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Abstract: Brittle non-conductive materials, like glass and ceramics, are becoming ever more significant
with the rising demand for fabricating micro-devices with special micro-features. Spark-Assisted
Chemical Engraving (SACE), a novel micromachining technology, has offered good machining
capabilities for glass and ceramic materials in basic machining operations like drilling, milling, cutting,
die sinking, and others. This paper presents a review about SACE technology. It highlights the
process fundamentals of operation and the key machining parameters that control it which are mainly
related to the electrolyte, tool-electrode, and machining voltage. It provides information about the
gas film that forms around the tool during the process and the parameters that enhance its stability,
which play a key role in enhancing the machining outcome. This work also presents the capabilities
and limitations of SACE through comparing it with other existing micro-drilling and micromachining
technologies. Information was collected regarding micro-channel machining capabilities for SACE
and other techniques that fall under four major glass micromachining categories—mainly thermal,
chemical, mechanical, and hybrid. Based on this, a figure that presents the capabilities of such
technologies from the perspective of the machining speed (lateral) and resulting micro-channel
geometry (aspect ratio) was plotted. For both drilling and micro-channel machining, SACE showed
to be a promising technique compared to others as it requires relatively cheap set-up, results in high
aspect ratio structures (above 10), and takes a relatively short machining time. This technique shows
its suitability for rapid prototyping of glass micro-parts and devices. The paper also addresses the
topic of surface functionalization, specifically the surface texturing done during SACE and other glass
micromachining technologies. Through tuning machining parameters, like the electrolyte viscosity,
tool-substrate gap, tool travel speed, and machining voltage, SACE shows a promising and unique
potential in controlling the surface properties and surface texture while machining.

Keywords: spark-assisted chemical engraving (SACE); glass; ceramics; micromachining;
surface functionalization; texturing

1. Introduction

The evolution of micro-technology has vastly extended the frontiers of micromachining and its
capabilities. This has ultimately increased the significance of materials that can withstand complex
machining conditions and possess unique properties. Among these are non-conductive materials—like
glass and ceramics, which have fortunately paved the way for solving new challenges in a myriad of
applications in biomedical, biotechnological, and optoelectronic fields [1,2].

Regarding ceramics, a range of unique properties like resistance to corrosion and endurance
of high temperatures make them compatible materials for micromachining [3]. Similarly, glass has
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proved to be very efficient in micro-applications considering its transparency and other significant
material properties such as chemical resistance and thermal conductivity [4,5]. Consequently, this has
established ceramics and glass as substantial materials utilized in the fabrication of micro-devices
and micro-features. In fact, the micromachining of these materials was further advanced with the
growth of the microelectromechanical system (MEMS) field. Optical sensors, microfluidic devices,
micro-pumps, and micro-reactors, to name a few, are MEMS devices that depend on the micromachining
technology of several non-conductive materials like glass, ceramics, and composites [6]. However,
conventional methods like mechanical, laser, and chemical machining can either result in deteriorated
surface quality or would require complex and expensive systems when applied on non-conductive
materials [6]. One emerging method for micromachining non-conductive materials is electrochemical
discharge machining which is a hybrid method. It relies on thermally accelerated etching to remove
materials from the surface [7]. This novel hybrid method is referred to in literature under diverse
names like “Electrochemical Discharge Machining”, “Discharge Machining of Nonconductors” [§],
“Electrochemical Arc Machining” [9], “Electrochemical Spark Machining” [10], and “Spark-Assisted
Chemical Engraving” [11].

Spark-Assisted Chemical engraving, or SACE for short, is a hybrid technology that integrates
chemical and thermal processes in the machining of several non-conductive materials. The technology
is based on electrochemical discharge phenomena. Machining occurs due to thermally accelerated
etching and machining zone temperature reaches levels up to 600 °C [12,13]. Despite the existence of
other machining technologies including mechanical, chemical, and thermal, SACE has advantages over
other processes used for micromachining non-conductive materials. Mainly, SACE does not require
expensive or complex setup and can establish a variety of features (1 D to 2.5 D) with aspect ratios
(beyond 10) [5] and acceptable resolution (less than 0.5 microns surface roughness) at a relatively fast
machining speed. This makes SACE a compatible technology for rapid prototyping of glass micro-parts
and devices. Furthermore, SACE offers the possibility of modifying the surface properties, like texture
while machining [14], fabricating micro-features on nanofiber layers [15] and modifying the surface of
micro-features [16]. The research done about SACE in the past years has shown a promise that this
technique can be further developed to establish micro-features with higher surface quality and at higher
speed. Moreover, this technique has the potential to control the surface composition and structure while
machining in a single step, contrary to the majority of other micromachining methods. Furthermore,
it was demonstrated that SACE, in comparison to other manufacturing techniques like chemical,
mechanical, and thermal, can eliminate intermediate steps in the process of manufacturing microfluidic
and other lab-on-a-chip devices [17]. In rapid prototyping, sealing the machined devices through
bonding them to glass is a critical step that might cause failure in the device manufacturing if not done
properly [18-20]. Postprocessing steps, like polishing or particle removal, are needed to compensate
for any formation of bulges and bonding defects caused while machining by thermal [21-23] and
mechanical [24,25] processes, respectively. Recently, a glass device that was machined using SACE was
successfully fusion bonded at high annealing temperature [26], and its performance was evaluated
qualitatively and quantitatively [17]. Investigations revealed good bonding and no leakage.

SACE process can be summarized as follows. The sample to be machined is dipped in an
electrolytic solution in a position just below a machining tool, referred to as the tool-electrode.
This machining tool is a metallic electrode, usually a cathode, connected through a Direct Current (DC)
voltage to another metallic counterelectrode (anode), as shown in Figure 1.
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Figure 1. Spark-Assisted Chemical Engraving (SACE) technology featuring the workpiece and metallic
electrodes dipped in an electrolyte solution and connected through a DC voltage supply. Reprinted from
the work in [6] with permission from Elsevier.

Work-piece

Both electrodes are also dipped in the solution, with the cathode having a smaller surface area
than that of the anode. When the applied voltage reaches a critical value of around 30V, the previously
formed bubbles coalesce into a gas film, causing emissions of light and generations of high energy
electrical discharges [6,7]. These conditions contribute to the machining of the workpiece. This novel
technology can be used on non-conductive materials like glass and ceramics to perform several
machining operations like drilling holes, milling micro-channels and micro-grooves, die-sinking,
cutting micro-slits, turning, and grinding as shown in Figure 2.
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Figure 2. Schematics illustrating some of the machining operations that can be applied using SACE.
(a) Drilling holes, (b) milling micro-channels and micro-grooves, (c) die sinking, (d) wire cutting,
(e) turning, and (f) grinding.

This paper presents a literature review of the research findings of the past 15 years on the novel
Spark-Assisted Chemical Engraving (SACE) technology. Although other review papers exist on the
topic [27,28], this paper is a detailed review identifying the advantages as well as limitations of SACE
compared to other micromachining techniques in terms of drilling and machining. This revealed
insights on the position of SACE from a comparative perspective with other micromachining
technologies. A figure that presents the capabilities of SACE and other micro-channel machining
methods from the perspective of the machining speed and resulting feature geometry was created.
The review helps researchers identify the gaps that need to be filled out in terms of SACE process
development and enhancing its capabilities especially from the resulting machining quality and process
speed perspectives, therefore extending its applications. SACE process is currently being used to
micro-machine parts on the industrial level where Posalux SA released the first SACE machine on the
market few years back [29].

The remainder of the paper is organized in six major sections. Section 2 describes the basic setup of
SACE technology and explains the different machining modes used in literature. Section 3 presents the
gas film, a substantial element in SACE machining. Section 4 summarizes the effects of the three most
influencing process parameters in SACE machining: electrolyte, tool-electrode, and machining voltage.
Section 5 compares SACE against other micromachining technologies in terms of the machining speed,
surface quality, and surface functionalization, mainly texturing. Last but not least, Section 6 wraps up
our findings and presents concluding remarks and outlook

A detailed outline showing all sections and subsections is provided below.

2. SACE Setup and Machining Modes

A machining head and a processing cell, mounted on the XYZ of a Cartesian robot, compose the
setup of a conventional SACE machine, as shown in Figure 3. The machining head embodies the
following; the tool-electrode, a flexible structure that holds the tool and allows it to move freely
with a displacement z along the Z-direction, a voice coil actuator that can control z, and an optical
sensor to measure z. The processing cell can move in the XY directions and embodies the workpiece,
counterelectrode, and electrolytic solution.
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Figure 3. Schematic of a conventional SACE set-up. An XYZ Cartesian robot embodies a machining
head (that holds the tool) and a processing cell containing the workpiece. Reprinted from the work
in [30] with permission from Elsevier.

Regarding the machining modes, there are two main modes commonly used in literature. The first
mode is the gravity feed. In this mode, the tool is pushed down by a constant force F—which is
basically the weight of the structure holding the tool—to maintain contact between the tool (source
of heat) and the workpiece. Until now, the gravity-feed is considered the simplest strategy as it has
no complicated technical details. The tool-workpiece contact ensures similar temperatures between
the tool and machining zone. The other common machining mode is the constant-velocity feed.
This machining mode, in comparison to the first one, feeds the tool with a constant feed rate f. Contrary
to gravity-feed machining where the tool is always in contact with the substrate, in constant-velocity
feed the tool occasionally contacts the surface. Tool-substrate contact can be avoided especially
for shallow machining depth (less than 200 um usually) depending on the chosen tool feed rate.
Recently, this strategy has been integrated with force-feedback algorithms to reduce the tool-substrate
contact and hence tool bending even for high depths. Basically, the contact force between the tool and
workpiece is monitored and minimized while machining. It is worth mentioning that the gap between
the tool and workpiece is not constant and, until now, controlling it is not yet possible due to the fact
that the tool is conductive while the substrate is non-conductive. This hinders an accurate control of the
process and hence the machining integrity and surface quality as the two machining limiting factors,
heating and flushing, differ depending on this gap. As mentioned earlier, this process is based on
thermally accelerated etching, and therefore the presence of electrolyte in the machining zone through
flushing it and the proximity of the tool, which is the heat source, to the substrate are crucial to the
machining progress [7]. Figure 4 illustrates the major differences between the two main strategies.

F
GRAVITY-FEED l CONSTANT
VELOCITY-FEED

A constant force F
is applied on the Starting from a

tool to ensure certain gap, the

Tool-electrode
Tool-electrode

contact with the tool is fed with a
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Figure 4. A schematic comparing the two most common types of machining.

The mentioned strategies can be used in drilling micro-holes as well as machining micro-channels,
micro-grooves, and micro-structures. However, the gravity-feed strategy has been the most widely used
in drilling applications. The advantages and limitations for these strategies are discussed in Sections 2.1
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and 2.2. Other machining modes exist which depend on feedback algorithms developed to enhance
machining performance, such as current-feedback and force-feedback machining. Furthermore,
counter-resistant feeding mechanism was recently proposed by Xu et al. [31] which offers some
advantages over the conventional gravity-feed strategy. These machining modes will be presented
in Section 2.3.

2.1. Gravity-Feed Machining

In this machining mode, the tool remains in contact with the surface of the workpiece, where the
gravity effect allows it to keep pushing on the surface. Machining progress can be monitored without
the use of any additional signal due to this continuous contact. In gravity-feed drilling, machining can
be divided into two basic regimes: Discharge regime and hydrodynamic regime [32]. The first regime
is in the case of low depths (typically less than 200 um), and is controlled mainly by the amplitude of
applied voltage where drilling speed can reach up to 100 um/s for a certain applied voltage (33 V). In the
latter regime, drilling depth is high (>200 pum), and the drilling speed reduces drastically as machining
is hindered by insufficient flushing of electrolyte into the machining zone. Maillard et al. [33] identified
four distinguished types of holes based on the applied voltage and drilling depth. Cylindrical holes
having smooth surfaces were successfully machined at low depths (<100 pm) or a low voltage (28 V
and depths up to 300 um). Jagged holes appeared at higher depths (200-300 um, 30 V), holes with some
heat-affected zones (HAZ) were the results of higher voltages (>30 V), and holes with cracks appeared
at 37 V. In general, it was found that as machining depth exceeds 200 pum, it becomes more challenging
to limit HAZ and width overcut of holes. Several efforts have been made in the light of improving the
machining performance. Wiithrich et al. [34] revealed that the addition of tool vibrations decreased the
machining time to half its initial value where 300 um deep micro-holes were drilled in about 10 s or less.
A similar approach to enhance flow of electrolyte into deep holes was done by Han et al. [35] through
applying pulsed voltage and ultrasonic vibrations to the electrolyte. The approach effectively increased
the machining depth (as shown in Figure 5) but increased overcut and geometric inaccuracies.

100 @m

(a) (b)

Figure 5. Difference in machining depth between (a) without using pulse voltage and vibrated
electrolyte and (b) with pulse voltage and vibrated electrolyte. Republished with permission of
Institute of Physics (IOP) Publishing, Ltd., from Geometric improvement of electrochemical discharge
micro-drilling using an ultrasonic-vibrated electrolyte, Han et al., 19, 2009; permission conveyed
through Copyright Clearance Center, Inc.

This approach used a side-insulated tool of diameter 0.2 mm along with pulsed voltage and
proved better in improving hole geometry (diameter was reduced from 0.426 mm to 0.328 mm) and
depth increased to a value of 550 um. Another combination of using a pulse voltage along with an
unconventional tool geometry (having a front that is flat-sidewall-flat) was done by Zheng et al. [36] at
a machining depth of 450 um. Taper was significantly reduced where hole entrance decreased from
570 um (for cylindrical tool) to 330 pum.
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Furutani et al. [37] achieved a groove depth of around 600 pm at a rotation speed of 30 rotations
per minute and 40 V applied voltage with smooth bottom surface and some micro-cracks. The groove’s
depth, width, and surface roughness increased as the applied voltage increased. These values were
achieved while rotating the workpiece to allow the flow of fresh electrolyte into the machining zone.

Another approach to facilitate the flow of electrolyte to the tool-workpiece gap was done by
Mehrabi et al. [38] using pressurized injection systems at various pressure levels and using hollow
tool-electrodes with several outer and inner diameters. One end of the tool was in contact with the
workpiece while the other was connected through a tube to an injection system. The anode was made
of steel and placed 10 cm away from the cathode. Under a machining voltage of 75 V, hole depth was
improved by 70% using a 1.7 mm electrode diameter and 60% and 55% using an electrode diameter of
1.4 mm and 1 mm, respectively. These results showed an increase in materials removal rate (MRR).
However, oversized hole diameter can result from high injection pressure.

Overall, this strategy clearly demonstrated successful results especially for hole depths below
300 um. In the case of hole depth above 300 pum, this strategy suffers from the drawback of
limited flushing and hole deformation due to the continuous tool-workpiece mechanical contact.
Another drawback is the high possibility of tool bending in case of small tool sizes, which limits the
minimum diameter of used tools to 200 wm.

2.2. Constant Velocity-Feed Machining

In this machining mode, the tool is fed with a constant feed rate f offering the potential of avoiding
any contact between the tool and workpiece, which can solve the problem of tool bending. The tool
here is moved towards the substrate at a constant feed rate where it proceeds vertically downward
while machining. When the feed rate is lower than the MRR, a variable tool-workpiece gap is created.
While this gap enhances the local flow of electrolyte at the machining zone, it causes the last to possess
a lower temperature compared to that of the tool-electrode (the heat source). Moreover, and up to
this date, the gap cannot be controlled which hinders online monitoring of the machining progress.
Recent efforts have been made by Abou Ziki et al. [39] to measure the tool-substrate gap towards
the end of machining. This was done for several machining conditions and a thermal model was
constructed to explain the gap values measured. Temperature of machining zone and local flushing
were identified to be the two factors that affect the value of the gap, which was found out to be around
10 pm or less in [39]. The model implies that the gap grows until the temperature of the surface
reaches the melting temperature of the electrolyte salt. The gap does not grow further for lower
temperature since the electrolyte solidifies and etching stops. Note that initially, at zero gap, the surface
temperature is considered to be similar to the tool temperature. Other efforts to control and monitor
the process are exerted through developing force feedback algorithms, which is discussed in depth in
the following section.

Drilling Forces

A novel attempt by Abou Ziki et al. [30] paved the way in developing force feedback algorithms
that are expected to improve the machining performance. During drilling, the tool moves vertically
downwards at a specific feed rate while the machining head (that holds the tool) acts as a force sensor
that measures the forces applied on the tool. In this study, a feedback signal based on the contact
forces between the tool-electrode and the workpiece was proposed as a possible way to monitor the
process. Three different force patterns were distinguished based on the hole depth (feed rate) and
applied voltage. Electrolyte flushing and workpiece surface heating were identified as the limiting
factors in cases of high depth and low depth respectively. It was found that the range of allowable tool
feed rates increases (up to 70 um/s) for smaller tool diameters (250 um) and at a machining voltage
of 33 V. The forces were also studied from the current signal point of view where a correlation was
identified between applied forces and current shifts as shown in Figure 6.
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Figure 6. The force signal and its corresponding current signal for a machining voltage of 33 V and
feed rate of 15 um/s. Reprinted from the work in [30] with permission from Elsevier.

A further investigation on the nature of the drilling forces occurring at the tool-substrate vicinity
was done by Abou Ziki et al. [40] and revealed that a chemical bond can form between the tool and the
glass surface even before any contact between them occurs. This bond was explained as the result
of the formation of an adhesive glass melt (socium silicate) during the etching process. Basically,
the contact forces that exist towards the end of machining, called Pressing Forces, start decaying
after the applied voltage is switched off due to tool-retraction caused by a temperature drop in the
machining zone. These decaying forces can either decay into a positive value or a negative value. In the
case where pressing forces are low (<0.25 N), forces decay negatively indicating that the tool is being
pulled downwards toward the workpiece then values go back to zero indicating that the tool-glass
bond was broken. This phenomenon results in interrupted drilling and its causes vary depending
on machining conditions and machined geometry. In case of deep holes and continuous tool-glass
contact, machining temperature is similar to that of the tool, and machining is hindered by insufficient
electrolyte flushing. In the case of low depth and shallow surfaces, machining temperature is equal to
vaporization temperature of electrolyte, and machining is hindered because of insufficient heating of
workpiece surface. This causes the formation of a glass melt in the tool vicinity that creates a tool-glass
adhesive bond [41].

Another limitation of this strategy (other than the un-controlled gap) is the possible damage or
breaking caused by high bending forces on the tool if feed rates weren’t properly selected. The effects
of various parameters (electrolyte concentration, tool diameter, feed rate, and applying a magnetic
field) on tool bending forces was investigated by Hajian et al. [42]. The optimum feed rates for each
set of machining conditions were presented. It was found that as the applied voltage and electrolyte
concentration increased, bending forces decreased. Another observation is that for lower electrolyte
concentrations (typically 15 wt%), applying a magnetic field significantly reduces the bending forces.
Didar et al. [43] revealed that the optimum values for machining a high quality micro-channel with a
specific depth (50 to 300 um) were to choose values less than 32 V, 30 um/s, and 15 um for applied
voltage, tool velocity, and tool-surface distance, respectively. Singh et al. [44] achieved a 135 pm deep
micro-channel using an optimum process parameters of 59 V, 3 ms on time and 3 ms off time, 12 mm/min
feed rate, and 21 wt% NaOH concentration. More details on other capabilities of constant-velocity feed
machining are presented in Section 4.

2.3. Other Machining Modes

Although gravity feed machining and constant-velocity feed machining are the commonly used
methods in SACE, there are other techniques attempted to further control and enhance machining.
Cao et al. [45] achieved an aspect ratio of 2 using a tool at 31 pm diameter. Using a mechanical-based
contact detector, a closed loop feedback was developed through monitoring contact forces that are
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applied to the load cell. Although Wiithrich et al. [46] proposed using the force signal for feedback
machining, the developed algorithm was still preliminary. Later, Abou Ziki [5] achieved holes with
an aspect ratio of 9 drilled in 13 s through developing force-feedback algorithms that enhanced the
drilling performance (decreased drilling time). Another type of feedback machining is using the
current signal. Wiithrich et al. [47] studied the current signal as a possible way to enhance machining
performance, but no significant outcome was produced. Morrison et al. [48] applied a proportional
feedback controller to reduce variability (i.e., decrease the standard deviation) in SACE drilling. In this
proposed method, the current depth is fed back to the voltage signal, thus forming a closed loop which
improves the quality of drilled holes.

With gravity-feed machining, achieving repeatability is still an unsolved issue. Wiithrich and
Hof [49] revealed that even when using identical machining parameters, the process is not yet
repeatable. Xu et al. [31] plotted workpiece displacement as a function of time using the conventional
gravity feeding strategy and concluded that the main causes for unrepeatable machining were tool
deviation (resulting from elastic deformation of the chamber) and the uncontrolled damping and
mechanical friction during feeding. In consequence, they proposed a new flexible fixture, where the
force exerted on the tool is not constant but varies as a function of machining depth in a decreasing
pattern (see Figure 7). Therefore as the machining proceeds (for higher depths), the force exerted on
the tool is reduced.

(a)

D (c) ﬂ U (t;l) U

Figure 7. (a) Reference position is taken when tool touches the surface (b) tool is pushed downwards
with a certain distance (c) depth actuated with the Electrochemical discharge machining (ECDM) (d)
tool stops as fixture goes back into equilibrium. Reprinted from the work in [31] with permission
from Elsevier.

This “symmetrical” set-up achieved 55% deeper holes compared to the conventional gravity
feeding method and resulted in more consistent drillings as shown in Figure 8. The authors also observed
that cracks and roundness error become negligible as voltage decreases confirming the idea that the
decreasing pattern of contact forces will prevent bubble accumulation in the hydrodynamic regime.
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Figure 8. Drilling depth at 38 V with (a) gravity-feed method and (b) counter-resistant force method.

Reprinted from the work in [31] with permission from Elsevier.

This setup was further enhanced in [50] through applying a magnetic field in a 20 wt% NaOH
electrolyte while using a 0.5 mm tungsten carbide tool-electrode. The gas film formation around the
tool was recorded by a high-speed camera, and an ~9% reduction in thickness was observed with the
magnetic field compared to the case without. Furthermore, at 40 V, machining time and radius of hole
entrance were reduced by 68% and 18.5%, respectively.

3. The Gas Film

As mentioned earlier in the introduction, SACE process is based on electrochemical discharge
phenomenon. The electrical discharges, generated from the tool tip during the process cause the local
heating effect, making the tool the heat source. These discharges occur through the gas film that forms
around the tool and isolates it from the surrounding electrolyte. The properties of this gas film affect
the quality and repeatability of the process, making it a substantial element in SACE machining [7].
For example, the discharge activity is influenced by the shape of the gas film, thus the resulting overcut
is affected. The gas film forms and breakdowns every few milliseconds and keeps on reforming
continuously during the machining process. Therefore, it influences the local electrolyte flow dynamics
in the tool vicinity which in turn has effects on the surface topography and quality. Consequently; it is
fundamental to understand the factors and parameters that influence the gas film properties. The gas
film formation cycle was divided into five regions in past literature [51-54] based on the mean I-U
characteristics curve shown in Figure 9a. The five regions (Figure 9b) are summarized below.
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Figure 9. (a) The I-U characteristic curve during SACE. Reprinted from the work in [6] with permission
from Elsevier. (b) The gas film formation process around the tool-electrode.

¢  OA: Thermodynamic Region: The water’s decomposition potential (Ud) is not yet reached and
no electrolysis occurs.

e  AB: Ohmic Region: Water electrolysis occurs.

e  BC: Limiting-Current Region: Bubbles coalesce saturating the current.

e  CD: Transition Region: A gas film starts forming around the tool covering its surface; machining
becomes possible. A current density of around 1 A/mm? is generally required for gas
film formation.

e  DE: Arc Region: Nucleation sites of actives bubbles are covered now with the gas film, and current
is transported through microlevel arc discharges.

Basically, the qualities used to indicate the stability of the gas film are its shape, thickness,
lifetime, and formation time, as well as the standard deviation of discharge current. Many factors
(shown in Figure 10) influence these qualities, these mainly include the machining conditions (voltage,
tool immersion depth and motion, electrolyte temperature and composition), the electrolyte properties
(surface tension, viscosity, and resistivity), and tool-electrode properties (surface wettability, size,
and geometry).

Voltage Su.t'fa_c-e
wettability

(Ma(:h_ini_ng
Conditions
Effect

Tool Immersion
Depth & Motion

—b{ Tool Effect I ‘ Size

Electrolyte
Temperature &
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Surface
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S [ Electrolyte

L Effect M
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Figure 10. The different factors that affect the gas film.

Therefore, it can be said that the main forces that affect the gas film stability are buoyant forces,
surface tension and inertial forces. Stability is enhanced when the gas film is uniform, thinner and has
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a constant lifetime, and when there are low fluctuations in current signal indicated by the standard
deviation of discharge current. This section presents a review on the recent literature done regarding
this topic.

Investigations through current/voltage values obtained while machining on glass were done by
Fascio et al. [53] to understand the nature of bubble formation in the tool vicinity. The machining
domain of SACE was identified generally in the region where applied voltage exceeds 25 V. It was
speculated that as voltage increases above this limit, temperature of the area surrounding the tool
becomes equal to the electrolyte boiling temperature, thus creating vapor bubbles. As a result,
the working surface area of the tool becomes covered with bubbles that coalesce into a gas film isolating
it from the electrolyte. This film breaks and reforms in a continuous cycle every few milliseconds,
leading to current fluctuations in this region. The average gas film formation time and lifetime differ
based on the machining conditions [55].

Wiithrich et al. [56] experimentally measured the thickness of the gas film and derived a theoretical
model for estimating its value. The average thickness of the gas film was linked to the average diameter
of bubbles existing when the gas film starts forming. The diameter and shape of these bubbles
are influenced by the wettability of the electrode on one hand, and the average distance between
active-bubble nucleation sites on the other hand. Knowing that d;, is the mean distance between the
nucleation sites, the mean bubble height £d;, can be calculated through estimating the critical voltage
Ut using Equation (1):

&d, AR erfg Shg (Pc)

uC?’it — ud 4t

Atg « 1-p. @

where U is the critical voltage, s is the size of a bubble, 15 is the number of bubbles/total number of
nucleation sites, A is the electrode surface, R is the inert electrode resistance of electrolyte, Atg~lis
the mean detachment frequency, « is the faradic gas-generation coefficient, and p, is the percolation
threshold. Then, authors considered that tool radius r is much greater than the gas film thickness d,
and estimated d as shown in Equation (2):

dy = 7 &dn @)

Previous models linked the applied voltage with activation of nucleation sites [57-59] which
indicates a correlation between gas film thickness and critical voltage. Authors investigated the
addition of soap to reduce film thickness. Using a conical stainless-steel tool, the addition of liquid
soap decreased variance error of hole diameter from 20 um at 32 V applied voltage and 30 wt%
NaOH electrolyte, to 5 pm at 20 V and same electrolyte concentration. Thus, authors concluded
that decreasing the thickness of the gas film, which stabilizes it, will result in fewer fluctuations,
therefore creating better repeatability. However, the drawback is the increase in machining time. In this
experiment, gas film thickness was found out to be between 100 um and 200 um. Three strategies
were identified to reduce gas film thickness: The first is the utilization of hydrodynamic fluxes,
like rotating the tool or the electrolyte, or both. The second is altering the tool wettability (or the forces
at the tool vicinity), which can be done through adding soap for example. The third is controlling
density of bubble nucleation sites (i.e., controlling the distance between active bubble-nucleation sites).
Han et al. [60] used a side-insulated tool-electrode as a possible method to improve the uniformity of
spark energy generation. The side insulated tool localizes gas film formation within a specific area
of the tool-electrode, preserving a consistent active tool region constantly in contact with electrolyte.
However, effects of side-insulation become negligible if immersion depth increased beyond 3.2 mm for
the given machining conditions. During a 10 ms machining time, an 82% decrease in the standard
deviation of peak spark value (431 mA to 76 mA) was achieved using the side-insulated tool at
35 V machining voltage. The geometrical shape used created a gas film with a spherical shape,
a phenomenon called single-bubble formation. A theoretical model was derived that determines the
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minimum gas film thickness 6 as a function of tool immersion depth in electrolyte /,; and radius of
tool-electrode 7,; as shown in Equation (3):

0f =

2 2
_”el(”el +2 lel) + \/(7212 + 2”ellel) + %(27’61 + lel)[rb,cl'S(l + COSQ) (2 - 6059) - 3rel2lel ]

2(791 =+ Zel) (3)

7pc is the minimum radius of a bubble needed to screen all the active electrode surface, and 0 is
the angle of contact between a single bubble and the surface of insulation calculated as shown in
Equation (4):
05l; Lo

o 1/2
The (lel2 + 47’(312)

The thickness was found to decreases by around 93% as the tool radius decreases from 300 to
50 pm. Machining of micro-channels was also conducted using 200 um tungsten carbide tools to verify
the results where the side-insulated tool decreased surface roughness by half.

A mechanistic modeling of gas film dynamics was proposed by El-Haddad and Wiithrich [61].
The model involves gas film dynamics, including gasfilm lifetime ¢, detachment time Afg, and bubble
formation, and predicts the gas film formation time ¢ 1z First, 6, which denotes the bubble coverage on

4)

cos 6 =

the surface of the electrode, is calculated as Equation (5):
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In this equation, § is the coefficient of the faradic-gas production, jj,; is the local current density,
hy is the effective average height of a bubble, At is the mean bubble detachment-time approximated
as 2.5 ms, s is the cluster size, 15 is the mean normalized number of clusters having a size s, At is
mean film detachment-time, and P(0) is the size of an infinite cluster. The gas film formation time f is
modeled as Equation (6):

t 1 u
] | ©
b 1+ T U (1-p)(U-1)
In Equation (6), p is the percolation threshold, and U is calculated as U = u’;{;‘ffld where U is the

cell voltage, Uy is the water’s decomposition potential, and U is the critical voltage.

A study on the energy discharges was done by Allagui et al. [55] from the current-signal point of
view in order to evaluate the formation-time and lifetime of the formed gas film during SACE. Wavelet
analysis was used as the denoising tool where the base function was the Meyer wavelet as a discrete
approximation for the signal’s wavelet transformation. An algorithm was proposed that estimates
three variables: the duration between two successive film formations (A), film lifetime (T¢), and film
formation time (T¢). Findings revealed that as the applied voltage increases, T gradually decreases
while T behaves in the opposite way. In addition, T¢ becomes more stable as the applied voltage
increases (from 24 V to 36 V), as shown in Figure 11.

Cheng et al. [62] reported the effects of machining voltage, tool rotational speed,
electrolyte concentration, machining depth, and tool geometry on the quality of gas film through
analyzing current signals at different machining depths. At an applied voltage of 40 V, increase in
tool rotation had insignificant effects on current signals while the increase in concentration of KOH
electrolyte resulted in a 33% increase in mean current while using a 200 um cylindrical tungsten carbide
tool as shown in Figure 12. However, gas film becomes unstable as machining depth exceeds 250 um,
where it becomes difficult for bubbles to escape, leading to a thicker gas film. To improve machining
depth, authors used a 100 pum thick flat-side wall tool rotating at 500 rpm using 6 M KOH as the
electrolyte. Up to a machining depth of 400 pum, stable discharges were sustained at an applied voltage



J. Manuf. Mater. Process. 2020, 4, 99 14 of 44

of 38 V, where peak currents were in the range of 0.2 A and 0.4 A. Despite the drastic increase in entrance
diameter and machining time for depths higher than 400 um, the flat sidewall tools perform better
with respect to hole entrance diameter and machining time by around 4% and 32.5%, respectively.
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[ m Exp —Electrochemical --- Thermal @ Exp
3t g : % 150
28 140
- -y
w
E ?| £
- -
2t 130
1.5} * il {20
L ‘
¥ ; i 10
25 30 35

Voltage [V]

Figure 11. The gas film lifetime T¢ and gas film formation time T as a function of applied voltage.
Reprinted from the work in [55] with permission from Elsevier.

" Cylindrical Tool ($200 um)
Tool Rotating Speed: 500 rpm )
Electrolyte: 4 M (KOH) Mean Current: 95mA

0.5 | 4y {/ l
0.0 E’*WWWM II oy ’HMHM

i Cylindrical Tool (§ 200 jum)

Q Tool Rotating Speed: 500 rpm
= Electrolyte: SM(KOH) [ pfean Current: 131mA |
= | rraov
E 051 /
= y |
&) 1 N | b 1 4
L e
0.0 LIl _ 1 i 1 |
1.0 Cylindrical Tool (¢ 200 pun)
Tool Rotating Speed: 500 rpm
Electrolyvte: 6 M KOH I
B R Mean Current: 142mA |
vr:38v .
0.3 ’/
i !'llw!- l 1. | %Ei. m
L : ] 'iq. i Al HH
0.0
0.00 0.05 0.10 0.15 0.20

Time (sec)

Figure 12. Current signals for different concentrations of KOH electrolyte at 40 V. Reprinted from the
work in [62] with permission from Elsevier.

A stochastic model that estimates spark energy was proposed by Jiang et al. [63] based on a
machining experiment on soda lime glass using a 250 um tapered tool. The energy of sparks was fit
into a log normal distribution with a two-component mixture. Cylindrical tools showed that spark
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generation is major from the tool edges (due to higher intensity of electrical field) while minor sparks are
released from its flat side (explained by the large proportion of low energy sparks). On the other hand,
tapered tools create more uniform sparks through eliminating the minor sparks. A comparison of spark
energy distribution is shown in Figure 13. A finite element analysis was established to understand the
relation between spark energy and geometry of the material removed. A parabolic geometry for the
material removed was identified in simulations and was confirmed with the experiments. Values of
discharge energy recorded using current and voltage sensors were taken as input parameters in the
Finite models. Under a 34 V applied voltage, the mean energy of sparks was approximately 3.8 mJ.
The model confirmed with experimental results, which indicated that estimating material removal is
possible given the hole diameter and maximum depth.
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Figure 13. Distribution of spark energy for (a) Tapered tool and (b) Cylindrical tool [49]. Reprinted
from the work in [63] with permission from Elsevier.

Jiang et al. [64] then proposed analytical models of the film and compared to experiment
observations done using a high-speed camera to capture the discharging phenomenon. In the
experiments using a 0.5 mm tool and applying a 34 V machining voltage, bubbles started to merge
after 2 ms, covering the tool surface area. Eventually, all bubbles merged forming a single bubble
that insulated the tool from the electrolyte (interruption). Afterwards, this bubble started shrinking
until a stable gas film was formed. The effects of a lower voltage (30 V) on bubble formation were
also investigated. Although bubbles covered the whole surface area of the tool as in the previous case,
bubbles failed to form a single layer. This indicates that full coverage of the tool surface by bubbles
is insufficient for film formation, where other stability criteria are needed. Based on the authors,
the critical current density can be promising measurement for discharge characteristics, aside from the
currently used critical voltage signal. In fact, the experiments showed a proportional relation between
the critical current and film thickness values extracted from the model. Therefore, the critical current
I.yit could be predicted for each set of electrolyte concentration ¢, tool diameter d, and immersion
depth /, as shown in Table 1.

Kolhekar et al. [65] identified the effects of four process parameters (electrolyte concentration,
level of electrolyte above workpiece, distance between the electrodes, and machining time) on the gas
film thickness and stability (indicated by the lowest deviations of current values). The effects of each
are summarized in Figure 14, where it is shown that as concentration and electrolyte level decreased
by 2 wt% and 2 cm, respectively, the standard deviation decreased by around 0.01, resulting in a more
stable gas film.
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Table 1. The critical current for at certain electrolyte (NaOH) concentration ¢, tool diameter d,
and immersion depth I [64].

c (Wt%) d (mm) I (mm) Ierir (A)
10 0.5 1 0.47
10 0.5 2 0.89
10 1 1 1.04
10 1 2 1.88
20 0.5 1 0.52
20 0.5 2 0.98
20 1 1 1.15
20 1 2 2.07
30 0.5 1 0.59
30 0.5 2 1.11
30 1 1 1.3
30 1 2 2.35
40 0.5 1 0.67
40 0.5 2 1.26
40 1 1 1.49
40 1 2 2.68

0.1 0.11

0.1

0.00 >(")</x

0.1

Std. deviation of discharge current
Std. deviation of discharge current

0.09

0.08 0.08

0.07 0.07

1.5M 2.0M 2.5M 1.5cm 2.5cm 3.5cm
Concentration Level of electrolyte
§ 5
£ on 2 0.1
p =1
o o
@ @
2 01 D 04
[3+] ©
£ £
5 0.00 T 0.09
o o
c c
k= 2
T 0.08 T 0.08
> >
@ @
© O
g 0.07 © 0.07 - - -
(] 1.0cm 2.5cm 4.0cm (] 1min 2min 3min
Distance between electrodes Time of machining

Figure 14. The main effect plots of several parameters on the standard deviation of current.
Reprinted from the work in [65] with permission from Elsevier.

Furthermore, the interaction effect of electrolyte concentration and level of electrolyte (Figure 15a)
revealed that for low electrolyte concentration (<2 M) gas film stability diminishes with the increase in
electrolyte level. For a higher electrolyte concentration (>2 M), stability increases with the increase in
electrolyte level. This is attributed to the effect of buoyant forces on the gas film. Figure 15b shows the
interaction effect of level of electrolyte and the distance between electrodes. As the distance between
electrodes increases, the gas film stability is improved for the higher levels of electrolyte (>1.5 cm).
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Figure 15. Interaction plots showing stability of gas film (a) The interaction plot of electrolyte
concentration and level of electrolyte (b) The interaction plot of the level of electrolyte and distance
between the electrodes. Reprinted from the work in [65] with permission from Elsevier.

This current-based methodology was tested in experiments using specific values of the
above-mentioned four process parameters which experimentally achieved minimum and maximum
current discharge energy. Values which result in minimum discharge energy were denoted as optimum
and values which result in maximum discharge energy were denoted as extreme (Table 2). Using the
optimum values, the camera captured a gas film that surrounds the tool electrode with a uniform
thickness, whereas the extreme values showed an irregular distribution of the gas film around the tool.
Again, it is worth mentioning that a uniform gas film is an indicator of its stability.

Table 2. Optimum and extreme values of experimental parameters in [65].

Parameters Optimum Values Extreme Values
Concentrations 0.5M 4M
Level of electrolyte lcm 4 cm
Distance between electrodes 4 cm 1cm
Time of machining 0.5 min 3 min

4. The Major Process Parameters

The following subsections present literature on the effect of varying aspects related to one of the
three most influencing process parameters: electrolyte, tool, and machining voltage.

4.1. The Electrolyte

In spark-assisted chemical engraving, the used electrolyte plays a key role in machining as the
etching rate is greatly influenced by the electrolyte properties [55]. In consequence, the electrolyte
affects MRR, surface quality, and overcut. This section presents the effects of electrolyte nature (used
material), electrolyte concentration level, and electrolyte additives while machining on glass and
ceramics, respectively.

4.1.1. Electrolyte Material

Glass

In general, NaOH and KOH are the two mostly used electrolytes in literature, where NaOH is
unique in its high viscosity, while KOH in its high conductivity. Gupta et al. [66] compared the material
removal rate (MRR) and overcut using three electrolytes (Sodium Chloride (NaCl), Sodium Hydroxide
(NaOH), and Potassium Hydroxide (KOH) at same concentration (25 wt%) while using a pulsed
voltage in a glass drilling application. NaOH resulted in a higher MRR compared to KOH and NaCl
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by (3.8 and 9.7 times higher respectively), while KOH resulted in less overcut than NaOH and NaCl
by a factor of 1.26 and 3.26 respectively. A mixed electrolyte (50% NaOH and 50% KOH) was used
in [67] in micro-channel machining and achieved a 20.78% and 13.33% decrease in critical voltage
and entrance width respectively at a 25 wt% concentration for each. Furthermore, 31.9% increase in
channel depth was achieved when using this mixed electrolyte, compared to when NaOH electrolyte
at same concentration (25 wt%) was used and while rotating the tool at 800 rpm and applying 32 V.
Furthermore, alkaline solutions perform better than acidic ones. Harugadi et al. [68] compared MRR in
a drilling ECDM experiment on soda lime glass using two electrolytes: basic KOH and sulfuric acid
H,SOy4. The authors noted that bubble generation in the acidic solution was almost negligible resulting
in poor MRR.

Ceramics

Tsutsumi et al. [69] conducted drilling experiments on alumina ceramic using three types of
electrolyte (Sodium Nitrate (NaNOs3), NaOH, and KOH) with a range of concentrations. The authors
found that NaOH gave a 75% and 95% higher machining rate than NaNOj3 and NaCl, respectively.

4.1.2. Electrolyte Concentration

Glass

Decreasing the levels of electrolyte concentration is advisable for achieving high aspect ratios
and improving surface quality and integrity. Jui et al. [70] achieved high aspect ratio of 11
during micro-drilling of glass using a 30 pm tungsten carbide and sulfuric acid as the electrolyte.
The concentration used (10 wt%) resulted in an 18%, 22%, and 39% reduction in hole taper, overcut,
and tool wear, respectively. Following this, a mathematical model that captures the relation between
electrolyte concentration and overcut in machined surfaces was proposed by Kamaraj et al. [71].
The fabrication of micro-holes with aspect ratios as high as 12 was achieved in this contribution using
NaOH as the electrolyte. However, Kolhekar at al. [72] revealed that as concentration levels drop
below 1 M, surface wrinkles are produced in the perimeter of the machined hole surface as shown in
Figure 16.

o 200 pm
’ -
Figure 16. Surface wrinkles observed under Microscope on 0.4 M sample. Reprinted from the work
in [72] with permission from Elsevier.

Surface hardness, on the other hand, was reduced with the decrease in electrolyte concentration
and was observed in a range between 350 and 800 Vickers hardness number. The effect of varying
concentration of three electrolytes (NaNO3;, NaOH, and KOH) on the critical voltage was also
compared by Zhang et al. [73]. For the same concentration, NaNOj3 had the highest value of critical
voltage among the three, KOH came second, and NaOH had the lowest value. As the concentration
increases, the critical voltage was reduced by around 34% with KOH, 30% with NaOH, and 9% with

NaNOs3. The same results were obtained while machining on ceramics [69]. Madhavi et al. [74] and
Bellubi et al. [75] confirmed that MRR increases with the increase in electrolyte concentration while
using a 0.63 mm stainless-steel tool and a 0.3 mm tungsten carbide tool respectively. Using the Taguchi
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method, similar optimized values for maximum MRR were obtained. It was identified that MRR is
maximum for the following values of process parameters; 60 V machining voltage, 30 wt% electrolyte
concentration and 70% duty factor in [74], and 50 V voltage, 25 wt% concentration, and 70% duty
factor values in [75].

Ceramics

Chak and Rao [76] compared five different concentrations of mixed electrolyte (50% KOH and 50%
NaOH) in a trepanning drilling operation on aluminum oxide Al,O3 using an abrasive tool electrode
and a pulsed DC supply. The authors noted that as the concentration of mixed electrolyte increases
from 5.5 wt% to 15 wt%, electrical conductivity increased by 36% thus improving chemical etching.
The effect of changing electrolyte concentration was also reflected in [77] in a die sinking—ECDM
process on silicon nitride. The authors noted that beyond a certain concentration (10 wt% of NaOH),
the rate of reaction increases to an extent that ion mobility decreases, thus material removal will
gradually decrease. Similar findings were also reported by Sarkar et al. [78], where the behavior of
MRR with respect to electrolyte concentration was also similar for different applied voltages.

4.1.3. Addition of Surfactants/Magnetic Fields

Glass

Another significant factor that achieved improved surface quality is the addition of surfactants and
particles to the electrolyte. The addition of around 0.2% Sodium Dodecyl Sulfate Surfactant (SDS) to 6
M KOH electrolyte during drilling of quartz glass was investigated by Laio et al. [79]. This resulted in
an increase in current density and improved machining capability, where the etched area increased from
around 0.246 mm? (without SDS) to 0.313 mm?, indicating a 27% improvement in etching capability.
This improvement was explained by the increase in the amount of bubbles formed and their speed in
leaving the electrode surface thus leading to a reduction in gas film thickness. Similarly, the addition of
20 mL soap to 200 mL NaOH electrolyte as done by Wiithrich et al. [80] resulted in a 25% decrease in
critical voltage. A similar experiment was done by Han et al. [81] where the effects of mixing Graphite
powder with 30 wt% NaOH electrolyte on surface integrity were investigated. A 10% reduction in peak
current and breakdown voltage were achieved while machining on a borosilicate glass. Consequently,
an improved surface quality was obtained compared to that obtained with traditional electrolyte where
a surface roughness of 0.95 um was obtained using 0.5-1 wt% concentrations of powder at an applied
DC voltage of 35 V. The effect of adding graphite powder in improving machined features was also
confirmed by Paul et al. [82].

In a cutting operation of Pyrex glass, Yang et al. [83] achieved a 43% decrease in surface roughness
through adding SiC abrasives (silicon carbide) to KOH electrolyte while the workpiece was driven
by a speed control motor. A 0.25 mm brass wire was used as the cathode with 30 mm of its length
immersed in the electrolyte, and a pulsed voltage with different frequencies was applied. Despite the
improvement in surface quality, abrasives were poorly circulated which caused a concentration
polarization of electrolyte and blocked the machining zone. In an effort to improve the circulation of
SiC abrasives, Kuo et al. [84] used a micro-tube pump to continuously supply titrated electrolyte over
the quartz glass workpiece. The electrolyte was composed of 5 wt% SiC mixed with 5 M KOH under
the action of magnetic stirrers rotating at 150 rpm. The flow of titrated electrolyte flushes away debris
generated at the machining zone. The proposed method improved surface roughness and mean slit
width by 80% and 7.5%, respectively, where the optimum process parameters for achieving such results
were a 35 V applied voltage, 4 mL/min flow rate, 210 s machining time, 5 pm/s feed rate, and 5 wt% Sic
powder concentration.

An effort to improve the quality and depth of micro-channels was done by Hajian et al. [85]
through investigating the effect of magnetic field orientations in combination with different machining
voltages and electrolyte concentrations. The experiment was done on soda lime glass using a 0.5 mm
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flattened end high speed steel (HSS) tool-electrode using NaOH electrolyte of 15 wt% and 30 wt%
concentration. The authors stated that the presence of a magnetic field results in a smoother surface,
and with the right combination of electrolyte concentration and applied voltage (e.g., 15 wt%, 35 V),
machining depth can increase by around 43%. They also observed that at low electrolyte concentration
(15 wt%), the presence of a magnetic field highly intensifies the effect of applied voltage in increasing
the machining depth. In contrast, at higher electrolyte concentration (30 wt%) the effect of applying a
magnetic field in increasing machining depth was only 4%.

4.2. Tool-Electrode

The tool electrode has a substantial role in the process of drilling holes and machining
micro-structures by SACE. This section presents the investigations done on the effects of the tool
material, geometry, and rotation per minute (rpm) while machining on glass and ceramics respectively.

4.2.1. Tool-Electrode Material

Glass

Yang et al. [86] compared the effect of three tool materials: tungsten, tungsten carbide, and 304
stainless-steel on average hole diameter and tool wear. Using a 200 pm diameter for all used tools,
tungsten carbide achieved the smallest hole diameters and standard deviation, as shown in Figure 17.
Tool wear was almost negligible using the tungsten carbide tool, while 304 stainless-steel showed
severe tool wear.
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Figure 17. Variations in the average hole diameter for different tool electrode materials. Reprinted
from the work in [86] with permission from Elsevier.

Abou Ziki et al. [87] and Zhan et al. [88] studied tool wear phenomena. Aluminum oxide ceramic,
a material resistant to SACE machining under the applied machining conditions, was chosen as the
work piece in [87] as a reference to measure tool expansion. Three different tool electrodes were used:
tungsten, steel, and 316 L stainless-steel. 316 L Stainless Steel exhibited an almost negligible tool
wear with the highest thermal expansion in contrary to tungsten which had the highest value of tool
wear. Tool-electrode temperature was measured to be around 500 °C, where it was proposed that a
pulsed voltage supply can control this temperature. A thermal model (Figure 18 and Equation (7)) was
proposed to compute the temperature T of the tool electrode tip.

= glw - zr-1)] 7)
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Figure 18. (a) The gas film surrounding the tool-electrode during SACE. (b) The thermal model of a
tool-electrode performing SACE. R;,, and Rj;y are the heat transfer through the non-immersed part
of the tool and the electrolyte, respectively, that connect the tool tip to the ambient temperature T,. C
is the heat capacitance, and g; the heat generated by discharges. Reprinted from the work in [87],
International Journal of Advanced Manufacturing Technology, with permission from Springer.

In Equation (7), T is the temperature of the tool tip, C is the heat capacitance that resembles the
heating of the tip of the electrode during machining. Ry, and Rj;; are the heat transfer through the
non-immersed part of the tool and the electrolyte, respectively. Basically, these two connect the tool tip
to the ambient temperature T,;, and are modeled in parallel to form the thermal equivalent resistance R.
g; is the heat source resembling the generated heat due to the discharge emissions in the gas film.

The heat capacitance C was estimated using Equation (8), where d is the tool diameter, p;,; is the
tool density, oy is the tool specific heat, and Ly is the immersed distance of the tool.

4\
C= ptooln(z) Lootoor 8

The authors reflected that predicting tool wear is essential as it helps in enhancing the precision
of machining holes. Stainless-steel was also found to be better in terms of tool wear as revealed
in [89], where experiments using copper and stainless-steel tools were compared and copper had a
very high wear in comparison with stainless-steel. Cathode tool wear was also investigated in depth
in [88], where the electrolytic current and voltage pulsed waveform were analyzed while machining.
The experiments demonstrated that thermal energy dissipation contributed in tool wear for the tungsten
rod only under the condition of reverse current. This was confirmed through the correlation between
anodic reverse currents and corrosion of electrode by anodic oxidation, where experiments were done
without using any workpiece.

The feasibility of applying spark assisted diamond-wire sawing was investigated by Wang et al. [90].
A 200 um diamond wire driven by a rotating roller performs cutting, while a counterweight is fixed to
the slider (upon which the workpiece is fixed), as shown in Figure 19.
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_ 4—— Workpiece
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Rotating 4= Guide
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Figure 19. A schematic drawing of diamond-wire-sawing set-up [90].
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Consequently, the glass workpiece (made up of silicon oxide) moves only due to the action of
material removal. It was found that the formation of a gas film was hindered for any workpiece thicker
than 5 mm. Consequently, the authors coated the wire with an oil film which formed a heterogeneous
oil-hydrogen gas film on the wire. Results showed a 36% improvement in MRR and 6% increase
in surface roughness while machining on alumina ceramic and upon applying a voltage of 52 V
and 1400 mm/s wire speed. Both parameters increased in value with the increase of wire speed,
counterweight mass, and DC voltage.

Ceramics

Copper and stainless-steel tools were used in [91] while machining on alumina ceramic using
stagnant electrolyte method and continuous electrolyte flow method. Experiments revealed that
stainless steel gives the highest MRR using continuous flow method and decreased overcut by around
12.5% compared to copper. A drilling experiment done in [92] on Al,O3 ceramic using a diamond
abrasive rotating tool decreased hole taper by around 80%. The improvement in quality was attributed
to both abrasive granules and tool rotation (20 rpm) which enhanced the result.

4.2.2. Tool-Electrode GeometryGlass

Glass

In literature, the effects of various unconventional tool electrode geometries like spherical-end
tool, micro-drill, double-hole tube electrode, and tapered electrode, were investigated and will be
presented below. A comparison of the four geometries is shown in Figure 20.

\\\
(b) () (d)

Figure 20. Different tool-electrode geometries used in literature. (a) Tool with spherical end.

(b) Micro-drill. (c) Electrode with a double-hole inner structure. (d) Array of stainless-steel tapered tools.

Yang et al. [93] found that reducing the electrode-workpiece contact area facilitates electrolyte
flow to the tip of the tool-electrode, thus enhancing flushing and rapid gas film formation. This can be
done using spherical tool electrodes whose end diameter is larger than its cylindrical body diameter.
At a machining depth of 500 um, a spherical tungsten carbide tool-electrode, compared to a traditional
cylindrical tool, could achieve an 83% and 65% reduction in machining time and hole diameter,
respectively, as well as a crack free hole exit. In another experiment conducted in [94] on borosilicate
glass, micro-drills of 0.4 mm and 1 mm diameter gave better results in comparison to conventional
cylindrical tools with respect to hole roundness and Radial Overcut (ROC). Under a 40 V machining
voltage, 950 rpm tool rotation, and using a 20 wt% NaOH electrolyte, average hole diameter was
around 0.58 mm while using a 0.4 mm drill bit. As the electrolyte concentration increases to 25 wt%,
low voltages (35 V) caused drifting of drill bit at high rpm while high voltages (45 V) caused holes
formed with a slight eccentricity. For higher electrolyte concentration (30 wt%) and larger drill bits
(1 mm diameter), machining was seen to be a combination of etching or spark erosion and mechanical
machining by the drill bit. Consequently, radial overcut was decreased by 50% at a voltage of 35 V and
with a tool rotation of 950 rpm. Resulting holes are shown in Figure 21.
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Figure 21. Different parameter combinations for machining micro-holes using 30 wt% NaOH. Reprinted
from the work in [94] with permission from Elsevier.

The inner structure of tool electrodes also affects the process. Zhang et al. [95] compared results
from five tool electrodes all with the same outer diameter (1 mm) with different inner structures.
Authors revealed that double-hole tube electrode achieved best results in terms of MRR, taper angle,
and surface quality. A low-conductivity NaNOj salt solution was used. The optimal value of inner
diameter was found as 600 pm.

Arab et al. [96] achieved a 3 X 3 micro-hole array using a multi-tip tapered tool array of 150 pm
diameter each fabricated using wire-electrochemical discharge machining (WECDM). Experiments
were done with a range of pulsed DC voltage supplies (45 to 70 V) and KOH was used as the electrolyte
(10 wt% concentration) because it offers higher thermal conductivity than NaOH. It was shown that
under an input voltage ranging from 65 V to 52 V, the increase in pulse frequency from 0.5 KHz to
100 kHz resulted in controlled sparking for duty ratios (DR) ranging between 60% and 80%. The higher
DR (90%) caused damage and micro-cracks. A smooth profile and almost no cracks were obtained
using a high pulse frequency (> 40 KHz), 65 V, and 70% DR as machining parameters, as shown in
Figure 22. Similarly, micro-holes of 5 X 5 and 2 x 5 arrays were machined with uniform diameters and
within a machining time not exceeding 10 min using the following process parameters; 56 V applied
voltage, 70% DR, and 70 KHz pulse frequency.
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Figure 22. Micro-crack formation for 90% DR and smooth profile for 70% DR. Reprinted from the work

in [96] with permission from Elsevier.

The significance of textured stainless-steel tools was demonstrated in [44] where MRR and
machining depth were increased by 19.27% and 64.81%, respectively. Experiments also showed a
significant reduction in width overcut by 122.26% and surface roughness by 26.96%. The authors
here applied a desirability function for multicriteria optimization that minimizes width overcut
and surface roughness while maximizing MRR and depth. The optimum values were computed
as 59 V applied voltage, 3 ms pulse on time, 3 ms pulse off time, 200 um/s feed rate, and 21 wt%
electrolyte concentration.
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In a series of WECDM experiments, Liu et al. [97] used a rotating helical tungsten tool of 100 pm
diameter. The uniqueness of this method is that the tool starts by drilling a hole then traversing
a complex path. Closed microstructures with an aspect ratio of 7 were successfully fabricated on
a 1060 um thick glass. Figure 23 shows a 156 um wide kerf machined by applying 40 V, 60% DR,
300 Hz, and 3000 rpm tool rotation. Increasing the DR to 70% resulted in a 25% increase in the side gap
(overcut). Another experiment on a 300 pm thick glass revealed that increasing voltage (from 35 V to
40 V) while decreasing rpm (from 6000 to 3000 rpm) results in 50% increase in the side gap.

156.6 ym
-

§
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|

_

Figure 23. A 156 um wide kerf machined at 40 V, 300 Hz, 60 DR, and 3000 rpm. Reprinted from the
work in [97] with permission from Elsevier.

Ceramics

Jietal. [98] conducted SACE experiments on zirconium dioxide ceramic while using a 500 um
notched cylindrical copper tool-electrode. The proposed tool has an augmented number of sharp
square edges for the sake of constraining the discharges to its end as shown in Figure 24. A scanning
process was done using a camera with high speed and resolution. It was found that the optimal values
for constraining discharges to tool-end and preventing large bubble formation are 90 V machining
voltage, 2 mm immersion depth, and 5 wt% NaOH concentration. In general, a higher MRR with
an 87 pm deep micro-groove was achieved using the notched tool-electrode over the traditional tool
electrode with a flattened end.

Figure 24. The Scanning Electron Microscope (SEM) of flattened end (left) and notched end (right).
Reprinted from the work in [98] with permission from Elsevier.

4.2.3. Tool-Electrode Rotational Speed

The speed by which tool rotation takes place was found to have a great effect on HAZ and
overcut. Harugade et al. [99] investigated the effect of varying tool rotational speed and feed rate while
machining on soda lime glass using a 500 pm tungsten carbide tool. The authors found that overcut
and HAZ decrease as the feed rate increases from 0.1 mm to 0.3 mm, as shown in Figure 25. Similarly,
the increase in tool rotation (from 600 to 1000 rpm) decreases HAZ and overcut.
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Figure 25. Variation of Overcut (a) and HAZ (b) as a function of Voltage and Tool feed rate.
Reprinted from the work in [99] with permission from Elsevier.

4.3. Machining Voltage

The use of a rectified constant DC voltage was the conventional method in SACE machining.
In general, machining experiments had revealed an exponential increase in MRR as the applied voltage
is increased [100,101]. However, literature found some limitations. At high machining depths, even if
the applied voltage increased beyond 100 V, MRR starts decreasing due to insufficient flow of electrolyte
into machining gap [102]. Moreover, micro-cracks appear at groove depths of around 200 pm and at
an applied voltage of 35 V [37].

Over the last two decades, the use of a pulsed voltage in SACE machining to overcome such
disadvantages was investigated more in literature, where it offered great results in improving machining
conditions for both glass and ceramic, as will be presented in the following subsections.

Glass

The utilization of a pulsed voltage of different frequencies and duty ratios was proposed by
Kim et al. [13] to overcome the drawbacks of thermal damage in ECDM. It was found that HAZ is
reduced with the increase in frequency and decrease in duty ratio. The results were confirmed by
Zheng et al. [36] while using a flat-sidewall flat-front tool instead of the conventional cylindrical tool
used in [13]. In this experiment, the formation time of the gas film was 1.5 ms with a 100 um sidewall
thickness, 40 V DC voltage, and 450 um depth. Consequently, the pulse on time was chosen as 2 ms to
perform experiments with a pulsed voltage while the pulse-off time was varied. Although entrance
diameter dramatically decreased (from 570 um to 340 um) and no cracks were observed, machining
time increased from 40 s to 160 s as pulse off time was increased to 2 ms, as shown in Figure 26. Authors
attributed this phenomenon to the limited discharge energy/unit and the consumption of high amounts
of energy for electrolyte heating.

In an experiment done by Zhang et al. [73], the gas film formation time decreased to around
0.05 ms as the magnitude of applied pulses increased to 25 V. The experiment was done using a 0.2 mm
tungsten carbide tool at 1000 rpm tool rotational speed, a 500 Hz frequency, 50% duty cycle, and using
a 20 wt% NaOH electrolyte. Authors noted that at lower magnitude (19 V), diametric overcut was
smaller and less micro-cracks were observed in comparison to the case at 25 V. However, the machining
time was drastically increased from 48 s at 25 V to 130 s at 19 V. To put it simply, although this
method proved efficient in improving machining quality, it poses the problem of having an inefficient
machining rate. A novel attempt to increase machining efficiency was done by Zheng et al. [103]
through introducing the offset pulse-voltage configuration. During the pulse off time, the gas film is
allowed to reconstruct itself, resulting in unpredictable discharges and an unstable gas film. To solve
this, a constant voltage of 10 V (referred to as offset voltage in this experiment) is added during pulse
off time to enhance the stability of the gas film. Results showed a 60% decrease in machining time and
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standard deviation. Although this method didn’t alter the geometry of the machined hole, a slight
increase in the fillet angle in micro-hole entrance was noted. A Finite element modeling of the process
was done by Paul et al. [104] to compare MRR with a constant voltage versus a pulsed voltage. For the
same process conditions, MRR was increased by around 62% using pulsed voltage.

460 200
k Workpiece: Pyrex Glass

440 Electrolvte: KOH (5M) 1
=] I Machining Depth: 450um 4 160

20 ) . - -
2 420 Electrode Rotational Rate: 500rpm 3
1o r . p-
B 400k Machining Voltage: Rectangular Pulse 40V 1 Z
g L Pulse On Time: 2ms 4120 E
R -+ — V=
= 380 | =
A L 1 a0
S 360 =
g L 4380 E
= 340 \ & —S
ST l—-——:7<- = ;

320 @ . = 440

'1’[’]0 [ 1 i 1 i 1 i 1

0.0 0.5 1.0 1.5 2.0

Pulse OT" Time, Tofr (ms)

Figure 26. Variations of Entrance diameter and machining time as a function of the pulse off
time. Republished with permission of IOP publishing, Ltd., from “The tool geometrical shape and
pulse-off time of pulse voltage effects in a Pyrex glass electrochemical discharge microdrilling process”,
Zheng et al., 17, 2007; permission conveyed through Copyright Clearance Center, Inc.

In a WECDM process, Singh et al. [105] used a textured wire surface to investigate the effect of
process parameters (machining voltage, pulse on-time, feed-rate, and electrolyte concentration) on the
straightness and overcut of micro-slits. Authors used an optimization technique based on desirability
approach to predict optimum values that enhance straightness and reduce overcut. Micro-slits with
a 105 um overcut and 94.42 um straightness were achieved using 48 V, 3 ms, 5 pm/s, and 15 wt%
of NaOH.

Ceramics

Bhattacharyya et al. [106] used pulsed voltage in a set of ECDM experiments on alumina ceramic to
investigate MRR and overcut performances as a result of varying applied voltage levels and electrolyte
concentration. As the applied voltage increases, MRR increases for all electrolyte concentrations.
However, micro-cracks were formed on the surface for high machining voltages (typically over 90 V),
and it was postulated that a further increase might result in breaking the ceramic workpiece. Chak
and Rao [76] machined 4.98 mm deep holes on Al,O3; workpiece while using a diamond cylindrical
abrasive tool of 1.5 mm diameter rotating at 20 rpm along with a pulsed voltage (60 V amplitude
and 0.48 duty factor) in a trepanning drilling experiment where the tool followed an orbital motion.
Results were compared with experiments with same machining conditions but using a DC voltage and
revealed that micro-cracks are much reduced by applying pulsed voltage.

5. SACE Capabilities Compared to Other Processes

The following subsections present the advantages and limitations of SACE compared to other
conventional micromachining techniques in terms of process speed and established machining quality,
as well as surface functionalization specifically texturing capabilities.

5.1. Surface Quality and Machining Speed

5.1.1. Micro-Hole Drilling

SACE offers an acceptable trade-off between machining speed and surface roughness (SR)
as compared to other technologies. In drilling, although chemical processes like deep plasma
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etching [107], deep reactive ion etching [108], wet etching [109], and dry etching [110] offer the best
surface quality (typically in the range of 0.002 to 0.01 pm), they are extremely slow (<0.017 pum/s).
Mechanical processes like powder blasting [111] and jet micromachining [112] are also slow (<0.56 pm/s),
but produce high surface roughness (up to 2.5 um). On the other hand, thermal processes like CO,
laser machining [113,114] and femtosecond laser machining [115,116] are generally the fastest (up to
20,000 um/s), but irregularities and HAZ become a challenging factor. Although the speed of SACE
technology is much slower than thermal methods [117], it can produce a considerably good surface
roughness (<2 um). Furthermore, surface quality of SACE machining is still not as good as what
chemical processes can achieve. However, several methods (summarized in Table 3) can be used to
decrease surface roughness as well as improve the geometrical quality (hole entrance diameter, groove
width) of the resulting hole or micro-channel.

Table 3. Different influencing parameters on the SACE process improvement. The effects of these
process improvements on SACE machining quality are depicted in Figure 27.

Type of Process Improvement Tool Diameter (um) Reference
(a) Side-insulated tool-lectrode 200 [60]
(b) Mixing graphite powder to 30 wt% NaOH 200 [81]
(c) Using textured stainless-steel tools 400 [44]
(d) Magnetic field orientation in 15 wt% NaOH at 35 V 500 [85]
(e) Addition of SDS to 25 wt% NaOH at 35 V 500 [118]
(f) Applying 30 rpm rotation speed at 40 V in 20 wt% NaCl 300 [37]
(g) Adding SiC abrasives to KOH in WECDM 250 [83]
(h) Adding SiC abrasives + flow of titrated 5 M KOH electrolyte 150 [84]
(i) Spherical-end tool-electrode 150 [93]
(j) Ultrasonic vibrated electrolyte + Side-insulated tool 200 [35]
(k) Flat-sidewall-flat tool (thickness 100 pm) at 500 rpm 200 [36]
(I) Adding SiC powder to titrated 5 M KOH electrolyte 150 [84]
(m) Rotating the workpiece at 30 rpm 300 [37]
(n) Mixed electrolyte (1/2 NaOH, 1/2 KOH) 500 [67]

Surface quality in SACE machining was improved through several processes mentioned in this
review and are summarized in Table 3. Basically, the addition of Silicon Carbide (SiC) abrasives to the
electrolytic solution by Yang et al. [83] and Kuo et al. [84] improved surface quality by 43% and 80%,
respectively. The addition of graphite powder also resulted in a 57% improvement in surface quality.
Other approaches to decrease surface roughness had significant results as well, such as using a side
insulated tool-electrode or using a textured tool. In addition to surface quality, there have been several
approaches used for decreasing overcut, or the entrance diameter/width of a hole/micro-channel.
Han et al. [35] achieved a 23% reduction in hole entrance diameter by applying vibrations to a
side insulated tool while drilling using SACE. Similar approaches to modify the geometry of the
tool-electrode also achieved a 65% reduction in hole entrance diameter, such as using a tool with
a spherical shaped end. Furutani et al. [37] tried rotating the workpiece and the results showed a
37.5% reduction in the entrance width of the machined micro-channel. The effect of each process
improvement on surface quality is presented in Figure 27.

Hof and Abou Ziki [119] summarized the effect of variation in quality (surface roughness) and
speed (feed rate) as a function of the produced aspect ratio (Figure 28) for four main categories of
machining technologies in drilling (chemical, mechanical, thermal, and hybrid (SACE)). Graphs showed
that high aspect ratios (>10) are achievable with SACE while machining with acceptable feed rates
(10 um/s) and keeping a good surface roughness (around 0.2 pm).
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Figure 27. Effect of some process parameters (detailed in Table 3) on surface roughness (a) and entrance
diameter/width (b). Note that the letters on the x-axis refer to the type of process improvement,
detailed in Table 3.
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Figure 28. Feed rate (a) and surface roughness (b) vs. aspect ratio for four categories of glass drilling

operations [119].

5.1.2. Micro-Channel Machining

Similarly, several micromachining technologies exist for the fabrication of micro-channels on glass,
so Figure 29 was constructed to compare SACE with other technologies in terms of micro-channel
machining. Literature related to existing machining technologies was collected and the technologies’
capabilities were presented in terms of the lateral tool speed (horizontal speed along the micro-channel
length) versus micro-channel aspect ratio (depth per pass/width), shown in Figure 30. In this figure
different zones are identified for each machining type. The machining methods are distinguished
by color and fall into four major categories (chemical, thermal, mechanical, and hybrid methods).
The details of channel geometries commonly resulting from each machining method are presented in
Table A1l in the Appendix A.
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Figure 29. The variations of speed rate (um/s) vs. aspect ratio of the machined micro-channel
for different micromachining technologies, clustered into zones depending on the machining type.
The machining techniques belong to four major categories (chemical, thermal, mechanical, and hybrid
methods), each represented by a different color. Note that the aspect ratio refers to the depth per
machining pass divided by the width of the micro-channel and the speed refers to horizontal speed
along the micro-channel length.
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Figure 30. Surface texture of glass micro-channels for different electrolyte concentrations (Process
parameters: 28 V applied voltage, 5 pm/s tool speed; Electrolyte: NaOH; Tool: 500 um stainless-steel).
Reprinted from the work in [14] with permission from Elsevier.

Looking through a high-level perspective into the clusters and zones on Figure 29, some thermal
machining types clearly outperform others with respect to both speed and aspect ratio. For example,
micro-channels with an aspect ratio of 17.5 can be machined at a very high speed of 200,000 pm/s
using selective laser-induced etching [120]. However, the trade-off would be the resulting low surface
quality. On the other hand, chemical methods like deep wet etching are much slower (0.0038 nm/s) and
produce relatively lower aspect ratios of 5, though the resulting surface quality is an advantage, where
roughness is typically less than 0.1 pm. Compared to chemical methods, both SACE and mechanical
methods offer a higher speed with some offering similar aspect ratios. For example, similar aspect
ratios of 0.4, 0.45, and 0.5 can be machined using powder blasting (mechanical), wet etching (chemical),
and SACE (hybrid), respectively. However, speed is maximum in powder blasting (400 um/s), followed
by SACE at a relatively less speed of 100 pm/s, and finally wet etching at a very low speed of 0.03 um/s.
Furthermore, it is clearly noted that although few mechanical methods can achieve similar aspect
ratios to SACE, almost all micro-channels machined with SACE have a higher aspect ratio than
those machined with micro-ultrasonic machining (mechanical) and rotary micro-ultrasonic machining
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(mechanical). Yet, all thermal methods offer much higher speeds than SACE, with most of them
offering higher aspect ratios as well. This comes at the expense of postprocessing steps that most
thermal methods require to improve surface quality. Overall, this concludes that SACE, as any other
micromachining technology, offers both advantages and limitations which can be, as presented in this
review, analyzed and investigated for the sake of process optimization.

5.2. Surface Functionalization

This section focuses on surface functionalization that can be established with SACE and other
different machining processes and it compares these processes capabilities from this aspect.

It was shown that SACE technology modifies the chemical properties of the substrate during
machining. Didar et al. [121] performed a nano-indentation study on the glass channel surface while
machining on soda lime glass using a 500 um stainless-steel tool at 5 um/s speed. Using a 30 wt%
NaOH electrolyte, authors observed softening of the material after machining, with a 23.5% decrease
in surface hardness. A 20.5% deviation in the measured removed mass between the analytical and
geometrical methods was also noted, confirming the change in the density of glass after machining.
SACE also showed that it is capable of micro-texturing the surface while machining. Micro-texturing
is a process that produces specific features on the surface of the substrate, thus changing some of
its properties (wettability, friction, hydrophilicity, etc.). Abou Ziki et al. [14] showed that different
micro-textures can be formed on SACE machined surface during machining. The used tool was also a
500 pm stainless-steel, the electrolyte was NaOH, and the level of applied pulsed voltage was 28 V and
80% duty cycle. As the concentration of electrolyte increases from 10 to 40 wt%, surface roughness
decreases by 78%. Micro-cracks were observed at high electrolyte concentration (>30 wt%) whereas at
lower values (10 wt%), patterns formed on the surface resembled the Kelvin wake patterns. The texture
was found to be highly affected by the flow patterns of electrolyte, where machined surface texture
changes from a feathery-like-pattern to a uniform and smooth pattern, as shown in Figure 30. This was
also confirmed by Sabahi et al. [67] at 32 V applied voltage. Furthermore, Singh et al. [44] demonstrated
that textured tools at low electrolyte concentrations (10 wt% NaOH) can allow replicating their texture
on the machined workpiece.

Although other factors, like pulsed voltage and tool travel speed, were also found to influence the
surface texture, electrolyte viscosity had the most significant effect [14]. In consequence, glass surface
can be textured and machined in a single process using the novel SACE technology through tuning
values of the abovementioned parameters.

The remainder of this section specifically focuses on surface micro-texturing of glass, which is
highly significant in a myriad of engineering applications [122,123], tribology [124,125], and cell-based
applications [126]. So far, there exist several methods for surface texturing, including chemical, thermal,
mechanical, and more recently hybrid processes like SACE as discussed above. A multi-step chemical
surface modification was explored by Liu et al. [127] that enhanced the light scattering potential of glass
substrates used for solar cells. Glass surface was first micro-textured using frosting etching method
through several steps of cleaning, frosting, and polishing with certain materials. Next, hydrogenated
Mg and Ga co-doped ZnO (HMGZO) films were deposited on the textured glass in a separate step
by magnetron sputtering. Micro-patterns in sizes ranging from 3 pm to 100 um were also fabricated
by Takaoka et al. [128] on Si (100) substrates by dry chemical etching using ethanol cluster ions.
Three types of patterns were achieved: line, square, and circle patterns. Line patterns with 3 um wide
straight edges were fabricated, as shown in Figure 31.
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Figure 31. SEM screenshots of line, circle, and square patterns. Reprinted from the work in [128] with
permission from Elsevier.

The circle diameter and square edge length were 60 um each, and the spacing was 10 pm in
both patterns. Takahashi et al. [129] applied nanoimprinting using focused ion beam etching and
fabricated microstructures with a line-and-space pattern. Patterns with spaces of 1 um and 0.3 um were
demonstrated and their depth was 1 pm and 0.4 pm, respectively. Fifty micrometer deep micro-channels
patterned with titanium dioxide (TiO,) thin films of 200 nm thickness and 25 nm size were fabricated
in [130]. The micro-channels were first machined using chemical wet etching then textured using
pulsed laser deposition of TiO, particles as a postmachining method. A novel etching method was
proposed by XIE et al. [131], where the etchant and the separator can be arranged to form different
laminar streams inside micro-channels. Thus, by tuning the flow parameters related to the etchant and
separator materials, microstructure patterns can be controlled. Authors first used the conventional wet
etching process to machine micro-channels, then applied the flowing-etching process and produced
secondary microstructures on glass substrates of several heights, widths, and other aspects.

Guimaraes et al. [132] investigated thermal methods to functionalize zirconia surfaces with certain
bioactive properties. Surfaces were first micro-textured forming a square pattern of 50 x 50 pm ridges
by Laser texturing. Then, laser sintered bioactive coatings were adhered to the surface by means of
MC3T3-E1 adhesive cells. Different texture profiles were created from different bioactive coatings,
as shown in Figure 32. Cell viability was increased by 90% in comparison to untextured surfaces.

Flat - AS

Textured - Z16L

Hydroxyapatite
Conventional Sintering - HACS - Laser Sintering - HALS

Figure 32. Surfaces with different micro-textures and profiles, depending on the powder type and
sintering conditions. Reprinted from the work in [132] with permission from Elsevier.
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Pan et al. [133] combined the effects of laser machining, specifically Laser-Induced Plasma-Assisted
Ablation (LIPAA) and chemical corrosion for the fabrication of micro-textured micro-channels on soda
lime glass used for microfluidic devices. Micro-cracks formed on channel surfaces during LIPAA were
amplified into tree like micro-textures by chemical corrosion in a post-machining process. Furthermore,
LIPAA can simultaneously machine micro-channels and deposit graphite thin films on the surface
of glass. Xu et al. [134] demonstrated the feasibility of this method through fabricating a shallow
micro-channel deposited with graphite particles. The minimum width of graphite patterns reported
was 1041.1 um. Al-Halhouli et al. [135] fabricated trapezoidal spiral micro-channels in borosilicate
glass materials through femtosecond laser ablation. This process results in good surface qualities like
high optic transparency and chemical inertness but need postprocessing steps like chemical cleaning
and surface activation. Furthermore, several thermal processes can machine and pattern in one process.
Zhao et al. [136] machined 28 um deep micro-channels using applied laser induced plasma ablation.
The machined quartz glass sample showed clearly defined straight line patterns of a 180 um x 180 pm
dimensions. Ho et al. [137] combined femtosecond laser machining and wet etching to fabricate
micro-channels with several profiles and patterns. By changing the pathway of the scanning laser,
arbitrary patterns can be formed while machining.

Laser methods can also be applied to glass ceramic materials to achieve features that reduce
stiction and friction effects on magnetic disks, such as the dimensions of protrusions formed during the
process. Through heating the substrate to a specific temperature during texturing, Kuo [138] controlled
the height of protrusions formed above the surface to a range of 3 nm to around 30 nm. Hong et al. [139]
machined on alumina ceramic micro-channel networks of cutting widths between 50 pm and 200 pm.
The channels possessed a tiger paw-like pattern through integrating two processes: picosecond laser
(PS) machining and extrusion freeforming (a type of additive manufacturing). Stanciuc et al. [140]
machined pits (holes) of a 30 um diameter and 10 um depth on zirzonia workpiece with femtosecond
laser machining which resulted in a nanometric-granular texture on the hole sidewalls. Ripples were
also produced at the surface bottom, as shown in Figure 33c.
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Figure 33. SEM micrographs showing the different formed patterns at (a) multiple pits (holes),
(b) individual pits, and (c) bottom of pits. Reprinted from the work in [140] with permission
from Elsevier.
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Glass and ceramic substrates can also be textured by mechanical techniques. Homola et al. [141]
formed texture grooves that improve the coercivity of Cobalt magnetic alloy in the substrate’s
circumferential direction. In this method, the glass/glass ceramic substrate first follows the traditional
two-step process of grinding and polishing, and then a diamond-cerium oxide mixed slurry is applied
for texturing. Figure 34 shows Atomic Force Microscopy (AFM) photographs of textured glass and
glass ceramic, respectively.

Figure 34. Atomic Force Microscopy (AFM) images of a glass substrate after polishing [141].

This process, however, is expensive and requires several steps to form the resulting texture in
the circumferential direction. Wang et al. [142] proposed a multi-step methodology for the formation
of a unidirectional (circumferential) texture pattern with undulations (bumps) in the range of —9 nm
to about +18 nm. First, the substrate surface is coated with a sol-gel layer, then some amount of the
solvent(s) is withdrawn at a certain temperature for the sake of drying the sol-gel layer, and finally the
surface undergoes polishing. Surfaces of mechanically textured glass dried at sintering temperature
are shown in Figure 35.

Figure 35. AFM images of sol-gel-coated substrates mechanically textured [142].

In general, and as demonstrated above, surface micro-texturing is possible using chemical,
thermal, and mechanical methods. However, chemical processes are very complicated and require
multiple steps before achieving a desired texture, thermal processes require postprocessing steps
like chemical cleaning, and mechanical processes also need additional surface polishing and can
be expensive [141]. In comparison to chemical, thermal, and mechanical micro-texturing processes,
SACE offers an economical advantage as it combines machining and texturing in a single step.
Through tuning the machining parameters, like the electrolyte viscosity, tool-substrate gap, tool travel
speed, and machining voltage, several surface textures can be obtained during micro-channel
fabrication [14,63]. Another influencing parameter is the texture of the tool-electrode used while
machining in SACE, which can replicate its pattern on the surface of the substrate as found in [44].
Furthermore, the possibility of depositing fibers or micro-particles on the surface layer during
machining [16,143] is another advantage of SACE in comparison to other methods that consider this as
an independent post-machining operation. However, SACE is still limited in terms of the allowable
speed, as high speeds can cause tool bending and possibly breakage. Furthermore, the resulting
surface quality is still not as good as what etching can achieve although the last results in lower aspect
ratio features.
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6. Conclusions and Outlook

Areview of recent achievements of spark assisted chemical engraving (SACE), a technology capable

of machining electrically non-conductive brittle materials, mainly glass and ceramics, is presented.
This review identifies the advantages as well as limitations of SACE compared to other micromachining
techniques. It helps researchers identify the gaps that need to be filled out in terms of SACE process
development, especially to increase the surface accuracy and enhance the process speed. This would

allow extending SACE applications to fabrication of higher resolution micro-devices for different
applications. The following points summarize the major conclusions drawn from the presented analysis.

SACE is capable of performing state-of-the-art drilling, milling, cutting, die sinking, and surface
functionalization (like grinding and texturing) while offering reasonable trade-offs in terms of
machining quality and speed. Machining occurs due to the electrochemical discharges generated
at the tool tip where the machining mechanism is based on thermally assisted etching.

The two most common machining modes are the gravity feed and constant-velocity feed. In the
gravity feed machining, the tool stays in contact with the workpiece, while in constant-velocity
feed, the tool is fed towards the workpiece with a constant feed rate. Other machining modes
were developed to improve machining performance, like current feedback and force feedback
machining, which depend on analyzing the contact forces and the current signal respectively.
Another approach used counter resistant feeding which also offered improvements over the
conventional gravity feed method.

The gas film is the pillar of this machining technology, and special interest is given to its
qualities (shape, thickness, formation time, and lifetime). The major parameters, or specifically
forces, that affect these qualities are the buoyant forces, inertial forces, and surface tension.
These forces in turn depend on the machining conditions, i.e., machining voltage/time and
electrolyte/tool-electrode properties. In general, a gas film is said to be stable if it has a uniformly
distributed thickness around the tool electrode and a constant lifetime, in addition to having a
standard deviation of its discharge currents (i.e., low fluctuations in current signals).

The commonly used electrolytic solutions in SACE are sodium hydroxide NaOH and potassium
hydroxide (KOH). Mixed electrolytes are becoming more common as well. Surface quality
can be improved by up to 80% through mixing other components with the electrolyte, such as
Silicon Carbide (SiC) abrasives, graphite powder, and Sodium dodecyl sulfate (SDS) surfactants.
Furthermore, the use of textured tools, rotating tools, and applying magnetic field orientations to
the electrolyte can also improve the surface quality by up to 50%. These machining parameters
also have an effect on the machined geometry. Research also showed that machining depth was
increased by 31.9%, 43%, and 64% using a mixed electrolyte of NaOH and KOH, applying a
magnetic field to NaOH electrolyte, and using textured tools, respectively. For drilling, it was
demonstrated that the hole overcut can be decreased by up to 65% using novel tool geometries,
like flat-sidewall-flat tools and spherical end tools. This process can establish relatively high aspect
ratios (around 12) compared to chemical methods. It should be noted that similar approaches done
for improving machining conditions in SACE drilling also proved to be efficient in improving
other SACE variants, like cutting and milling. For example, the addition of SiC abrasives to
electrolyte or using a special geometry for the tool-electrode (helical) achieved improvements in
surface quality up to 43%.

This review shows that SACE technology offers great capabilities with respect to surface
functionalization. Experiments confirmed the potential of SACE in altering surface quality
while machining, where holes and micro-channels with desired geometries and textured surfaces
are produced. In most chemical methods, surface functionalization is a multistep process,
and depositing films is done in a separate process. Some thermal methods can machine
micro-channels and deposit particles simultaneously, but the resulting surface layer needs chemical
cleaning. Mechanical methods are also capable of texturing surface layers, through processes
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like grinding and polishing, though some can be expensive. In comparison to these methods,
specific attention is given to the economic advantage of SACE in combining machining and
texturing in a single step, where other technologies offer good results as well but are complicated,
expensive, or require postprocessing steps. The limitations in SACE are mainly the high possibility
of tool bending in case of small tool sizes, which limits the minimum diameter of used tools
to 200 um. Furthermore, for hole depths above 300 um and depending on the used machining
mode, limited flushing and hole deformation can occur due to the continuous tool-workpiece
mechanical contact.

e SACE can achieve an acceptable trade-off between surface quality and machining speed in
comparison to other existing machining technologies. Chemical methods, on one hand, can produce
high quality surface layers but are very slow. Thermal methods, mainly laser, can be faster than
SACE but may result in surface cracks or require expensive setup. Mechanical methods can also
produce good results, but the process can be expensive and the resulting surface needs polishing.

e Based on this review information was collected regarding the resulting geometries of
micro-channels machined on glass using different methods mainly SACE, thermal, chemical,
and mechanical methods. This information is summarized on Figure 30 that identifies the tool
lateral speed versus micro-channel aspect ratio (depth per pass with respect to channel width).
The figure shows that laser enables high-speed machining and can achieve high aspect ratio
structures, while chemical methods result in lower aspect ratios and are very slow. Mechanical
methods are mostly slower than laser and result in lower aspect ratio. SACE is slower than laser
but much faster compared to chemical methods. It results in higher aspect ratio channels compared
to most mechanical methods at similar machining speeds. All these findings agree with graphs
plotted earlier in the literature for glass micro-hole drilling. However, there is some difference in
trends observed for micro-holes and channels machined with SACE versus mechanical methods.
While for micro-hole drilling SACE is faster than mechanical methods for similar aspect ratios
achieved, for micro-channel machining mechanical methods can be faster than SACE for certain
aspect ratios. This can be explained by the fact that for micro-hole drilling the temperature is not
dissipated as fast as for micro-channel machining, as the last flushing is better accomplished.

e  Future research can further investigate the effects of the tool-electrode properties (geometry,
material, rotation, vibration, tilting angle) and electrolyte characteristics (material, concentration,
magnetic orientation, vibrations, pressurized injection, etc.) on the process stability and resulting
surface quality. Establishing aspect ratios higher than 12, faster machining speed, higher surface
quality, deeper holes with reduced overcut, and micro-channels with high depth to width ratio are
examples of areas that need attention. These improvements can be established by using novel tool
end geometries, controlling the flow of electrolyte (pressurized injection), and applying complex
tool motion algorithms. Moreover, a deeper look into SACE surface functionalization capabilities
might reveal possible promising results that are not yet explored whether from the aspect of
chemical or physical modification of the machined surfaces.
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Nomenclature

SACE Spark-Assisted Chemical Engraving
ECDM Electrochemical Discharge Machining
MEMS Microelectromechanical system

HAZ Heat-affected zones

MRR Material Removal Rate

DR Duty Ratio
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DC Direct Current
SDS Sodium Dodecyl Sulfate Surfactant
NaOH Sodium Hydroxide
KOH Potassium Hydroxide
NaNO; Sodium Nitrate
NaCl Sodium Chloride
Appendix A
Table Al. A list of popular glass micromachining techniques and their features for fabricating
micro-channels in glass and ceramic materials.
Entrance Depth to Speed Rate
Depth (um) (o 4th (um)  Width Ratio * (um/s) References
Chemical Methods
Deep Wet Etching 33 7 4.7 0.0038 [144]
Wet Etching 329 420 0.78 0.133 [145]
Wet Etching 20 220 0.09 0.085 [146]
Deep Wet Etching 60 250 0.24 0.0167 [147]
Wet Etching 150 30 5 0.027 [148]
Deep Reactive Ion Etching 250 600 0.42 0.008 [149]
Wet Etching 102 500 0.204 0.054 [150]
Wet Etching 70 12 5.8 0.011 [151]
Wet Etching 45 100 0.45 0.167 [152]
Reactive Ion Etching 47 120 04 0.0057 [153]
Reactive Ion Etching 45 39 0.1 0.0019 [154]
Wet Etching 150 30 5 0.03 [155]
Thermal Methods
CO2 Laser 1561.2 305.75 5 5000 [156]
LIPAA 200 87 2.3 800000 [134]
IR femtosecond laser 30 30 1 1000000 [116]
SLE 35 2 175 200000 [120]
Nd: YVO4 Laser 11 8 1.375 50000 [157]
Nd: YAG laser 958 200 4.79 55800 [158]
Picosecond (PS) Laser 762 72 10 75000 [139]
NIR femtosecond Laser 69 26 2.65 5000 [115]
LIBWE 525 24 21.88 150000 [159]
Fiber Laser 373.15 395.28 0.94 7000 [160]
Mechanical Methods
Rotary Micro-Ultrasonic 10 600 0.0167 333 [161]
Micro-Ultrasonic 79.167 695 0.11 4225 [162]
Micro-Ultrasonic 170 375 04 62.6 [163]
Powder Blasting 310 700 0.4 400 [164]
Powder Blasting 9.98 318.3 0.03 100000 [165]
Rotary Micro-Ultrasonic 12.5 500 0.025 8.33 [166]
Rotary Micro-Ultrasonic 100 800 0.125 16.67 [167]
Ball End Milling 20 175 0.1 8 [168]
Hybrid Methods
SACE 256 520 0.5 10 [67]
SACE 135 510 0.3 200 [44]
SACE 118 478.4 0.2 16.67 [169]
SACE 240 800 0.3 25 [170]
SACE 100 300 0.33 25 [171]
SACE 130 129.4 1 2 [172]
SACE 150 135.9 1.1 2 [172]
SACE 260 500 0.52 10 [118]

* Depth per Pass.
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