11 = 209 GPa, C12 = 133 GPa, C44 = 121 GPa [27]. Franciosi et al. [28] obtained the interaction coefficients
between stainless steel slip systems by hardening experiments, which could be chosen as a1 = 0.625,
a2 = 0.045, a3 = 0.045, a4 = 0.137, a5 = 0.122. The remaining unknown parameters could be determined
by comparing the simulation results of RVE uniaxial tension with the measured stress–strain curves.

The average grain size and grain orientation information needed for simulation were obtained by
the electron backscatter diffraction (EBSD) tests of the ultra-thin 304 stainless steel foil. EBSD diagrams
of 304 stainless steel foil samples measured from the rolling direction (RD) and transverse direction
(TD) are shown in Figure 2. The average grain size measured was 15 μm. The maximum density pole of
the {111} pole figure was only 1.97 m.r.d (multiple random density), which indicates that the annealed
304 foil had little texture and the grain orientations were almost random. Therefore, the random grain
orientations were applied to the polycrystalline model based on the Voronoi polyhedron theory.

(a) (b) 

Figure 2. Electron backscatter diffraction (EBSD) mapping of the transverse direction (TD) measured
from the rolling direction (RD) of 304 stainless steel foil: (a) grain orientation map; (b) {111} pole figure.

The RVE model was established based on ABAQUS Standard. The effects of the number of grains
and the number of elements in the grains on the tensile deformation accuracy of RVE model were
analyzed, as shown in Figure 3. The RVE model contained 512 grains with a grain size of about 15 μm,
and each grain contained 125 hexahedral elements (C3D8I), with average element dimensions of 3 × 3
× 3 μm3 (Figure 4b), which could guarantee the calculation accuracy. Different colors in the model
represent different grain orientations, and the aggregates of the same orientation are one grain.

(a) (b) 

Figure 3. Effect of grain number (a) and unit number (b) on the representative volume element (RVE) model.

The boundary conditions of the RVE uniaxial tension model are shown in Figure 4a:
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(1) The back surface center node was set at X = 0, Y = 0, Z = 0 to avoid the rigid motion of the RVE
model as a whole.

(2) The back surface was set at X = 0. There was no constraint in the Y and Z directions, so that
plastic deformation could occur in the Y and Z directions.

(3) The front surface was set in a uniform tensile displacement along in the X-direction.

All calculations were run on a workstation (2.6 GHz processor) with 20 multiple processors in
parallel. The maximum number of increments was 100,000, to ensure convergence of the RVE model.
It took around 5 h to complete one tension test of the RVE with 60% engineering strain.

According to the international standard ASTM-E345-16 [29], 0.05 mm thick 304 stainless steel
foil tensile specimens were prepared and stretched using an INSTRON-5969 universal tensile testing
machine (Instron corporation, Norwood, MA, USA). In the experiment, the stretching rate was
0.03 mm/min. The RVE model established above was subjected to uniaxial tensile simulation to an
engineering strain of 60%. The obtained stress–strain curves were compared with the curves measured
by tensile tests. The reasonable crystal plastic parameters were determined by optimization (see
Table 1), and the comparison results shown in Figure 5 were obtained.

 

(b) (c) 

Outside 
surface 

Internal 
surface 

(a) 

Figure 4. 304 stainless steel RVE tensile model: (a) boundary conditions in the simulation; (b) RVE
model; (c) G411.

Figure 5. Comparison of the stress–strain curves between RVE simulation and experimental results.

Table 1. Constitutive model parameters of ultra-thin 304 stainless steel foil.

n
.
γ h0 τ1 τ0 hs γ0 q

60 0.0001 245 30 74 105 0.001 1.0
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To study the effect of grain orientation on the motion of slip systems, five typical grain orientations
(see Table 2) were assigned to the 411 grain (G411, Figure 4c) in the RVE model, and the other grains
were given a random orientation, as shown in Figure 6. Then, the stress–strain curves of uniaxial tension
to 60% engineering strain were obtained, as shown in Figure 7. It is clear that the five stress–strain
curves coincide completely, indicating that a change of single grain orientation does not affect the
mechanical properties of the stainless steel ultra-thin foil. The accuracy of the RVE model established
in this paper is verified.

The 304 stainless steel had an FCC crystal structure. The dislocation slip motion occurred on the
12 slip systems {111} <110>, as shown in Table 3. The [100] direction of the crystal was consistent with
the X-axis, with [010] and [001] corresponding to the Y-axis and Z-axis, respectively. According to the
theory of crystal plasticity, the initiation of the slip system is always controlled by the shear strain rate
on the slip system. The negative value of shear strain rate indicates that the slip should be along the
opposite direction to the slip system [30].

Figure 6. {111} pole figure before RVE deformation with random orientation.

Table 2. Five typical grain orientations of G411.

Number Grain Orientation Euler Angles Miller Indices Angle to X-Direction

No.1 Brass (35◦, 45◦, 90◦) (1 0 1) [1 2 1] 110.56◦
No.2 Copper (90◦, 35◦, 45◦) (1 1 2) [1 1 1] 125.26◦
No.3 S (61◦, 34◦, 64◦) (2 1 3) [1 2 1] 116.09◦
No.4 Cube (0◦, 0◦, 0◦) (0 0 1) [1 0 0] 0◦
No.5 Goss (0◦, 45◦, 90◦) (1 0 1) [0 1 0] 90◦

Figure 7. Stress–strain curves of G411 in the RVE model under five different grain orientations.
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Table 3. Slip systems of face-centered cubic FCC metal.

Slip Plane Slip Direction Slip System Slip Plane Slip Direction Slip System

(1 1 1)
[0 1 1] a1 [0 1 1] c1
[1 0 1] a2 (1 1 1) [1 1 0] c2
[1 1 0] a3 [1 0 1] c3

(1 1 1)
[1 0 1] b1 [0 1 1] d1
[1 1 0] b2 (1 1 1) [1 0 1] d2
[0 1 1] b3 [1 1 0] d3

4. Results and Discussion

4.1. Microscopic Stress and Strain Distribution of G411

Figure 8 shows the stress distribution of G411 under five typical grain orientations for the RVE
models with 60% tensile engineering strain. It can be seen that the Brass, Copper, and S oriented
grains had an obvious rotation phenomenon. The stress at the internal grain boundary was highly
concentrated and the maximum stress value was high, even up to 2507 MPa for the Copper-oriented
grain. The grain morphologies of the Cube and Goss oriented grains were similar after tensile
deformation, which was mainly elongated along the tensile direction. The stress distribution was
relatively uniform and the maximum stress value was small. The maximum stress value of the Cube
oriented grain was 2004 MPa. It can be concluded that the different initial grain orientations led to the
different degrees of the grain deformation under the same deformation conditions, and the microscopic
stress distribution and the maximum stress value differed greatly.

 

(a) (b) (c) 

(e) (d) 

Figure 8. Grain morphology and Mises stress distribution after the G411 deformation: (a) Brass;
(b) Copper; (c) S; (d) Cube; (e) Goss.

Figure 9 shows the accumulative slip distribution of G411 under five typical grain orientations
for the RVE models with 60% tensile engineering strain. As can be seen, the cumulative shear strain
distributions of five typical oriented grains were not uniform, due to the restraint of adjacent grains,
and there were obvious strain gradient characteristics. The strain was mainly concentrated in the
boundary region with the internal grain contact. The Cube and Goss oriented grains had large
deformations along the X-axis tensile direction. The cumulative shear strain distribution appeared to
be more uniform and the cumulative shear strain value was small. The maximum cumulative shear
strain value of the Cube oriented grain was 1.999. It can be seen that the initial grain orientation
directly affected the cumulative shear strain distribution of the grains.

Considering the deformation coordination of polycrystalline, the grain deformation can be affected
by the constraints of adjacent grains. Due to the different initial grain orientations, the order of grain
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deformation varies with the starting sequence of slip systems in different parts of the grain, so the
deformation degree of the grain is different [31]. Compared with the resistance overcome by the slip of
the grain internal dislocation, the slip at the grain boundary needs to overcome the resistance caused
by the coordination of intergranular deformation, so the stress of polycrystalline plastic deformation is
concentrated at the grain boundary [32].

 

(a) (b) (c) 

(e) (d) 

Figure 9. Cumulative shear strain distribution after the G411 deformation: (a) Brass; (b) Copper; (c) S;
(d) Cube; (e) Goss.

4.2. Slip System Evolution of G411 with the Typical Grain Orientations

In order to investigate the relationship between grain orientation and shear strain rate of the
slip systems during tensile deformation, a node on the outside surface of G411, shown in Figure 4c,
was selected for analysis, and the results are shown in Figure 10. When the G411 grain orientation
was Brass, Copper, or S-type, the number and motion state of the activated slip systems at the node
were similar, because of the approximate angles between the three given orientations and the tensile
direction. The slip systems a2 and c3 were activated in the above three orientations. Cube and Goss
oriented grains had the largest number of activated the slip systems—eight. For the Cube oriented
grain, the shear strain rates of slip systems a2, c2, c3, and d2 were large and slipped along their positive
directions. The shear strain rates of slip systems a3, b1, b2, and d3 were small and slipped along their
opposite directions. For the Goss oriented grain, the slip systems a1, b3, c1, and c2 slid along their
opposite directions and the shear strain rates were large, while the slip systems a3, b2, d1, and d3 slid
along their positive directions and the shear strain rates were small. It can be concluded that the
number and motion state of the activated slip systems at the same position varied greatly because of
the different initial grain orientations. The Cube and Goss oriented grains had the largest number of
activated the slip systems in the uniaxial tensile stress state, which was beneficial to the occurrence of
dislocation slip movement.
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(a) (b) (c) 

(e) (d) 

Figure 10. Shear strain rates of a node on the G411: (a) Brass; (b) Copper; (c) S; (d) Cube; (e) Goss.

The starting process of the 12 slip systems of FCC metal during uniaxial tension deformation
is shown in Figure 11. When the grain orientation was Cube type, the local coordinate system of
the crystal coincided with the global coordinate system of the sample and the angle between grain
orientation and tensile force direction was zero. It can be seen that at this time the slip systems of
a1, b3, c1 and d1 were perpendicular to the direction of the force. Thus, shear strain did not occur
and the shear strain rate was zero. For the Goss grain orientation, the crystal coordinate system did
not coincide with the sample coordinate system and the angle between grain orientation and tensile
force direction was 90◦. At this time, the slip systems a2, b2, c3, d2 were perpendicular to the tensile
direction and the shear strain rate was zero. As shown in Figure 10d,e, the other eight slip systems were
activated except for the above four slip systems perpendicular to the tensile stress. The shear strain
rates of each slip system are different due to the influence of grain morphology and adjacent grains.
In summary, the movement of the slip systems in the process of tensile deformation was analyzed by
simulation and theory, and the accuracy of the crystal plasticity finite element model was verified.

(a) (b) (c) (d) 

Figure 11. Illustration of {111} planes for initial tensile process: (a) (111) slip plane; (b) (-111) slip plane;
(c) (1-11) slip plane; (d) (11-1) slip plane.

Figure 12 shows the evolution of the shear strain rate of the slip systems a2 and c3 during uniaxial
tensile deformation of the Brass oriented G411. It can be observed that the shear strain rate distribution
of the slip systems was inhomogeneous. The slip appea red in the opposite direction inside the single
crystal grain, which is conducive to the formation of sub-crystallines. The shear strain rate distribution
of different slip systems was also various. The a2 and c3 slip systems were activated first at the grain
boundaries. With the rotation of the slip surface and direction of the tensile deformation, the internal
and free surface slip systems started. The slip strain rate distribution of the slip system a2 varied
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greatly from −0.321 to 1.956. The outside surface nodes mainly moved along the opposite direction
of the slip system a2. The difference of the shear strain rate of the slip system c3 in the whole grain
was only 1.662, and the distribution was relatively uniform. It can be seen that the slip systems were
activated at the grain boundary first and then caused the movement of the internal and free surface slip
systems, and finally formed a slip band in the whole grain. At the same time, the above conclusions
can be drawn from the analysis of the shear strain rate evolution process of the other four typical grain
orientation slip systems.

Affected by grain orientation, morphology, and polycrystalline deformation compatibility,
the number of the activated slip systems and the magnitude of shear strain at different locations
are quite different. The motion state of the activated slip systems during plastic deformation is also
different. These differences lead to inhomogeneous deformation of the grain and contribute to the
stress–strain concentration zone [33].

 

(a) a2-1 (b) a2-2 (c) a2-3 

(d) c3-1 (e) c3-2 (f) c3-3 

Figure 12. Shear strain rate along active slip system a2 (a2-1, a2-2, a2-3) and c3 (c3-1, c3-2, c3-3) for the
G411 of Brass with the tensile time 0.5 s (a2-1, c3-1), 30 s (a2-2, c3-2), 100 s (a2-3, c3-3).

4.3. Stress and Strain Curves of Typical Texture Orientation Dominant Polycrystalline

An RVE model with a typical texture orientation was established. The number of grains with each
dominant orientation accounted for 50% of the total grains. The simulated stress–strain curves are
shown in Figure 13. As can be seen, the yield strength of the RVE model with the dominant texture
orientation was approximately 193 MPa, but its deformation resistance varied greatly. In the plastic
deformation stage, the stress–strain curves of Brass, S, and Copper oriented dominant models were
higher than those of random grain oriented models. The stress–strain curves of Cube oriented and Goss
oriented RVE models coincide basically and are significantly lower than those of random oriented RVE
models. Under the 60% strain condition, the stress values of the Brass, S, and Copper oriented dominant
models are higher than those of random grain oriented model. The maximum stress value of the
Copper-type orientation-dominated model is 618 MPa. The stress values of Cube-type and Goss-type
orientation-dominated models are approximately 495 MPa, which is lower than that of the random
grain orientation model (538 MPa). The results show that Brass, S, and Copper oriented stainless steel
materials have large energy storage, large plastic deformation resistance, and a high strain hardening
index, which are beneficial to strengthening. Cube-oriented and Goss-oriented stainless steels exhibit
low strength and low deformation resistance, and are prone to plastic deformation.
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Figure 13. Comparison of stress and strain curves of RVE models with typical texture orientation.

5. Conclusions

(1) Based on the crystal plasticity theory and microscopic characterization analysis, a crystal
plastic RVE model of 304 stainless steel foil was established. By comparing the tensile stress–strain
curves between the RVE simulation and experiment, the calibrated crystalline plastic parameters can
accurately reflect the mechanical properties of 304 stainless steel foil. Combined with the simulation and
theoretical analysis of the evolution of slip systems during the tensile deformation process, the accuracy
of the crystal plastic finite element model was verified.

(2) The crystal plasticity RVE model was used to simulate the effect of typical grain orientation
on the inhomogeneous deformation of ultra-thin 304 stainless steel foil during tension. The results
show that the numbers of start-up and movement state of the slip systems at the same location are
quite different due to the various initial grain orientations, resulting in a great difference in grain
deformation degrees and stress–strain distribution. The effect of grain orientation on the plastic
deformation of polycrystals is mainly manifested in the mutual constraints and coordination of various
grain deformation processes. During the tensile deformation process, the stress distribution and
the shear stress with different slip systems are different due to the different initial grain orientation.
Therefore, the initiating sequence of the slip systems is different, resulting in different deformation
orders and deformation degrees. The grains in favorable orientations slip first, and the grains in
unfavorable orientations are difficult to slip.

(3) The change of stress–strain curves in the tensile process of 304 stainless steel foil RVE model with
typical orientation was analyzed by CPFEM. The results show that the Brass, S, and Copper oriented
dominant models exhibit a high strain hardening index and are beneficial to metal strengthening.
However, Cube and Goss oriented dominant models have lower strength and low deformation
resistance, so 304 stainless steel foil with these orientations are prone to plastic deformation.
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Abstract: A numerical analysis using FE (finite element) analysis was performed to clarify the
shearing mechanism in the process of extrusion-type fine blanking (FB) for a thin foil of JIS SUS304
in this study. Extrusion-type FB, in which a negative clearance between the punch and the die has
been developed and investigated experimentally to improve the quality of the sheared surface in
the blanking of thin foils. The resultant sheared surface for extrusion-type FB indicated an almost
completely sheared surface, and the fracture portion on the sheared surface was much smaller
than that in conventional FB, the so-called finish-type FB. The material flow and fracture criteria
in extrusion-type FB were analyzed in comparison with those in finish-type FB. The differences in
material flow and so-called critical fracture value were verified for the two processes. The principal
stress near the shearing surface has mostly compressive components in extrusion-type FB due to
its negative clearance, and the critical fracture value was also less than that in finish-type FB, in
which the principal stress near the shearing surface has mostly tensile components. Furthermore,
SEM observation with EBSD (electron back-scatter diffraction) analysis of the shearing surface was
performed to verify the phenomena. Reductions in deformation-induced crystal orientation rotation
and martensite transformation in extrusion-type FB were confirmed in comparison with those in
finish-type FB from the analysis results.

Keywords: fine blanking; metallic microgear; finite element analysis; electron backscatter diffraction;
critical fracture value

1. Introduction

Recently, the notable miniaturization of electronic devices and medical instruments has been
observed. Accordingly, the miniaturization of their components and their high-precision capability is
also required [1]. The fabrication of microparts with complex profiles using stamping press machines
is attractive owing to its high productivity. Blanking is one of the typical stamping processes used to
rapidly cut parts with complex profiles from sheet metal, and fine blanking (FB) [2] can be used to make
a part with a fine shearing surface. However, problems due to the miniaturization of parts arise in
microblanking. As parts become smaller, the sheet becomes thinner. In general, the clearance between
the punch and the die is expressed as the ratio to the thickness of the sheet, so the absolute value of the
clearance also decreases as the sheet thickness decreases [3]. According to findings on the FB process
at the macro scale, the clearance is assumed to less than 1% of the thickness t [4]. Since a sheet of
0.1 mm thickness or less is usually used in microblanking, the clearance becomes 1 μm or less and, as a
consequence, the manufacturing accuracy of the die and the positioning accuracy of the punch and
die are approaching their limits [5]. Furthermore, when the thickness of the work material decreases,
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fracture is likely to occur owing to the effects of the surface roughness of the material and the crystal
grain size [6–9], which affects the product accuracy. To solve these problems, the authors previously
developed a novel FB process and demonstrated its advantages by an experimental comparison with
the conventional FB process using a general-purpose precision stamping press machine [10]. The
conventional FB process is finish-type FB with an extremely narrow positive tool clearance and a
counterpunch. The newly developed process is extrusion-type FB with a negative tool clearance and
a counterpunch pressure pad. By comparing the results, the developed process was found to be
superior from the most important viewpoint of suppressing the fracture of the surface. However, the
material flow and fracture mechanism have not yet been clarified, and furthermore, the most important
parameters in the process are unknown.

In this study, an FE analysis is performed to clarify the material flow and fracture mechanism in
extrusion-type FB in comparison with finish-type FB, particularly from the viewpoint of suppressing
fracture or cracking on the shearing surface during the FB process. Furthermore, the mechanism of
fracture suppression was verified by SEM observation with EBSD (electron back-scatter diffraction)
analysis, which enables the observation of the material deformation state using the information
obtained by the orientation analysis of the crystallinity of the shearing surface of samples.

2. FEM Simulation Model and Conditions

Figure 1 shows SEM images of microgears fabricated by finish-type FB and extrusion-type FB [10].
As described previously, the shearing surface of the microgear processed by extrusion-type FB is
smoothly sheared without fracture in comparison with that processed by finish-type FB.

(a) finish-type FB                                 (b) extrusion-type FB 

Direction of blanking Direction of blanking 

Figure 1. SEM images of the microgear [10]: (a) finish-type FB; (b) extrusion-type FB.

To elucidate the mechanism of fracture suppression, we developed an analysis model for both
FB methods for use in FE simulation, and the model and its conditions are shown in Figure 2 and
Table 1, respectively. The microgear was assumed to be axisymmetric about the gear centerline,
and a two-dimensional model was applied in this simulation to reduce the calculation time. The
commercially available FEM (Finite element method) code DEFORM2D (Ver.11.1) was utilized for the
simulation. The punch force Fp was processed as a constant displacement type, i.e., Fp was calculated
as the reaction force Fm of the workpiece. The workpiece used was a JIS SUS304 sheet with a thickness
t of 0.178 mm, and a microgear workpiece having an outer diameter of ϕDw of 3.5 mm was used to
correspond to the experiment at conditions of the press in the previous report [10]. In our present
FE analysis, the outer peripheral edge of the workpiece was assumed to be constrained, as shown in
Figure 2, since a coil material having sufficient width relative to the size of the microgear was used in
the experiment, and there was no material flow in the width direction of the material. A die diameter
ϕDd1 of 1.752 mm (tool clearance Cl of 2 μm) was used for finish-type FB, and a die diameter ϕDd2 of
1.732 mm (clearance Cl of −8 μm) was used for extrusion-type FB. The punch diameterϕDp of 1.748 mm
and the counterpunch diameter ϕDc of 1.720 mm were common to both processes. The punch, die
and blank holder/stripper were assumed to be rigid bodies, and the workpiece was assumed to be
elastoplastic. Approximately 15,000 four-node rectangular elements were generated on the workpiece.
Since the deformation is concentrated in an extremely narrow range in the deformation area around
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the cutting edge of the tool, there is significant distortion in the elements [11]. The simulation result in
a previous FB study, which revealed the relationship between the mesh size and the clearance Cl, was
referred to for the determination of the mesh size [12]. Specifically, the mesh size in the analysis was
set to about 1 μm, which is smaller than the clearance Cl. In such a case where the deformation of the
elements was apparently large, a remeshing function was adopted to rebuild the meshes.

Figure 2. FEM simulation model.

Table 1. FEM simulation conditions.

Simulation Model Type Axisymmetric Model

Object type Workpiece: elasto-plastic (ϕDw:3.5 mm)
Punch /Die: rigid (ϕDp:1.748 mm, ϕDd1:1.752 mm, ϕDd2:1.732 mm)

Blank holder /Stripper: rigid
Counterpunch: rigid (ϕDc:1.720 mm)

Clearance (Cl) Finish-type FB: 2 μm
Extrusion-type FB: −8 μm

Blank holder force (FB) 1000 N (50% of maximum blanking force)
Counterpunch force (FC) 400 N (20% of maximum blanking force)

Blanking force (FP) Non-constant value

Radii of tool cutting edges Rp = 0.00 mm, Rd = 0.01 mm

Work material (Workpiece)
SUS304 t = 0.178 mm

Young’s modulus: 193 GPa
Poisson’s ratio: 0.3

Fracture criterion equation Cockcroft and Latham

Friction coefficient (μ) 0.08

The material constants were derived from the data available from an actual experimental tensile
test giving the flow stress-plastic strain curve shown in Figure 3. Furthermore, to verify and observe
the fracture process in both FB methods, we used the damage value C (critical fracture value [13])
obtained from the ductile fracture criterion [14] of Cockcroft and Latham defined as the value of the
integral corresponding to the evolution of the maximum principal stress as follows:

C =

∫ ε

0

σmax

σ
dε (1)

where C: critical fracture value, σmax: maximum principal stress, σ: effective stress, and ε: effective strain.
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Figure 3. Flow stress-plastic strain curve.

The friction coefficient was assumed to be 0.08, referring to the value recommended by DEFORM2D
for cemented carbide dies. Although there was a concern that the friction may change significantly
during the blanking process, as a result of examining them in the report of Sasada et al. [15]. It was
reported that the FEM analysis agrees well with the blanking result even if the friction coefficient was
constant. Accordingly, the coefficient of friction was set constant in this study. The temperature was
set to be constant in this analysis. Although temperature changes occur in the tool and material during
blanking, the ratio of heat flow to the material could be considered negligibly small owing to the small
volume ratio of the material to the die at the microscale.

3. FEM Simulation Results and Discussion

Since fracture occurred at a punch stroke of about 80% of the sheet thickness t according to our
previous experimental results [10] for finish-type FB, the damage values (critical fracture values) at a
punch stroke of 80% were investigated for both processes. Figure 4 shows a comparison of the damage
value between a) finish-type FB and b) extrusion-type FB in the case of the punch penetration. In
the case of finish-type FB, the result shows that damage accumulated in the region connecting the
punch shoulder and die. In the case of extrusion-type FB, the damage value was also high in the punch
shoulder and punch side, but it was lower in other regions including the shearing zone, which means
that some allowance remains to prevent fracture. This was in agreement with the experimental results
obtained with an actual stamping press machine in which extrusion type FB did not cause any breakage
or separation of the workpiece, even at 80% punch penetration through the sheet thickness t [10].
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Figure 4. Comparison of damage value defined as the integration value corresponding to the evolution
of the maximum principal stress σmax for 80%t punch penetration between finish-type fine blanking
(FB) and extrusion-type FB: (a) finish-type FB; (b) extrusion-type FB.
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The von Mises stress and maximum principal stress distributions for both FB methods are shown
in Figures 5 and 6, respectively, for the same condition of punch penetration of 80% as in Figure 4. It
was found that, although the von Mises stresses for both FB methods showed similar distributions, the
maximum principal stress distributions were significantly different. It can be observed that, in the case
of finish-type FB, in the area between the scrap and the product (being blanked out), a tensile stress
distribution appears to prevail, while in the case of extrusion type FB, a compressive stress distribution
prevails. These results are consistent with the results for the damage value shown in Figure 4, in which
higher maximum principal stresses corresponded to higher damage values, consistent with previous
knowledge that the compression stress distribution can reduce the damage value and suppress fracture
in blanking processes even if the von Mises stress is similar [16].
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Figure 5. Comparison of von Mises stress for 80%t punch penetration between the finish-type FB and
extrusion-type FB in Figure 4: (a) finish-type FB; (b) extrusion-type FB.
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Figure 6. Comparison of maximum principal stress for 80%t punch penetration between the finish-type
FB and extrusion-type FB in Figure 4: (a) finish-type FB; (b) extrusion-type FB.

From the various reports thus far, it is known that the stress distribution within a material is
related to the material flow in the processing. For example, Huang et al. have shown the effect of
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the tool clearance (either positive or negative) on the die roll during blanking [17], and Thipprakmas
et al. have clarified the mechanism of fracture during FB, in which an extremely small but positive
tool clearance was used [18]. However, they have not yet clarified the fracture mechanism, in which
a positive clearance and a negative clearance might cause different fracture behaviors. The material
flows in both FB processes were also compared at the same punch penetration of 80% sheet thickness
and Figure 7 shows the resultant material flows in the shearing zone. In the case of finish-type FB,
the workpiece located immediately under the punch flows almost perpendicularly to that in the die
interior portion, inducing material flow on the scrap side that was parallel to the interior material flow.
Accordingly, we concluded that this material flow behavior generates a tensile stress field between
the scrap side of the workpiece (which is pressed down by the blank holder) and the blanked-out
workpiece, resulting in a consequently high cumulative damage value, ultimately leading to the
breakage of the workpiece. In the case of extrusion type FB, a change in the direction of the workpiece
flow is observed near the die corner B. In particular, immediately adjacent to point B, owing to the
material flow towards the die portion B, the workpiece behaves as if it were self-crushed. As a result,
we consider that a compressive stress field is generated where fracture is suppressed.
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Figure 7. Comparison of material flow for 80%t punch penetration between finish-type FB and
extrusion-type FB, in an enlarged view: (a) finish-type FB; (b) extrusion-type FB.

4. Discussion Based on EBSD Analysis

The shearing surfaces were observed by SEM with EBSD (electron back-scatter diffraction) to clarify
the shearing mechanism for both FB methods. EBSD analysis is an effective methodology for evaluating
the deformation state of grains in a workpiece. In particular, the KAM (kernel average misorientation) is a
value that indirectly represents the degree of plastic deformation via the amount of crystal orientation
and can correspond to the equivalent plastic strain in plastic working [19]. Furthermore, it has been
used to clarify the fracture generation mechanism during microshear processing [20]. Since it is known
that JIS SUS304 transforms from a ductile austenite phase to a brittle martensitic phase depending on
the processing strain, information on the phase transformation will be also useful for understanding the
fracture mechanism.
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For sample preparation for EBSD analysis, first of all, the cross section of workpieces of the
microgear half-blanked by the punch that penetrated about 60% of the sheet thickness for both
FB methods was fabricated. Next, it was cut to the area shown in Figure 8, and the surface was
mirror-finished by mechanical polishing and ion milling. EBSD analysis was performed at an
acceleration voltage of 20 kV and a measurement interval of 0.15 μm. Figure 9 shows the analysis
results in the form of KAM maps for the finish and extrusion-type FB methods. Figure 10 shows
the analysis results in the form of phase maps. It was found that the phase transformation from the
austenite phase (red area) to the martensitic phase (green area) occurs in the areas with high strain in
the KAM maps. It was found that areas with a high strain of five degrees red areas and different crystal
orientations are distributed in the area connecting the punch edge and the die corner. Moreover, the
phase transformations occurred in areas with high strain in both methods consistent with the results
of FE analysis. However, the areas with high strain and phase transformation were concentrated
in the shearing zone in the case of finish-type FB, while they shifted to the scrap side (left side) for
extrusion-type FB. In these areas, compression stress is dominant and does not contribute to fracture,
as described in the last section. By assuming that cracks occur along the vertical shearing line (white
lines in Figures 9 and 10), a difference in strain concentration on the white line (length of about 80 μm)
can be seen for the two methods. Figure 11 shows the KAM values along the line from point a to
point b in Figure 9 for the two methods. In finish-type FB, the KAM values are mostly five degrees
from point a to point b. On the other hand, in extrusion-type FB, the KAM values along Y axis are
approximately two degrees around point a and increase toward point b. These findings indicate that
strain has already accumulated in the area where shearing is going to proceed in finish-type FB, while
there is less accumulation of strain in the area in extrusion-type FB. As a result, extrusion-type FB can
prevent fracture from the viewpoint of the strain accumulation region and crystal grain phase field.

Observation area 

Figure 8. Observation area of microgear for electron back-scatter diffraction (EBSD) analysis.
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Figure 9. Comparison of kernel average misorientation (KAM) map for 60%t punch penetration
between finish-type FB and extrusion-type FB: (a) finish-type FB; (b) extrusion-type FB.
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Figure 10. Comparison of phase map for 60%t punch penetration between finish-type FB and
extrusion-type FB: (a) finish-type FB; (b) extrusion-type FB.

a) finish-type FB                 b) extrusion-type FB 

Figure 11. Comparison of KAM values between a and b of Figure 7: (a) finish-type FB; (b)
extrusion-type FB.

From the discussion in Sections 3 and 4, we can conclude that the extrusion-type FB process can
prevent fracture and improve the blanking quality by changing the material flow during the process. It
is a high-potential process for blanking at the microscale. However, since the material is compressed
in the negative clearance zone in addition to the shearing, the load on the punch in extrusion-type
FB is higher than that in conventional FB. It is necessary to clarify design guidelines for the process
parameters, such as the optimal negative clearance and the radius of the die corner, in further work.

5. Conclusions

An FE analysis was performed to clarify the material flow and fracture mechanism in extrusion-type
FB, in which a negative clearance was applied, in comparison with that in finish-type FB, particularly
from the viewpoint of suppressing the fracture and cracking on the shearing surface during the process.
The critical damage value, an index showing the possibility of fracture in the workpiece during FB,
was introduced as a critical fracture value. Furthermore, the SEM observation of the cross-section of
blanked workpieces with EBSD analysis was performed to confirm the results of the analysis. The
conclusions of this study are as follows:
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(1) The perimeter of the workpiece under a punch flows almost perpendicularly towards the die
interior in finish-type FB. This workpiece flow behavior generates a tensile stress field between the
scrap-side workpiece (which is pressed down by the blank holder) and the blanked workpiece, with a
consequent high damage accumulation value, ultimately leading to breakage of the workpiece.

(2) In contrast, in the case of extrusion-type FB, since the perimeter of the workpiece flow under
the punch flows towards the end of the die radius, high compressive stress occurred in this region,
which led to different material flow and reduced cumulative damage.

(3) The critical damage value for extrusion-type FB was less than that for finish-type FB owing to
the difference in stress state near the shearing zone: compressive stress is dominant for extrusion-type
FB, while tensile stress is dominant for finish-type FB.

(4) The difference in strain distribution between finish-type FB and extrusion-type FB was analyzed
by EBSD. The relationship between the strain distribution and the occurrence of fracture was clarified.
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Abstract: An extrusion-type fine blanking with a negative clearance was proposed by the authors
instead of standard fine blanking for creating a full-sheared surface in the micro blanking process.
In this study, micro blanking experiments and finite element analyses with narrow, zero and negative
clearances are carried out for the optimizing the clearance at which a shear cut surface can be finished
with a full-sheared surface with the minimized punch load. Fracture criterion, hydrostatic stress and
maximum punch stress for the conditions with various clearances are investigated. As a result, it was
clarified that the clearance at which the cut surface does not fracture and minimization of the punch
load is achieved is gained by the use of clearance −4 μm.

Keywords: punch load; cut surface quality; optimum clearance; fine blanking; blanking experimental;
finite element method analysis

1. Introduction

In recent years, attention has been paid to micro-processing technologies suitable for mass
production. However, problems, such as the lowering of material forming limits due to thinner
materials [1–4] and the lowering of dimensional accuracy (e.g., the fracture that occurs on the cut
surface during shearing) due to the downsizing of product dimensions, have not been solved. Various
research studies have been conducted on manufacturing methods for the microfabrication of small
parts, such as laser processing, etching processing, and electron beam processing [5–7]. However, these
microfabrication methods are not necessarily optimal from the viewpoint of productivity and cost.
The authors have selected press stamping, which is excellent in terms of both productivity and cost,
and examined the feasibility of a micropart manufacturing method. More specifically, an involute
tooth profile part with a microsize and a complicated shape was selected as a representative example
of a microsize part, and the so-called fine blanking (FB) [8,9] for the effect of hydrostatic pressure on
the ductility of the metal [10], was used. In particular, the feasibilities of the finish-type FB using
the narrow clearance, and the extrusion-type FB using the negative clearance, were verified, and the
relationship between the difference between the narrow and negative clearances and the shear cut
surface was investigated. The results revealed that it was possible to process full-sheared surfaces by
adopting negative clearance [11]. In addition, the finite element method (FEM) and material crystal
analysis by Electron Back Scatter Diffraction (EBSD) have also revealed the difference in the processing
mechanism between the two FB methods [12].

However, according to the above-mentioned verification results, it was predicted that the load
applied to the punch tip would be increased by adopting negative clearance. This suggests that,
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in general, punch breakage and wear will also increase [13]. Even in conventional shearing, punch
breakage and wear are two of the most important issues, and various studies on punch load in
conventional shearing have been conducted so far. For example, Aoki et al. studied the tool cutting
edge wear mechanism by shear experiments [13], Maeda et al. verified the progress of the tool cutting
edge wear [14], Koga et al. verified the relationship between clearance and tool wear [15], and the
punch wear and quality of punched products, in punching thin sheets [16–20].

FE analysis has been used to elucidate various processing mechanisms, and it has been also used
for punch load analysis in blanking. For example, Nakashima et al. obtained an equivalent stress on
the tool by analyzing the axisymmetric model with the tool set to an elastic body [21], and Hambi
reported tool wear results in press stamping using a finite element code wear prediction model [22].
Falconnet et al. reported punch wear in the blanking of a copper thin sheet [23,24]. However, the
punch load due to the difference in negative clearance, including zero clearance in the FB proposed in
previous reports [11,12], has not been verified or analyzed. In this study, we aim to derive the optimal
clearance at which the shear cut surface can be finished with a full-sheared surface and the punch load
can be minimized by experimental verification and finite element analysis at the narrow, zero, and
negative clearances.

2. Experimental Procedure

2.1. Blanking Condition

From the blanking experiment at the narrow clearance, zero clearance, and negative clearance,
the conditions under which the cut surface does not fracture were verified. At the same time, the load
during blanking at each clearance was measured. The material to be processed was JIS SUS304 made
by TOKUSHU KINZOKU EXCEL Co., Ltd. (Tokyo, Japan), with a plate thickness t of 0.1 mm and a
width of 20 mm. Table 1 shows the mechanical properties of the material. Table 2 shows the material of
tools’ (punch and die) composition and mechanical properties, available from Fuji Die Co., Ltd. (Tokyo,
Japan) Next, Figure 1 shows a schematic diagram of the blanking process using negative clearance
developed for progressive machining in actual production to explicitly explain how negative clearance
punching is technically feasible, and Table 3 shows the detailed specifications of the die comprehensive
blanking experiment series, particularly from the viewpoint of various tool clearances. To explain
from another viewpoint, of the aforementioned comprehensive experiment series, referring first to
die-set production, the punch is processed, using a grinding machine for small to micro-precision
tools and high-precision production parts, and then the die is roughly processed by a wire cutting
process and finally lapped to remove the deformed superficial layer on the tooth surface. In addition,
to secure the positional accuracy of the tool (punch/die), JIS-SKD11, which can ensure strength and
dimensional stability against heat treatment, can be used for parts such as the stripper plate, punch
plate, and die plate. Jig-grinding finish was used for drilling the relevant parts where a relative position
relationship is required to align the punch and the die and, additionally, shim tape was used to move
the die position in 1 μm unit. For blanking experiment series, a cemented carbide punch with Dp1 =

ϕ1.748 mm was combined with a cemented carbide die with an inner diameter (Dd1), such that the
clearance (CL) values between the punch and the die were 2, 0, −2, −4, and −8 μm (2%t, 0%t, −2%t,
−4%t, −8%t) respectively. At a positive clearance CL, a punch stroke greater than the plate thickness of
the workpiece is technically feasible, as aforementioned with reference to Figure 1, but at zero and
negative clearances, if the punch stroke exceeds the plate thickness, the punch and die could come
into contact with each other. Strictly speaking, since the die radius corner has actually a radius value
of 0.01 mm, the punch and die do not come into contact even if the punch stroke becomes equal to
the plate thickness. Therefore, in the actual process, the punch stroke was stopped once it was at 99%
of the plate thickness, and the remaining 1% was made into a progressive die structure that could
be removed at the next stage of the die set. The die edge was provided with a small radius portion
of R and a counter punch to suppress cracking during shearing. The plate presser force was set to
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a maximum of about 500 N using a coil spring, and the reverse presser force was set to a maximum
of about 200 N by the same method. For measuring the punch load, a load cell was provided on the
upper surface of the punch, and a load displacement diagram was obtained by measuring the slide
displacement of the press plate with a laser displacement meter. The press machine itself was not
exclusively designed for FB purposes; a general-purpose screw servo press machine (made by DT-J515
Microfabrication Research Laboratory with pressurization capacity of 50 kN) was used, in order to have
the same functions. It should be stressed here that controlling the amount of punch stroke is important
to prevent interference between the punch and the die. In this experiment, the slide displacement of
the press machine, measured with a laser displacement meter, and a load cell set on the upper surface
of the punch, could be controlled in an amount of 1 μm unit.

Table 1. Mechanical properties of work material.

Tensile Strength (MPa) 896

0.2% Proof Stress (MPa) 583

Elongation (%) 47

Table 2. Material of the tools’ composition and mechanical properties.

Composition and Mechanical Properties Punch Die

Composition WC-Co WC-Co
Hardness (HRA) 95.0 91.5

Compressive Stress (MPa) 6880 5400

Figure 1. Schematic of extrusion blanking used in the mass-production progressive die system [11].

Table 3. Blanking tool specifications.

Items Value

Clearance CL (μm) 2, 0, −2, −4, −8 (2%t, 0%t, −2%t, −4%t, −8%t)
Punch outer diameter Dp1 (mm) 1.748

Die inner diameter Dd1 (mm) 1.752, 1.748, 1.744, 1.740, 1.732
Punch outer diameter Dp2 (mm) 1.740

Die inner diameter Dd2 (mm) 1.750
Die radius Rd1 in 1st step (mm) 0.01
Die radius Rd2 in 2nd step (mm) Nearly zero

Counterpunch outer diameter Dc (mm) 1.730
Blank holder force (FB) 500N (50% of blanking force)

Counterpunch force (FC) 200N (20% of blanking force)

2.2. FEM Simulation Model and Conditions

Evaluation of the cut surface and punch load at each clearance, obtained by the aforementioned
comprehensive blanking experiments, were considered by the following three FE analysis methods.
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The first utilized the ductile fracture condition value (hereinafter referred to as damage value C) from
the maximum tensile/compressive principal stress generated in the shearing region and evaluated and
compared the cut surfaces from the blanking experiment result and the FE analysis result. The second
evaluation compared hydrostatic stress, which is one of the important parameters of FB. The third
evaluation compared the punch stress between samples. Figure 2 shows the employed finite element
simulation model, and Table 4 shows the FEM simulation conditions for this model. The analysis
model was axisymmetric, with the analysis time taken into consideration, and the commercial code
DEFORM2D (Version 11.3) was used. The punch and die are assumed to be elastic bodies, and the
number of elements is set to about 10,000. The blank holder/stripper and counter punch are assumed
to be rigid bodies. The work material is assumed to be elastoplastic, and the number of elements
is set to about 15,000. Four-node rectangular elements were generated on the tools and the work
material. As is known by the skilled persons in the shearing industry, in the deformation region around
the tool edge, the deformation is concentrated in a very narrow range, and a large distortion occurs
in the elements. Therefore, mesh size was determined by referring to the simulation results [25] in
the previous FB study, which showed the relationship between the mesh size and the clearance CL.
Specifically, the mesh size was set to about 1 μm, which is smaller than the clearance. To prevent the
interruption of analysis when an element is more deformed than the certain condition during the
analysis, a remeshing function for reproducing the element available from the relevant FE code was
applied. The remeshing condition was based on the possible depth of interference between the work
material element and the tool boundary (specifically, this interference depth was 1 μm). Incidentally,
the aforementioned FEM conditions were based on the fact that the results of the blanking experiment
and the FEM analysis were in good agreement in the previous report [12]. For the punch and die, we
selected cemented carbide (WC-15% Co) on the DEFORM2D software mentioned earlier. The material
constant of JIS SUS304, which is the work material, was determined from the flow stress–plastic strain
curve obtained from the results of the performed tensile test shown in Figure 3. The damage value C,
obtained from Cockcroft and Latham’s failure condition and expressed as Equation (1), was used to
predict the fracture in shearing; in accordance with the previous report [26], this prediction was actually
possible, where C is the damage value, σmax is the maximum principal stress, σ is the equivalent
stress, and ε is the equivalent strain. In addition, according to the prediction, cracks and fractures
that occurred during the blanking could be expressed using the element elimination method [23];
specifically, an element was eliminated when the damage value C of that element reached the fracture
critical value Ccr of 1.5 and an element with Ccr of 1.5 was connected to four or more elements. The set
critical value Ccr of 1.5 is based on the fact that the fracture start was 78% of the plate thickness in the
actual blanking experiment with a clearance CL = 2 μm The shear friction coefficient was assumed to
be 0.08, referring to the value recommended by DEFORM2D for cemented carbide dies. Although
there was concern that the friction may change significantly during the blanking process, as a result of
examining them in the report of Sasada et al. [27], it was reported that the FEM analysis agrees well
with the blanking result even if the friction coefficient was assumed to be constant.

C =

∫ ε

0

σmax

σ
dε (1)
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Figure 2. Finite Element Method simulation model (axisymmetric model).

Table 4. FEM simulation condition.

Simulation Model Axisymmetric Model

Object type

Work material: elastic-plastic
Punch/Die: elastic

Blank holder/Stripper: rigid
Counterpunch: rigid

Clearance CL (μm) 2, 0, −2, −4, −8, (2%t, 0%t, −2%t, −4%t, −8%t)

Punch outer diameter Dp (mm) 1.748

Die inner diameter Dd (mm) 1.752, 1.748, 1.744, 1.740, 1.732

Counterpunch outer diameter Dc (mm) 1.730

Work material outer diameter Dw (mm) 3.5

Tool cutting edges Rp = 0.002 mm, Rd = 0.010 mm

Blank holder force (FB) 500 N (50% of blanking force)
Counterpunch force (FC) 200 N (20% of blanking force)

Blanked material
JIS SUS304 t = 0.1 mm

Young’s modulus: 193 GPa
Poisson’s ratio: 0.3

Ductile fracture criteria Cockcroft–Latham

Fracture critical value Ccr 1.5

Shear friction coefficient (μ) 0.08

Figure 3. Flow stress–plastic strain curve.
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3. Results and Discussion

3.1. Results of Blanking Experiment

First, Figure 4 shows SEM images of the cut surface of a blanked-out product at each clearance
obtained in the blanking experiment. The percentage ratio of the cut surface at CL = 2 μm was about 16%
shear droop, 62% burnished surface, and 22% fractured surface. At CL = 0 μm and −2 μm, the ratio of
the shear droop and the fractured surface decreased, and the burnished surface ratio improved (CL = 0
μm: 13% shear droop, 77% burnished surface, and 10% fractured surface; CL = −2 μm: 12% shear droop,
78% burnished surface, and 10% fractured surface). At CL = −4 μm, the ratio of shear droop decreased
further, and the fracture surface could not be confirmed, but, as shown in the schematic diagram of
Figure 3f, shape deformation occurred along the die R (10% shear droop, 80% burnished surface, and 10%
deformation). At CL = −8 μm and CL = −4 μm, the deformation values were the same (10% shear droop,
80% burnished surface, and 10% deformation). Incidentally, we assumed that these deformations in
products and parts can be removed by the so-called barrel polishing, and products and parts can be used.
Therefore, it was clarified that by adopting CL = −4 μm or −8 μm, it is possible to obtain parts with
minimal shear droop and no fracture surface from the viewpoint of actual production.

Figure 4. SEM image cut surface of various clearance blanking. (a) CL = 2 μm; 16% shear droop, 62%
burnished surface, and 22% fractured surface, (b) CL = 0 μm; 13% shear droop, 77% burnished surface,
and 10% fractured surface, (c) CL = −2 μm; 12% shear droop, 78% burnished surface, and 10% fractured
surface, (d) CL = −4 μm; 10% shear droop, 80% burnished surface, and 10% deformation, (e) CL =
−8 μm; 10% shear droop, 80% burnished surface, and 10% deformation, (f) Schematic view of the
deformed part with CL = −4 μm and −8 μm viewed from the side.
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Next, Figure 5 shows the blanking load stroke diagram obtained from the blanking experiment.
The figure shows that the blanking load increases as clearance decreases. The shear energy obtained
from the area of the load stroke diagram, which is a parameter representing the load applied to the
punch, was increased by about 15% when CL = −8 μm compared to CL = 2 μm. A comparison of CL =
−4 μm and −8 μm, at which the full-sheared product surface was obtained, showed that the blanking
load and shear energy are lower at CL = −4 μm. Therefore, the optimum clearance obtained from the
present blanking experiment is CL = −4 μm.

Figure 5. Load–stroke curves for various clearance.

3.2. Consideration of Cut Surface Generation in Each Clearance by FEM Analysis

Figure 6 shows the results of the cut surface at each clearance obtained by FEM analysis utilized
damage value C. When the clearances were 2 μm, 0 μm, and −2 μm, the damage value C exceeded the
critical fracture value Ccr of 1.5, indicating that the elements were erased and cracks occurred, leading
to fracture. It was simulated that no fracture at the product side occurred at CL = −4 μm and −8 μm.
Furthermore, the results of FEM analysis for each clearance are very similar to those in the actual
blanking experiment; here, the damage value C is obtained from the integral value along the strain
history of the maximum principal stress, as shown in the previous Equation (1). That is, the damage
value C increases as the tensile stress in shearing (the maximum principal stress is positive) increases.
Therefore, to prevent the damage value C from becoming excessively large, it is necessary to prevent
tensile stress from acting on the shearing region as much as possible.

Therefore, we evaluated and compared the flow states of materials that are considered to affect
the stress state. Figure 7 is an enlarged view of the shear deformation area at the stage where the punch
has penetrated 70% of the plate thickness, which is the step immediately before the fracture starts,
and the difference in material flow at each clearance is shown by the flow velocity and flow direction.
The single dot and dash line in a red color, shown in the figure, is the line drawn vertically from the
punch tip, and becomes the path of the punch tip as the FEM analysis progresses. When CL = 2 μm,
the velocity, along the single dot and dash line in a red color, is almost constant and the material flows
smoothly. This means that the material of scrap is compressed by the blank holder and the material of
product is pressed by the punch penetration. Then, the tensile stresses are generated in narrow shear
deformation area. On the other hand, when the clearance goes to zero or negative, the velocity along
the single dot and dash line in red color decreases as it approaches the die. Therefore, contrary to the
case of CL = 2 μm, it is presumed that the tensile stress along the area is low.
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Figure 6. Comparison of damage value C of various clearance blanking. (a) CL = 2 μm, (b) CL = 0 μm,
(c) CL = −2 μm, (d) CL = −4 μm, (e) CL = −8 μm.

Figure 7. Comparison of material flow for 70%t punch penetration of various clearance blanking in
enlarged view of shear deformation area. (a) CL = 2 μm, (b) CL = 0 μm, (c) CL = −2 μm, (d) CL = −4 μm,
(e) CL = −8 μm.
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Similar to the comparison of material flow, the hydrostatic stress should be also discussed.
In general terms, the ductility of metals is said to improve under hydrostatic pressure [10]. However,
the stress and strain results obtained by FEM analysis are calculated on the basis of the data obtained
from the tensile test of the workpiece, so the metal ductility effect due to hydrostatic stress is not
taken into account. However, as a guideline for die design in actual manufacturing, if the hydrostatic
pressure state can be visualized, it may be useful to control the fracture surface ratio of the cut surface.
Figure 8 shows the hydrostatic stress state of each clearance when the punch penetrated 70% of
the plate thickness. As the clearance decreases, the hydrostatic stress decreases and the hydrostatic
pressure increases. For example, hydrostatic stress value in the area connecting the punch corner
and the die R corner were 0 MPa to −500 MPa at CL = 2 μm, −500 MPa to −1000 MPa at CL = 0 μm,
−1000 MPa to −1500 MPa at CL = −2 μm, −1500 MPa to −2000 MPa at CL = −4 μm, and −2000 MPa to
−2500 MPa at CL = −8 μm. It was shown that the clearance CL, at which the fracture does not occur
in the above-mentioned blanking experiment, was −4 μm or less. The FEM analysis under the given
conditions indicated that a hydrostatic stress of −1500 MPa or less is necessary. However, as mentioned
above, the metal ductility effect of hydrostatic stress is not taken into account in the FEM analysis,
so the relationship between the cut surface obtained in the punching experiment and the damage value
in the FE analysis will be verified in the future.

Figure 8. Comparison of hydrostatic stress for 70%t punch penetration of various clearance blanking.
(a) CL = 2 μm, (b) CL = 0 μm, (c) CL = −2 μm, (d) CL = −4 μm, (e) CL = −8 μm.
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3.3. FEM Analysis of the Load on the Punch Tip

Generally, the punch breaks and wears at its tip during blanking [14]. Therefore, the relationship
between clearance and the equivalent stress applied to the punch was evaluated at Point A at the
start of the tip radius portion of the punch, as shown in Figure 9. Although not shown, Point A is the
point with the highest equivalent stress in the equivalent stress distribution of the punch. Figure 10
shows the evaluation and comparison results of the aforementioned knowledge [14]. The equivalent
stress increased as the clearance decreased, and the maximum equivalent stress was 4200 MPa at CL =
2 μm when punch stroke was about 80%. The maximum equivalent stress was highest at CL = −8 μm,
reaching 4600 MPa when punch stroke was about 80%. Although not shown, the stress state was
compression. In accordance with Table 2, which showed that fracture occurs when the compressive
stress of cemented carbide reaches about 6880 MPa, in this FEM analysis, fracture compression loads of
61% and 67% were applied at CL = 2 μm and CL = −8 μm, respectively. To reduce the punch load, it is
necessary to design dies and conditions such that the hydrostatic pressure stress is −1500 MPa even
with a clearance CL = −4 μm or more. For example, the future challenge is to explore the possibility of
reducing the punch load by examining the size and shape of the die R. The breakage and wear of the
punch is most likely to occur when the punch returns from the workpiece [14]. Moreover, since the
tensile strength is lower than the compressive strength of the cemented carbide punch [28], it is also
extremely important to study the return process.

Figure 9. Stress estimation point in FEM analysis.

Figure 10. Equivalent stress at Point A at the tip of the punch for various clearances.
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4. Conclusions

The effectiveness of negative clearance was verified from the viewpoint of the cut surface and punch
load in micro component processing, where it is difficult to use so-called fine blanking. Specifically,
a comprehensive blanking experiment and FEM analysis using a commercially available code were
carried out, particularly from the viewpoint of the tool clearance conditions at narrow clearance, zero
clearance, and negative clearance in the FB processing of the austenitic stainless steel JIS SUS304, and
the following conclusions were obtained.

1. As the clearance decreases, the fractured surface of product side the cut surface decreases;
2. As the clearance decreases, the load on the punch tip increases;
3. CL = −4 μm is the optimum clearance to obtain a product side cut surface with no fracture and to

reduce the punch load.
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Abstract: Copper substrates were wrought to have micro-grooves for packaging by micro-stamping
with use of a AISI316 stainless steel micro-punch array. The micro-texture of this arrayed punch
was first tailored and compiled into CAD data. A screen film was prepared to have the tailored
micro-pattern in correspondence to the CAD data. A negative pattern to this screen was printed
directly onto the AISI316 die substrate. This substrate was plasma nitrided at 673 K for 14.4 ks.
The unprinted die surfaces were selectively nitrogen super-saturated to have sufficiently high
corrosion toughness and hardness; other surfaces were masked by the prints. The two-dimensional
micro-pattern on the screen was transformed into a three-dimensional nitrogen supersaturated
micro-texture embedded in the AISI316 die. The printed surfaces were selectively sand-blasted
to fabricate the micro-textured punch array for micro-embossing. A uniaxial compression testing
machine was utilized to describe the micro-embossing behavior in copper substrates and to investigate
how the micro-texture on the die was transcribed to the copper. The micro-punch array in this study
consisted of three closed loop heads with a width of 75 μm and a height of 120 μm after plasma
nitriding and sand-blasting. Since the nitrogen supersaturated heads had sufficient hardness against
the blasting media, the printed parts of AISI316 die were removed. The micro-embossing process
was described by comparison of the geometric configurations between the multi-punch array and the
embossed copper plate.

Keywords: packaging; copper substrate; micro-embossing; micro-textures; plasma printing;
micro-punch array; screen printing; AISI316

1. Introduction

A key technology in the plastic mold packaging of hollowed GaN high electron mobility transistor
(HEMT) chips lies in micro-joining with sufficient interfacial integrity between the copper substrate and
the plastic molds [1]. In particular, liquid crystal plastic (LCP) molds have been utilized for packaging
with sufficient gross-leak proof [2–4]. The copper substrates must have micro-textures for those plastic
molds to be joined with sufficiently high integrity of the interface strength between the LCP molds and
copper substrate.

Authors have proposed a non-traditional method to fabricate the micro-punch with the use of low
temperature plasma nitriding [5]. This plasma printing is based on the principle that a two-dimensional
micro-pattern is transformed into the three-dimensional nitrogen-embedded micro-structure to be
working as the micro-punch array heads [6]. The initial micro-pattern was directly printed onto the
stainless steel die substrate by ink-jet printing [7], screen printing [8], and maskless lithography [9].

In the present study, a micro-punch array was designed to have multi-heads with a geometric
configuration of three continuous closed loops. Tailored CAD data were first transferred to screen film
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for printing as a negative micro-pattern to these loops. This negative micro-pattern was screen-printed
onto an austenitic stainless steel AISI316 die substrate. This die substrate was plasma nitrided at
673 K for 14.4 ks to develop the two-dimensional micro-pattern into a three-dimensional nitrogen
supersaturated microstructure in the die. A micro-punch array was fabricated by mechanically
removing the printed parts of the AISI316 die. Scanning electron microscopy (SEM), electron diffractive
X-ray spectroscopy (EDX), and a non-contact three-dimensional measuring device were utilized to
describe the evolution of the nitriding-induced microstructure by element mapping and the dimensional
change, respectively. A compression testing machine was utilized to emboss the micro-punch array
into the copper substrate for micro-texturing.

2. Experimental Procedure

An AISI316 die substrate with dimensions measuring 24 mm × 12 mm × 5 mm was utilized as
a substrate material. Its surface was mirror-polished for plasma printing. The average roughness
(Ra) of the AISI316 die substrate was 0.010 μm. The plasma printing procedure was composed of
the screen printing, low-temperature plasma nitriding, blasting, and micro-embossing using a tensile
tester. The present plasma printing process consisted of three steps, as illustrated in Figure 1. First,
the negative micro-pattern of arrayed punch heads was printed as a two-dimensional mask onto a
mirror-polished AISI316 substrate (Figure 1a). Figure 1b depicts the screen-printed mask pattern.
Second, this printed substrate was plasma nitrided at 673 K for 14.4 ks to selectively super-saturate
nitrogen onto the unprinted substrate surfaces (Figure 1c). The printed surfaces were not nitrided and
maintained the same hardness as the matrix so that they could be mechanically removed with ease
from the substrate to form the multi-punch array, as shown in Figure 1d.

Figure 1. Plasma printing procedure in the present study. (a) The starting AISI316 substrate, (b) masked
substrate by screen printing, (c) nitrogen-embedded substrate by plasma nitriding, and (d) multi-punch
formed by blasting.

2.1. Screen Printing onto Die Substrate

The screen-printing system (NEWLONG, Co., Ltd., Tokyo, Japan), as shown in Figure 2,
was employed to print the CAD-designed micro-pattern onto the substrate’s surface. The three
closed loop patterns with a width of 50 μm were directly printed onto the AISI316 die surface within
the range of 19.15 mm × 8.05 mm, as depicted in Figure 3a. The details of the CAD data for three closed
loops are shown in Figure 3b. These loops were aligned to have mutual distances of 150 mm between
adjacent loops. In the following experiments, a screen with three closed loops was employed to print its
negative pattern onto the surface of the AISI316 die. Ink for screen-printing must be optimally selected
from among several candidates to have sufficient thermal resistance during plasma nitriding (at 673 K).
A polymer-based ink has the risk to diminish itself during plasma nitriding at 673 K. In practical
operations, specially formulated TiO2 ink (Teikoku Printing Inks Mfg. Co., Ltd., Tokyo, Japan), without
the use of thinning agents, was used for directly printing onto the die surface and then dried at 373 K
for 1.2 ks in air.
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Figure 2. Appearance of screen-printing system.

Figure 3. Geometry of a closed loop patterns on the CAD data. (a) General pattern of three closed loop,
(b) details of closed loop patterns.

2.2. Low-Temperature Plasma Nitriding

A high-density RF (radio frequency)/DC (direct current) plasma nitriding system (YS-Electric
Industry, Co., Ltd., Yamanashi, Japan) was utilized to selectively super-saturate nitrogen on the
unprinted substrate surfaces at 673 K for 14.4 ks at 70 Pa, as shown in Figure 4. After evacuation
down to 0.1 Pa, the nitrogen gas was introduced to pre-sputter the printed die surface for 1 ks under a
DC-bias of −600 V. After re-evacuation, the specimen was heated to 673 K under a nitrogen atmosphere
at 250 Pa. Then, the nitrogen hydrogen mixture gas was introduced with a flow rate of 160 mL/min for
the nitrogen and 30 mL/min for the hydrogen, respectively. After plasma nitriding, the specimen was
cooled in the chamber under a nitrogen atmosphere. The micro-printed AISI316 substrate surface was
fully covered by a plasma sheath with a high nitrogen ion and NH-radical densities; enough to drive
the nitrogen super-saturation at lower temperatures [5]. This selective anisotropic nitrogen-embedding
process resulted in selective hardening and selective nitrogen concentrations. The printed surface
remained as a matrix hardness, while the unprinted surfaces were selectively hardened to 1400 HV for
the AISI316 substrates, as reported in Reference [10].

 
Figure 4. Appearance of the plasma nitriding machine.
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2.3. Mechanical Blasting Process

Mechanical blasting equipment (Fuji Manufacturing Co., Ltd., Tokyo, Japan) was also employed to
selectively remove the un-nitrided parts and the masked ink from the substrate. Owing to the hardness
distribution, the nitrided areas were left as a punch head while the un-nitrided areas were completely
removed by this processing. Figure 5 depicts the blasting apparatus for manual operation. The blasting
rate was controlled by the shooting speed of the blasting media. The punch height was also varied by
duration time. In the following blasting step, fine silica particles with an average diameter of 5 μm
were utilized as the blasting medium. The shooting rate was maintained constant at 2 m/s and the
shooting angle was 60 degrees. As depicted in Figure 5b, the specimen was fixed into a jig on the
shooting stage for continuous shooting operation. The duration time was selected to be 300 s in the
experiments. According to Reference [11], the punch height reached 120 μm by blasting the printed
parts of substrate for 300 s.

 

Figure 5. Mechanical blasting equipment. (a) Overall image of blasting equipment and (b) the shooting
stage for blasting the substrates in manual operation.

2.4. Micro-Embossing Process

A precision universal testing machine AUTOGRAPH AGS-X 10 kN (SHIMADZU Corporation,
Kyoto, Japan) was utilized for micro-embossing, as shown in Figure 6a. The plasma-printed punch
array was set onto a compression test jig and embossed into the copper specimen, as shown in Figure 6b.
The compression testing conditions were as follows: The compressive velocity was constant at 0.1 mm/s
until the applied load reached maximum at 10 kN and the duration time was set at 10 s. An oxygen-free
copper plate (20 mm × 10 mm × 1 mm) was employed as a work material for this micro-embossing.
The average roughness was 0.093 μm.

Figure 6. Micro-embossing in the uniaxial compression onto the copper plates. (a) Overview of the
compression testing machine and (b) enlarged view of the micro-embossing experiment condition.

2.5. Evaluation Method for Micro-Embossed AISI316 Die Substrate

The AISI316 die substrate in each step of the plasma printing process was evaluated by a
three-dimensional measurement machine (Alicona Imajing GmbH., Graz, Austria), as well as scanning
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electron microscopy (SEM; JSDM-IT300LV, JEOL Ltd., Tokyo, Japan). Energy dispersive X-ray
spectroscopy (EDX; Pegasus, EDAX, Inc., Tokyo, Japan) was utilized for fine element mapping.

3. Experimental Results

The plasma printing procedure in Figure 1 was put into practice to shape the micro-punch
array with three continuous closed loop heads for micro-embossing. A selective nitrogen embedding
process using low temperature plasma nitriding was described as an essential step for plasma printing.
Secondly, the micro-punch array with three continuous closed loop heads was fabricated using
sand-blasting. This micro-punch was embossed into copper plates to demonstrate that plasma printing
should work as an effective tool to make micro-textures in copper substrates for packaging.

3.1. Selective Nitrogen Embedding

The micro-patterned AISI316 die was plasma nitrided at 673 K for 14.4 ks at 70 Pa to demonstrate
that nitrogen solutes were homogeneously embedded in the unprinted areas. Figure 7 shows a SEM
image of the nitrided AISI316 die before removing the printed masks from the die surface. Three
continuous closed loops were seen on the AISI316 surface and were metallic and shining while other
areas were still covered by masks. The average width of the three closed loops from W1 to W3 was
90 μm. There were three closed loop width differences between the CAD-designed 50 μm and the
demonstrated 90 μm. This phenomenon suggested that the polymer-based ink was diminished during
plasma nitriding.

Figure 7. SEM image of the plasma nitrided AISI316 die at 673 K for 14.4 ks before removal of the
masks. Three continuous closed loops were seen as three lines and the average width of lines from W1

to W3 is 90 μm.

SEM–EDX was utilized to describe element mapping on the nitrided AISI316. As shown in
Figure 8, both titanium (Figure 8a) and oxygen (Figure 8b) are present on the AISI316 die surface,
except for on the three lines. The surface other than the three lines were still covered by the TiO2 ink.
While the iron (Figure 8c), the chromium (Figure 8d), and nickel (Figure 8e) were only detected on the
three lined areas. That is, the three lines were a part of the bare AISI316 matrix without TiO2 masks.
Nitrogen (Figure 8f) was uniformly detected on the whole AISI316 die surface. This proves that the
masked AISI316 die was uniformly covered by the plasma sheath and homogeneously nitrided under
high nitrogen ion density conditions in plasmas.
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Figure 8. Element mapping analyzed by SEM–energy dispersive X-ray spectroscopy (EDX) for the
nitrided AISI316 substrate. (a) Titanium, (b) oxygen, (c) iron, (d) chromium, (e) nickel, and (f) nitrogen.

3.2. Fabrication of Micro-Punch Array

Sand-blasting was utilized to mechanically remove the unnitrided parts from the AISI316 surfaces,
as well as the TiO2 masks. Figure 9 depicts the micro-punch array with three continuous closed loop
heads. Figure 10 shows an enlarged SEM image and height distributions. The height distribution and
surface roughness distribution of the multi-punch array was measured at line A–A’ and line B–B’. From
Figure 10b, the average height of three closed loop punch reached to the 117 μm. These punches have
sharp edge shoulders. The average punch width reached 75 μm at the height position in Figure 10b.
The surface roughness in line B–B’ with the length of 100 μm, was measured by using the cutoff value
20 μm. After JIS B 0601, it reached Ra 0.035 μm.

Figure 9. Micro-textured AISI316 micro-punch array with three continuous closed loop heads on
the surface.
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(a) (b) 

Figure 10. Enlarged SEM image and height distribution of the multi-punch array. (a) Enlarged SEM
image of micro-textured AISI316 micro-punch array, (b) height distribution of the multi-punch array
measured along the line A–A’. The average punch width at 90 μm height position is 75 μm and the
average punch height is 117 μm.

The whole masked and unnitrided AISI 316 parts were removed to leave the three loop heads.
Figure 11 depicts an SEM image of three loop punch heads and their nitrogen mapping. AISI316
surfaces were removed into the depth by the sand-blasting. This is because the unprinted surfaces were
selectively nitrogen-embedded up to a nitrogen content of 4 to 5 mass% and solid-solution hardened
not to be mechanically blasted.

Figure 11. SEM image and nitrogen mapping on the micro-punch heads with three continuous closed
loops. (a) SEM image and (b) nitrogen mapping.

3.3. Micro-Embossing into Copper Substrates

The micro-punch in Figure 9 was utilized for micro-embossing process by a Uniaxial compression
testing machine. Figure 12 shows the micro-embossed oxygen-free copper substrate for thermal
spreading in the package of hollowed GaN chips. Three continuous closed grooves were formed in the
copper substrate to surround its center part for packaging the hollowed GaN chips. Three continuous
loop punch heads corresponded to the three closed loop grooves.

Figure 13a shows an SEM image of the three loop grooves at the corner of the copper substrate.
Figure 13b depicts the surface profile of the cross-section along the C–C’ in Figure 13a. The average
width of the micro grooves was 58 μm at a measurement depth of 20 μm and a depth of the micro
grooves of 35 μm. Three continuous closed loop heads with a line width of 75 μm and height of 117 μm
formed the three continuous micro-grooves, with a width of 58 μm and depth of 35 μm through this
micro-embossing process at a 10-kN compression load. The difference the between line widths of
the three continuous closed loop heads and the embossed three continuous micro-grooves was not
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considered due to elastic deformation. The surface roughness in line D–D’ with the length of 100 μm,
reached Ra = 0.126 mm by using the cutoff value of 20 μm after JIS B 0601 reached Ra 0.126 μm.

Figure 12. Oxygen-free copper substrate for thermal spreading in the package of hollowed GaN chips
after micro-embossing.

 
(a) (b) 

Figure 13. Enlarged SEM image and depth distribution of the micro-embossed oxygen-free copper
substrate. (a) Enlarged SEM image of micro-embossed oxygen-free copper substrate, (b) depth
distribution of the micro-embossed oxygen-free copper substrate measured along the line C–C’.
The average micro-emboss width at a depth of 20 μm is 58 μm and the average micro-embossing depth
is 35 μm.

4. Discussion

A micro-milling process was employed to compare the processing time for the fabrication of the
same three closed loop AISI316 punch array as that made by the present plasma printing process.
A milling tool with a diameter of 10 μm was prepared to achieve fine corner curvatures of the
micro-cavities in Figures 3 and 10b. The average machining speed, cutting depth, as well as cutting
distance of a single cutting layer were assumed to be 5 mm/s, 5 μm, and 8 μm, respectively, without
fracture of the thin milling tools. The milling time to remove the three closed loop areas of 18 mm ×
6.5 mm × 0.1 mm and 19.5 mm × 6.5 mm × 0.1 mm was 7 h. In addition, a conventional punch needs
heat treatment and required 8 h after the milling process. Including the takt time taken to prepare
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the computer aided machining (CAM) data for micro-milling, the practical takt time was nearly 2 h.
The present plasma printing required only 10 min at most for screen printing, 5 h for plasma nitriding,
including heating and cooling, and 5 min for set-up and blasting. No CAM data were necessary since
the CAD data were reflected on the screen. This comparison proves the superiority of plasma printing
for fabrication of micro-punch arrays for precision mechanical milling processes.

Picosecond laser machining, as well as fiber–laser machining, have been utilized for the formation
of micro-groove textures in each copper plate [12]. On the other hand, a micro-grooved copper
substrate was fabricated by micro-embossing the plasma-printed punch. The same multi-arrayed
punch, was repeatedly utilized for a series of stamping operations to yield the demanded number
of copper substrates for packaging. This takt time was reduced to 10 s, including the setting and
stamping durations.

The takt time for the production of the micro-textured copper with comparison to the picosecond
laser machining to make a micro-grooved copper plate was as follows. In laser micromachining with a
beam spot diameter of 50 μm and repetitive frequency higher than 10 MHz [13], the takt time per path
for machining a single line down to a depth of 5 μm was only 1 s, including the on/off operation and
beam positioning control. Assuming that no adjustment is needed to form the sharp corners of two
crossing micro-grooves, the takt time is estimated to be: (1 s) × (12 lines for three micro-grooves) ×
(7 paths by 35 μm/5 μm) × (double paths for formation of groove side surfaces) = 168 s. Total takt time
to complete three closed micro-grooves into the copper substrate was reduced by 1/17 by using the
present stamping approach.

Microgroove textures for joining must be tailored to have geometric compatibility to the substrate
size and chip allocation on the substrate. When using laser machining, more takt time is necessary to
prepare for CAM data and for actual machining operations. The present plasma printing process has
the intrinsic flexibility to transcribe a tailored micropattern to the multi-punch array on the die unit for
micro-embossing the microgroove textures onto the copper substrate without increasing the takt time
of production. Furthermore, this nitrided multi-punch array has sufficient hardness to prolong the die
life in practical micro-embossing operations.

5. Conclusions

Plasma printing was successfully applied to fabricate a micro-punch array with three continuous
closed loop heads. Three loops with a line width of 75 μm and a height of 117 μm were accurately
micro-embossed into an oxygen-free copper substrate to form three continuous closed micro-grooves.
These microgrooves work as a key-wedge for micro-joining between the copper substrate and plastic
molds in packaging. This plasma printing can be utilized to fabricate tailored three-dimensional
micro-textures and to improve interfacial integrity in packaging.

This plasma printing has sufficient flexibility to form any complex-shaped micro-groove network
into copper-alloy base substrates for plastic packaging. Different from precision mechanical milling,
there is no increase in takt time since the plasma printing procedure is indifferent to the complexity
of a micro-grooving network. No CAM data are necessary to transform the geometric model in
CAD to a three-dimensional punch array. The dimensional accuracy, as well as geometrical topology,
are preserved by screen printing and the selective nitrogen supersaturation. Micro-embossing to form
the micro-groove network in the substrate, with use of CNC (Computer Numerically Controlled)
stamping, requires much less takt time than needed for short-pulse laser machining to each substrate.
In particular, the present process is favored for mass production of substrates for plastic mold packaging.
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Abstract: Nickel-based superalloys are being increasingly applied to manufacture components
in the aviation industry. The materials are classified as difficult-to-machine using conventional
methods. Nowadays, manufacturing techniques are needed to drill high aspect ratio holes of above
20:1 (depth-to-diameter ratio) in these materials. One of the most effective methods of making
high-aspect-ratio holes is electrical discharge drilling (EDD). While drilling high aspect ratio holes,
a crucial issue is the flushing of the gap area and the evacuation of the erosion products. The use
of deionized water as the dielectric fluid in the EDD offers a considerable potential. This paper
includes an analysis of the influence of the machining parameters (pulse time, current amplitude and
discharge voltage) on the process performance (drilling speed, linear tool wear, taper angle, hole’s
aspect ratio, side gap thickness), during the EDD with the use of deionized water in the Inconel
718 alloy. The obtained through holes were subjected to the extended analysis. The impact of the
initial working fluid temperature and pressure on the conditions of the flow through the electrode
channel was also subjected to the analysis. The deionized water properties were changed by applying
an initial temperature. Based on the results of an analysis of the previous research, the EDD of the
through holes was performed for a pre-set initial temperature (~313.15 ◦K) and initial pressure of the
working fluid (8 MPa) and selected process parameters. An analysis of the results indicates increasing
of hole’s aspect ratio by about 15% (above 30), decreasing the side gap thickness by about 40% and
enhanced surface integrity.

Keywords: difficult-to-cut material; Inconel 718 alloy; micro-drilling; EDM; aspect ratio hole;
deionized water

1. Introduction

Nickel-based superalloys, such as Inconel 718, play an increasingly important role in the
development and manufacture of aircraft engines components (such as turbine blades, guide vanes).
The industrial use of Inconel 718 alloy started in 1965; hence, it is a relatively recent alloy. The Inconel 718
alloy is characterized by excellent mechanical properties, excellent resistance to creep at temperatures
up to 973 ◦K, and corrosion and oxidation resistance in aggressive environments [1].

The major alloyed composition of the material includes Ni and Cr. Additionally, in the chemical
composition, elements such as Al, Ti, Nb, Co, Cu and W occur. Fe can also be added in amounts
ranging from 1% to 20% [1]. The alloy elements such as Ni and Cr provide the corrosion resistance
of the Inconel 718 and crystallize as a γ phase (the precipitation fine hard and dispersed precipitates,
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i.e., γ′ and γ”). The added Ni element forms hardening precipitates γ” (Ni3Nb, a body centered
tetragonal metastable phase). On the other hand, Ti and Al participate in order to form of intermetallic
γ′ (Ni3 (Ti, Al), simple cubic crystal). The added C element participates in the forming of MC carbides
(M = Ti or Nb), but the C content must be low enough to enable Nb and Ti precipitation in the form
of γ′ and γ” particles. In addition, Mo is often the content element of the material increasing the
mechanical resistance by solid solution hardening [1,2]. In order to obtain high mechanical properties,
the alloy is subjected to heat treatment. It involves annealing in the temperature range of 1273–1473 ◦K
for 1 hour with cooling in water with subsequent aging in the temperature range from 923 to 1173 ◦K
in order to separate the coherent phases γ′ and γ”, which are responsible for high hardness and alloy
strength [3]. Too low annealing temperature may lead to the formation of undesirable NbC, δ-Ni3Nb
and Laves phases, resulting in reduced plasticity, fatigue and creep properties [4]. The high hardness
of the alloy (average hardness 414 Hv) combined with the low thermal conductivity (11.4 W/(m·◦K)) is
the cause of problems during machining [5].

Due to extremely tough nature (such as lower thermal conductivity, high work hardening, presence
of abrasive carbide particles, high hardness, affinity to react with tool material, high toughness) of
the Inconel 718 superalloy, the making of high aspect ratio holes in its structure involves significant
difficulties in the case of conventional machining [5,6]. In order to overcome the limitations, the
aerospace industry currently applies non-conventional methods such as electrochemical machining
(ECM), laser beam machining (LBM) and electrical discharge machining (EDM) to produce micro-scale
cooling holes in superalloy materials [7].

In modern gas turbine engines, in order to improve the turbine’s operating efficiency, a high
temperature of the gas before the turbine (in the range of 823.15–1373.15 ◦K) is applied, which decreases
the components’ resistance. To enhance the additional resistance of these materials of components
into high temperature, a considerable number of holes (20,000–40,000) with a diameter in the range of
0.3–5 mm and an aspect ratio in the range of (40–600):1 (depth-to-diameter ratio) are made in their
structure [5,8–10]. The main task of the holes (named “cooling holes”) is to reduce the temperature of
the component material by flow of the cooling factor (gas or liquid) through the holes [7]. The efficiency
of the cooling process depends on the dimensional shape accuracy and the quality of the holes’ inner
surface. One of the most effective methods of drilling high aspect ratio holes in the nickel-based
superalloys is electrical discharge drilling (EDD) [11,12].

1.1. Electrical Discharge Drilling Process (EDD)

In the EDD process, the allowance is removed through electrical discharges that occur between
two electrodes (one of the electrodes being the workpiece and the other one the tool) in a narrow gap
(~μm) filled with the working fluid, and the forces occurring between the tool and the workpiece
surface are negligible or do not occur. The transformation of electrical energy into thermal energy
leads to the vaporization and melting of the material of the workpiece and of the tool electrode [13–15].
Due to the presence of high temperature (about 10,000 ◦K) in the machining zone, the quality of the
machined surface is unsatisfactory because of the occurrence of erosion micro-craters, re-solidified
material, heat affected zone and white layer (recast layer) involving micro-cracks and residual tensile
stresses [16–18]. A disadvantage of the process is also a low material removal rate and high tool wear
reaching above 50% [19]. However, the process of electrical discharge drilling offers the possibility of
making burr-free holes with high-precision (accuracy of <5 μm) in a range of materials regardless of
their hardness as long as the material is electrically conductive. Typical drilled hole diameters are in
the range of 0.008–0.5 mm and are characterized by a depth-to-diameter ratio of 20:1 or higher [19–21].

In the electrical discharge process, the materials usually selected for making tool electrodes are
copper, bronze, zinc, tungsten, graphite. The chosen tool electrode should provide criteria such as
being good conductor, high electrode resistance to wear, machinability, enough surface roughness.
To provide these criteria, the commonly materials to make tool electrode are copper and graphite [22,23].
In the case of electrical discharge drilling of deep holes in Inconel 718, a copper tube-electrode is
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more appropriate providing high material removal rate and low surface roughness [24]. The tool
electrode made of copper is characterized by a high electrical conductivity (up to 60.9 MS/m) and a
high thermal conductivity (388 W/(m·◦K)), which are the properties needed in materials used to make
tool electrodes in the EDD process. However, when deionized water (consisting of hydrogen and
oxygen) is used as working fluid, the conditions of high temperature at the hole bottom can contribute
to form a passive layer on the surface of the cooper tool electrode and machined surface of the Inconel
718 alloy. In addition, hydrogen penetrating the structure of copper material reduces the amount of
oxides. On the other hand, water vapor forming into the copper structure influences high pressure,
which can cause cracks in the material structure. In the case of the workpiece, the content of Cr in the
Inconel 718 alloy structure should provide the oxidation resistance at high temperature conditions [25].

In the EDD process, the making of high aspect ratio holes is a challenge due to the difficulties
involved in removing the process products such as debris and gas bubbles from the gap area (especially
if the drilling hole is deep) [26–28]. Consequently, the debris accumulates at the hole bottom leading to
the occurrence of abnormal/secondary discharges (such as arc and/or short circuits) between the debris
and the sidewall of the hole. In the result, a poor surface quality (increased roughness parameters
Ra and Rz), decreased hole accuracy and machining speed, excessive tool wear, decreased gap area
occur [14,26,27,29,30]. Abnormal discharges can also occur in the corner of the hole bottom. In [31],
the analysis of experimental research shows that the crack density is higher at the edge of the hole
bottom, which may attest to the occurrence of secondary discharges in the zone. Secondary discharges
also cause an excessive wear of the electrode’s tip edge [21,32–34].

In addition, due to secondary discharges, unremoved and re-melted debris starts to attach and
accumulate on the electrode’s surface. Then, electrical discharges can occur between the re-solidified
debris on the electrode’s surface and the hole wall. In [21], the measurements of the tool electrode after
drilling show an increase in the electrode’s diameter by about 38 μm. This can affect the decrease of
the side gap thickness and contribute to difficulties of the working fluid flowing outside of the hole
thus decreasing the process stability. In [35], the authors also analyze the attachment of the debris to
the electrode. The attachment of the debris takes place in the central region of the electrode’s tip, with
a smaller amount at the tip’s edge. It suggests that the mechanism of attachment involves re-melting
of the debris and does not occur randomly from the dielectric.

Previous papers concerning the experimental research into the EDD process emphasize the
significance of efficient flushing of the gap zone [20,32,36]. Generally, a crucial role in the EDD process
is played by the working fluid as a flushing agent, which cools the material of both electrodes (also
remelted debris) and removes the machining particles from the discharge gap. However, efficient
flushing often requires additional fixtures or adjustment of the machine. It is worth underlining that
the properties of the working fluid such as electric conductivity and viscosity can substantially affect
the working fluid flow, machining efficiency, electrode wear and recast layer thickness [18,37].

1.2. The Working Fluid Flow through the Electrode Channel and the Interelectrode Gap

The process efficiency depends strongly on the removal of the eroded particles, which is highly
influenced by the flushing and thus the rate of the flow of the working fluid out of the hole. Flushing
affects the quality of the drilled holes (dimensional and shape accuracy, low roughness parameters
of the inside of the hole’s surface), process performance, electrode tool wear. In [38,39], the authors
highlighted the fundamental role of the flushing system during the drilling of holes. Efficient gap zone
flushing constitutes the main factor ensuring stability of the EDD process, especially in the case of
drilling high aspect ratio holes.

The flushing efficiency can depend on the length and the inside shape (single-channel,
multi-channel) of the electrode tool [40] and the working fluid’s initial pressure [38]. The dielectric
fluid’s pressure affects the increase in the metal removal rate (MRR) and the reduction of the surface
roughness. In [14], the analysis of the research results shows that the optimum volumetric flow rate
can ensure a constant interelectrode gap, which can decrease the number of secondary discharges.
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The application of a high-volumetric flow rate (25 l/h) decreases the electrode tool wear due to
appropriate cooling of the electrode material and sufficient removal of the debris from the gap.
The electrode’s diameter can also affect the kind of flow conditions in the electrode channel and the
gap area. For the outer diameter of 0.5 mm of the tube-electrode, the laminar flow conditions in
circular tube are considered. With the diameter of 1.0 mm, turbulent flow of the working fluid can
take place. In addition, an analysis of the results proves that the simple cylindrical flushing channel
inside of the electrode provides the best flow performance. The single-channel electrode provides
comparatively better removal rates of the erosion products and a lower electrode wear ratio than
multi-channel electrodes.

To analyze the flushing, the simulations were also performed. In [41], a mathematical model
was developed that considers tool movement in a solid–liquid two-phase gap flow field and a 3D
model to simulate the tool movement and debris generation. The analysis of the results of the model
developed shows that with an increase in the flushing velocity, the fluid at the bottom collects more
debris. In addition, the fluid flow is limited. The inner diameters of tube (single- or multi-channel)
electrodes with a diameter of under 1.0 mm are too small to ensure effective gap flushing.

There are several flushing methods such as internal, external, suction-assisted flushing, flushing
with different electrode movements or vibration- supported flushing [36]. However, external flushing
can contribute to the vibration of a thin and long electrode [21].

1.3. Significance of the Working Fluid in the EDM Process

In electrical discharge machining, the application of deionized water as dielectric fluid indicates
considerable potential since it can be treated as slightly conductive electrolyte, and electrodischarge
erosion is accompanied by electrochemical dissolution [16,42]. The reaction of electrochemical
dissolutions is possible due to resistivity of deionized water ranging widely between 0.1 and 10 MΩ cm
based on its purity [43].

The EDM with the use of deionized water is often termed as a hybrid process of simultaneous
Electrical Discharge and Electrochemical Machining (SEDCM) or Electrochemical Discharge Machining
(ECDM). A major advantage of the process is the removal of the material by simultaneous interaction
of electrochemical dissolution and electrical discharges in a single impulse [44]. The electrochemical
dissolution improves the process performance (the maximum material removal rate in deionized water
can be about 2.5 to 3 times faster) and reduces the tool electrode wear (the tool wear can be reduced
up to 96%), in comparison to the application of oil-based dielectric [45]. The electrochemical reaction
also enhances the quality of the machined surface by removing erosion micro-craters and re-solidified
material on the rim [16,42]. After the EDM with the use of deionized water, micro-parts with a surface
roughness parameter of Ra = 22 nm [16] and Ra = 12–43 nm were obtained [43]. Additionally, an
analysis of the results of the EDM with the use of deionized water in the Inconel 718 alloy shows
that the recast layer thickness can be reduced to the average thickness of 3–8 μm [18]. Overall, for
machining efficiency and machined surface quality, deionized water is a better dielectric for electrical
discharge machining of nickel-based superalloys.

In the case of reinforced electrochemical dissolution, the machined surface can be damaged,
and the dimensional and shape accuracy of the hole can decrease [16,42–46]. In [45], the authors
analyze the influence of deionized water on the dimensional accuracy of the machined parts. When
applying low resistivity (of about 0.1 MΩ cm), the machined micro-column is tapered due to excessive
electrochemical dissolution. The increase in resistivity of up to 12 MΩ cm reduces the tapered shaped
of the column. This is because the high resistivity of water reduces the discharging distance and
suppressed electrochemical dissolution. In addition, as the resistivity of deionized water decreases,
the amount of oxidized materials increases. The oxidized material is experimentally proven to be
nonconductive, and hence, there is no effect on the machining process. The similar results were
determined in [47]. On the other hand, in [42], the high-frequency bipolar pulse generator that is
applied offers the possibility of drilling micro-holes in deionized water without electrolytic corrosion
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of the surface near the hole top. In addition, the hole’s inner surface is improved (surface roughness
Ra = 0.105 μm) due to a small amount of electrochemical dissolution.

The material chemical composition of the surface after the EDM process using deionized water
was analyzed [43]. The analysis of the chemical composition material of the machined surface proves
the existence of two defined zones: crater zone and crater-free zone. For the crater zone, the occurrence
is noted of 4.12% of the oxygen element and 12.62% of the carbon element on the surface. The carbon
element results from deposition of debris particles on the machined surface. The oxygen element stems
from the rapid oxidation of the material with the coexistence of high temperature in the plasma channel
and oxygen gas disassociated from the deionized water. For the crater-free zone, the oxygen and carbon
elements are reduced considerably (from 4.12% to 2.31% and from 12.62% to 9.99%, respectively).
These changes probably result from the dissolution of the material from the machined surface through
electrochemical reaction.

In the EDM process, it is worth underlining the significance of the temperature conditions
occurring in the gap area. When using deionized water as working fluid, the bubbles are much smaller,
while a single bubble is formed in the oil. Small bubbles move faster and do not significantly interfere
with the erosion process [28,40]. In addition, the area proportion of the bubbles in the discharge gap
is smaller in deionized water than in oil [28]. An analysis of the bubbles’ movement shows that an
increase in the bubbles’ diameter is observed with an increase in the depth of the hole. This may lead
to an increase in the bubble occupancy in the gap area and the weakening of the insulation strength
of the dielectric liquid because, in general, the insulation strength of gas is much smaller than that
of liquid [48]. The bubbles’ movements are also investigated in [29,49]. This analysis shows that at
the beginning of consecutive pulse discharges, the bubbles rapidly remove the debris from the gap
bottom. As the discharging continues, the bubbles’ ability to remove the debris weakens resulting in
debris aggregation at the gap bottom and thus unstable machining [49]. In [29], the authors consider
that the presence of bubbles increases the evacuation of eroded particles. If the kinematic viscosity of
the dielectric fluid increases, the jump efficiency (defined as the ratio of the eroded particle number
out the gaps at the end of the jump to the jump time) decreases, and a smaller number of particles is
removed. However, the change of deionized water properties is not related to the value of dielectric
fluid temperature, but in [21,29], the authors consider that the gaseous bubbles generated by the
secondary discharges push the debris further along the axis of the electrode’s feed. Most of the debris
is eventually driven out of the hole due to secondary discharges. In addition, the accumulated gas
bubbles at the hole bottom can prevent electrochemical reaction [43].

The kind of working fluid also influences the process of forming the bubble around the plasma
channel. As a result of a single impulse discharge, the molecules, atoms, ions and electrons formed as
a result of evaporation, dissociation and ionization of the working liquid and the electrode material
are compressed in a small bubble around the plasma channel [28]. The bubble diameter increases
radially and peaks when the pressure inside the bubble reaches its minimum after the finished electrical
discharge. Then, the bubble diameter is compressed to the initial diameter. In reality, the dielectric
fluid viscosity results in the damping of the bubble diameter increase. It is noted that the bubble
diameters in deionized water and oil are almost the same at the beginning of the diameter increase.
After the damping, the bubble volume is significantly smaller in water than in oil. The reason factor
is gas components of the bubble generated in oil, that is, gaseous hydrogen and hydrocarbon gases
(such as methane, ethane, and acetylene), which are dissociated gases of hydrocarbon oil and cannot
be recombined. The bubbles generated in deionized water are mainly composed of hydrogen and
oxygen, which can be reversibly recombined into water. In addition, the damping coefficient in oil is
higher than that in water, which is affected by the higher fluid viscosity in oil (2.4 × 10−3 Pa·s) than in
water (1.0 × 10−3 Pa·s). In [50], authors also consider that the viscosity of the working fluid in the EDD
process is relevant. The obtained results show that a low viscosity enables more effective flushing of
the debris.
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The above analysis of the papers shows a significant potential of the EDM process with the use of
deionized water as working fluid, particularly for drilling high aspect ratio holes in difficult-to-cut
materials. Using deionized water in the process improves the process performance (such as material
removal rate, tool wear, surface roughness) and hole accuracy. In the EDD process, the influence of the
deionized water properties on the process should be subjected to a more extensive analysis. Properties
such as density, viscosity and electrical conductivity can have a major effect on the working fluid flow
through the gap area and removal of erosion products. The change of the deionized water properties,
especially the electrical conductivity, can contribute to remove an allowance in the similar range of
ECM and EDM during the single pulse duration. The increase of the electrical conductivity can be
influenced by the applied initial temperature of deionized water. The complexity of the phenomena
occurring in the gap area during the process indicates the need for further experimental research.

This paper presents an analysis of the results of experimental research involving electrical
discharge drilling (EDD) of aspect ratio holes in the Inconel 718 alloy with the use of deionized water
as the dielectric fluid. The aim of the research was to check the impact of the properties of deionized
water, such as electrical conductivity, and the working-fluid pressure on the process performance,
dimensional and shape accuracy and inner surface integrity of the holes. The properties of deionized
water were changed by applying an initial temperature of the deionized water.

The first part of the experimental research comprised an analysis of the impact of the process
parameters (pulse time, current amplitude and discharge voltage) on process performance. The process
performance was investigated in terms of linear tool wear, drilling speed and the accuracy of the holes
(such as taper angle, aspect ratio of hole, side gap thickness). In order to examine the relationship
between the process parameters and performance criteria, Analysis of Variance (ANOVA) techniques
were applied. The process of drilling the holes was done on a sample consisting of two parts.
The drilling was carried out at the junction of the sample parts. Once the parts of the sample were
separated, an analysis of the dimensional and shape accuracy and quality of the inner hole surface
was carried out. During the next part of the experiments, the impact of the initial temperature and
the initial pressure of the deionized water onto the gap area on the conditions of fluid flow via the
electrode channel on the volumetric flow rate and the Reynolds number was checked. The obtained
through holes were subjected to the extensive analysis. Based on the previous series of experiments,
the EDD of through holes for selected initial working fluid temperatures and pressure and selected
optimum machining parameters was performed.

2. Materials and Methods

2.1. Materials

The Inconel 718 alloy was used as the workpiece material and a tube-electrode was the tool
(single-channel, made of copper) (Figure 1a). A special sample consisting of two parts was designed
and produced as the workpiece for the purpose of the experimental test. The holes were drilled at the
junction of the sample parts (Figure 1b). The chemical composition and the main physical-mechanical
properties of the electrode material are presented in Tables 1 and 2, respectively.

 

 

(a) (b) 

Figure 1. (a) Tool electrode tip and (b) photograph of the sample; hd—the maximum drilling depth.
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Table 1. Chemical composition of Inconel 718 (wt. %).

Ni Cr Fe Nb Mo Ti Al Co Mn C Si P

50.0–55.0 17.0–21.0 Balance 4.75–5.5 2.8–3.3 0.65–1.15 0.2–0.8 <1.0 <0.35 <0.08 <0.35 <0.015

Table 2. Physical and mechanical properties of the workpiece and of the electrode material, for
T = 298.15 ◦K and T = 291.15 ◦K, respectively [51–54].

Property Workpiece Tool

Density, (kg/m3) 8190 8960
Heat capacity, (J/(kg ◦K)) 435 385

Thermal conductivity, (W/(m ◦K)) 8.9 388
Melting temperature range, (◦K) 1533–1609 1338–1356

2.2. Experimental Procedure

First, electrical discharge drilling of deep holes was carried out on the experimental test stand
shown in Figure 2a. In order to avoid problems with the drilling of through holes, an additional
technological pad was applied on the underside of the sample (the thickness of the pad was 0.5 mm).
In addition, to minimize the impact of electrode vibrations and the clamping eccentricity on the drilling
process, an electrode guide system was applied (Figure 2b). The aim of the experimental research was
to examine the influence of selected machining parameters on the dimensional accuracy of the hole,
the machining efficiency and the tool electrode wear. Table 3 presents the data on the drilling process,
and Table 4 shows the adopted ranges of values. The experiments were performed according to the
theory of carrying out an experiment with the use of a three-level rotatable research plan that included
20 experimental tests, with six repetitions in the research plan center. The results of the experiments
are shown in Table 5. The statistical techniques such as Analysis of Variance (ANOVA) were applied to
investigate the relationship between the input and output parameters.

  
(a) (b) 

Figure 2. (a) Photograph of the test stand and (b) the experimental setup of the electrode guiding system.

Table 3. Machining parameters.

Input Parameters Output Parameters

Pulse time, ti (μs) Drilling speed, v (μm/s)
Current amplitude, I (A) Linear tool wear, TW (%)

Discharge voltage amplitude, U (V) Taper angle, tapα
Aspect ratio hole, AR

Side gap thickness, Sb (μm)
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Table 4. Process parameters and their levels.

Coded
Parameter

Real
Parameter

Level

1 2 3

X1 U (V) 80 100 120

1 2 3 4 5

X2 ti (μs) 100 282 550 818 999
X3 I (A) 3 3.33 3.83 4.32 4.65

Table 5. Research plan and the results of the experiments.

Experiment
No.

X1 X2 X3 U (V) ti (μs) I (A)
v

(μm/s)
TW (%) tapα AR Sb (μm)

1 1 2 2 80 282 3.33 6.69 39.27 −0.00313 25 102
2 1 2 4 80 282 4.32 8.89 51.58 −0.00446 28 128
3 1 4 2 80 818 3.33 5.92 54.95 −0.00247 22 122
4 1 4 4 80 818 4.32 7.90 81.54 −0.00593 26 121
5 3 2 2 120 282 3.33 8.79 45.68 −0.00767 29 120
6 3 2 4 120 282 4.32 12.56 52.70 −0.00903 27 130
7 3 4 2 120 818 3.33 6.62 22.86 −0.0026 24 127
8 3 4 4 120 818 4.32 9.33 73.55 −0.00933 26 129
9 1 3 3 80 550 3.83 7.81 47.30 −0.0036 27 103

10 3 3 3 120 550 3.83 9.06 49.61 −0.00409 31 120
11 2 1 3 100 100 3.83 8.65 39.46 −0.00872 29 89
12 2 5 3 100 999 3.83 7.55 72.08 −0.00424 27 119
13 2 3 1 100 550 3.00 7.37 33.99 −0.00123 31 111
14 2 3 5 100 550 4.65 12.27 51.44 −0.01208 25 139
15 2 3 3 100 550 3.83 7.87 48.90 −0.00456 29 94
16 2 3 3 100 550 3.83 7.94 50.72 −0.00436 29 96
17 2 3 3 100 550 3.83 8.06 55.09 −0.00227 30 107
18 2 3 3 100 550 3.83 8.76 55.10 −0.00188 30 111
19 2 3 3 100 550 3.83 8.43 56.07 −0.00521 29 115
20 2 3 3 100 550 3.83 8.16 53.70 −0.00215 29 112

The following constant parameters were assumed: initial interelectrode gap thickness (S0 = 50 μm),
inlet dielectric fluid pressure (p = 8 MPa), rotational speed of the clamp and the electrode (n = 400 rpm),
drilling time of each hole (tdrilling = 45 min), pulse off time (toff = ti) and deionized water as the dielectric
fluid. Before each experiment was started, the temperature T (T = 297.15–316.15 ◦K) and the electrical
conductivity κ of the deionized water were measured (κ = 3.8–6.8 μS/cm). The dielectric fluid was
flushed down to the gap zone through the interior hole of the tube (Figure 3).

Figure 3. The scheme of the electrical discharge drilling (EDD) process.

Measurements of the diameters along the hole’s depth were performed (five for each diameter) with
the use of the K-401 stereo microscope with a Common Main Objective (CMO) Infinity optical system
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(Motic, Richmond, Canada) and equipped with a Moticam 2300 digital camera with MoticImages Plus
system (Motic, Richmond, Canada).

The difference between the relevant diameters of the two parts of sample was in the range
20–40 μm, and the calculated radius deviation of the tool electrode was 0.01 mm ((Dtool guide − Dtool)/2,
Dtool guide—inner diameter of the ceramic tool guide and Dtool—outer diameter of the tool electrode).
The above factors allowed the assumption of symmetrically drilled holes.

The drilling speed v is calculated from the following equation:

v = h/tdrilling, (1)

where h is the hole depth, and tdrilling is the drilling time.
The linear tool wear TW is calculated according to the formula:

TW = (htool/h)·100%, (2)

where htool is the shortening of the electrode.
The aspect ratio hole AR is given by the following equation:

AR = h/Daverage, (3)

where Daverage = (Dtop + Dbottom)/2 is the average of the hole diameters, Dtop is the average top diameter,
and Dbottom is the average bottom diameter (values of Dtop and Dbottom are the mean values from five
measurements).

The taper angle tapα is calculated from the following equation:

tapα = (Dtop - Dbottom)/2h. (4)

The side gap thickness Sb is calculated according to the formula:

Sb = (Dtop - Dtool)/2. (5)

2.3. Experimental Procedure for the Flow of the Deionized Water through the Electrode Channel

The second part of experimental research included an analysis of the working fluid’s flow through
the electrode channel. Deionized water was applied as the working fluid. The aim of the experiment
was to examine the impact of the initial working-fluid temperature T the and initial working-fluid
pressure p on the volumetric flow rate Q and the Reynolds number Re. Table 6 presents the thermal
properties of the working fluid according to its temperature. In Table 3, the boiling point of the working
fluid (T = 373.15 ◦K) is also specified. It is related to reaching the critical conditions in the gap zone
(then the deionized water temperature reaches the boiling point), which ensures the occurrence of
electrical discharges in a single impulse time. The tool electrode, which was applied, had the same
shape and the same dimensional parameters as in the EDD experiment (cross-sectional area of the
electrode’s channel S = 0.0363 mm2, length 150 mm). The gap thickness S0 was 100 μm. During the
experiment, the working fluid was flushed down the interior hole of the tube with the pre-set initial
pressure and pre-set initial temperature (designation 1, Figure 4). Next, the working fluid flowed onto
the flat surface of a metallic plate (designation 2, Figure 4).

The research was performed according to the experiment theory, with the use of a two-level
rotatable research plan that included 11 experimental tests with three repetitions in the research plan’s
center. Table 7 presents the adopted parameter ranges. The results of the experiment are shown in
Table 8.
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Table 6. Selected physical properties of the deionized water during saturation pressure.

Physical Properties Working Fluid Temperature, ~T (◦K)

298.15 303.15 313.15 373.15

Density, (kg/m3) 997.1 995.7 992.2 958.4
Specific heat, (kJ/(kg◦K)) 4.178 4.176 4.175 4.211

Thermal conductivity, (W/(m◦K)) 0.606 0.615 0.633 0.682
Dynamic viscosity, (kg/(s·m))·106 880.637 792.377 658.026 277.528

Kinematic viscosity, (m2/s)·106 0.896 0.804 0.661 0.296
Electrical conductivity, (μS/cm) 0.05501 0.07101 0.11351 0.79303

Resistivity, (MΩcm) 18.180 14.082 8.810 1.261

 
Figure 4. Test stand diagram.

Table 7. Process parameters and their levels.

Coded Factor Real Parameter Level

1 2 3

X11 Initial working-fluid temperature, ~T (◦K) 298.15 303.15 313.15
X22 Initial working-fluid pressure, p (MPa) 5 7 8

Table 8. Research plan and results of the experiments; * Re > 2300 turbulent flow is considered.

Experiment No. Coded Factor Real Parameter Response Variables

X11 X22 ~T (◦K) p (MPa)
Q

(m3/s)·107
vf

(m/s)
Re

1 1 1 298.15 5 4.778 13.22 1582
2 3 1 313.15 5 4.333 11.99 1945
3 1 3 298.15 8 6.667 18.44 2208
4 3 3 313.15 8 5.833 16.14 2619*
5 1 2 298.15 7 5.444 15.06 1803
6 3 2 313.15 7 5.417 14.98 2431*
7 2 1 303.15 5 4.722 13.06 1743
8 2 3 303.15 8 6.278 17.37 2317*
9 2 2 303.15 7 5.667 15.67 2091
10 2 2 303.15 7 5.708 15.79 2107
11 2 2 303.15 7 5.817 16.09 2147

In a cylindrical tube, the laminar flow is considered with the Reynolds number of below 2300.
For the values of the Reynolds number above 2300, the turbulent flow is estimated.
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The volumetric flow rate Q was determined experimentally. In order to calculate the flow
conditions, the Reynolds number Re was used, which is defined in Equation (6)

Re = (vf·r)/ γ, (6)

where r was the radius of the channel diameter in the tool electrode, γ was the kinematic viscosity of
the working fluid (value applied for the relevant working fluid temperature according to Table 6), and
the mean flow rate velocity of the fluid vf was calculated from the following formula:

vf = Q/S, (7)

where S was cross-sectional area of the electrode’s channel.
In order to estimate the impact of the initial working-fluid temperature T and the initial

working-fluid pressure p on the volumetric flow rate Q and the Reynolds number Re, the Matlab
software was employed. A second-degree polynomial (with constant, linear, interaction and square
terms) was used as the function. The regression equations obtained for the relationships Q (T, p) and
Re (T, p), are described as the following equations:

Q (T, p) = −3.272·10−5 + 2.175·10−7·T + 1.349·10−7·p − 5.867·10−10·T·p − 3.561·10−10·T2 + 7.574·10−9·p2, (8)

Re (T, p) = −55753.573 + 359.136·T − 921.200·p + 2.681·T·p − 0.560·T2 + 24.147·p2. (9)

The values of the coefficient R2 (R—square Statistic) and R2 adjusted (Adjusted R—square Statistic)
are high (Table 9), which can confirm that the fitted quadratic models are statistically significant for the
analyzed relationships of Q (T, p) and Re (T, p). The values of “p-Value” are less than 0.05 (i.e., 95% of
the confidence level), which confirms that the models obtained are statistically significant.

Table 9. Diagnostic statistics for the regression.

Q (T, p) Re (T, p)

R2 0.9593 0.9761
R2 adjusted 0.9187 0.9521

p-Value 0.0017 0.00047

3. Results

3.1. Results of the EDD Analysis

In order to determine the impact of the process parameters on the process performance, the
ANOVA analysis was employed. The regression equations v (U, ti, I), TW (U, ti, I), tapα (U, ti, I), AR (U,
ti, I) and Sb (U, ti, I) were determined by the relevant Equations (10)–(14):

v (U, ti, I) = 19.588 + 0.1033·U + 0.0073·ti − 13.5625·I + 2.1517·I2 − 0.0001·U·ti, (10)

TW (U, ti, I) = 26.0443 + 0.4937·U − 0.0606·ti − 10.0885·I − 0.0012·U·ti + 0.0529·ti·I, (11)

tapα (U, ti, I) = −0.015524 − 0.00003·U + 0.00005·ti − 1·10−7· ti
2 + 0.00155·I − 8·10−6·ti·I, (12)

AR (U, ti, I) = −39.3292 + 1.1504·U − 0.0055·U2 + 0.0152·ti − 0.000001·ti
2 + 1.561·I, (13)

Sb (U, ti, I) = 375.2799 − 8.2966·U + 0.0422·U2 + 0.2552·ti + 34.0705·I − 0.0599·ti·I. (14)

The Equations (10)–(14) involve the drilling parameters with the regression coefficients at the
significant level of “p-Value” < 0.05.
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The shape of the holes obtained is characterized by reverse conicity. The value of the top diameter is
lower than that of the bottom diameter. This may result from process instability due to the accumulated
debris at the hole bottom and an insufficient dielectric flow through the machining gap area.

The analysis of the results shows that the high linear tool wear (TW > 60%) takes place where a
higher current amplitude (I > 4.32 A) and a higher discharge voltage (U > 100 V) are applied. As a
result, the amount of the removed material depended mainly on the energy in a single discharge.
Higher U and I cause a higher single discharge energy, and the removal of a higher amount of material
from both electrodes. The insufficient working fluid flow can then cause excessive accumulation of
debris at the hole bottom. A lower interelectrode gap can contribute to secondary discharges between
the accumulated debris and the electrode’s front, causing excessive tool wear. Additionally, a higher
TW (above 80%) is observed for longer pulse time ti = 818–999 μs and a higher current amplitude
I = 4.32 – 4.65 A (Figure 5a). A longer pulse time can result in a longer time of occurrence of electrical
discharges in a single pulse. The occurrence of secondary discharges (between debris and hole sidewall)
can also be longer, which results in additional wear of the tool electrode. An increase in the pulse time
has an irrelevant effect on the drilling speed v (Figure 6a). However, an increase in the discharge voltage
U and a decrease in the pulse time ti cause a decrease in the linear tool wear (Figure 5b) and an increase
in the drilling speed (Figure 6b). In the case of application of U = 100–120 V and ti = 100–282 μs, the
electrochemical dissolution in a single impulse can be enhanced, which improves the drilling speed.
A lower value of the pulse time can reduce the time of occurrence of electrical and abnormal discharges,
thus decreasing the linear tool wear. Additionally, based on the ANOVA analysis for TW, the selected
relevant parameter is the discharge voltage U (“p-Value” = 0.171). The results of the ANOVA analysis
for drilling speed v and linear tool wear TW are given in Supplementary section S1.

 
 

(a) (b) 
Figure 5. (a) Relationship between the linear tool wear TW and the pulse time ti and current amplitude
I, U = 100 V and (b) discharge voltage amplitude U, I = 3.83 A.

The “-” sign for taper angle tapα indicates a reverse conicity of the hole. For a longer pulse time
ti = 818–999 μs and a lower current amplitude I = 3–3.33 A, a drop in tapα was noted (Figure 7a). It is
related to the increase in the side gap thickness Sb (Figure 7b). A longer pulse time can cause a longer
time of occurrence of electrical and abnormal discharges in a single pulse, which extend the bottom
diameter of the hole. An increase in the side gap causes a smaller difference between the top and bottom
diameters which decreases tapα. An increase in Sb, on the other hand, is observed for a lower pulse time
ti = 100–282 μs, which was applied and an increase in the current amplitude I (Figure 7b). This may be
due to excessive electrochemical dissolution in a single pulse. Electrochemical dissolution also takes
place during the flow of the working fluid outside of the hole. An increase in the side gap thickness is
also noticed for the higher discharge voltage U = 100–120 V, which was applied. The higher discharge
voltage and the higher electrical conductivity of deionized water (κ = 3.8–6.8 μS/cm) could significantly
increase the electrochemical dissolution in a single impulse. Based on the ANOVA analysis for the
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tapα, the discharge voltage is regarded as significant parameter (“p-Value” = 0.129), but for the Sb, the
discharge voltage (“p-Value” = 0.233) and the current amplitude (“p-Value” = 0.717). The results of the
ANOVA analysis for the taper angle tapα and the side gap thickness Sb are given in Supplementary
section S1.

  

(a) (b) 

Figure 6. Relationship between the drilling speed v and the pulse time ti and (a) current amplitude I,
U = 100 V and (b) discharge voltage amplitude U, I = 3.83 A.

 

(a) (b) 
Figure 7. (a) Relationship between the taper angle tapα, current amplitude I and pulse time ti;
(b) relationship between the side gap thickness Sb, current amplitude I and pulse time ti; U = 100 V.

The aspect ratio hole AR is related to the drilling speed v, which results from the application of
the same drilling time for each test. An analysis of the results shows that the extending of the pulse
time (Figure 8a,b) causes a decrease in AR. For a longer pulse time in a single impulse, a longer time of
electrical and secondary discharges may also occur. As a result, a considerable amount of debris is
accumulated at the hole bottom. Where the working fluid flow is insufficient, the process is unstable
which reduces the material removal rate. The optimum pulse time affecting the AR increase is within
the range of 500–818 μs (AR > 26). The ANOVA analysis shows that the process parameters such as the
discharge voltage U (“p-Value” = 0.116), the pulse time ti (“p-Value” = 0.09) and the current amplitude
I (“p-Value” = 0.11) should be also regarded as a significant parameter. The results of the ANOVA
analysis for the aspect ratio hole AR is given in Supplementary section S1.
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(a) (b) 

Figure 8. (a) Relationship between the aspect ratio AR and the pulse time ti and (a) discharge voltage
amplitude U, I = 3.83 A and (b) current amplitude I, U = 100 V.

3.2. Results Analysis of the Working Fluid Flow in the Electrode Channel

When deionized water is used as dielectric to obtain electrical discharges in a single pulse, the
critical conditions must be achieved within the gap area involving a significant number of gas bubbles.
For gas bubbles to appear within the gap area, the deionized water must reach the boiling point
(373.15 ◦K). An increase in the temperature of the deionized water also changes its physical properties
such as electrical conductivity, density or viscosity. Density and viscosity values decrease as the
temperature increases, while electrical conductivity increases as the temperature increases (Table 6).
Lower density and viscosity should improve the working fluid flow through the gap area. However,
the higher electrical conductivity of deionized water should reinforce the electrochemical reactions
in a single pulse. For this reason, the initial working-fluid temperature is an important parameter
influencing the flow conditions and the thermal conditions within the gap area. The other important
parameter influencing the fluid flow is the initial working-fluid pressure.

The analysis of the flow results for an electrode with an outer diameter of 0.4 mm shows the
Reynolds number below 2300 for p = 5 MPa and p = 7 MPa, which were applied (Figure 9a). Then, the
fluid flow assumes the laminar flow conditions. In the case where the initial working-fluid pressure
applied is p = 8 MPa and the initial working-fluid temperature is above 300 ◦K, the Reynolds number
is above 2300 and a turbulent flow should be considered. The analysis of the results indicates that the
volumetric flow rate is about 1.4 times higher in the case where p = 8 MPa is applied than for p = 5 MPa
(Figure 9b). This may be related to the viscosity and density of deionized water, whose values decrease
with temperature increases. Lower viscosity and lower density of deionized water ensure a faster fluid
flow through electrode channel.

The consideration of turbulent flow conditions for p = 8 MPa and T > 300 ◦K is related to a higher
flow rate velocity, which enhances the evacuation of the eroded material from the gap area. It is worth
underlining that a turbulent flow may be accompanied by whirls, which may prevent correct working
fluid flow with eroded particles and reduce process stability.
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(a)  (b)  

Figure 9. Impact of the initial temperature of fluid T and initial working fluid inlet pressure p on (a) the
Reynolds number Re and (b) the volumetric flow rate Q.

3.3. Results of the Analysis of the Through Holes Obtained for the Experiment 1

The experimental research enabled the obtaining of through holes. The sixth test (machining
parameters such as ti = 282 μs, U = 120 V, I = 4.32 A) and the eighth test (machining parameters such as
ti = 818 μs, U = 120 V, I = 4.32 A) provided the drilling of the through holes. In the case of the eighth test,
the linear tool wear was significant (TW > 70%), which is due to the application of a longer pulse time.
The time of electrical (and secondary) discharges in a single impulse could be too long which resulted
in the increased electrode tool wear. Therefore, the machining parameters of the sixth test were chosen
to drill additional through holes (two additional through holes were made) (Figure 10). It is worth
to underline that the electrical conductivity and the temperature of deionized water while drilling
the three through holes were in the range κ = 5.7–6.3 μS/cm and T = 302.15–308.15 ◦K, respectively.
These values of T and κ were higher than for the remained tests.
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Figure 10. Through holes drilled with the application of the same machining parameters: ti = 282 μs,
U = 120 V, I = 4.32 A.

The dimensional accuracy and the inner surface homogeneity of the drilled holes are insufficient
(Figures 10 and 11). The bottom diameter is greater on average by 43% than the top diameter. The profile
of the hole based on the average measurements of the diameters along the hole depth for three through
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holes is presented in Figure 12. The diameter increases along the hole length (from the hole’s top to its
bottom). Each diameter is larger than the previous one by about 3% on average. This results from
an insufficient working fluid flow through the gap area and insufficient debris removal. Secondary
discharges can occur between the accumulated debris and the hole sidewall. When the hole depth is
significant (above 10,000 μm), the phenomenon of secondary discharges may be excessive. When the
hole depth is near 25,000 μm, the bottom diameter is almost twice as large as the top diameter.
This confirms that the eroded material is not fully removed and accumulates at the hole bottom.
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Figure 11. Images of the longitudinal section of three through holes at the hole top and bottom.

 
Figure 12. Profile of the through hole along its depth.

On the edge of the bottom diameter, burrs occur. But on the surface of the top diameter, there is a
significant amount of re-solidified material and the heat affected zone (Figure 10). After separating the
parts of the sample, two top diameters of the hole Dtop1 and Dtop2 (where Dtop2 >Dtop1) can be observed
(Figure 13). The determination of the Dtop2 diameter follows from the unremoved and re-solidified
material deposited on the hole edge. The average diameter of re-solidified material is larger by about
180 μm than Dtop1. The top diameter, without the re-solidified material (Dtop1), should constitute the
correct top diameter. The occurrence of the re-solidified material may result from an appropriate
working fluid flow at the beginning of the process. The fresh dielectric with a lower temperature could
affect the eroded material solidifying it too fast on the surface before it was removed.
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Figure 13. Image of the through hole top of one part of the sample after separation.

At the beginning of drilling the hole, the working fluid flow should be correct. However, on the
inner surface of the hole top, a significant amount of melted and re-solidified material is observed
(Figure 14), which indicates an insufficient working fluid flow in the gap area. In order to understand
this phenomenon, it may be helpful to focus on the conditions contributing to the occurrence of
electrical discharges in a single impulse when deionized water is used as a dielectric. The factors which
influence these conditions are mainly the discharge voltage and the impulse duration.

  

Hole top Hole bottom 
Figure 14. Images of the internal surface of the through hole.

At the beginning of the pulse time (Stage I, Figure 15a), the voltage between the electrodes
and the current amplitude increases gradually. The allowance is then removed by electrochemical
dissolution. The application of a higher voltage and a working fluid with higher electrical conductivity
can contribute to reinforcing the electrochemical dissolution. When the voltage increases (up to ϕ2),
hydrogen is generated on the tool electrode, which leads to the formation of a gas film around the tool.
The bubbles increase their diameters over time until the critical size is achieved. When the number and
size of the hydrogen bubbles are sufficient, the resistance on the tool electrode–workpiece interface
increases substantially due to the constriction effect. This contributes to increased ohmic heating of
the working fluid within the area, causing the bubbles to evaporate. At the critical condition, a large
number of gas bubbles cover the maximum possible active surface area of the tool electrode, leading
to its blanketing (i.e., isolation between the electrode surface and the working fluid). Consequently,
the current decreases in a very short time [55]. At the beginning of Stage II, a sudden decrease in
voltage occurs (up to ϕ) and, at the same time, the current amplitude increases, which may indicate the
occurrence of discharges and the allowance is removed in a manner typical of the EDM process. At the
end of the pulse time, due to the electric capacity effect, the voltage between the electrodes gradually
decreases to zero (Stage III, Figure 15a) [56,57]. The voltage applied should be high enough, and the
pulse time should be long enough for the discharges proper to occur in a single impulse. The recorded
voltage of the discharge and current amplitude in a single impulse characterizes the typical waveform
for the ECDM process (Figure 15b). There is no current increase at the beginning of the pulse time due
to the application of the pulse generator setting up the EDM process.
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(a) (b) 

Figure 15. (a) Typical voltage and current waveform in a single impulse during the Electrochemical
Discharge Machining (ECDM) process; (b) the recorded voltage and current waveform for the through
hole parameters.

The observation of the surface on the hole top and near the hole bottom can confirm the occurrence
of a considerable number of gas bubbles within the gap area, which were not fully removed. However,
many more small bubbles might have occurred at the bottom of the hole because of incorrect fluid flow.
For this reason, oval traces of re-solidified material on the surface of the hole bottom are smaller than
on the surface of the hole top. The oval shape of the traces may be due to the places where the electrical
discharges occurred. According to [58], electrical discharges can occur on small areas between bubbles
(bubble bridges) and the workpiece surface. This may also explain the occurrence of dark oval traces on
the surface of the electrode tool (Figure 16). The gas bubbles creating the gas film on the electrode come
and go all the time. For this reason, only darker traces of electrical discharges remained on the electrode
surface, and the electrode material did not erode. The lower thermal conductivity of Inconel 718 could
also cause a significant amount of heat to remain in the processing area in case of abnormal flow of the
liquid. As a result, a considerable number of small bubbles could be present all the time within the gap
area creating favorable conditions for the occurrence of electrical and secondary discharges.

  

(a) (b) 

Figure 16. Photographs of tool electrode wear after drilling the holes with the machining parameters
applied: (a) ti = 282 μs, U = 120 V, I = 4.32 A; (b) ti = 550 μs, U = 100 V, I = 3.83 A.

The shape of the tool electrode after the drilling did not change significantly. The tool electrode
tip wore to a lesser degree after the drilling of the through hole (machining parameters: ti = 282 μs,
U = 120 V, I = 4.32 A, electrode tip diameter smaller by about 10%) than after the drilling with the
machining parameters in the research plan center (ti = 550 μs, U = 100 V, I = 3.83 A, electrode tip
diameter smaller by about 20%). The length of the electrode tip surface, which was worn, was also
larger after the drilling with the parameters in the research plan center (c = 1229 μm, tdrilling = 2700 s,
h = 22,044 μm) than after the drilling of the through hole (a+ b= 916 μm, tdrilling = 2316 s, h = 25,000 μm)
(Figure 16a,b). The dark fragment on the electrode tip (b = 269 μm, Figure 16a) may be the result
of a significant amount of the eroded particles at the hole bottom and the occurrence of the critical
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conditions including the generation of gas bubbles and the secondary discharges within the gap area.
In addition, the presence of high temperature at the gap area and application of deionized water
effected the formation of copper oxide, which provoked a grey–blue color on the electrode surface after
the drilling process.

3.4. Results of the Analysis of the Through Holes Obtained for the Experiment 2

Based on an analysis of the results of electrical discharge drilling and the working fluid flow
through the electrode channel, the experimental research into the EDD of through holes in the Inconel
718 alloy was done. In contrast to the previous experiment, the following was applied: longer pulse
time (ti = 500 μs), the given initial working-fluid temperature (T = ~313.15 ◦K) and higher electrical
conductivity of deionized water (κ = 7.2–12.8 μS/cm). Three tests were performed with the same
machining parameters (Figure 17).
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Figure 17. Through holes drilled in the Inconel 718 alloy.

The significant electrical conductivity of deionized water caused the corrosion of the workpiece
surface. Serious damage is observed on the surface around the top diameter (Figure 17). The thickness
of the damaged surface is about 550 μm.

The damaged surface around the hole was subjected to a qualitative analysis with the use
of a scanning electron microscope (SEM) with an energy dispersive spectroscopy system (EDS),
manufactured by JEOL Ltd. (Tokyo, Japan). The analysis was made in three marked zones: zone 1
(Z_1), zone 2 (Z_2) and zone 3 (Z_3) (Figure 18). A surface analysis (for deep areas, designation 1 in
Figure 18, enlarged at point Z_1) and a spot analysis (for the flat areas, designation 2 and 3 in Figure 18,
enlarged at point Z_1) were performed.

On the damaged surface, zones cavities (Figure 18, enlarged at points Z_2 and Z_3, designation
I), darker zones near the cavities (Figure 18, enlarged at points Z_2 and Z_3, designation II) and
brighter zones between the cavities (Figure 18, enlarged at points Z_2 and Z_3, designation III) can
be observed. The analysis carried out for the three areas (marked as Z_1, Z_2, Z_3) indicates the
occurrence of the average percentage volume of the main components of the Inconel 718 alloy: Ni-67.47
wt.%, Cr-17.66 wt.%, Fe-9.45 wt.% (Figure 19a–c). Additionally, in the cavities (Figure 19a) and darker
zones (Figure 19b) the presence of oxygen was detected. This results from the use of deionized water.
In high temperature conditions, a passive layer might have formed on the workpiece surface due to
oxidation reaction. The passive layer might have prevented excessive electrochemical dissolution
when deionized water was flowing out of the hole.
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Figure 18. SEM images surface around the Dtop of hole No. 3.

 

Main Elements at. (%) wt. (%) 
O 19.448 6.345 
Cr 16.783 17.794 
Fe 8.243 9.387 
Ni 55.526 66.474 

(a) 

 

Main Elements at. (%) wt. (%) 
O 27.223 9.517 
Cr 15.190 17.257 
Fe 10.345 12.624 
Ni 47.242 60.603 

(b) 

 

Main Elements at. (%) wt. (%) 
Cr 19.406 17.661 
Fe 9.600 9.384 
Ni 70.994 72.954 

(c) 

Figure 19. Chemical composition of the surface around the top diameter as determined by EDS: (a) zone
of cavities, (b) darker zones near the cavities, (c) brighter zones between the cavities.

Observation of the damage that surfaced indicates that electrochemical reactions were the most
excessive while the fluid was flowing from the electrode channel (the initial water temperature was
about 313.15 ◦K). The splashing working fluid further on the workpiece surface lost its heat, and its
electrical conductivity decreased. This can be inferred from the size of the cavities near and farther
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away from the hole edge. The cavities located farther are less numerous and smaller (Figure 18,
enlarged at points Z_2 and Z_3).

The EDS analysis of the surface near the hole edge indicates the absence of oxygen (Figure 18,
enlarged at point Z_1). On this area, the material was removed by simultaneous interaction of
electrochemical dissolution and electrical discharges in a single pulse.

Based on Equations (1)–(5), the process performance comprising the drilling speed v, the linear tool
wear TW, the aspect ratio hole AR, the taper angle tapα and the side gap thickness Sb were determined
(in Figure 20a–e as Experiment 2). The analysis of the results showed that the drilling speed, the
linear tool wear and the taper angle are at a similar level in comparison to the previous experiment
(Figure 20a,b,d, respectively). The aspect ratio hole and the side gap thickness improved by about 15%
and 40%, respectively (Figure 20c,e).

  

(a) (b) 

  
(c) (d) 

 
(e) 

Figure 20. Comparison of the process performance in Experiments 1 and 2 for: (a) the drilling speed v,
(b) the linear tool wear TW, (c) the aspect ratio hole AR, (d) the taper angle tapα, and (e) the side gap
thickness Sb; std – the value of the standard deviation.

The increase in AR results from obtaining a lower average top diameter value. The edge of the top
diameter is free of re-solidified material, a heat-affected-zone and burrs, which improves its accuracy
(Figures 17 and 21). This may result from excessive electrochemical dissolution in a single pulse due to
a higher electrical conductivity of deionized water resulting from the application of a higher initial
working-fluid temperature (about 313.15 ◦K). In addition, the higher discharge voltage (U = 120 V)
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additionally enhances the electrochemical reactions in a single pulse. The longer pulse off time (about
twice as long as during Experiment 1), on the other hand, results in more efficient removal of the eroded
material. The conditions in the working gap might also have improved due to a higher fluid flow
because of lower viscosity and lower density of deionized water. A smaller top diameter influences
the improvement of AR and Sb.
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Figure 21. SEM images of the surface of Dtop and Dbottom edge, hole No. 3.

The surface around the top diameter is smoother and without microcracks. The bottom diameter
is characterized by a significantly smaller number of burrs than after Experiment 1 (Figures 17
and 21). The white layer around the bottom diameter is present, but the diameter quality is enhanced.
The average value of the bottom diameter is still large (about 1000 μm) in comparison with the average
value of the top hole diameter (about 600 μm), what causes the hole conicity (Figure 20d). The increased
bottom diameter result from the accumulation of debris at the hole bottom and the occurrence of
abnormal discharges. Additionally, the application of a higher initial working-fluid temperature (about
313.15 ◦K) and a higher initial working-fluid pressure (p = 8 MPa) could cause a turbulent flow and
the occurrence of whirls at the hole bottom. The presence of whirls could cause difficulties removing
debris and bubbles from the bottom of the hole.

In [43], it was observed that gas bubbles, which were occurring, can prevent electrochemical
dissolution. The higher electrical conductivity of deionized water and higher discharge voltage have
contributed to achieving critical conditions faster in the gap area and faster occurrence of the bubbles.
The higher electrical conductivity also has caused the increase in the fluid temperature by generating
Joule heat. The considerable number of gas bubbles with the gap area may explain the absence of
drilling speed improvement. However, in [21,29], it is considered that the bubbles push the debris
and help remove them from the gap. However, the extending diameter along the hole depth attests
to the occurrence of a significant amount of debris within the side gap area near the hole bottom.
This may confirm the occurrence of whirls resulting from a turbulent flow. The whirls could hinder
proper working fluid flow and, additionally, push the unremoved debris towards the corner of the
hole bottom.

The inner hole surface is significantly less rough and more homogenous (Figure 22a), in comparison
with the surface after the electrochemical machining process only (Figure 22b) and after the previous
experiment (Figure 10). There are no micro-craters, re-solidified material or micro-cracks on the surface.
The surface structure is similar to the structure that was obtained around the hole top. This is due
to parallel removal of the material as a result of electrochemical reactions and electrical discharges.
When the working fluid was flowing out of the hole, electrochemical dissolution might have occurred
as well, which additionally improved the homogeneity of the inner surface of the hole.
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(a) (b) 

Figure 22. SEM images of (a) the inner surface of the hole (hole No. 3) and (b) the surface after
electrochemical dissolution with the use of deionized water (machining parameters: U = 25 V,
ti = 300 μs).

4. Discussion

The results analysis of the experimental research indicates that the applied higher temperature
of deionized water (T = ~313.15 ◦K), used as working fluid, effected the improvement of shape
dimensional drilling the through holes. The inner surface homogeneity of holes also significantly
improved. On the inner of the through holes observed a lack presence of re-solidified material, of which
a significant amount was present on the surface after the first part of the research (Figures 10 and 13).
This is result using higher temperature of deionized water had an influence in increasing electrical
conductivity during the experiment 2. The electrical conductivity increase caused the enhanced
electrochemical dissolution at the beginning of the single pulse time (removing an allowance in the
similar ranges by ECM and EDM during the single pulse duration). The reinforced electrochemical
dissolution was enough to remove the erosion craters and to avoid extending the top diameter of holes
simultaneously. In addition, using of the longer pulse off time (toff = 500 μs, above twofold longer in
comparison to the first experiment), could also cause to avoid re-solidified material on the hole edge.
During the experiment 1 the pulse off time (toff = ti) equaled 282 μs, which was too short time a fresh
working fluid to flow onto the gap area. The insufficient decrease in the temperature of the working
fluid in the gap area could cause a too fast reoccurrence of conditions enough to spark (particularly, in
case of using the higher initial working–fluid temperature T = 313.15 ◦K). As the result, the amount of
re-solidified material could be occurred on the machined inner surface of hole.

Indicating potential turbulent flow conditions for applying T = ~313.15 ◦K and p = 8 MPa is
possible during the drilling process, but whirls accompanying the turbulent flow can hinder sufficient
working fluid flow via the gap area and the side gap near the hole bottom. During the experiment
2 the properties of deionized water such as density and viscosity were reduced by using the higher
deionized water temperature, but during the conditions did not influence the improvement removing
of debris from the gap area. Hence, the presence of whirls could be possibility.

The results analysis shows that the properties of deionized water influence significantly the
thermal phenomena present in the interelectrode area. The obtained higher electrical conductivity
of deionized water by use of the higher initial temperature (T = ~313.15 ◦K), enabled removing the
material in similar ranges of both processes (ECM and EDM) during single pulse time. Further studies
should focus on more detailed analysis impact of the deionized water properties on the EDD process
and also the influence of the physical-mechanical properties of both electrode materials.

5. Conclusions

The use of electrical discharge machining with the application of deionized water to drill high
aspect ratio holes in the Inconel 718 alloy demonstrates a significant potential. One of the advantages
of the application of this kind of working fluid is the possibility of removing material by simultaneous
electrochemical dissolution and electrical discharges in a single pulse. Where deep holes are made
using the EDD process, an important factor is effective removal of erosion products from the gap
area (such as eroded particles and gas bubbles). Insufficient flushing of the gap area contributes to
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decreasing the dimensional and shape accuracy (aspect ratio, conicity), the inner surface homogeneity
of the holes, and the process performance (drilling speed, linear tool wear). In the experimental research
conducted, the change in the properties of the working fluid under the influence of temperature and
the working fluid pressure affect the nature of the fluid flow through the machining area. The analysis
of the results enables the formulation of the following conclusions:

1. The EDD experimental research with the use of deionized water (with given the initial temperature
~313.15 ◦K and the initial pressure 8 MPa) in the Inconel 718 alloy confirmed the possibility of
making high aspect ratio holes (AR > 30) and decreasing the side gap thickness by about 40%.

2. For drilling high aspect ratio through holes, the optimum machining parameters were pulse time
ti = 282 μs, discharge voltage amplitude U = 120 V, current amplitude I = 4.32 A and pulse of
time toff = 500 μs.

3. The setting of a higher initial working-fluid temperature (~313.15 ◦K) increased the electrical
conductivity of deionized water, which reinforced the electrochemical reactions in a single pulse.
As a result, in the diameter of the hole top, there were no burrs or heat affected zones. The
homogeneity of the inner surface of the hole was also improved (without micro-cracks and erosion
micro-craters).

4. On the surface around the hole top, the material is seriously damaged as a result of excessive
electrochemical dissolution. The presence of oxygen was detected in cavities and darker zones
between the cavities. This indicates oxidation of the machined surface and the creation of a
passive layer.

5. The bottom diameter is too large and larger than the top diameter by about 40%. This is due
to the accumulation of debris at the hole bottom and the occurrence of secondary discharges.
Removal of eroded material from the hole bottom might have been made difficult by the whirls
resulting from a turbulent fluid flow.

6. The dark oval traces on the electrode surface and the oval shape of the cavities on the inner
surface of the hole can indicate the occurrence of electrical discharges on the small areas between
the gas bubbles.

7. The complex nature of the phenomena within the gap area during the EDD process with the use
of deionized water requires further analysis and better understanding. Further experimental
research should focus on the impact of the physical and mechanical properties of the Inconel 718
alloy and tool electrode material on the process.

Supplementary Materials: The following are available online http://www.mdpi.com/1996-1944/13/6/1476/s1.
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angle tapα, the side gap thickness Sb and the aspect ratio hole AR.
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