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Abstract

The tool wear affects the efficiency of micro-USM process and the quality of machined micro-features. In this research
endeavor, wear mechanism of soft/ductile and hard/brittle tool materials is investigated comprehensively. Stainless steel-
304 (SS-304) and tungsten carbide (WC) were selected as tool materials for rotary tool micro-USM (RT-MUSM) process.
The effect of tool material properties on tool wear and performance of RT-MUSM process is also discussed. The effect of
RT-MUSM process parameters, viz. rotation speed, feed rate, power rating and slurry concentration on material removal
rate (MRR), depth of channel (DOC) and width over cut (WOC) are reported. The experimental results showed that SS-304
tool worn out rapidly due to plastic deformation followed by strain hardening. The superior properties of WC such as high
wear resistance, compressive strength and good acoustic property led to reduction in tool wear and thereby significantly
improved the performance of RT-MUSM. Additionally, multi-response optimization was applied to obtain maximum MRR,

DOC and minimum WOC simultaneously.
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1 Introduction

The industrial applicability of electrically non-conductive
materials (e.g., glass, quartz and silicon) is increasing
exponentially in the applications such as microfluidics,
bio-MEMS, micro heat exchanger, lab-on-chip devices, etc.
[1-3]. Glass is preferable work material for the aforesaid
applications due to its high corrosion resistance, wear resist-
ance, chemical resistance, high strength and thermal resist-
ance. However, owing to such superior properties, preci-
sion micromachining of glass using conventional machining
methods is extremely difficult, costly and time consuming
[4]. Therefore, to meet the demand for precision machin-
ing, the development of efficient and economic advanced
micromachining techniques is essential. Nowadays,
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micro-ultrasonic machining (micro-USM) is becoming
popular for machining of micro-features in all kind of hard
and brittle materials including glass, ceramics and quartz.
It has the ability to machine both the electrically conductive
as well as insulating materials [5]. In micro-USM, mate-
rial removal takes place from the work surface by abrasion
caused due to hammering/impact action followed by micro-
chipping, cavitation and chemical action [6]. Unlike other
non-traditional methods, such as micro-EDM, micro-ECM,
ECDM and laser, the micro-USM process does not affect the
metallurgical and mechanical properties of work material
[7]. Micro-USM has proved its efficacy to machine complex
shapes in all types of hard and brittle materials. Moreover,
the assistance of ultrasonic energy enhances the performance
of both conventional and non-conventional machining meth-
ods (i.e., turning, milling and drilling) during machining of
difficult-to-cut high strength materials/alloys [8—17].

In micro-USM, the accuracy of the micro-feature entirely
depends on the shape of the tool. Since, the shape of the
tool replicates on the workpiece, even a slight change in
the shape of the tool in the form of tool wear may lead to a
completely defective product. Thus, to make dimensionally
accurate micro-features, the first and foremost requirement
is to maintain the shape and size of the tool (i.e., reduction
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in tool wear). Tool wear is an inevitable phenomenon of
micro-USM and hence it is an important issue. According to
the published literature, in micro-USM, tool wear is divided
into three categories, i.e., longitudinal wear, lateral wear and
edge rounding wear [18]. Longitudinal wear is reduction in
tool length due to the hammering and cavitation phenome-
non in between the tool, abrasives and work material. Lateral
wear is taper formation in the vertical face of the tool due to
the abrasion caused by moving abrasives in between the ver-
tical face of the tool and wall of the machined cavity. Edge
rounding wear is the reduction in diameter of the tool bot-
tom face caused by the abrasion. In previous research work,
some studies have been conducted to measure tool wear and
its effect on the performance of micro-USM. Zuyuan et al.
[19] proposed a theoretical model of tool wear to predict tool
wear and revealed that low cycle fatigue is responsible for
tool wear in micro-USM process. Jain et al. [20] proposed a
new method called “Reference Point Method” to calculate
the linear tool wear in micro-USM process. In their study,
a hollow tool was compared with solid tool while drilling
of silicon. They reported that hollow tool wears out faster
than solid tool because of rapid work hardening caused by
an increase in stresses due to lesser working area.

Micro-USM is a complex process in which tool wear
depends on multiple process parameters (e.g., tool material
properties, shape and size of abrasive, power rating, fre-
quency, amplitude, etc.) with interaction effects on process
outcomes. Among the various factors, the properties of tool
material come under the most influencing parameters affect-
ing micro-USM. Therefore, the selection of suitable tool
material is very important in this process as far as efficiency
and accuracy of machined micro-feature is concerned. In the
earlier studies, thoriated tungsten, nimonic alloy, stainless
steel (SS), tungsten carbide (WC), silver steel, high speed
steel (HSS), titanium, mild steel, etc. have been used as
tool materials in macro- and micro-USM process [19-22].
Komaraiah and Reddy [21] in their study on tool materi-
als reported that tool material hardness influences both the
longitudinal and lateral wear, whereas impact strength influ-
ences the lateral wear. Another investigation recommended
the suitability of WC over SS-304 tool [23]. It is interesting
to note that investigations by Wang et al. [24] prefer SS-304
over WC and 1045 carbon steel tools. They reported that 304
stainless steel tool has maximum material removal capabil-
ity as compared to both the WC and 1045 carbon steel tool
materials. Based on the above mentioned literature, it can
be concluded that there are conflicting opinions regarding
the selection of tool material in micro-USM process. Also,
the wear mechanism of both the soft/ductile and hard/brittle
tool material is also not clearly addressed in the published
literature. Without revealing the wear mechanism of tool
materials, the selection of suitable tool material for micro-
USM process is very difficult.
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Apart from tool materials, accumulation of debris into
the gap between tool and workpiece (i.e., machining gap)
is another issue which deteriorates the performance of
micro-USM [25]. The poor circulation of abrasive slurry
in the machining gap is responsible for debris accumula-
tion. This results in severe tool wear and consequently low
machining efficiency and poor form accuracy of machined
micro-features. Kumar and Dvivedi [26] reported that
the rotary motion of tool in micro-USM process overcome
the problem of debris accumulation and improved the per-
formance of micro-USM. Kumar and Dvivedi [27] revealed
the mechanism of tool wear in RT-MUSM and reported that
tool rotation in micro-USM process not only reduces the
tool wear but also improves the accuracy of microchannels.
Further, to enhance the geometrical capabilities as well as
the efficiency of micro-USM process, there is still a need
to explore the micro-USM process by selecting suitable
tool material (i.e., soft/ductile or hard/brittle) on the basis
of wear mechanism. To achieve this objective, tool wear
mechanisms for both soft/ductile and hard/brittle need to
be explored comprehensively. Furthermore, the efficiency
of micro-USM process can also be enhanced by controlling
and optimizing the input process parameters. Considering
all the above mentioned issues, the present research paper
reports on a comparative study on the effect of tool materi-
als in the rotary tool micro-USM (RT-MUSM) process. The
mechanisms of tool wear of both the soft/ductile and brittle
material were discussed based on microscopic images. The
effects of tool material properties on tool wear and perfor-
mance of RT-MUSM process were also investigated. Later,
the effect of RT-MUSM process parameters, viz. rotation
speed, feed rate, power rating and slurry concentration on
depth of channel (DOC), material removal rate (MRR) and
width overcut (WOC) was investigated. Additionally, desir-
ability-based multi-response optimization was employed
to achieve maximum DOC, MRR and minimum WOC
simultaneously.

2 Materials and methods

In this investigation, microchannels were fabricated on glass
by adopting layer-by-layer machining approach [22, 27].
The glass is composed of silicon oxide (70%), boron oxide
(11.5%), sodium oxide (9.5%), potassium oxide (7.5%) and
barium oxide (1%) along with some foreign elements [28].
A self-developed RT-MUSM facility shown in Fig. 1 was
used for experimentation in this study [29]. The RT-MUSM
facility consists of power supply, rotary transducer unit,
slurry feeding unit and XY table. The XY table was used
to provide linear motion to the workpiece with a resolu-
tion of 0.1 um. The movement to the table was given by a
programming unit using software of 3-axis programmable
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Fig.1 Developed RMUSM process facility [29]

Table 1 Properties of tool materials
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Table 2 Experimental settings used for experimentation

Experimental details

Properties Tool material

SS-304 wC
Compressive strength (MPa) 205-310 3350-6833
Fracture toughness (MPa m'’?) 119-228 2-3.8
Vickers hardness (HV) 200 1600
Tensile strength (MPa) 510-620 370-530
Density (g/cm3) 7.85-8.06 15.25-15.88
Crystal structure BCC Hexagonal
Speed of sound (m/s) 5800 6220

stage. A counterbalanced tool feed mechanism was used
to control the machining gap [30]. Tungsten carbide (WC)
and stainless steel of grade 304 (SS-304) were selected
as tool materials. The properties of both the tool materi-
als are tabulated in Table 1. Silicon carbide (#1200 mesh
size) and tap water were selected as abrasive material and
liquid medium for slurry, respectively. The flow of abrasive
slurry in between the tool and workpiece was kept constant
throughout the experimentation. The performance of RT-
MUSM process is influenced by tool rotation speed, work
feed rate, power rating and slurry concentration [26, 27, 29,
31, 32]. Therefore, the variable input process parameters
selected in this study were tool rotation speed, feed rate,
power rating and concentration. The performance of RT-
MUSM process was evaluated in terms of MRR, DOC and
WOC. The working range (as tabulated in Table 2) of all

Frequency (kHz) 21+1
Peak-to-peak amplitude (um) 12

Tool rotation speed (rpm) 100-600
Work feed rate (mm/min) 10-30
Power rating (%) 20-60
Slurry concentration (%) 10-30
Abrasive size (mesh) #1200

Static load (g) 45
Abrasive material Silicon carbide

Tool material Tungsten carbide, stainless steel-304

Tool size (um) @ 600
Work material Borosilicate crown (BK7) glass
Liquid medium used Water

the input variable parameters was selected after reviewing
the literature and subsequent preliminary experimentation.
The experiments were performed as per the parametric con-
ditions given in Table 2 using one-factor-at-time (OFAT)
approach. During layer-by-layer machining approach, four
passes were given to the workpiece (forward and backward
alternatively). During each pass, the workpiece was moved
at a distance of 10 mm in X-direction. After the completion
of every pass, the tool automatically feeds in the Z-direc-
tion using counter-balanced tool feeding system. After each
experiment, the samples were cleaned in ultrasonic bath
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using ultrasonic cleaner and dried in hot air. Subsequently,
all the measurements were taken. An optical microscope
(Dewinter Material Plus: DMI Premium) was used to meas-
ure the depth and width of machined microchannels. The
WOC was calculated by subtracting the tool diameter from
the width of the machined microchannels (Fig. 2a) [33]. The
MRR was calculated by dividing the weight difference of the
workpiece before and after machining by machining time
[34]. The formulas used for the calculation of WOC and
MRR are expressed in Egs. (1) and (2), respectively. Post
machining, tools were also cleaned and dried. The hardness
of the machining face of tools before and after machining
was measured with the help of microhardness tester (Make:
Omnitech-S. Auto). A constant load of 0.5 N was applied
with dwell time of 10 s while measuring the hardness. The
images of the tool were captured using stereo microscope
(Make: NIKON SMZ-745T). To examine the machined pro-
file, the workpiece was cut along the axis A—A' (Fig. 2b).
The front and top view of the cross section of microchannel
are shown schematically in Fig. 2c. Subsequently, the profile
was captured and characterized using stereo-microscope.

WOC(pm) = (W, — D)) 1))
where, WOC, W, and D, are the width over cut, width of
channel and tool diameter, respectively.

(W= W)
MRR(mg/min) = —r @)

m

where, MRR, W;, W; and T}, are the material removal rate,
initial weight, final weight of workpiece and machining time,
respectively.

Tool diameter
(Desired width
of channel)

Direction of tool travel ——A’

3 Wear mechanism of soft/ductile and hard
tool materials in RT-MUSM

In order to investigate the wear mechanism of both soft/
ductile and hard tool materials in RT-MUSM process,
experiments were conducted by using both the tool mate-
rials (i.e., SS-304 and WC). During the experiments,
the machining time was varied from 1 to 5 min and other
parameters were kept at their respective constant values
(i.e., Tool rotation speed =300 rpm, feed rate =15 mm/
min, power rating =30%, concentration=10% and static
load 45 g). After each experiment, tool images (front and
bottom view) were captured using stereo microscope. The
microscopic images of the tools after machining are pre-
sented in Fig. 3. On the basis of the microscopic images,
the wear mechanism of SS-304 and WC tool material was
explained. From the microscopic images of the tool shown
in Fig. 3a-2, a-3, plastic deformation can be clearly seen on
the bottom face of SS-304 tool. Whereas, no such effect was
observed on the bottom face of WC tool (Fig. 3b-2, b-3).
This can be attributed with the fact that in RT-MUSM pro-
cess, when the tool impacts on the abrasives, the abrasives
absorbs kinetic energy and release this energy on the work
surface in the form of impact. As a result of that micro-
cracks generate, propagate and finally microchipping takes
place by the continuous hitting of abrasives on the work
surface. During machining with RT-MUSM process, the
tool also suffers the same impacts as the work material.
Due to which compressive stresses are generated on the
tool bottom surface. By the continuous impact of abrasives,
compression of tool bottom face takes place. Consequently,
plastic deformation starts to take place in the tool bottom
surface (Fig. 4a). This deformation results in the flow of
tool material in an upward direction around the periphery of
the tool leading to an increase in tool bottom face diameter
(Fig. 3a-3). The plastic deformation and increased diameter
of tool bottom face are evidenced in Fig. 3p-2, p-3. The
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Fig.2 Schematic representation showing a WOC, b isometric view of machined microchannel, ¢ front and top view of cross section of micro-

channel
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After machining

Tool material Before machining - - -
| Minute 3 Minutes 5 Minutes

Stainless Steel 304
(Front view)

Stainless Steel 304
(Bottom view)
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Tungsten Carbide
(Front view)
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Fig.3 Tool images before and after machining [experimental conditions: rotation speed =300 rpm, feed rate =15 mm/min, power rating =40%,
concentration =20%]

Fig.4 Schematic representation
showing a plastic deforma-
tion, b shearing of SS-304 tool
material

Abrasive $
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increased tool bottom face diameter in turn results in the  the periphery of the tool bottom face. Finally, a mushroom-
increased width of microchannel (Fig. 5b). As the machin-  type shape of the tool (as evidenced in Fig. 3a-3) was formed
ing continues, this deformation keeps on increasing and as [23]. The mushroom shape of the tool restricts the move-
a result of that more and more material accumulates around ~ ment of abrasives from the machining gap (Fig. 4b) due to
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Fig.5 Machined microchannel using a WC tool, b SS-304 tool [machining conditions: rotation speed =400 rpm, feed rate =15 mm/min, power

rating =40%, concentration = 15% and machining time =3 min]

which machining rate decreases. Moreover, due to the accu-
mulated unwanted material on the periphery of tool, com-
plete energy is unable to be transferred on the work surface.
Consequently, machining rate decreases. On further machin-
ing, shearing of accumulated unwanted material on the tool
periphery and microchannel wall takes place. The shearing
action is schematically presented in Fig. 4b. The shearing
of tool and work material takes place due to the abrasion
caused by abrasives present in the lateral gap. Consequently,
a pointed edge of the tool was obtained (Fig. 3b-4). Whereas,
in the case of WC tool material, no compression of tool
bottom face was observed (Fig. 3b-2). This can be attrib-
uted to high compressive stress of the WC tool. The hard-
ness of WC tool is much higher than SS-304 tool material.
Due to high hardness, the WC tool does not deform by the
impact of abrasives during entire machining. In case of WC
tool, no diametric expansion was observed at tool bottom
face (Fig. 39-2, q-3). As the machining continued, slightly
rounded edges of WC tool (i.e., edge rounding wear) were
observed after 3 min of machining. Consequently, diameter
of the tool bottom face marginally reduced leading to the
reduction in WOC of machined microchannel (as evidenced
in Fig. 5a). The increased edge rounding wear was observed
at continuous machining time of 5 min. The top view of
microscopic images of the microchannel machined by using
both the materials are presented in Fig. Sa, b, respectively.
From Fig. 5a, b, it can be clearly observed that WC tool
resulted in the formation of microchannels with lesser WOC
(i.e., 48 um) as well as higher depth (442 um) as compared
to SS-304 tool (WOC =370 um and depth =82 pum). Further,
lesser microchipping was observed in the machined micro-
channel when WC tool was used.

From Fig. 3a-2, a-3, a-4 and b-2, b-3, b-4, it can be clearly
seen that in case of RT-MUSM process, no lateral wear was
observed on the vertical surface of the tool which indicates
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that in this process, the tool suffers from longitudinal wear
and edge wear only. This is evidenced in the SEM micro-
graph of tool shown in Fig. 6a, b. The reason behind this
was that in RT-MUSM, during exit of the abrasives from the
machining gap, the centrifugal force generated by the rotat-
ing tool pushes the abrasives toward the wall of machined
cavity. Subsequently, these abrasives abraded the side wall
of the machined cavity without abrading the vertical surface
of the tool. This implies that a two-body abrasion occurs
between the abrasives and side wall of machined cavity [27].

4 Results and discussion

4.1 Effect of tool material properties on tool wear,
MRR and surface roughness

In RT-MUSM process, the tool material properties (i.e.,
hardness, impact strength, compressive strength, acoustic
property, etc.) play a significant role in tool wear, MRR
and quality of machined surface. Tool wear is an intricate
phenomenon of micro-USM process which arises from the
impact/hammering action of abrasives at ultrasonic fre-
quency. The wear phenomenon of both the tool materials
was investigated on the basis of the experiments conducted
using the parametric settings given in Table 2. During exper-
imentation, a fresh tool was used for each experiment. After
machining, the length and machining face diameter of the
tool were measured using stereo microscope. The results
obtained are presented in Fig. 7. From Fig. 7a, it can be
observed that by increasing the machining time from 1 min
to 5 min, the longitudinal wear of both the tools increased
almost linearly. The WC tool showed lesser tool wear as
compared to the SS-304 tool. The longitudinal wear occurs
due to indentation and abrasion caused by the abrasive
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Fig.6 SEM micrograph of worn out tool showing a lateral face, b abraded edge of tool

100 - BWCtool ESS 304 tool

Longitudinal wear (um)

¥
w4

1 2 3 4
(a) Machining time (Min)

BWC tool SS 304 tool

ikt

\
§
§
\
§

(b) Machining time (Min)

Fig. 7 a Effect of machining time on longitudinal wear, b effect of machining time on change in tool diameter

particles. This was attributed to the fact that WC has the
higher hardness and compressive strength than the SS-304
tool. The hard surface of WC provided high resistance
toward abrasion and indentation leading to lower longitu-
dinal wear. From Fig. 7b, it can be clearly seen that the WC
tool face diameter decreased continuously by increasing
the machining time. The edge rounding of WC tool face
was due to the abrasion only. On the other hand, in case of
SS-304 tool, the bottom face diameter increased up to 3 min
of machining and after that a sharp decreasing trend was
observed. The diametric expansion (i.e., mushroom effect) of
the bottom face of SS-304 tool was due to the plastic defor-
mation caused by the repetitive impacts/hammering caused
by the abrasive particles. The mushroom effect is evidenced
in Fig. 3a-3. Subsequently, due to excessive compressive
stress, strain hardening occurred in SS-304 tool leading to
an increase in the hardness of the bottom face of tool. From
Fig. 8b, it can be observed that even after strain hardening,
the hardness of SS-304 tool bottom face was lesser than the

hardness of WC tool. On further machining, the hardened
surface layer of the SS-304 dislodged due to abrasion and
the diameter of tool suddenly reduced (Fig. 7b). In case of
WC tool, no strain hardening phenomenon was observed.
The hardness of WC tool remains almost the same. During
the entire machining period (i.e., 5 min), the overall diamet-
ric reduction in the bottom face of the tools was more when
SS-304 tool was used. This was due to the lower hardness of
SS-304 than WC which caused greater abrasion in SS-304.

The effect of tool material on MRR is presented in
Fig. 8a. It can be seen that WC tool resulted in higher
MRR as compared to SS-304 tool throughout machin-
ing. The high hardness of WC was responsible for higher
MRR. It is believed that the indentation of abrasive par-
ticles into the tool face/work surface is inversely propor-
tional to the hardness of tool [21]. Harder surface of WC
tool faced lower indentation depth by abrasive particles
which led to higher indentation depth into the work sur-
face and thereby, increased the fractured area on the work
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Fig.8 a Effect of hardness on Avg. MRR, b hardness before and after machining, ¢ machining rate (WC has low rate than SS-tool), d machined
surface roughness using WC tool, e machined surface roughness using SS-304 tool and f effect of tool material on surface roughness

surface. Thus, higher MRR was obtained. Further, it can
be clearly seen in Table 1 that the acoustic properties of
the WC is better than SS-304 tool. This also led to the
higher ultrasonic energy transfer by WC tool on the work
surface via abrasives. As a result of that higher MRR and
low tool wear were obtained by using WC tool material.
It was also observed that the machining rate decreased
by increasing the machining time using both the tools
(Fig. 8c). This may be attributed to the fact that as the
machining depth increased, the replenishment of abra-
sives became difficult which led to an increase in the tool
wear. Further, poor slurry replenishment may also lead to
the crushing of abrasive particles. Consequently, machin-
ing rate decreased. But, this decrease in machining rate
was faster in SS-304 as compared to WC tool.

The effect of tool material properties on the machined
surface quality was also investigated and presented in
Fig. 8d-f. It was observed that the harder tool material
(i.e., WC tool) resulted in a smooth machined surface as
compared to the softer tool (i.e., SS-304 tool). This was
attributed to the higher wear resistance of WC which pro-
tected the machining face of WC tool against wear which
in turn resulted in finished machined surface. The wear
resistance of SS-304 tool is lower than WC due to which
rough machined surface was obtained.
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4.2 Effect of tool rotation speed

The effect of tool rotation speed on DOC, MRR and
WOC is presented in Fig. 9a—c, respectively. It can be
observed from Fig. 9a, b that by increasing the rotation
speed of tool from 100 rpm to 400 rpm, the DOC and
MRR increased by using both the SS-304 and WC tools.
After that both started to decrease. Tool rotation exerts
centrifugal force on the abrasives in outward direction
in the machining zone. The centrifugal force facilitated
the abrasives to move out and subsequently, new fresh
sharp abrasives entered into the machining area and par-
ticipated in machining. This led to effective machining
and as a result of that DOC and MRR increased. Beyond
400 rpm, the centrifugal force increased significantly and
required quantity of abrasives could not get enough time
to interact with tool and subsequently on the workpiece.
Consequently, DOC and MRR decreased. The effect of
tool rotation speed on width overcut is shown in Fig. 9c.
While using SS-304 tool, the WOC increased by increas-
ing the tool rotation speed. This can be inferred that by
increasing tool rotation speed up to 400 rpm, more num-
ber of abrasives interacted with the tool. Due to which the
tool bottom surface suffered by more number of impacts/
hammering action which caused plastic deformation of
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Fig.9 Effect of rotation speed on a DOC, b MRR, ¢ WOC

SS-304 tool bottom face. Consequently, the diameter of
SS-304 tool bottom face increased due to which higher
WOC was obtained. Beyond 400 rpm, the tool worn out
owing to shearing of unwanted deformed material and
hence WOC decreased. In case of WC tool, WOC initially
decreased up to 400 rpm of the tool due to the effective
replenishment of abrasives from the machining zone.
Thus, WOC reduced. Beyond 400 rpm, an increasing
trend in WOC was observed. Also, the rotation speed of
400 rpm resulted in best possible form accuracy of the
microchannels using both the tools. The cross-sectional
view of microchannel obtained at 400 rpm rotation speed
is shown in Fig. 13a. At higher rotation speed, tool may
come in direct contact with the work material leading to
damage of both the tool and work material. Moreover,
the lateral vibration may generate in the tool at higher
rotation speed which may be responsible for higher WOC.

600

500 '
Rotation speed (rpm)

400

4.3 Effect of feed rate

In this process, feed rate decides the interaction time
between tool, abrasives and work material. The effect of
feed rate of work on DOC, MRR and WOC of microchan-
nels is illustrated in Fig. 10a—c, respectively. From Fig. 10a,
b, it can be seen that in case of both SS-304 and WC tool,
the DOC and MRR initially increased by increasing the feed
rate up to 20 mm/min and after that a decreasing trend was
observed. This can be explained with the fact that low feed
rate increases the interaction time between tool, abrasives
and work, but at the same time more abrasives interacted
with the tool creating more than one layer of abrasives in
the machining gap leading to loss of energy. Thus, lower
DOC and MRR were obtained. Whereas, at higher values
of feed rate (greater than 20 mm/min), the interaction time
was significantly reduced due to which low DOC and MRR
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Fig. 10 Effect of feed rate on a DOC, b MRR, ¢ WOC

was observed. At a feed rate of 20 mm/min, uniform machin-
ing was observed and as a result of that maximum DOC
and MRR were achieved. In case of both the SS-304 and
WC tool, the WOC decreased by increasing the feed rate up
to 20 mm/min and beyond that it increased (Fig. 10c). At
low feed rate (10 mm/min), the excessive plastic deforma-
tion increased the tool bottom face diameter which led to an
increase in WOC. On increasing the feed rate lesser plastic
deformation took place and as a result of that low WOC
was obtained. The workpiece feed rate of 20 mm/min also
resulted in best possible form accuracy of machined micro-
channels. The cross-sectional view of microchannel obtained
at 20 mm/min feed rate is shown in Fig. 13b.

4.4 Effect of power rating

The power rating is directly related to the amount of
energy imparted by the tool to the work surface via abra-
sive particles. Higher power rating increases the amplitude
of vibration due to which the tool transfers more energy
to the abrasives in the form of impact. Subsequently, this

@ Springer

energy reaches to the work surface via abrasives in the form
of impact force. Thus, higher the power rating, higher will
be the impact force on work surface and vice versa. The
effect of power rating on DOC, MRR and WOC is presented
in Fig. 11a—c, respectively. From Fig. 11a and b it can be
observed that by increasing the power rating from 20% to
60%, both the DOC and MRR increased continuously in
both the SS-304 and WC tool. This can be inferred that on
increasing power rating, the abrasives impact on work sur-
face with higher force (energy) due to which depth of crater
increased leading to more material removal from work sur-
face. Thus, DOC and MRR increased. On the other hand, the
WOOC initially increased by increasing the power rating up
to 40% and after that a decreasing trend was observed using
both the SS and WC tools (Fig. 11c). The higher impact
force was responsible for increased WOC up to 40% power
rating. After 40% of power rating, the WOC decreased
owing to the high tool wear. The best possible form accu-
racy of microchannel was obtained at 40% of power rat-
ing. The cross-sectional view of microchannel obtained at
40% power rating is shown in Fig. 13c. Moreover, at higher



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:432 Page 110f 16 432
550 - ) 2.0+ )
EZZ3 S Tool EZZ3 S Tool
1 WC Tool | 1 EEE WC Tool
500 4
1.5
~ 450 =
- e 1.0
2 400 <
3 :
2 0.5-
350 4
300 - v v 0.0 ~ - v e -
30 40 50 60 20 30 40 50 60
(a) Power rating (%) (b) Power rating (%)
140 - EZ4ss Tool
EZRWC Tool |
120 — 7 -
E 100-
3
80
=
60 4
40 i i :
30 40 50
© Power rating (%)

Fig. 11 Effect of power rating on a DOC, b MRR, ¢ WOC

power rating, the crushing of abrasives may be another rea-
son responsible for low DOC, MRR and WOC.

4.5 Effect of slurry concentration

The quantity of abrasives is directly proportional to the
concentration of abrasive slurry. The effect of slurry
concentration on DOC, MRR and WOC is presented
in Fig. 12a—c, respectively. From Fig. 12a, b it can be
observed that by increasing the concentration of slurry,
the DOC and MRR increased up to 20% of concentration
and beyond that a decreasing trend was observed in both
the SS-304 and WC tool. The reason can be inferred that
the number of abrasives in the machining gap increased
by increasing the concentration. Subsequently, the number
of impacts on the work surface increased leading to more
material removal from work surface. Thus, DOC and MRR
increased. On further increasing the concentration beyond
20%, multiple layers of abrasives were stacked over each
other. This led to loss of ultrasonic energy. Consequently,
both the DOC and MRR decreased. The maximum DOC

and MRR were achieved at 20% of concentration by using
both the tools. The WOC was increased continuously
by increasing the concentration in the case of WC tool
(Fig. 12c¢). This was due to the reason that two-body abra-
sion in the lateral gap increased by increasing the con-
centration. On the other hand in the case of SS-304, the
WOC increased up to 20% concentration and after that it
started to decrease. The decreasing trend may be due to the
high tool wear caused by the shearing of the bottom face
periphery. A 20% concentration exhibited in best possible
form accuracy of machined microchannel. The cross-sec-
tional view of microchannel obtained at 20% concentration
is shown in Fig. 13d.

On the basis of above discussion, it can be concluded that
in RT-MUSM process, the performance of WC was superior
over SS-304 in terms of DOC, MRR and WOC. Also, the
microchannels obtained by using WC tool had better form
accuracy. Therefore, WC can be suggested as a better tool
material for RT-MUSM process. Further, in order to obtain
maximum DOC, MRR and minimum WOC, optimization
of RT-MUSM process parameters is necessary. In order to
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accomplish this objective, the RT-MUSM process is opti-
mized and discussed subsequently.

5 Multi-response optimization of RT-MUSM
process with WC tool

The optimization of RT-MUSM process was carried out to
determine the input parametric settings that give maximum
DOC, MRR and minimum WOC simultaneously. A desir-
ability function approach postulated by Harrington and later
revitalized by Derringer and Suich was used to accomplish this
objective [35, 36]. This approach is commonly used to opti-
mize the multiple output responses simultaneously [37—41].
In this approach, each of the response variable y; is normal-
ized to a desirability value d; which lies in between O and 1.
The value of d; depends upon the “desirability” of the corre-
sponding response. The value of d; increases/decreases with
an increase/decrease in response’s desirability. The value of
d; = 0 shows the undesirable response. On the other hand, if

@ Springer

k
20 25 30

Concentration (%)

the value of d; = 1, it shows completely desired response. The
following equations are used to express the individual desir-
abilities as per the desired response (i.e., “higher the better”
or “lower the better”).

For “higher the better”

0 , Vi Symin
di = [ﬁ] Ymin < Vi < Ymax (3)
Vi 2ymax
For “lower the better”
1 P Vi Symin
di = [ﬁ] Ymin < Vi < Ymax (4)
0 Vi Zymax

where,y,.,. and y,;, represents the maximum and minimum
value of y;. The value of r decides the shape of desirability
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Fig. 13 Cross-sectional profiles of microchannels

function and its value ranges from 0.1 to 10. After deter-
mining the value of d;, overall desirability (d) is calculated
using Eq. (5) by taking the geometrical mean of all indi-
vidual desirability.

=

where, k is the number of responses.

The desirability approach was applied using a
Minitab-17 software. For DOC and MRR, “higher the
better” and for WOC “lower the better” criteria were
applied. During optimization, the goal for DOC and MRR
was set to maximize, whereas for WOC, the goal was set
to minimize. The goals for input variable were set to “in

Table 3 Process parameters range for DOC, MRR and WOC

Input parameters Goal Constraint limits
Lower Upper

Rotation speed (rpm) In range 100 600

Work feed rate (mm/min) In range 10 30

Power rating (%) In range 20 60

Slurry concentration (%) In range 10 30

Output parameters Goal Weightage

DOC (um) To maximize 1

MRR (mg/min) To maximize

WOC (um) To minimize
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Fig. 14 Optimization plot

range”. The upper and lower values of input parameters
are given in Table 3. Since, both productivity (i.e., higher
MRR and DOC) and accuracy (lower WOC) are equally
important, and therefore, equal weightage was given to
all the response variables. The optimized results for all
the desired responses are shown in Fig. 14. It can be

Table 4 Results of confirmation experiments

Feed rate

[18.33]

Power rating Concentration
30 60 30
[50.70] [18.03]

10 20 10

seen in Fig. 14 that the parametric conditions of rotation
speed =377.77 rpm, feed rate = 18.33 mm/min, power rat-
ing=50.70% and slurry concentration = 18% with desir-
ability of 0.7356 exhibited in maximum DOC, MRR and
minimum WOC of 472 pm, 1.66 mg/min and 77 pm,
respectively.

Parametric condi-  Exp. No. Responses
tions
rons MRR (mg/min) WOC (um) DOC (um) Average MRR  Average DOC  Average WOC  Average error
(mg/min) (um) (um) (%)
Rotation 1.65 68 485 1.76 487 70 7
speed=377 rpm, o 1.68 64 480
feed
rate =18.3 mm/ 1.74 8 495
min, power

rating =50%, con-
centration=18%
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Fig. 15 Cross section view of microchannels obtained at optimal par-
ametric settings

After obtaining the optimal parametric condition for
maximum DOC, MRR and minimum WOC, confirmation
tests were performed to validate the optimal settings. The
confirmation tests were repeated thrice, and the mean value
of DOC, MRR and WOC were considered. The results are
tabulated in Table 4. Table 4 clearly indicates that the results
were very close to each other with an average error of 7%.
The cross-sectional view of microchannels obtained at opti-
mal parametric combinations is shown in Fig. 15.

6 Conclusions

In this investigation, the wear mechanism of soft/ductile and
hard tool materials used in RT-MUSM process is addressed.
The effect of tool material properties on tool wear, MRR,
DOC and WOC was investigated to evaluate the perfor-
mance of RT-MUSM process. Further, the RT-MUSM pro-
cess parameters, viz. tool rotation speed, work feed rate,
power rating and slurry concentration were also investigated
comprehensively. Additionally, the RT-MUSM process was
optimized to achieve maximum MRR, DOC and minimum
WOC simultaneously. The conclusion drawn from the cur-
rent study can be summarized as follows:

e The SS-304 tool suffered from plastic deformation and
strain hardening which caused higher longitudinal wear,
edge wear and poor dimensional accuracy of microchan-
nels as compared to the WC tool in which no strain hard-
ening was observed.

e The hardness, impact strength and acoustic property of
tool material significantly affected the performance of
RT-MUSM process.

e Both very high and low tool rotation speed, work feed
rate and slurry concentration diminished the performance
of RT-MUSM process by decreasing the MRR, DOC and

increasing WOC of machined microchannels using both
SS-304 and WC tool materials.

¢ Anincrease in power rating increased the MRR and DOC
but at the same time dimensional accuracy of machined
microchannel was found to be decreased.

e Owing to superior properties, the performance of WC
tool material was found to be better in terms of higher
MRR, DOC, lower WOC and better form accuracy of
machined microchannels as compared to SS-304.

e The parametric conditions of tool rotation
speed=377.77 rpm, feed rate = 18.33 mm/min, power
rating=50.70% and concentration = 18.03% were found
to be optimal and resulted in maximum MRR =1.66 mg/
min, DOC=471.93 pm and minimum WOC =77 pm in
RT-MUSM process with WC tool material.
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