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Abstract: Slicing ceramic (5C) is well-known as difficult-to-cut material. Itis a hard and brittle material.
The Grey-Taguchi method, which converts multiple response problems into a single response, is used
to determine the effect of the process parameters for wire-sawing on multiple quality characteristics.
The wire-sawing parameters include the wire tension (T), the slurry concentration (C), mixed grains
mesh size (G), the wire speed (S), and the working load (P). The machining quality characteristics
include a material removal rate (MRR), machined surface roughness (SR) of SC, kerf width (KW),
wire wear (WW), and flatness (FT). An analysis of variance (ANOVA) is used to identify the mixed
grains and slurry concentration that have a significant effect on multiple quality characteristics.
The results of the ANOVA using the Grey-Taguchi method show that the optimum conditions are
T>C1G15,P; (wire tension of 24 N, slurry concentration of 10% wt., mixed grains of #600 + #1000
mesh size, wire speed of 2.8 m/s, and working load of 1.27 N). The respective improvement in MRR,
machined SR of SC, KW, WW, and FT is 2.43%, 2.36%, 1.08%, 2.33%, and 14.27%. The addition of
#600 + #1000 mixed grains mesh size to the slurry improves the machined SR of SC, KW, and WW.
An increase in wire speed and working load and the use of appropriate mixed grains mesh size and
slurry concentration increases the MRR for wire-saw machining.

Keywords: Grey-Taguchi method; wire-sawing; material removal rate; surface roughness;
slurry concentration

1. Introduction

Wire-sawing has always been an important driver to process brittle-hard materials (ceramics,
silicon, SiC, and sapphire). With the vigorous development of the semiconductor and photovoltaic
industries in recent years, hard and brittle materials are used as substrates. Wire-sawing provides an
effective and efficient processing for slicing silicon wafers and silicon ceramics (SC) in the semiconductor
and optoelectronics industries. The material removal mechanism for wire-sawing is similar to that for
band-sawing or reciprocating-sawing. Compared with other traditional sawing methods, wire-sawing
has the advantages of high output, small kerf loss, and strong ability to cut large-size ingots. Wire-sawing
uses single or multiple strands to mobilize abrasive slurry to cut hard and brittle materials. The process
is often cooled and lubricated using water or oil. Wire-sawing has a smaller kerf, dissipates less heat,
and wastes less material than traditional blade-sawing, but it operates at a slower speed and is subject
to wire breakages and surface imperfections [1]. Many studies pertain to wire-saw machining and its
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usage parameters. The wire sawing process for single crystal SiC can be regarded as nano and micro
scratching on the workpiece with diamond abrasives [2]. The damage depth will decrease with the
increase of wire speed and decrease of the feed rate [3]. Yamamoto [4] used multiple wire-saws to
cut granite and obtained very good cutting efficiency. Suwabe et al. [5] studied the effect of different
combinations of slurry grains on the efficiency of wire-saw machining. Clark et al. [6] determined
the effect of machining parameters on ceramics in terms of multiple characteristics (sawing force,
force ratio, and surface roughness) using a machine with a diamond wire-saw. Craig [7] studied
the effect of the workpiece feed rate and wire-saw swing frequency on surface quality for a single
crystal. Gao et al. [8] noted that a higher wire speed and lower feed rate for an ingot gives a wafer with
less surface roughness and less subsurface damage due to micro-cracks. Liedke et al. [9] developed
an empirical model to determine the effect of important process parameters such as wire velocity,
feed velocity, tension, ingot size, wire length, lapping pressure, and the shape of the formed wire
bow on the macroscopic mechanical conditions for wire-saw machining. Gao et al. [10] reported that
an approximate non-linear increasing relationship was shown between the used slicing parameters
(average cutting depth of the abrasives and the ratio of the workpiece feed speed to the wire speed).
Pala et al. [11] found that better surface finish may be obtained at higher wire speeds with ductile
material removal as the dominant material removal mode. Li et al. [12] showed that the faster feed
rate and wire speed improve the cutting efficiency by the same ratio of the feed rate and wire speed,
which means it is easier to obtain a brittle fracture surface. Bidiville et al. [13] found that a low abrasive
volume fraction in the slurry, a low wire tension, and a slow feed rate can obtain the strongest wafers
in a slicing silicon wafer. Tsai et al. [14] reported wire speed and working load are positively correlated
with material removal of single-wire saw machining ceramics. A review of some papers on the system
and process level investigations for both multi-wire slurry sawing and diamond wire-sawing is also
presented in Reference [15].

The machining process for a product or workpiece involves multiple quality characteristics so
that companies must develop a technological database to reduce costs. The Grey-Taguchi method,
which uses design and statistical analysis to improve the quality of a product or workpiece and not
inspection, is a practical method of reducing cost and increasing efficiency to address multiple quality
characteristics for many applications [16-20]. This paper is greatly concerned with the machining
quality characteristics including the material removal rate (MRR), surface roughness (SR), kerf width
(KW), wire wear (WW), and flatness (FT) after slicing SC. The machined SR for a SC, KW, or FT is
important for increasing the MRR and reducing WW for wire-saw machining. However, few studies
determine the complex relationship between these wire-sawing parameters. This study determines the
effect of machining parameters such as wire tension, slurry concentration, mixed grains mesh size,
wire speed, and working load on machining quality characteristics such as the MRR and the machined
SR of the SC, KW, WW, and FT using the Grey-Taguchi method.

2. Experimental Design

Figure 1 shows a photo of the single wire-sawing system that is used for this experimental
study [21]. During the experiment, the inverter (F) and the position of the belt (D) for the pulley (B)
were adjusted to control the wire speed. The adjustment screw (I) was adjusted to achieve the proper
wire (G) tension. The working load was varied by adjusting the balance weight (C) on the arm (A).
A pump (H) was used to stir and supply the slurry. The motor (O) drives the rack (M) through a
universal joint (N), which moves back and forth. However, the rack drives the gear (L), which rotates
in the same way (gear (L)) and which shares the same central shaft as the jig (K). The workpiece (J) also
swings back and forth. Table 1 shows all element names and symbols of the single wire-sawing system
in this study. There are five machining variables (wire tension, slurry concentration, mixed grains mesh
size, wire speed, and working load) in which each is assigned two or three levels. If the experiments
were conducted individually, a total of 2 x 3* experimental samples would be required, so an Lig
mixed orthogonal table is used to analyze the significant machining variables [16]. This approach
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is efficient and reduces cost. Table 2 lists the level settings for all experimental variables, which is
done using preliminary experimental testing. The slurry concentration is shown as a percentage of
slurry grain weight (weight of grain/weight of slurry as a whole). A tool microscope (Tokyo, Japan,
Nikon, MM-40) acts as an optical ruler to accurately measure the KW and WW to an accuracy of 1 pm.
An SR (Sinapore, Singapore, HOMMELWEREKE, T4000 TURBO) uses a thin-probe to determine the
machined SR of SC, using a sampling length of 2.5 mm. A probe (Gloucestershire, UK, RENISHAW
PH20) in a coordinate measuring machine (Querétaro, Mexico, COORD3, ARES-7.7.5) was used to
measure the flatness of the machined SC. A tension meter (Toyohashi, Japan, IMADA, DPRSX-10TR)
was used to measure the wire tension and working load.

Figure 1. Photo of a system with a single wire-saw [21].

Table 1. All element names and symbols of the single wire-sawing system.

Name (symbol)

Arm (A) Pulleys (B) Balance weight (C)
Belt (D) Support roller (E) Inverter (F)

Wire (G) Pump (H) Adjustment screw (I)
Workpiece (J) Jig (K) Gear (L)

Rack (M) Universal joint (N) Motor (O)

Table 2. Settings for variables and levels in the experiment.

Workpiece Al;O3 @8 mm
Wire Diameter (mm) Stainless Steel Wire ¢0.24 + 0.05 mm
Slurry Content SiC + Water
Variables Symbols Level 1 Level 2 Level 3
Wire tension, (N) T 15 24

Slurry concentration, (% wt.) C 10 14.2 18
Mixed grains, (mesh size) G #600 + #1000 #600 + #800 #600
Wire speed, (m/s) S 1.9 2.8 5.6
Working load, (N) P 1.27 1.76 2.35

The machining quality characteristics that are measured include the MRR, the machined SR of the
SC, the kerf width (KW), wire wear (WW), and flatness (FT). The MRR is a factor of the machining
efficiency so a greater MRR produces a more efficient process. This is a higher and better (HB) quality
characteristic. The machined SR of the SC defines the smoothness of the surface. The KW and FT
determine the quality of the machining precision and the WW measures the life of the stainless wire.
These four values must be reduced to a minimum, so these are lower and better (LB) characteristics.

In terms of quality engineering, the combination of controlling factors that produce minimum
variance must be determined. In this case, the signal to noise (S/N) ratio is used as a measure of the



Processes 2020, 8, 1602 40f 11

machining quality characteristics. The S/N ratio is the inverse of the variance (error) for each unit.
The S/N ratio is defined differently for HB and LB characteristics, as follows.

If there are N sets of experimental data with HB characteristics y1, y2, . .., yn for which the larger
the y value is, the smaller the loss function L(y) is, and L(e0) = 0, L’(c0) = 0. Then the unit variance
is [20]:

1(1 1 1
02 — N _2 + _2 + ...... _|_ _2 (1)
v v N

If there are N sets of experimental data with LB characteristics y1, 2, ..., yn, and the target value
is zero, then the unit variance is:

1
=ittt R @)

For Taguchi quality engineering, the inverse of o is the S/N ratio. Taking the logarithm of the S/N
ratio and multiplying it by 10 gives the S/N ratio (1) in decibels (dB) as [20]:

n= 10log% = -10log ¢* (©)]

These equations are used to calculate the S/N ratio for the machining parameters for this
experiment, which can be computed to determine the effect of various machining parameters on the
machining characteristics.

Grey relational analysis (GRA) can be used to determine the complicated interrelationships
between multiple performance characteristics. The objective of this study is to optimize the process
parameters (wire tension, slurry concentration, mixed grains mesh size, wire speed, and working
load) for wire-sawing SC using GRA, which is used commonly in various industries [22-24]. The data
sequences for the lower-the-better (SR, FW, WW, and FT) and the higher-the-better (MRR) performance
characteristics for wire-sawing SC were pre-processed as follows [25].

. maxx? (k) - x?(k) .
xi(k);, = k=1~ng, i=1~18 4)

maxx? (k) — minx? (k)

x (k) — minx? (k)
i i k=1~ng i=1~18 )

maxx? (k) - minx? (k)

x;(k)y =

where ¢ is the performance characteristic and i is the number of the experiment, x}(k); and x7 (k) are
the lower-the-better and the higher-the-better value after grey relational generation, minx? (k) is the

i
smallest value of x? (k), and maxx?(k) is the largest value of x?(k). The grey relational coefficient, &;(k),
is calculated as follows [25]:

Amin + ¢Amax
fS' k _ min 6
%) Agi(k) + ¢Amax (©)
where xj (k) is the reference sequence, X (k) is the comparability sequence, ¢ is the distinguishing

coefficient and ¢ € [0, 1]. The value of ¢ can be adjusted according to the actual system requirements.
A value of ¢ = 0.5 is selected in this study. Ay = [lx(k) — x;(k)|| is the difference in the absolute
values of x{(k) and x(k), Amin = g}ierl}rr\}}(nllxa(k) —xj(k)|l is the smallest value of Ag;, and Amax =

r\glaxn}{%xllxg(k) - X (k)|l is the largest value of Ag;. The grey relational grade (y;) is a weighting-sum of
jei

the grey relational coefficient. It is defined as follows [25].

1 n
yi= ;kxl i(k) 7)
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The experimental data for the multiple performance characteristics were evaluated using this
grey relational grade (GRG). The evaluated GRG fluctuates from 0 to 1 and equals one if these two
sequences are identically coincident. The optimal level for the process parameters is the level with the
highest GRG.

3. Experimental Results and Data Analysis

The experimental conditions, the data, and the associated S/N ratios for multiple quality
characteristics are listed in Table 3. The experiments were repeated three times and the results are
reported as a mean value. Table 4 shows the results of the ANOVA for multiple quality characteristics.
Table 4 shows that the wire speed (S) is a significant factor for MRR (CP = 68.79%), WW (CP = 66.85),
and FT (CP = 32.11%), and sub-significant factor for SR of SC (CP = 13.69%). The MRR increases as the
wire speed is increased. The best WW is obtained at low wire speeds and the best FT is obtained at
medium wire speeds. Mixed grains mesh size (G) is a significant factor for the machined SR of SC
(CP = 55.79%) and KW (CP = 43.56%). Mixed grains of #600 + #1000 mesh size give the best machining
quality characteristics in terms of the machined SC for SR and KW. The slurry concentration (C) is a
sub-significant factor for MRR (CP = 8.29%), KW (CP = 21.7%), and FT (CP = 19.31%). The working
load (P) is also a sub-significant factor for all quality characteristics. The addition of small abrasives in
the slurry gives a slightly better KW and FT, but has no significant effect on the MRR, the machined
SR of the SC, and the WW. The wire tension (T) is a sub-significant factor for MRR (CP = 8.81%),
and relatively insignificant for SR of the SC, KW, WW, and FT in wire-saw machining. Based on the
above ANOVA discussion, the influence of significant and sub-significant control factors on different
processing quality characteristics is shown in Table 5. The optimum respective combinations that
give the highest MRR, the lowest machined SR for the SC, the lowest KW, the lowest WW, and the
lowest FT are ToC3G353P3, T1C3G1S1P3, T1C1G151P, T1C1G1S1P1, and T,C3G1S,P,. The different
optimum combinations do not produce suitable process parameters with a single quality characteristic
for the wire-saw machining of SC. To optimize the parameters for the wire-saw machining of SC in
terms of the MRR and the machined SR of the SC, KW, WW, and FT, an analysis of multiple quality
characteristics is required.
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Table 3. Experimental conditions, data, and the associated S/N ratios for multiple quality characteristics.

Exp Factors MRR S/N SR S/N KW S/N AN S/N FT S/N
" T ¢ G s p (mm¥min) (@B  (m (@B (mm) (@B  (um)  (@B)  (um)  (dB)
1 11 1 1 1 0.469 -6577 0427 7391 0274 11245 4290 -12.668 3333  -10.540
2 11 2 2 2 0.953 -0418 0610 4293 0280  11.057 8400 -18488 2333  -7.533
3 1 1 3 3 3 1.458 3.275 0567 4906 0290 10742 10500 —20430 2667  -8.653
4 1 2 1 1 2 0.658 -3.635  0.520 5677 0282 10983 5133  -14218 2667  -8.653
5 1 2 2 2 3 1.025 0.214 0513 5787 0282 10994 8567  —18.693 2667  —8.653
6 1 2 3 3 1 2.037 6.180 0637 3914 0281  11.025 8353 -18437 3000  -9.853
7 1 3 1 2 1 0.973 -0238 0490 6192 0280  11.056 5433  -14713 2333  -7.533
8 1 3 2 3 2 1.541 3.756 0.510 5.841 0289 10782 11270 -21.037 2333  -7.533
9 1 3 3 1 3 1.031 0.265 0.503 5926 0295 10603 6223 -15916  3.000  —9.853
10 2 1 1 3 3 2.142 6.616 0.423 7463 0279 11077 12870 -22.195 2333  -7.533
11 2 1 2 1 1 0.585 -4657 0527 5563 0279  11.077 3933  -11.942  3.000  -9.853
12 2 1 3 2 2 1172 1.379 0.710 2974 0285 10913 8790  -18881 2333  -7.533
13 2 2 1 2 3 1.439 3.161 0537 5404 0282 11005 8610 -18705 2333  -7.533
14 2 2 2 3 1 1.737 4.796 0537 5404 0283 10974 9733  -19.767 3333  -10.790
15 2 2 3 1 2 0.984 -0.140  0.640 3.871 0300 10448 5850 15345 3.000  -9.542
16 2 3 1 3 2 2.370 7.495 0.500 6016 0288 10812 10600 —20509 2333  -7.533
17 2 3 2 1 3 1.247 1917 0513 5773 0286  10.882 7787  -17.829 2333  -7.533
18 2 3 3 2 1 1.243 1.889 0.650 3736 0294 10643 5933  -1549 2333  -7.533

60f 11
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Table 4. ANOVA for multiple quality characteristics.

. S/N Ratio (dB) Degree of Sum of . Contribution
actor Variance
Level 1 Level 2 Level 3 Freedom Square (CP %)
MRR
T 0.278 2.487 1 21.959 21.959 8.81
C -0.072 1.744 2.476 2 20.655 10.327 8.29
G 1.120 0.918 2.109 2 4.870 2.435 1.96
S -2.178 0.978 5.348 2 171.408 85.704 68.79
P 0.222 1.388 2.537 2 16.081 8.040 6.45
Error 8 14.205 1.776 5.70
Total 17 249.178 100
SR
T 5.548 5.134 1 0.771 0.771 3.12
C 5.432 5.009 5.581 2 1.053 0.527 4.27
G 6.357 5.443 4.221 2 13.780 6.890 55.79
S 5.700 4.731 5.591 2 3.381 1.690 13.69
P 5.367 4.779 5.876 2 3.622 1.811 14.67
Error 8 2.089 0.261 8.46
Total 17 24.696 100
KW
T 10.943 10.870 1 0.024 0.024 3.49
C 11.019 10.905 10.796 2 0.148 0.074 21.70
G 11.030 10.961 10.729 2 0.298 0.149 43.56
S 10.873 10.945 10.902 2 0.016 0.008 2.28
P 11.003 10.832 10.884 2 0.092 0.046 13.48
Error 10.943 10.870 8 0.106 0.013 15.49
Total 17 0.684 100
WW
T -17.178 —17.852 1 2.045 2.045 1.38
C —17.434 -17.527 —17.584 2 0.068 0.034 0.05
G -17.168 —-17.959 -17.418 2 1.964 0.982 1.33
S —-14.653 —-17.496 -20.396 2 98.952 49.476 66.85
P —15.504 —18.080 -18.961 2 38.728 19.364 26.16
Error 8 6.262 0.783 4.23
Total 17 148.019 100
FT
T —-8.756 —8.376 1 0.650 0.650 2.66
C —-8.608 -9.171 -7.920 2 4.712 2.356 19.31
G —-8.222 -8.651 —8.828 2 1.165 0.583 477
S -9.330 -7.720 —8.650 2 7.836 3.918 32.11
P -9.351 -8.055 -8.293 2 5.715 2.857 23.41
Error 8 4.329 0.541 17.74
Total 17 24.407 100

Table 5. Effect of control factors on performance.

Factors MRR SR KW WW FT
Wire tension (T) *
Slurry concentration (C) * * *
Mixed grains mesh size (G) ** **
Wire speed (S) ** * > >
Working load (P) * * * * *

** Significant factor. * Sub-significant factor.
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Grey relational analysis (GRA) converts two or more quality characteristics into one quality
characteristic and converts multiple responses into a single response. Table 6 shows the grey relational
grade (GRG) and its ranking for each experiment that involves the wire-saw machining of SC. The higher
the GRG, the closer is the corresponding experimental result to the ideal normalized value and the
better is the quality characteristic. Since (T,C;G153P3) gives the highest GRG, for experiment 10,
it produces the best multiple quality characteristics of all of the experiments.

Table 6. Grey relational grade (GRG) and its rank.

Exp. Combination GRG Rank
1 T1C1G151 Py 0.7131 2
2 T1C1G25,P; 0.6040 8
3 T1C1G353P3 0.4924 17
4 T1C,G151Py 0.5921 10
5 T1CGyS,P3 0.5476 13
6 T1CG3S3P 0.5446 14
7 T1C3G1S,P; 0.7039 4
8 T1C3G25: Py 0.5999 9
9 T1C3G353P3 0.5058 15
10 TpC1G1S3P3 0.7724 1
11 T,C1G,51 P 0.6156 7
12 TrC1G35,P» 0.5593 12
13 TrCyG1S,P3 0.6340 5
14 TrCyG,S3P 0.5034 16
15 ToCG35:Pp 0.4533 18
16 TrC3G1S3P; 0.7067 3
17 T,C3G,51P3 0.6260 6
18 TrC3G35,P 0.5859 11

Table 7 shows the results of ANOVA for the GRG for the wire-saw machining of SC. The respective
percentage contribution (CP %) of mixed grains mesh size (G) and slurry concentration (C) to the
multiple quality characteristics for wire-saw machining of SC is 64.30% and 19.50%. Figure 2 shows
a plot of the GRG for each wire-sawing parameter at different levels. It shows that the optimum
conditions for good multiple quality characteristics for the wire-saw machining of SC are T,C1G15,P1,
which, respectively, correspond to a wire tension of 24 N, a slurry concentration of 10% wt., mixed
grains of #600 + #1000 mesh size, a wire speed of 2.8 m/s, and a working load of 1.27 N.

Table 7. Results of the ANOVA for the GRG for the wire-saw machining of slicing ceramic (SC).

S/N ratio (dB) Degree ()f Sum Of . Contribution
Factor Variance o
Level 1 Level 2 Level 3 Freedom Square (CP %)

T —4.660 —4.447 1 0.204 0.204 0.77

C —-4.162 -5.309 -4.189 2 5.138 2.569 19.50

G -3.293 —4.715 —5.653 2 16.944 8.472 64.30

S —-4.761 —4.385 -4.515 2 0.437 0.219 1.66

P —4.347 —-4.717 —4.596 2 0.427 0.213 1.62
Error 8 3.201 0.400 12.15
Total 17 26.351 100
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Figure 2. The S/N graph for the grey relational grade (GRG).

A comparison of the experimental results for the initial (TpC1G1S3P3) and optimal (T,C;G15,P1)
wire-sawing parameters is shown in Table 8. This shows that the multiple quality characteristics
for wire-sawing are improved using the Grey-Taguchi method. The MRR is decreased from 2.142
to 2.090 mm?3/min, the SR is decreased from 0.423 to 0.413 um, the KW is decreased from 0.279 to
0.276 mm, the WW is decreased from 12.870 to 12.570 um, and the FT is decreased from 2.333 to
2.000 pm. An increase in the wire speed increases the amount of grain that enters the machining
zone from the slurry in a specific period so that the MRR is significantly increased. An increase in
the load grows the cutting force of active grains, which also produces a significant increase in the
MRR. A medium wire speed and a smaller working load produce a decrease in the MRR, which also
produces a decrease in the machined SR of the SC and the WW and prevents a straying cutting path.
A decrease in the slurry concentration produces a decrease in the amount of active grains, which
results in a decrease in the MRR, the machined SR of the SC, KW, WW, and FT. An increase in the wire
tension eases the passage of abrasives into the machining region. Therefore, the MRR is increased.
However, the stainless steel wire fractures easily if there is a high wire tension. A smaller grain results
in a decrease of the smaller cutting marks and in the KW. A decrease in the slurry concentration results
in a decrease in the number of grains entering both sides of the wire. Therefore, the KW is decreased.

Table 8. Results of the confirmation test for multiple quality characteristics using the initial and the
optimal process parameters.

Quality Characteristics
MRR (mm?3/min) SR (um) KW (mm) WW (um) FT (um)

Initial (T,C1G153P3) 2.142 0.423 0.279 12.870 2.333
Optimal (T,C1G15,P1) 2.090 0.413 0.276 12.570 2.000
Improvement ratio (%) 243 2.36 1.08 2.33 14.27

Process Parameters
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4. Conclusions

This study determines the effect of process parameters on a single quality characteristic or multiple
quality characteristics using the Grey-Taguchi method for wire-sawing of an SC. The obtained results
of this study can draw the conclusions as follows.

1.  Interms of single quality characteristics, wire speed has a significant effect on the MRR and the FT
and mixed grains mesh size have a significant effect on the machined SR of the SC, KW, and WW.
The slurry concentration and the working load are also the significant parameters. The wire
tension has a relatively insignificant effect on wire-saw machining.

2. Interms of multiple quality characteristics, the respective percentage contribution (%) for mixed
grains mesh size (G) and slurry concentration (C) for wire-saw machining of SC is 64.30% and
19.50%. Mixed grains (#600 + #1000 mesh size) and a lower slurry concentration decrease the
amount of active grains, so the MRR is decreased and the quality characteristics for the machined
SR of the SC, KW, WW, and FT are improved.

3. A medium wire speed and smaller working load result in a decrease in the MRR, so there is a
decrease in the machined SR of the SC and WW and the cutting path is prevented from straying.
An increase in the wire tension eases the passage of abrasives into the machining region so the
MRR is increased.

4. The Grey-Taguchi method produces a significant improvement in multiple quality characteristics.
The optimum conditions (T,C;G15,P1) that the GRA produces are a wire tension of 24 N, a slurry
concentration of 10% wt., mixed grains of #600 + #1000 mesh size, a wire speed of 2.8 m/s,
and a working load of 1.27 N. The MRR, the machined SR of the SC, the KW, WW, and FT are,
respectively, decreased by approximately 2.43%, 2.36%, 1.08%, 2.33%, and 14.27% using the
Grey-Taguchi method. Adopting proper process parameters has a positive effect on the machining
efficiency and quality for the wire-sawing results.
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