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Abstract In the current study, the influence of various
process parameters such as tool material, abrasive type,
slurry grit size and power rating on the surface quality and
the micro-hardness of the machined surface has been
reported while machining pure titanium (ASTM Grade-I)
using ultrasonic machining. Taguchi’s robust design
approach has been utilized for planning the experiments
and optimizing the experimental results of surface rough-
ness and micro-hardness. The surface topography of the
machined samples revealed that the mode of material
removal is related to the energy input rate. The mode of
material removal may change from plastic deformation to
brittle fracture under varied conditions of energy input rate.
The hardness gradient has also been evaluated for selected
process conditions and correlated with the energy input rate
corresponding to each of the conditions.

Keywords Ultrasonic machining - Titanium - Surface
quality - Micro-hardness - Taguchi method
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1 Introduction

Ultrasonic machining is one of the non-traditional machining
methods employed for machining hard (brittle and fragile)
materials: semiconductors, Glass, quartz, ceramics, silicon,
germanium, ferrites, etc. Titanium and its alloys attract a
large number of industrial applications because of their
distinguished characteristics such as higher strength and
stiffness retained at higher temperatures, high tenacity cou-
pled with superior resistance to corrosion and oxidation.
However, these peculiar characteristics endorse titanium and
its alloys in the category of difficult-to-machine materials
with the conventional machining technology.

Because of this, the use of titanium and its alloys in
industrial applications is becoming limited and is bound to
face more resistance in coming time [1, 2]. The following
problems have been reported in the conventional machin-
ing of titanium [3]:

— The thermal conductivity of titanium is much less as
compared to steel and other ferrite metals; hence, there
is severe heat concentration on the principal cutting
edge and face of the tool. Moreover, the contact length
at the tool—chip interface is very small. The tempera-
ture and shear stress concentration cause severe thermal
damage and tool wear [4].
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— Titanium is thermally and plastically unstable while
machining. This produces non-uniform and highly
localized shear strains in the chip forming serrated
chips [5].

— The tool undergoes a consistent level of micro-fatigue
load resulting from the fluctuations in the cutting force,
which in turn, are caused by serrated chips being
formed. This results in severe flank wear [6].

— The surface quality obtained is not acceptable while
using a particular machining method.

Therefore, it is vital to establish cost-effective alternate
machining methods for titanium and the related alloys. In
recent times, many developments in the area of cutting tool
fabrication using advanced tool materials such as carbides
(both coated and non-coated), ceramics, stellite, poly-
crystalline diamond (PCD) have been reported [3-5, 7].
However, none of the techniques making use of the
advanced tool materials have ever been much successful in
addressing the problems caused by the poor machinability
of titanium effectively.

Many studies have been conducted for exploring the
machinability of titanium and related alloys using non-
conventional techniques such as laser beam machining,
electro-discharge machining, wire EDM, etc. However, all
of these viable techniques have exhibited their limitations
[8-12]; in the context of deteriorated surface quality (at
higher machining rates), poor dimensional accuracy or form
accuracy and other undesirable effects post machining such
as sub-surface thermal damage, recast layer formation and
alternation of mechanical properties. These undesired
changes in the surface integrity may reduce the effective life
of the processed components. In case of titanium, the
reduction in fatigue properties (after processing) is a major
concern for the machinists. The fatigue characteristics of
titanium components are dependant, to a large extent, on the
generation of a compressive stress in the sub-surface by the
impact of the tool during processing [4, 5, 13].

Ultrasonic Machining (USM) could be a viable alter-
native for exploring the machinability of titanium, as the
process is known to be free from many of the problems
associated with thermal-based processes mentioned above
and the repeated action of the abrasive particles hammered
by the tool yields a sub-surface compressive stress which
can be helpful in obtaining good fatigue characteristics and
prevent the loss of surface integrity [6, 14]. Recently, some
of the reported studies have attempted to explore the
machining performance of USM with titanium being work
material [15-22]. However, the following critical issues are
still pending to be explored.

1. Evaluation of the resulting change in the micro-
hardness of the machined titanium samples as a
consequence of the strain hardening of the work
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surface due to
machining.

2. Collective optimization of the surface quality and the
micro-hardness of the machined surface (multi-
response optimization of these two response variables).

3. Correlating the mode of material removal with the
process conditions, particularly the energy input rate in
the surface under machining, while considering tita-
nium as work material.

4. Computation of the hardness gradient, i.e. the change
in hardness of the machined surface with the depth, in
a direction parallel to the direction of machining.

repeated grain impacts during

In present investigation, the focus has been on exploring
all these critical issues in ultrasonic machining of pure
titanium.

2 Literature review

USM is a non-thermal process and the machined surface is
normally exempted from the undesired effects such as
formation of carbon rich layer, residual stresses and the
sub-surface thermal damage. Grit size of the abrasive slurry
has been found to be the main factor governing the
workpiece accuracy and surface roughness [1, 23-27].
Guzzo et al. [28] concluded that surface roughness is clo-
sely controlled by abrasive grain size alone. Kumar and
Khamba [16] have also reported similar results. A decrease
in abrasive grain size while machining with USM leads to
lower values of surface roughness, apart from improving
the dimensional accuracy of the drilled hole [15, 23, 27]. A
better surface finish is also obtained on the bottom walls of
the cavity. Dam et al. [29] reported that increased values of
feed rate and depth of cut yield better surface quality.
Kennedy and Grieve [1] and Koval’Chenko et al. [30]
reported that the bottom surface of the drilled hole has a
concave dish formation due to difficulty in feeding the
slurry actively under the tool face, particularly at the cen-
tre. Komaraiah and Reddy [31] compared the performance
of stainless steel, titanium and niamonic-80 tools for sur-
face roughness of the glass workpiece while machining
with USM. Results showed that tool materials with higher
wear resistance (niamonic-80) gave better surface finish as
they retain their shape and finish even under the repeated
impact of abrasive particles.

Shaw [32] and Komaraiah et al. [27] have shown that
surface quality improves while increasing the static feed
force (load). The vibration of the tool in lateral direction is
suppressed and the grit size gets reduced due to breakage
and wear of particles, thereby controlling the production
inaccuracies in the hole drilled. It was established by Ko-
maraiah et al. [27] that workpiece materials possessing
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higher values of the hardness/elastic modulus ratio involve
inferior surface quality. The materials which observed
higher material removal rate (MRR) were also reported to
have higher surface roughness values. Dam et al. [29]
concluded that the different work materials could be put in
an ascending order in terms of the surface roughness
obtained while they are ranked according to the metal
removal rates observed while machining them. Therefore,
enhancement in the productivity could only be obtained at
the cost of the surface quality.

Sharman et al. [33] outlined the use of ultrasonic vibra-
tion-aided turning for machining of y-titanium aluminide.
The tool life and surface finish were reported to be improved
due to very small magnitude of the cutting force, which was
observed to be as less as only 12 % of that in conventional
turning process. Aspinwall and Kasuga [34] reported the
application of ultrasonic drilling in machining of titanium
aluminide. The study was targeted at exploring the surface
integrity of the work material using the tools made of poly-
crystalline diamond (PCD). The surface quality was found to
be superior to other materials such as ceramics.

Singh and Khamba [21, 22] did research on the
machining of titanium alloy (Ti-6Al-4 V) using static USM
(no rotation of the tool). Results show that optimum surface
quality was generated while using a stainless steel tool;
slurry concentration of 25 % and slurry temperature equal
to 27 °C. Dvivedi and Kumar [15] investigated surface
quality in USM of titanium alloy (Ti-6Al-4 V). Results
show that the best results for surface quality were obtained
with H.C.S. tool; medium grit size (320 mesh) and low
power rating of USM machine (40 %).

The current study is targeted at addressing the various
issues described at the end of previous section while
adopting ultrasonic machining as the processing technique
for titanium.

3 Materials and methods

This study involves drilling of pure titanium (ASTM
Grade-I) under varied and controlled experimental

conditions created by combinations of different values of
process parameters such as tool material, abrasive grit size,
power rating of the machine and slurry material. The
composition of the work material and important mechani-
cal properties have been tabulated (Table 1). Tools were
made of five different materials, representing a wide
spectrum of mechanical characteristics such as strength,
hardness and ductility. Four of the tools (made of high-
speed steel, high-carbon steel, titanium and Ti alloy) were
fabricated as a single, integral part on a heavy duty lathe
machine. The cemented carbide tool was fabricated by
brazing technique (using silver) as it was very difficult to
turn the material due to its hardness. The designing of the
different tools was done giving adequate consideration to
the tool weight. Because the values of density for the dif-
ferent tool materials under consideration were significantly
different, the dimensions of the each tool were determined
in such a manner that the mass of each tool is almost equal
(50 g). The tool geometry for the different tools used has
been shown in Fig. 1, along with the three-dimensional
pictorial representation of the tool. It was observed that the
tool tip length could not be exceeded 20 mm; otherwise, it
resulted in overstressing of the tool and premature failure
due to fatigue. The workpiece was positioned under the
tool using a fixture made in the shape of a gear (Fig. 2)
which had a slot for holding the cylindrical shaped work
sample. The fixture was placed on the magnetic work table
and due to absence of cutting forces in USM, the simple
arrangement of fixing the work sample was adequate and
no problems related to shaking or withdrawal of the work
sample (from its position) were encountered.

The experiments were conducted on an ‘AP-500 model
Sonic-Mill’ ultrasonic machine (Sonic-Mill, Albuquerque,
USA). The complete setup consisted of four sub systems:
power supply; module unit; slurry re-circulating system
and workpiece holder. The USM equipment used for this
research has been depicted in Fig. 2, with all its compo-
nents clearly marked. The surface roughness values were
determined using “Perthometer” (Mahr, M4Pi). The sur-
face roughness value (arithmetic mean, R,) was measured
at three different locations at the bottom flat of the hole

Table 1 Chemical composition and important properties of titanium and its alloy

Chemical composition (by wt %) of titanium (ASTM Grade-I)

o N C H Fe Ti (¢} N C Fe Al V Ti
0.17 0.025 0.08 0015 025 99.0 0.15 0.05 006 025 58 41 893
Yield Strength 216 MPa Ultimate strength 910 MPa

Ultimate strength 332 MPa Hardness 187 HV

Hardness 115 HV Density 4.4 g/lem®

Density 4.50 g/em® Mod. of elasticity 114 GPa

Mod. of elasticity 102 GPa Fracture toughness 68 Mpam” 2

@ Springer



810

J Braz. Soc. Mech. Sci. Eng. (2014) 36:807-823

A=A FRONT VIEW
%
SEE DETAIL A—A“/ TOP VIEW

[
Pictorial view of
the tool

For HSS/HCS tool: X=5.2, Y= 15.0 (mm);
For Ti alloy tool: X=10.1, Y=20.0;

Tool Dimensions (X- thickness of the hexagonal part, Y- length of tool tip)

For Titanium tool: X=9.9, Y=20.0;
For Carbide tool: X=6.0, Y=16.0

Fig. 1 Tool geometry and pictorial representation

drilled and then the mean of these values was taken. In
order to measure the hardness of the machined surface, the
bottom flat of each hole was polished manually with dia-
mond powder of very fine grit size (1,000) to obtain the
required flatness as well as the high degree of finish. The
hardness of the machined surface was then measured by
micro-hardness tester under a static load of 500 g. The
hardness values were also measured at three different
locations on the bottom flat of each hole and then the mean
of these values is computed. The experimental results for
surface roughness and micro-hardness have been detailed
in Table 2.

4 Experimentation and data collection

Taguchi’s offline method of quality control involves
application of standard arrays designated by Dr. Genichi
Taguchi for designing the experiments and analyzing the
resulting data as per standard methodology of robust design.

To decide the process parameters to be investigated in
this research, a cause and effect diagram for surface quality
in USM was constructed (Fig. 3. From the cause and effect
diagram, following parameters were selected for investi-
gation: tool material, abrasive type, slurry grit size and
power rating of the USM equipment. These parameters
were selected based on the findings of previous research
reported in the literature [1, 2, 15, 21, 27], where these
parameters have been termed as ‘significant’ for their effect
on various responses (material removal rate, roughness).
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Other parameters such as static load, vibration frequency or
slurry temperature could not be included due to machine
set up limitations. Three different materials were used for
preparing slurry namely; silicon carbide, aluminium oxide
and boron carbide. Table 3 shows the various process
parameters, whose influence was studied on the response
variables—surface roughness and micro-hardness of the
machined surface.

The levels of tool material factor were decided so as to
obtain a wide range of mechanical properties such as
ductility and hardness. Levels for the abrasive grit size
factor were decided based on a ‘preliminary experimental
study’ conducted using ‘one factor at a time’ approach.

While all other input parameters (such as power rating,
abrasive material and tool) were kept fixed at their baseline
levels, the grit size parameter was varied over a range, with
a lowest value corresponding to mesh size of 600 and
highest value being a mesh size of 100. Five different
values were tried for grit size; with a mean mesh size of
100, 220, 320, 500 and 600 to assess the impact of the grit
size on surface roughness. From the experimental results
(Fig. 4), three levels of grit size parameter were selected
for the final experimentation—220, 320 and 500. The
levels of power rating factor were also chosen using the
similar approach, by varying the power rating in the range
of 100400 W. The baseline level was fixed at 100 W and
the further increments of 100 W were made in the power
input while keeping all other parameters unchanged.

To contain the impact of possible noise factors such as
variations in the abrasive slurry concentration, change in
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Fig. 2 Detailed representation of USM apparatus used

tool shape (at the face) and abrasive particles wear; the
following measures were taken:

1. The tool face was ground after every experiment to
restore the original shape at the cross-section, as a
concave dish formation happened due to inadequate
flow of slurry under that area of the tool. Moreover, the
roughness of the tool face was kept at a target value of
5 um as the roughness of the tool face has a significant
effect on the surface quality of the drilled hole [35].

2. The abrasive slurry was prepared using fresh, unused
abrasive materials and in a large volume (about 30
litres), with a concentration of 25 % by volume to
avoid any significant variations in the concentration

during machining. Also, it was decided to replace the
entire volume of slurry after a running time of 24 h to
avoid the possibility of performing the experimenta-
tion with worn out abrasive particles. The time for the
completion of an experiment may range from 20 min
to 4 h, depending upon the values of the input
parameter corresponding to the experiment. It has
been observed from the previous research reported in
the literature [1, 15, 21, 27] that the abrasive wear is
not significant for machining time of 24 h. Moreover,
the USM equipment manufacturer (Sonic-Mill, USA)
had also recommended the replacement of slurry after
a machining time of 24 h.

3. Three replications of the entire experiment, consisting
of 54 experimental runs in total, were performed and
the experimental runs were performed in a completely
randomized fashion to average out the effect of any
more noise factors acting.

In this study, Taguchi’s L-18 orthogonal array (in
modified form) was used for planning and designing of the
experiments. The degrees of freedom of L-18 array (17
DOF) are adequately enough for the problem under con-
sideration, which involves a total of 10 degrees of freedom
when all input parameters are considered. As the tool
material factor was having five levels, it was assigned to
the first column of the array (Table 4) which could
accommodate six levels otherwise. Making a duplicate
allocation of tool 1 (HCS tool) to the last three experi-
mental runs (Table 4) does not affect the orthogonality of
the array used [36]. The next column was assigned to
‘abrasive’ factor. Remaining factors were assigned to col-
umns 3 and 4 in the similar fashion. All of these factors
have three levels each. It is not possible to investigate any
interaction effects while applying L-18 array for designing
the experiments [36], as the interactions are confounded
with the main effects of various parameters. Moreover,
from a previous research reported by author [16], none of
the interactions were found to be statistically significant for
their effect of surface quality while machining titanium
with USM. Thus, the interactions among the parameters
were omitted and L-18 array was used to optimize the
amount of resources required for the experimentation.

According to the experimental design matrix (Table 4),
three holes of diameter 8 mm and depth 2 mm were drilled
(for each experiment) in the titanium work samples, which
were fabricated by parting operation on a heavy duty lathe
machine. In Table 4, the values of the input factors have
been assigned a code, depending on the magnitude of the
value assigned to the parameter for a particular level. The
lowest level of a parameter is assigned a coded value of —
1, whereas the intermediate level is given a coded value of
0 and the highest level is assigned a value of +1.
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Table 2 Experimental results

Experiment no. ~ Roughness, R, (um) Average  S/Nratio  Micro-hardness (HV) Average Hardness  S/N ratio
SR (pum) (dB) micro-hardness gain® (dB)
R1 R2 R3 R1 R2 R3 (HV)
1 0.98 0.85 0.92 0.92 0.74 154 147 150 151 36 43.54
2 1.18 1.05 1.24 1.16 —1.28 145 151 145 147 32 43.34
3 0.70 0.75 0.52 0.66 3.56 166 175 162 168 53 44.48
4 1.17 0.82 1.10 1.03 —0.35 144 152 149 148 33 43.42
5 1.20 1.18 1.32 1.23 —1.83 139 134 146 140 25 42.89
6 0.64 0.60 0.53 0.59 4.56 183 174 170 176 61 44.88
7 0.68 0.72 0.50 0.63 3.83 168 173 164 168 53 44.52
8 0.73 0.87 0.90 0.83 1.56 150 160 155 155 40 43.80
9 2.26 1.90 2.14 2.10 —6.47 135 137 140 137 22 42.75
10 0.56 0.68 0.75 0.66 3.51 175 178 162 172 57 44.67
11 0.64 0.78 0.60 0.67 3.38 160 154 156 157 42 43.90
12 0.86 0.85 0.80 0.84 1.54 145 153 151 150 35 43.50
13 0.97 1.04 1.12 1.04 —0.38 151 145 140 145 30 43.23
14 0.66 0.60 0.75 0.67 3.44 157 165 162 162 47 44.15
15 1.70 1.84 1.67 1.74 —4.80 140 145 148 144 29 43.18
16 0.66 0.77 0.83 0.75 2.42 149 157 152 153 38 43.67
17 2.24 2.18 2.29 2.24 —6.99 131 130 133 131 16 42.37
18 0.73 0.77 0.92 0.81 1.82 158 167 155 160 45 44.07
 Tnitial work hardness = 115HV
Workpiece Slurry
Liquid Component Quality Characteristics
ardness & Fracture oncentration Surface Roughness
Thickness Pressure, Temp. & Flow Rate Type: Lower the better
Material Type -Abrasive type & Grainsize

Tool

Method of Slurry Feed

Micro- Hardness

_Surface Roughness

Mounting Brazing Method

Finishing & accuracy

Material type

Machine

Fig. 3 Cause and effect diagram for surface quality in USM
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Table 3 Process parameters and their values (with coded units)

Symbol Parameter Level 1 Level 2 Level 3 Level 4 Level 5
A Tool material HCS (-2) HSS (—1) Titanium (0) Ti alloy (+1) Carbide (+2)
B Abrasive type Alumina (—1) SiC (0) Boron carbide (+1)
C Grit size (mesh) 220 (+1) 320 (0) 500 (—1)
D Power rating 100 W(—1) 250 W(0) 400 W(+1)
Constant parameters

Frequency of vibration 20 kHz

Static load 1.63 kg

Amplitude of vibration 25.3-25.8 pm

Depth of cut 2 mm

Thickness of workpiece 10 mm

Tool geometry
Slurry concentration 25 % (by volume)
28 °C (ambient room temperature)

36.4 x 10> mm*/min

Slurry temperature
Slurry flow rate

Straight cylindrical (with diameter 8 mm)

Effect of slurry grit size on SR

3.5
3

2.5 \\

R, °

(um) 15 —i —,
) . \-T
0.5
0 T T T T
100 220 320 500 600

Grit size

—e&— P=400 W, silicon carbide slurry
—=&— P =400 W, alumina slurry

P =100 W, alumina slurry

P=100 W, silicon carbide slurry

Fig. 4 Effect of slurry grit size on surface roughness (Tool: HCS)

5 Results and discussions

Taguchi’s DOE methodology encourages the use of a sta-
tistical index known as ‘Signal-to-noise (S/N) ratio’. S/N
ratio represents the variability (in the experimental data)
caused by the action of the predominant noise factors. By
maximizing the value of S/N ratio, the variability in the
machining performance may be minimized. In the current
study, lower values of both response variables (roughness,
hardness) are desirable. The S/N response most suited for
this condition is ‘lower-the-better’ type, which is given by
following relation [36].

1 n
=101 DI 1
n 0810 A Vi (1)

Table 4 Experimental design based on L-18 OA

Experiment no. A: B: C: D:
tool material ~abrasive grit size power rating
1 -2 -1 +1 -1
2 -2 0 0 0
3 -2 +1 -1 +1
4 -1 -1 +1 0
5 -1 0 0 +1
6 -1 +1 -1 -1
7 0 —1 0 —1
8 0 0 -1 0
9 0 +1 +1 +1
10 +1 -1 -1 +1
11 +1 0 +1 -1
12 +1 +1 0 0
13 +2 -1 0 +1
14 +2 0 -1 -1
15 +2 +1 +1 0
16 -2 -1 -1 0
17 -2 0 +1 +1
18 -2 +1 0 -1

where y; represents a particular value of response i and
n the number of replications used.

5.1 Surface roughness
Figure 5 depicts the dependence of surface roughness on

the input process parameters investigated in the study. It
could be seen that the tool material parameter is
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Fig. 5 Effects of process parameters on surface roughness (raw data
and S/N ratio)

responsible for causing an appreciable change in the sur-
face quality obtained under controlled experimental con-
ditions, which is in agreement with the findings of other
investigators [15, 16, 27, 28, 37]. The higher values of
surface roughness for cemented carbide and high-carbon
steel tools also indicate the presence of a strong correlation
between surface quality and MRR, as the MRR observed
while using these tool materials was found to be reasonably
higher than other tool materials [16]. Use of a harder tool
such as cemented carbide or high-carbon steel results in
more indentation of the abrasive grain inside the work
surface (for every impact) as compared to the tool surface
which leads to creation of larger and deeper micro-cavities
on the work surface, generating higher roughness [31, 35].

Alumina (as abrasive) has shown best results for surface
quality. However, the difference between the performance
of silicon carbide and boron carbide abrasives is only
marginal. The superior performance of alumina could be
based on its ‘softness’ or the least value of hardness in all
the abrasives investigated in the study. Because of the low
knoop hardness, use of alumina results in formation of
smaller sized micro-cavities which controls the surface
roughness.

The surface finish has been found to be deteriorated
while the grit size of the abrasive slurry is increased
(Fig. 5). This finding is in agreement with the outcomes of
previous studies reported in the literature [15, 20-22, 28].
Bigger particles are able to gather more momentum from
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the vibrating tool and hence produce rapid micro-fracturing
at the work surface; thereby quality of the machined sur-
face is deteriorated. The abrasive particles movement is not
confined to only the longitudinal gap between the tool and
work, it also happens in the lateral direction (across the tool
face). While the particle size is increased, the frictional
force in the lateral direction increases and as the machining
is continued, the movement of the abrasive grains in the
deep downward direction results in non-uniform wear
across the lateral interface. This increases the surface
roughness and the finish is compromised.

It could be observed from Fig. 5 that increasing the
input power results in a sharp increment in surface
roughness. This can also be observed from Fig. 4, where
using the same abrasive with higher power level brings a
twofold increase in surface roughness. The abrasive parti-
cles striking on the work surface with extremely high
momentum remove larger chunks of material, thereby
increasing the surface roughness [16, 38—40].

It can be concluded from Table 5 that only slurry grit
size and power rating factors are statistically significant for
their effect on surface quality while machining titanium
with USM. The percent contribution for slurry grit size has
been found to be the highest among all the factors (41.5 %)
whereas power rating comes next (26.2 %). Remaining
factors can be termed as relatively insignificant for surface
roughness. The S/N results (Table 6) indicate that slurry
grit size has highest percent contribution (44.0 %) followed
by power rating (28.8 %) for their effect on surface quality.
The other two factors (tool material and abrasive type)
have been found to be insignificant as far as S/N response is
concerned. Hence, it can be concluded that “While
machining titanium (ASTM Grade-I) with USM, input
parameter settings of ultrasonic power rating at 100 W,
with titanium alloy tool and aluminium oxide slurry with a
fine grit size of 500 have given the optimum results for

Table 5 ANOVA results for surface roughness (raw data)

Source df Seq.SS Adj.SS Adj.MS F (%P)
Tool 4 131 1.31 0.33 6.42*%* 10.3
Abrasive 2 099 0.99 0.50 9.72%* 1.8
Grit Size 2 530 5.30 2.65 51.80*% 415
Power Rating 2 3.33 3.33 1.67 32.64%  26.2
Error 43 140 1.40 0.032 14.2

Total 53 12.30

Fop = F(4,43) = 2.60; F(2,43) = 3.21
Order of significance:

1. Grit size 2. power rating 3. abrasive type 4. tool

df degrees of freedom, Seq. SS sequential sum of squares, Adj. MS
adjusted mean square error

% P percent contribution. F,;, value is obtained from statistical tables
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Table 6 ANOVA results for surface roughness (S/N data)

Table 7 Macro-model for surface roughness

Source df Seq.SS Adj.SS Adj. MS F (%P)
Tool 4 23.147 23.147 5.787 1.81 10.8
Abrasive 2 12728 12.728 6.364 1.99 6.0
Grit Size 2 93927 93.927  46.963 14.68*% 44.0
Power rating 2 61.516 61.516  30.758 9.62*% 28.8
Error 7 22392 22392 3.199 10.4

Total 17 213.710

Fip = F(4,43) = 2.60; F(2,43) = 3.21
Order of significance:

1. Grit size; 2. power rating; other factors are insignificant.

surface quality”. The percentage contributions of various
factors towards the variation of surface roughness have
been depicted in Fig. 6 for raw data and S/N data.

5.2 Prediction of the optimized value for surface
roughness

For surface roughness only two factors have been found to
be significant: power rating, grit size (Table 5). Hence
other factors have been omitted in estimation of optimum
value for surface roughness.

psr = (UC3 + uDI)—(p) = 0.36 pm.

where u = mean of the population for
roughness = 1.03.

uC3 = 0.68, uD1 = 0.72 (Table 5).

For calculation of Clcg, the following equation [36] has
been used:

CICE = \/Foc(Lfe){anf"f'lle}Ve (2)

F (1, f.) = the F-ratio at a confidence level of (1-u)
against DOF 1 and error degrees of freedom f, (for surface
roughness, f. = 43, so F, is 4.05).

V. = error variance for surface roughness.

V. = 0.032 (Table 6).

surface

N
1 + Total DF involved in estimation of mean

Neff =

(3)

Fig. 6 Percent contributions of

various input factors for SR (Raw data)

Error A
10%

14%

D
26%

Percent contribution in variation of SR

Optimization of surface
roughness

Confirmatory results for surface
roughness

R1 R2 R3 mean (pm)

0.37 0.30 0.28 0.32

Predicted value: 0.36
Confidence interval (95 %)
0.12 < Puurtace rougmess < 0.60

Tool material: titanium alloy
Abrasive material: alumina
Grit size 500 (fine)

Power rating 100 W (20 %)

N = total number of experiments.

nege = 54/(1 + 10) = 4.9

R = 3 (no. of replications for each trial).

Putting all the values in equation (2) yields;

CICE(SR) == 024

The 95 % confidence interval for ugg is,

Clcgsr) = 0.12 < pgr < 0.60.

The optimized value of surface roughness and the con-
fidence interval (at 95 % level) have been given in Table 7.
Three confirmation experiments were conducted at the
optimized process setting represented by titanium alloy
tool in conjunction with a soft abrasive (alumina) and very
fine particle size (500 mesh). The mean value of the
roughness obtained from the confirmation experiment is
found to be well inside the limits represented by confidence
interval (Table 7) thus validating the optimized results.

5.3 Micro-hardness and its correlation with surface
quality

To assess the contribution of various factors towards the
variation in micro-hardness, ANOVA for both raw data as
well as S/N data have been performed (Tables 8, 9). It
could be concluded that the micro-hardness after machin-
ing is strongly dependant on the input power and slurry grit
size used for machining. Slurry grit size emerges as the
most significant factor with a percent contribution of 42 %
followed by power rating (26.5 %) and abrasive type
(9.8 %). ANOVA for S/N data also depicts similar results

Percent contribution in the variation of
SR (S/N data)

Error A
10% 11%

B
8%
D
29%
C

B
6%
C

42% 44%
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Table 8 ANOVA results for Micro-hardness (raw data)

Source df Seq.SS Adj.SS Adj. MS F (%P)
Tool 4 47848 478.48 119.62  2.65 5.6
Abrasive 2 666.04  666.04 333.02 7.38% 9.8
Grit size 2 343181 343181 1,71591 38.00% 42.3
Power rating 2 1,997.48 1,997.48 998.74 22.12* 26.5
Error 43 1,941.61 1,941.61 45.15 158

Total 53 851543

Fop = F(4,43) = 2.60; F(2,43) = 3.21
Order of significance

1. Grit size; 2. power rating; 3. abrasive

Table 9 ANOVA results for Micro-hardness (S/N data)

Source df Seq.SS Adj.SS Adj.MS F (%P)
Tool 4 04959 04959  0.1240 0.78 6.2
Abrasive 2 0.7057 0.7057  0.3528 221 8.8
Grit Size 2 35949 35949  1.7974 11.24* 45.0
Power rating 2 2.1783  2.1783  1.0892 6.81*% 272
Error 43 1.1195  1.1195  0.1599 12.8

Total 53 8.0943

Fop = F(4,43) = 2.60; F(2,43) = 3.21
Order of significance

1. Grit size; 2. power rating; other factors are insignificant.

where both grit size and power rating emerge as significant
factors with percent contributions of 45.0 and 27.2 %. The
variation in the micro-hardness with process conditions can
be explained from the energy considerations. In USM, the
energy input to the work surface per impact is a function of

Fig. 7 Correlation between
surface roughness and micro-
hardness

the various operating parameters such as amplitude of
vibration, slurry grit size, power rating of the USM
machine, etc. The energy input rate can be increased by
increasing the coarseness of the slurry or the power rating.
Increasing the coarseness of the slurry leads to higher
momentum of abrasive particles which results in stronger
impacts on the work surface, increasing the energy input
rate. Abrasive hardness does not influence the energy input
rate, hence it does not produce significant variation in
micro-hardness.

The hardness of the machined surface has been found to
be correlated with the surface quality obtained in USM of
titanium. The process conditions that result in fine surface
quality (lower roughness) correspond to lower values of the
energy input. Under the conditions of low energy input per
impact (hence per unit time), the work surface experiences
plastic deformation for longer sustained time period, which
leads to more work hardening and hence the larger gain in
hardness after machining (experimental runs 6, 7, 8, 11, 14,
16, 18). Also, the tools that possess higher toughness and
low elastic modulus (such as titanium, titanium alloy
tools), contribute more towards the sustained plastic
deformation of the work surface, leading to the higher
hardness of the work surface after machining (experimental
runs 7, 10). Hence, the process settings that result in better
machining performance in terms of surface quality also
result in more work hardening of the machined surface,
thereby promoting a large increment in the hardness of the
work material after machining with USM (Table 2).

The correlation of surface roughness and micro-hard-
ness has been established through quadratic regression
(Fig. 7). The best fitting line for prediction of micro-
hardness over a large range of surface roughness was dis-
covered using MINITAB 15 software. The quadratic
regression equation for the least squares line is

Fitted Line Plot

Micro-hardness (HV) = 214.4 - 87.18 SR (microns)

+ 23.40 SR (microns)**2

180 A

170 1

160 -

150 -

Micro-hardness (HV)

140 A

130 4

s 5.77085
R-Sq 84.1%
R-Sq(adj)  82.0%

T T
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@ Springer

T T T
1.00 125 150 175 200 225
SR (microns)



J Braz. Soc. Mech. Sci. Eng. (2014) 36:807-823

817

H=2144-87.18S + 23.40§? (4)

H = micro-hardness value (HV).

S = surface roughness (microns).

The direct estimation of the micro-hardness of ultra-
sonically machined samples saves invaluable time as well
as the effort of the investigator as it is very cumbersome to
prepare the machined titanium components for further
metallographic testing. The surface preparation for tita-
nium generally involves use of mechanical, electrolytic or
chemical polishing methods in combination with precision
diamond grinding [6]. Moreover, the grinding and polish-
ing rates for titanium are much lower than other metals due
to its high sensitivity to surface damage [41]. Under these
conditions, the direct estimation of micro-hardness could
be a cost-effective alternative.

5.4 Multi-objective optimization using Taguchi’s
approach

There are many techniques reported in the available liter-
ature on statistical optimization of manufacturing methods,
namely utility concept, desirability function, principal
component analysis-based methods (such as grey relational
analysis, TOPSIS) and many unconventional optimization
techniques such as genetic algorithm (GA), Artificial
neural network (ANN), etc. However, this investigation
would make use of a standard Taguchi’s approach, widely
known as ‘Loss-function’ for multi-objective optimization

of the two responses investigated (roughness, micro-hard-
ness). Taguchi’s approach to optimization has been widely
employed for solution of practical problems associated
with optimization, both in academic as well as industrial
domain. This technique stresses the computation of ‘Loss
Function’ for each characteristic (response in this case) and
subsequently, the minimization of the collective loss; tak-
ing into account the loss function of the individual
responses. Thus, this approach is expected to yield the
results that would enable a machinist (end user) to mini-
mize the deviations from the desired performance level
under the unfavourable operating conditions (involving
noise), which would eventually lead to better, robust pro-
cess performance.

In order to achieve multi-objective optimization of
surface roughness and micro-hardness, the quality loss for
each quality characteristic has been computed. The quality
loss is represented by mean square deviation function
(MSD). MSD represents the deviation between the exper-
imental value and the desired value. In present investiga-
tion, both characteristics (roughness and micro-hardness)
are lower-the-better type. MSD for both characteristics has
been computed using the following relation:

MSD = y{+y3+ yi+y2/n (5)

where y;, ¥, y3, ¥, represent the value of the response for a
particular experimental run and n the number of replica-
tions. The quality loss values for each quality characteristic
have been depicted in Table 10.

Table 10 Computational

results for MSNR Experiment no.

Quality loss

Normalized quality loss  Total normalized quality loss and

multi-response S/N ratio

SR Micro-hardness SR Micro-hardness TQNL MSNR (dB)
1 0.843 22,608 0.169 0.732 0.450 3.467
2 1.343 21,617 0.268  0.699 0.483 3.160
3 0.443 28,141 0.089 0911 0.500 3.010
4 1.083 22,013 0.216 0.712 0.464 3.334
5 1.525 19,531 0.305 0.632 0.468 3.297
6 0.350 30,888 0.070  1.000 0.535 2.716
7 0.410 28,349 0.082 0918 0.500 3.010
8 0.700 24,041 0.140 0.778 0.459 3.381
9 4433 18,864 0.887 0.610 0.748 1.260
10 0.446 29,517 0.892 0.955 0.923 0.347
11 0.460 24,550 0.092 0.795 0.443 3.535
12 0.700 22,411 0.140 0.725 0.432 3.645
13 1.090 21,082 0.218 0.682 0.450 3.467
14 1.120 26,039 0.224 0.843 0.533 2.720
15 3.020 20,843 0.604 0.675 0.640 1.938
16 0.573 23,318 0.115 0.755 0.435 3.610
17 5.000 17,250 1.000  0.558 0.779 1.084
18 0.656 25,626 0.131 0.830 0.480 3.187
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The normalized quality loss has been determined using
the following relation [36].

Yij = Lij/Lim (6)

where y;; represents the normalized quality loss, L; the
quality loss for the ith quality characteristic at the jth run in
the experimental design matrix and L;, the maximum
quality loss for ith quality characteristic among all the
experimental runs. The normalized quality loss values for
each quality characteristic are shown in Table 10.

The total normalized quality loss has been determined
using following formula.

Y, = Z ziy;j(i ranges from 1 to k) (7)

where Y; represents the total normalized quality loss, y;; the
normalized quality loss for the ith quality characteristic at
the jth run, z; the weighting factor for the ith quality
characteristic and k the number of quality characteristics.
Here k = 2 and assuming weighting factor z for SR and
micro-hardness as 0.5 and 0.5 (giving equal weightage), the
total normalized loss (TQNL) has been computed and
tabulated in Table 10.

Table 11 Average Effects of factors on MSNR

The multi-response S/N ratio (MSNR) as given in
Table 10 has been determined from the following formula
[36].

& =—10logyy(¥)) (8)

The average effect of each factor on multiple quality
characteristics has been tabulated in Table 11. The average
effect is determined by the ratio of sum of all S/N ratios
corresponding to a factor at particular level to number of
repetitions of factor level. The average effects have been
plotted in Fig. 8. The optimum combination from Fig. 14
has been identified as A2B1C2D2.

The optimal value of multi-response S/N ratio has been
predicted using MINITAB 16 software. Also, the optimal
values of roughness and micro-hardness at the optimum
combination (A2B1C2D2) have been predicted. The pre-
dicted optimal values have been summarized in Table 12.
Three confirmatory experiments were performed at the
optimum combination and the experimental values have
been found to be quite close to the predicted values
(Table 12). The improvement in multi-response S/N ratio at
the optimized condition over the initial setting has been
found to be 0.62 dB. The values of roughness and micro-
hardness at the optimal combination are 0.70 pm and 143
HV in comparison to 0.92 pm and 151 HV for initial set-
ting of parameters.

Factors Mean MSNR (dB)
Level 1 Level2 Level3 Level4 Level5
Tool 202 3116 2550 2509 2708 6 Hardness profile of machined samples
Abrasive 2.873 2.863 2.626 - — . )
Grit size 2436 3204 2631 _ _ To a}nalyze the cha}nge in the hardness of the machined
Power rating  3.106 3178 2078 _ _ titanium samp.les with the depth (sub.—surface effect),.three
samples machined at the process settings corresponding to
Fig. 8 Mean effects plot for Main Effects Plot for Means
multi-response S/N ratio Data Means
A B
3.24
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Table 12 Predicted optimal values for SR and micro-hardness

Initial setting Optimal values

Predicted Experimental
Roughness A1B1C1D1 A2B1C2D2 A2B1C2D2
Hardness 0.92 0.70 0.75
MSNR (dB) 151 143 141
3.467 4.08 4.14

experiment trial no. 6, 12 and 9 were selected, to compare
the effects of low energy input rate, moderate energy input
rate and high energy input rate on the hardness profile.

Each of the three samples was cut to expose a cross-
section at which the depth of the strain-hardened surface
could be analyzed for micro-hardness test. Holes of larger
size (20 mm) were cut at the selected experimental con-
ditions (experiment no. 6, 9 and 12) in the titanium samples
to a depth of cut of 3 mm. Thereafter, the sample was cut
along the centre of the drilled hole in a direction perpen-
dicular to the thickness of the workpiece using a diamond
blade saw.

The next step was to polish the sample (at the required
cross-section) to obtain a scratch-free and ‘mirror like’
finish so that the micro-hardness test could be performed
with accuracy. The samples were polished using a very fine
particle size alumina powder in aqueous solution. Final
polishing was done on the polisher using silica suspension
for even a better and smooth finish.

To measure the micro-hardness, the samples were
placed inside the microscope and the measurements were
made using the Vickers micro-hardness scale. First obser-
vation was taken on the bottom flat of the drilled hole, near
the edge of the exposed cross-section. Subsequent mea-
surements were taken along the depth of the exposed cross-
section in increments of approx. 50 pm in dimension along
the depth, up to a depth of 250 um. The results depicting
the variation of hardness with the sub-surface depth have
been plotted in Fig. 9.

The following observations could be made from Fig. 9
(hardness profile).

1. At low energy input setting (Experiment No. 6), the
effect of strain hardening lasts to a sub-surface depth
of about 150-200 um. There is a sharp decline
observed in the hardness of the strain-hardened layer
after reaching a depth of 50 um. However, at a depth
of 200 pum, and thereafter, the hardness of the sub-
surface layers becomes equal to the hardness of un-
machined sample (115 HV).

2. For moderate energy input setting (Experiment No. 12)
as well as high energy input setting (Experiment No.
9), the trend for the hardness is almost same. In both
cases, a gradual, consistent decline in hardness is

180
175 —0— Experiment No. 6

—&— Experiment No. 9

—fli— Experiment No. 12
160

Hardness (HV)

100 T T T T 1

Depth (sub-surface)

Fig. 9 Hardness profile of machined titanium samples

observed along the sub-surface depth. The only
difference is that in case of high energy input setting,
the strain-hardening effect can be observed for a larger
depth, in the range of 150-200 pm.

7 Microstructure analysis of machined samples

The machined samples were etched with Kroll’s reagent
(2 % HF, 10 % HNOs, 88 % distilled water) and thereafter
the microstructures of the machined surface were obtained
using scanning electron microscope (SEM) at a fixed level
of magnification—1,500x%.

The material removal in a mechanical energy-based
process such as ultrasonic machining has been discovered
to occur by brittle fracture or micro-chipping of the work
surface through a mechanism of micro-crack propagation
followed by rapid interaction [39, 40]. However, even
under these conditions, the chip formation may happen by
plastic flow provided that the depth of cut is maintained at
a level that is appreciably low [29, 42]. Hence, the mode
of metal removal may be micro-fracturing of the work
surface or consistent plastic deformation depending on the
value of the depth of cut or metal removal rate used. The
analysis of the microstructures (under different experi-
mental configurations) has been undertaken to check the
applicability of above-mentioned facts in USM of
titanium.

Figures 10, 11, 12, 13, 14, 15 represent the micro-
structures of the work surface after machining with USM.
It could be well observed that the experimental conditions
that correspond to higher levels of energy input rate
(Experiment No. 5, 13) involve realization of purely brittle
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Figure 14 [Exp. No. 1] Figure 15 [Exp. No. 6]

Fig. 10-15 Microstructures of titanium work samples. Figures 10 (experiment no. 5), figure 11 (experiment no. 13), figure 12 (experiment no.
2), figure 13 (experiment no. 8), figure 14 (experiment no. 1), figure 15 (experiment no. 6)

fracture or fracture through cleavage of atomic planes. 11). In Fig. 11, large number of cracks can be observed
This could be identified from the numerous sharp edges  along the grain boundaries indicating inter-granular
and the elongated projected regions observed (Figs. 10,  fracture.
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On the other hand, the experimental conditions corre-
sponding to a medium level of energy input rate give rise to
a mixed brittle fracture-plastic deformation mode of metal
removal which is caused by significant amount of work
hardening that takes place before the stuff fails. Figure 12
shows that an appreciable amount of localized plastic
deformation took place and then the material finally failed
by brittle fracture. This is evident from Fig. 13 (Experi-
ment No. 8) that depicts the presence of some cleavage
planes in addition to numerous even-sized dimples dis-
tributed in the entire surface.

From Figs. 14 and 15 (experiment no. 1, 6), a network
consisting of large number of spherical dimples or micro-
cavities with uniform shape and even distribution could be
observed. This is clearly a sign of pure ductile failure of the
work surface. Moreover, the white (brighter) contrast being
observed in these figures gives an indication of the pro-
portion of the surface that has been machined through
ductile failure mode. The region represented by the dark
(black) contrast is much less in proportion to the other
region so the ductile failure is the predominant mode of
metal removal at process conditions with low energy input
rate.

There was no experimental evidence of any surface
irregularity or disintegrity from the microstructure analysis.
As already mentioned, as the process is free from tem-
perature rise or any other thermal-based phenomenon (such
as HAZ, recast layer, residual thermal stress) there is no
appreciable change in the surface properties. This could
prove very beneficial for the titanium components pro-
cessed through USM as far as the longevity of the service
life is concerned.

8 Practical applications of the work

The work reported in this paper would find application
in the field of machining of commercially pure Titanium
using ultrasonic machining. The findings may be very
important for establishment of effective machining pro-
cedures for titanium, especially from the point of view
of the surface integrity which includes the finish and the
micro-hardness of the surface post machining. The
results related to mode of material removal (brittle
fracture and ductile failure) observed at different energy
input conditions would enable the machinists to obtain a
desired ratio of the two modes by systematically
manipulating the input parametric conditions during
machining. Moreover, the results reported in this inves-
tigation would add to the relatively scarce database on
the machinability of titanium with non-conventional
machining techniques.

9 Directions for future research

The velocity of the sound in a particular tool material in
connection with the multiple of half wavelength of the
vibration has to be considered for computation of the tool
dimensions for ensuring that the total acoustic chain length
corresponds to the resonant frequency. As a number of tool
materials are involved in the research, having different
characteristics of vibration transmission, this consideration
is critical. In the present study, the effect of omitting this
consideration while designing the tools has been resolved
through randomization of experimental runs and fixing the
tool weight to a preset value. However, the future research
would be undertaken while including this important
observation.

10 Conclusions

This research work is aimed at evaluation of the quality and
micro-hardness of the machined surface for pure titanium
samples using ultrasonic machining, to assess the potential
of application of USM as a cost-effective alternative for
commercial machining of titanium. Parametric optimiza-
tion for surface roughness is obtained through planning and
conducting the experiments using Taguchi’s design of
experiments approach. In addition, the multi-objective
optimization of both response variables has been attempted
using Taguchi’s loss-function concept. To assess the effect
of strain hardening on the sub-surface hardness of the
machined samples, the hardness profile of machined sam-
ples at controlled experimental conditions (belonging to
different energy input settings) has been constructed. The
microstructures of the machined surface were also
observed to identify and correlate the mode of failure with
the energy input conditions.

In addition, following conclusions can be drawn from
this investigation:

1. Under the range of parameters used in the investiga-
tion, best surface quality was realized while machining
titanium workpiece with a tough and ductile tool
material (titanium alloy), a softer abrasive for slurry
preparation (brown alumina), very fine grit size of the
abrasive (500, mean particle size 18 um) and lowest
level of power rating (100 W, 20 % of maximum
power rating). The predicted optimum value of
roughness (0.36 um) was validated by conducting
conformation experiments.

2. Considerable improvement has been realized in the
surface roughness and micro-hardness through multi-
objective optimization over the initial parameter
setting. The multi-response S/N is also improved by
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0.62 (over 20 %) improving the robustness at the
optimized settings.

3. The desired mode of metal removal may be obtained, to
the required level, by precisely controlling the energy
input rate into the work surface through a systematic
and controlled manipulation of input parameters.

4. Because of the plastic deformation due to repeated
impacts of grains, the work surface experiences
considerable amount of strain hardening. The micro-
hardness gain after machining was measured under
different machining conditions and was found to be
inversely related to the rate of energy input to the
workpiece. Micro-hardness gain was more for process
conditions that dictate small machining rates or fine
surface quality.

5. The relationship between surface roughness and micro-
hardness of the machined surface was established
through regression analysis. It was concluded that both
the response variables were strongly correlated.

6. The effect of strain hardening has been found to limit
to a sub-surface depth in the range of 150-250 pum,
depending upon the parametric conditions at which the
machining is performed. The depth of strain-hardened
layer is more in case of process conditions involving
higher energy input rates.
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