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Abstract: The demand for high-performance and cost-
effective composite materials is gaining attention in 
today’s competitive world. In this work, an attempt has 
been made to prepare low-cost reinforced aluminum metal 
matrix composite by reinforcing 10% and 20% weight frac-
tions of wet grinder stone dust (WSD) particles, an indus-
trial waste produced during stone dressing operation in 
the wet grinder manufacturing industry. As drilling is one 
of the major machining operations carried out in indus-
tries, the prepared composite materials are subjected to 
drilling studies using carbide, TiN-coated carbide, and 
HSS drills of 5  mm diameter under dry conditions. The 
major concern with the machining of composites is the 
extreme tool wear. Tool wear is a very important and chal-
lenging task for manufacturing engineers because it has 
adverse affects on the product quality and increases the 
production cost. Hence, there is a need to identify the fac-
tors that have most significant influence on the tool wear. 
In this work, the Taguchi-based design of experiments and 
analysis of variance were used to determine the optimal 
cutting parameters and to analyze their effects on thrust 
force, torque, and tool wear. Multivariable linear regres-
sion analysis was also employed to determine the cor-
relations between the factors and the response, namely, 
thrust force, torque, and tool wear. Finally, a confirmation 
test was conducted to validate the Taguchi optimization 
method. From the experimental results, feed rate was 
identified as the dominant factor influencing the thrust 
force and spindle speed was identified as the significant 
factor influencing the torque. Thrust force, torque, and 
tool wear were found to increase with the increase in the 
reinforcement content irrespective of the drill used for the 
investigation.

Keywords: industrial waste; multivariable linear regres-
sion analysis; Taguchi method; thrust force; tool wear; 
torque.

1  Introduction
Aluminum metal matrix composites (AMMC) are exten-
sively used in many industrial applications such as 
defense, aerospace, automobile, and sports because of 
many admirable properties such as high strength, high 
stiffness, high thermal conductivity, very good wear, and 
corrosion resistance. The major concern with the machin-
ing of AMMC is the extreme tool wear caused by the abra-
sive action of the reinforced particles, which leads to high 
machining cost [1–3]. Generally, the drilling process is 
carried out in the last stage before assembly. It has been 
reported that nearly one third of the metal removal process 
performed in industries is drilling operation [4–8].

Tool wear is a very important and challenging task for 
manufacturing engineers as wear on drill affects the hole 
quality, increases the surface roughness and production 
cost, and decreases the tool life [9–11]. Tool wear depends 
on the type of tool material, cutting speed, feed rate, lubri-
cant selected, and work material [11, 12]. Thus, to improve 
the productivity and reduce the machining cost, it is 
necessary to understand the reason for reduced tool life 
[13]. Tool wear can be measured by two methods, namely, 
direct and indirect methods [14, 15]. The indirect method 
estimates tool wear by measuring the cutting force signals, 
acoustic emission, vibration, and current [12, 14], whereas 
the direct method uses optical methods to estimate the 
tool wear [14, 16]. Between the two methods, researchers 
prefer to use the indirect method to measure the tool wear 
because the indirect method allows the continuous moni-
toring of the tool condition to estimate tool wear; this is 
not possible with the direct method because the wear land 
is not visible during the cutting operation [16, 17].

In this work, AMMC was prepared by reinforcing 
10% and 20% weight fractions of wet grinder stone dust 
(WSD) particles, an industrial waste by-product generated 
during the processing of quarry stone. The most important 
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raw material used for the manufacture of a wet grinder 
is the rough stone. The dust particles formed during the 
machining process of the quarry stone retain the chemi-
cal composition and characteristics of the rock. Generally, 
these rock dust particles are either used as land fillers or 
in the manufacturing of various construction admixtures 
and plasters.

In this work, Al6063 alloy is selected as the base 
matrix alloy to prepare the AMMC, because it is widely 
used in industries due to its desirable properties such as 
corrosion resistance, good extrudability, weldability, and 
high-quality surface finish. Al6063 alloy is used in various 
applications such as heat sink sections, flexible assem-
bly systems, special machinery elements, railings, truck 
and trailer flooring, radiator, and other heat exchanger 
applications.

The Taguchi design of experiments and analysis 
of variance (ANOVA) were applied to analyze the effec-
tiveness of the parameters to minimize the thrust force, 
torque, and tool wear. Multivariable linear regression 
analysis was also employed to determine the correlations 
between the factors and the response (thrust force, torque, 
and tool flank wear).

2  �Materials and methods
Al6063 alloy, which is used as the base matrix material 
in preparing the composite, has the following chemi-
cal composition (%): Si 0.303, Fe 0.071, Cu 0.0050, Mn 
0.0759, Mg 0.529, Cr 0.0037, Ni 0.014, Zn 0.025, Ti 0.0151, 
Ca 0.0146, and Al 98.94. The composite was prepared by 
reinforcing 10% and 20% of WSD particles under 45 µm 
grain size as shown in Figure 1. The EDAX test report of 
the WSD particles as shown in Figure 2A reveals the pres-
ence of Si, Ca, Fe, Al, Mg, and Na as its major elements. 
Table 1 shows the physical properties of the WSD parti-
cles. The density of the WSD particles was found to be 
2.2 g/cm3. In Figure 2B, the crystal shape of the WSD was 
found to be spherical and irregular in shape. The WSD 
particles are gray in color, and the specific gravity was 
found to be 2.4 g/cm3.

The composites with 10% and 20% weight fractions 
of WSD particles were prepared by a two-step stir casting 
process. Initially, the WSD particles were preheated up to 
250°C to remove the moisture content and improve its wet-
tability with the base matrix alloy. The Al6063 alloy was 
charged into the crucible and heated to a temperature of 
750°C to melt the alloy. Then, the liquid alloy was allowed 
to cool until it attains semisolid state at a temperature of 
about 600°C. The preheated WSD particles along with 0.1 

Figure 1: WSD particles indicated as arrows.

wt% magnesium were added into the melt and stirred at a 
speed of 400 rpm for 15 min. The temperature was raised 
to 850°C and a second stirring was performed for 15 min. 
Finally, the prepared composite samples were poured into 
the prepared sand moulds.

2.1  �Microstructure and mechanical 
properties

Figure 2B and C shows the scanning electron microscopy 
(SEM) image and specific surface area of the WSD parti-
cles. The microstructure of the prepared composites is 
shown in Figure 3A and  B under × 100 magnification. 
The SEM result shows the distribution of the reinforced 
particles as reasonably uniform. The CaCO3 present in 
the WSD particles react with the molten aluminum melt 
to form various solid phases such as CaO, Al2O3, and 
Al4C3.

Figure 4A and  B shows the EDAX test report of the 
prepared samples. The spectrum of both 10% and 20% 
of WSD particles shows the presence of Al, O, and C ele-
ments, which indicates the presence of Al2O3 and Al4C3 
particles in the aluminum matrix. From Figure 3A and B, 
it is clear that Al2O3 particles are shown as small spherical 
white dots and Al4C3 particles are shown as dark brown 
crystals distributed as reasonably uniform in the base 
matrix.
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Figure 2: (A) EDAX test report of WSD particles, (B) SEM of the WSD particle and (C) specific surface area of the WSD particle.

Table 1: Physical properties of WSD particles.

Color   Grey
Density   2.2 g/cm3

Surface area   0.30–0.60 m3/g
Specific gravity  2.4 g/cm3

Crystal shape   Spherical/irregular

The prepared samples were subjected to hardness and 
tensile test to study their mechanical properties. Accord-
ing to the hardness test results, the average hardness of 
the specimens prepared by reinforcing 10% and 20% of 
WSD were measured as 62 and 74 BHN, respectively. The 
hardness value of the prepared composites was found to 
be higher than that of the base matrix-Al6063 alloy. The 
increase in the hardness of the prepared composite can 
be attributed to the presence of hard reinforcements such 
as Al2O3 particles in the WSD particles. Table  2 shows 

the results of the mechanical properties such as yield 
strength, ultimate tensile strength, and elongation (%) 
of the prepared samples. It can be seen from Table 2 that 
the yield strength and tensile strength of the prepared 
composites are higher than that of the base matrix. The 
yield strength and tensile strength value increase with the 
increase in the reinforcement content. The highest tensile 
strength value was obtained for the composite prepared 
by reinforcing 20% of WSD particles.

Increasing the reinforcement content from 10% to 
20% increases the hardness and tensile strength of the 
composites but reduces its ductility, which coincides with 
previous findings [18, 19]. This may be due to the poor 
bonding and agglomeration of the reinforced particles 
in the aluminum matrix. On the contrary, decreasing the 
reinforcement content < 10% has poor uniform distribu-
tion of the reinforcement particles. Thus, in this work, 
10% and 20% of the reinforcement contents were used to 
prepare the composite.
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Figure 4: (A) EDAX test report of sample 1 and (B) EDAX test report of sample 2.

Table 2: Mechanical properties of the prepared composites and Al6063 alloy (T1 temper condition).

SI no.   Material   Hardness value 
(BHN)

  Yield strength 
(MPa)

  Ultimate tensile 
strength (MPa)

  Elongation (%)

1   Al6063 alloy   43  67  131  13.5
2   Al6063 + 10% Prm  62  114  153  7.83
3   Al6063 + 20% Prm  74  132  166  5.80

A B

Figure 3: (A) SEM of sample 1 AL6063/10% WSD powder and (B) SEM of sample 2 AL6063/20% WSD powder.
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2.2  �Experimental procedure and optimization 
using the Taguchi technique

In this work, the drilling test was conducted under dry 
cutting conditions on a conventional vertical drilling 
machine. The machining samples were prepared in the 
form of 100 × 55 × 15 mm rectangular plates. The rectangu-
lar plate was then fixed firmly to a fixture attached to the 
dynamometer that was mounted on the table. Figure 5A 
shows the experimental set-up used for converting the 
drilling force imparted on the work piece into thrust force 
and torque signals. This method is an indirect method to 
measure the thrust force and torque signals. The drilling 
test was conducted as per the plan of experiments and the 
parameters such as thrust force and torque were measured 
using Kistler multicomponent dynamometer 9257B type.

In this work, tool wear was measured using toolmak-
ers microscope under laboratory conditions. From the 
preliminary test, we observed an increase in the cutting 
forces when the flank wear reached 0.3 mm for all drill 
bits; hence, a new tool was replaced when the flank 
wear has reached 0.3 mm. The SEM image of the worn 
carbide drill used for the drilling process, the cross-
sectional view of the drilled hole of sample 2, and the 
SEM image of the drilled hole are shown in Figure 5B–D, 
respectively.

In industries, the selection of optimal cutting para-
meters based on handbook information may decrease the 
productivity and increase the manufacturing cost due to 
the suboptimal use of machining capability. The best pos-
sible use of the potential of the drilling process requires 
the mixture of a proper set of machining parameters [20]. 

A

D

B

C

Figure 5: (A) Experimental set-up for thrust force and torque measurement, (B) SEM of the worn carbide drill bit at spindle speed = 1260 rpm 
and feed = 0.03 mm/rev, (C) cross-sectional view of the drilled hole of sample 2, and (D) SEM image of the drilled hole using carbide drill at 
spindle speed = 1260 rpm and feed = 0.03 mm/rev.



478      L. Francis Xavier and P. Suresh: AMMC from wet grinder stone dust particles

Hence, there is a need for an optimization technique 
to solve the problem of improper selection of process 
parameters.

As the traditional experimental design method is 
complicated and time consuming, in this work, the Tagu-
chi-based experimental design was applied to determine 
the optimal cutting parameters for minimum thrust force, 
torque, and tool wear. The experimental design with the 
Taguchi method uses a special design of orthogonal array, 
which is very simple and effective compared to the tradi-
tional experimental design method. The Taguchi method 
is a useful tool to study the entire process parameters for 
defining the experimental plan with only a small number 
of experiments [3, 20–23]. The major drawback with the 
Taguchi method is that it cannot judge and determine the 
effect of the individual parameter on the entire process. 
The results obtained cannot indicate the level of influence 

Table 3: Control factors and their levels.

Symbol  Control factors   Level 1   Level 2   Level 3

A   Prm   10%   20%   NIL
B   Drill type   HSS   Carbide  TiN-coated carbide
C   Spindle speed (rpm)  850   1260   1860
D   Feed rate (mm/rev)   0.03   0.05   0.07

Table 4: Experimental results using L18 (21 × 33) orthogonal array along with S/N ratio.

Trail 
no.

 
 
 

Control factors 
 

Response

Prm 
 

Drill 
type

 
 

Spindle speed 
(rpm)

 
 

Feed rate 
(mm/rev)

Thrust 
force (N)

  S/N ratio 
(dB)

  Torque 
(Nm)

  S/N ratio 
(dB)

  Tool wear 
(mm)

  S/N ratio 
(dB)

(A) (B) (C) (D)

1   1  1  1  1  156.6  − 43.8958  33.97  − 30.6219  0.121  18.3443
2   1  1  2  2  201.32  − 46.0777  45.12  − 33.0874  0.195  14.1993
3   1  1  3  3  293.50  − 49.3522  66.28  − 36.4276  0.310  10.1728
4   1  2  1  1  145.20  − 43.2393  38.57  − 31.7250  0.112  19.0156
5   1  2  2  2  162.12  − 44.1967  49.95  − 33.9707  0.151  16.4205
6   1  2  3  3  233.70  − 47.3732  79.86  − 38.0466  0.287  10.8424
7   1  3  1  2  207.90  − 46.3571  26.58  − 28.4911  0.148  16.5948
8   1  3  2  3  265.48  − 48.4806  38.65  − 31.7430  0.208  13.6387
9   1  3  3  1  178.95  − 45.0546  62.56  − 35.9259  0.328  9.6825
10   2  1  1  3  348.15  − 50.8353  64.51  − 36.1925  0.133  17.5230
11   2  1  2  1  218.40  − 46.7851  78.95  − 37.9470  0.231  12.7278
12   2  1  3  2  245.00  − 47.7833  89.95  − 39.0800  0.322  9.8429
13   2  2  1  2  225.65  − 47.0687  39.87  − 32.0129  0.120  18.4164
14   2  2  2  3  340.30  − 50.6372  52.19  − 34.3517  0.196  14.1549
15   2  2  3  1  179.00  − 45.0571  85.95  − 38.6849  0.302  10.3999
16   2  3  1  3  385.20  − 51.7137  29.82  − 29.4902  0.165  15.6503
17   2  3  2  1  235.00  − 47.4214  54.65  − 34.7518  0.228  12.8413
18   2  3  3  2  297.20  − 49.4610  68.95  − 36.7707  0.362  8.8258

or highest effect of a particular parameter on the perfor-
mance characteristic value.

However, the percentage contribution of individual 
parameters toward the response to be studied can be 
determined using ANOVA [11, 24]. Based on Taguchi’s 
L18 (21 × 33) orthogonal array mixed-level design, control 
factors such as percentage of reinforcement materi-
als (Prm), drill type, spindle speed, and feed rate were 
selected and their levels are shown in Table 3. The levels 
and the limits used were determined from the preliminary 
experiments [25]. The responses to be studied are thrust 
force, torque, and tool flank wear.

The orthogonal array was selected by considering the 
following conditions: the number of degrees of freedom 
for orthogonal array must be greater than or equal to the 
number of degrees of freedom required for studying the 
main and interaction effects [26]. In this work, one factor 
at two levels and three factors at three levels and the inter-
actions between Prm*drill type, Prm*spindle speed, and 
Prm*feed rate are to be studied. The required degree of 
freedom is 11. As the degrees of freedom for orthogonal 
array are greater than the number of degrees of freedom 
required for studying the main and interaction effects, 
an L18 orthogonal array was selected. Table 4 shows the 
experimental results of the measured values for thrust 
force, torque, and tool wear.
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2.3  �Analysis of the signal-to-noise (S/N) 
ratio

The experimental results were analyzed with the help of 
commercial software MINITAB 16. The influence of control 

Table 5: Response table for S/N for thrust force.

Level   Prm   Drill type  Spindle speed  Feed rate

1   − 46.00a   − 47.45  − 47.19a  − 45.24a

2   − 48.53   − 46.26a  − 47.27  − 46.82
3   NIL   − 48.08  − 47.35  − 49.73
Delta   2.53   1.82  0.16  4.49
Rank   2   3  4  1

aOptimal level.

Table 6: Response table for S/N for torque.

Level   Prm   Drill type  Spindle speed  Feed rate

1   − 33.34a   − 35.56  − 31.42a  − 34.94
2   − 35.48   − 34.80  − 34.31  − 33.90a

3   NIL   − 32.86a  − 37.49  − 34.38
Delta   2.14   2.70  6.07  1.04
Rank   3   2  1  4

aOptimal level.

Table 7: Response table for S/N for tool wear.

Level   Prm   Drill type  Spindle speed  Feed rate

1   14.323a  13.802  17.591a  13.835
2   13.376   14.875a  13.997  14.050a

3   NIL   12.872  9.961  13.664
Delta   0.948   2.003  7.630  0.386
Rank   3   2  1  4

aOptimum level.
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Figure 6: (A) Main effects plot for the S/N ratio for thrust force, (B) main effects plot for the S/N ratio for torque, and (C) main effects plot for 
the S/N ratio for tool wear.

factors on the response has been analyzed and the rank of 
involved factors, which support the S/N ratio, is given in 
Tables 5–7.

Taguchi suggests the S/N ratio to measure the quality 
characteristics [27]. Taguchi proposed three categories 
of performance characteristics in the analysis of the S/N 
ratio: the smaller the better, the nominal the better, and 
the larger the better [7, 28]. As lowest values of thrust 
force, torque, and tool wear are considered to be optimal 
for high product quality, “the smaller the better” category 
was selected for the calculation of the S/N ratio.

The optimum machining parameters for the responses, 
namely, thrust force, drilling torque, and tool wear, were 
found at the level where each factor has the highest S/N 
ratio [20, 24–29]. It is clear from Table 5 that thrust force 
is lowest at the first level of Prm (A1), second level of drill 
type (B2), first level of the spindle speed (C1), and first level 
of feed rate (D1). The main effects plot of the S/N ratio for 
thrust force shown in Figure  6A is also highest at these 
levels of the parameters, which result in the lowest thrust 
force. Hence, the combination of A1B2C1D1 (A1 = 10% of 
Prm, B2 = carbide drill, C1 = 850 rpm, D1 = 0.03 mm/rev) is 
considered to be optimal for lowest thrust force under the 
range of parameters investigated and also has the highest 
S/N ratio. It is clear from the rank order of Table 5 that feed 
rate is having highest influence on thrust force followed 
by Prm, spindle speed, and drill type.

As the smaller the better category was selected for 
torque, from Table 6, the optimum level for minimum 
torque was found where each factor has the highest 
S/N ratio as A1B3C1D2 (A1 = 10% of Prm, B3 = HSS drill, 
C1 = 850 rpm, D2 = 0.05 mm/rev). The main effects of the 
S/N ratio for torque shown in Figure 6B are also highest at 
these levels of the parameters, which result in the lowest 
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torque. The rank order for torque shows that spindle speed 
is having the highest influence on torque followed by 
drill type, Prm, and feed rate. Similarly, from Table 7 and 
Figure 6C, the optimal levels for tool wear can be deter-
mined as A1B2C1D2 (A1 = 10% of Prm, B2 = TiN-coated 
carbide drill, C1 = 850 rpm, D2 = 0.05 mm/rev).

2.4  �ANOVA method

In this work, ANOVA was used to identify the optimum 
combination of process parameters by investigating the 
relative significance of factors in terms of their percentage 
contribution to the response [7, 11]. Apart from the signifi-
cance of the control factors, the significance of interaction 
among the control factors on the response was studied as 
well. The interactions among control factors were between 
drill type and Prm (B × A), spindle speed and Prm (C × A), 
and feed rate and Prm (D × A).

The performed experimental plan was evaluated at 
a confidence level of 95%. Table 8 presents the result of 
ANOVA for thrust force. The R2 value obtained for thrust 
force is 99.2%, which is desirable [30]. It can be seen from 
Table 8 that the p-value for Prm, drill type, and feed rate 
is < 0.05, which indicates that the factors are statistically 
significant and have significant influence on the response 
(thrust force) [30, 31], whereas the p-value is > 0.05 for 
spindle speed and for the interactions between the 
factors, which indicates that the spindle speed and inter-
action between the factors do not have any significant 
influence on thrust force. In addition to the p-value, Fish-
er’s F-test can also be used to determine which machining 
parameters have a significant influence on the response. 
According to Fisher’s F-test, if the calculated F-ratio value 
is more than the tabulated F-value, then the effect is con-
sidered as significant [2, 32]. In this work, the tabulated 
F-value for the drilling parameters is (F0.05, 1, 4 = 7.708) 

and (F0.05, 2, 4 = 6.944) for the factor interactions. From 
ANOVA Table 8 for thrust force, it is clear that the F-test 
values for the feed rate, drill type, and Prm are greater 
than the F-table value, which indicate that they are sta-
tistically significant and have significant influence on 
the thrust force, whereas the F-test values for the spindle 
speed and factor interactions are smaller than the F-table 
values, which indicate that they are statistically insig-
nificant. As the statistical significance of the spindle 
speed and for the factor interactions are minimum, they 
have negligible influence on the thrust force and can be 
neglected [33]. From the experimental results, it is clear 
that the feed rate has greater influence on the thrust force, 
coinciding with the findings of previous studies regard-
ing the drilling of MMCs [5, 6, 23, 32, 34]. The order of the 
percentage contribution (%) from ANOVA Table 8 reflects 
the relative importance of each factor in controlling the 
response, namely, thrust force. Among the four selected 
drilling parameters, feed rate has the highest contribution 
on thrust force (59.77%) followed by Prm (27.58%) and drill 
type (9.84%). The interaction between the Prm*spindle 
speed has 1.08%, Prm*drill type has 0.58%, and Prm*feed 
has 0.23% and finally spindle speed has 0.075% influence 
on thrust force.

Table 9 presents the results of ANOVA for torque. The 
R2 value of 96.9% was obtained from the ANOVA table, 
which is desirable [35]. It can be seen from Table 9 that 
Prm, drill type, and spindle speed have p-values < 0.05, 
which indicate that they have significant influence on the 
response (torque) [30, 31], whereas the p-value is > 0.05 
for feed rate and for the interaction between the factors, 
which indicate that feed rate and the interaction between 
factors do not have any significant influence on torque. 
From ANOVA Table 9, it is clear that the calculated F-ratio 
value for the feed rate and factor interactions are less 
than the F-table values, which indicate that the feed rate 
and factor interactions are insignificant and they do not 

Table 8: ANOVA for S/N ratio for thrust force.

Source   DF  Seq SS  Adj SS  Adjj MS  F  p  Percentage 
contribution

Prm   1  28.717  28.7167  28.7167  136.75  0.000  27.58
Drill type   2  10.251  10.2510  5.1255  24.41  0.006  9.84
Spindle speed   2  0.079  0.2514  0.1257  0.60  0.592  0.075
Feed rate   2  62.234  42.5209  21.2605  101.24  0.000  59.77
Prm*drill type   2  0.610  0.6097  0.3049  1.45  0.336  0.58
Prm*spindle speed  2  1.132  1.1324  0.5662  2.70  0.181  1.08
Prm*feed rate   2  0.244  0.2439  0.1220  0.58  0.601  0.23
Residual error   4  0.840  0.8400  0.2100      0.81
Total   17  104.107          100
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have any significant influence on torque. It is clear from 
Table 9 that spindle speed is found to be the dominant 
parameter for torque and contributes 62.55% influence 
followed by drill type (13.13%), Prm (11.64%), and feed 
rate (1.84%). The interaction between Prm*drill type has 
6.88%, Prm*spindle speed has 0.63%, and Prm*feed rate 
has 0.18% influence on torque.

Table 10 presents the results of ANOVA for tool wear. 
Generally, tool wear is interrelated with many factors apart 
from the parameters taken for this investigation. Some of 
the parameters such as contact time between the nature 
of the tool and work piece and abrasive effects of the rein-
forced particles may also contribute to tool wear [11]. From 
ANOVA, the R2 value of 99.1% was obtained for tool wear, 
which is desirable [30]. The feed rate and the interaction 
between the parameters have p-values > 0.05, which indi-
cates that feed rate and the interactions between the para-
meters do not have any significant influence on the tool 
wear. In addition to the p-value, the F-test values for the 
feed rate and factor interactions are less than the F-table 
value, which indicates that they are statistically insig-
nificant and have negligible influence on the tool wear. 
According to ANOVA Table 10, it is clear that spindle speed 
has greater influence on tool wear (89.98%) followed by 

drill type (6.20%), Prm (2.08%), and feed rate (0.23%). 
The interaction between Prm*spindle speed has 0.32%, 
Prm*feed rate has 0.23%, and Prm*drill type has 0.03% 
influence on tool wear.

2.5  �Multivariable linear regression analysis

Regression analysis is a statistical tool used to find the 
relationship between the variables selected for investi-
gation [36]. In this work, multivariable linear regression 
analysis was used to determine the correlations between 
the control factors (Prm, drill type, feed rate, and spindle 
speed), thrust force, torque, and tool wear. The standard 
commercial statistical software package MINITAB 16 was 
used to derive the regression equation of the form:

	
2

Thrust force 1.4 69.9A 8.90B 3.45C +62.
R    0.854

8D
.=

= − + + −

� (1)

2

Torque 18.8 13.7A 8.13B +18.4C 19.5D
R    0.867.

= + − −
= � (2)

	
Tool wear 0.0181 0.0221A 0.0106B 0.0927C

0.00192D
= − + + +

− � (3)

Table 9: ANOVA for S/N ratios for torque.

Source   DF  Seq SS  Adj SS  Adjj MS  F  p  Percentage 
contribution

Prm   1  20.571  20.5709  20.5709  14.85  0.018  11.64
Drill type   2  23.209  23.2089  11.6045  8.38  0.037  13.13
Spindle speed   2  110.513  71.1095  35.5548  25.67  0.005  62.55
Feed rate   2  3.258  2.8798  1.4399  1.04  0.433  1.84
Prm*drill type   2  12.165  12.1646  6.0823  4.39  0.098  6.88
Prm*spindle speed  2  1.082  1.0818  0.5409  0.39  0.700  0.63
Prm*feed rate   2  0.320  0.3202  0.1601  0.12  0.894  0.18
Residual error   4  5.540  5.5399  1.3850      3.13
Total   17  176.657          100

Table 10: ANOVA for S/N ratios for tool wear.

Source   DF  Seq SS  Adj SS  Adjj MS  F  p  Percentage 
contribution

Prm   1  4.041  4.041  4.0410  9.01  0.040  2.08
Drill type   2  12.053  12.053  6.0265  13.44  0.017  6.20
Spindle speed   2  174.832  115.005  57.5025  128.21  0.000  89.98
Feed rate   2  0.449  0.304  0.1522  0.34  0.731  0.23
Prm*drill type   2  0.054  0.054  0.0270  0.06  0.942  0.03
Prm*spindle speed  2  0.616  0.616  0.3078  0.69  0.554  0.32
Prm*feed rate   2  0.443  0.443  0.2215  0.49  0.643  0.23
Residual error   4  1.794  1.794  0.4485      0.92
Total   17  194.282          100
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In multiple linear regression analysis, R2 is the value 
of the correlation coefficient and should be between 0.8 
and 1 [5, 37]. In this work, the R2 statistic results indicate 
that the model is fitted and explains 85.4%, 86.7%, and 
92.75% of the variability for thrust force, torque, and tool 
wear, respectively. Figure  7A–B shows the normal prob-
ability plot for residuals for thrust force, torque, and tool 
wear during regression analysis. In this work, the residu-
als generally fall on a straight line, implying that the 
errors are normally distributed [2, 38, 39].

2.6  �Confirmation experiment

The confirmation experiment is highly recommended by 
Taguchi, and it is a crucial step to verify the experimen-
tal results [7, 20]. In this work, the confirmation experi-
ment was performed after identifying the optimum 
combination of the influential factors for cutting forces 
and tool wear.

The experiment was repeated three times to get the 
average value and the results were compared to the pre-
dicted values. The results of the confirmatory test are pre-
sented in Table 11. The predicted thrust force was found 
to be 145.65 N and the experimental value was 145.20 N. 

A good agreement between predicted and experimental 
values can be seen and the error was within 0.31%. The 
predicted torque was found to be 24.56 Nm and the experi-
mental torque value was 25.35 Nm. A fair agreement was 
found between the predicted and measured torque values 
and the error was within 3.11%. The predicted tool flank 
wear was found to be 0.114  mm and the experimental 
value was 0.115 mm. A good agreement between predicted 
and experimental values can be seen and the error was 
within 0.86%.

3  �Results and discussion

3.1  �Analysis of cutting force signals

Figures 8A–F and 9A–F show the measured typical thrust 
force and torque values of samples 1 and 2 using HSS drill, 
carbide, and TiN-coated carbide drill, respectively. The 
drilling process involves three stages, which are marked 
as I, II, and III in Figure 8A–F and 9A–F. During stage I of 
the drilling process, the chisel edge and the cutting lip 
of the drill perform the drilling operation and are fully 
engaged into the work piece. Also during stage I, the 
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Figure 7: (A) Normal probability plot for thrust force, (B) normal probability plot for torque, and (C) normal probability plot for tool wear.

Table 11: Results of the confirmation experiment.

Test   Optimum levels  
 

Experimental value  Average 
experimental value

  Predicted value from 
the regression equation

  % Error

Trail 1  Trail 2  Trail 3

Thrust force (N)  A (1), B (2), C (1), D (1)   145.15  144.85  145.69  145.20  145.65  0.31
Torque (Nm)   A (1), B (3), C (1), D (1)   25.10  24.32  26.64  25.35  24.56  3.11
Tool wear (mm)   A (1), B (2), C (1), D (2)   0.110  0.116  0.120  0.115  0.114  0.86
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Figure 8: Typical thrust force values measured during preliminary test: (A) typical thrust force measured at spindle speed = 850 rpm, 
feed = 0.03 mm/rev, the work piece (10% reinforcement), using HSS drill; (B) typical thrust force measured at spindle speed = 850 rpm, 
feed = 0.07 mm/rev, the work piece (20%reinforcement), using HSS drill; (C) typical thrust force measured at spindle speed = 850 rpm, 
feed = 0.03 mm/rev, the work piece (10% reinforcement), using carbide drill; (D) typical thrust force measured at spindle speed = 1260 rpm, 
feed = 0.03 mm/rev, the work piece (20%reinforcement), using carbide drill; (E) typical thrust force measured at spindle speed = 850 rpm, 
feed = 0.03 mm/rev, the work piece (10% reinforcement), using TiN-coated carbide drill; and (F) typical thrust force measured at spindle 
speed = 1260 rpm, feed = 0.07 mm/rev, the work piece (20% reinforcement), using TiN-coated carbide drill.

thrust force and torque increase sharply. In stage II, the 
flutes of the drill also begin to cut and the drill tip reaches 
the bottom of the work piece. During stage II, the thrust 
force and torque reach the maximum value. Finally, 

during stage III, the drilling process is completed and the 
thrust force and torque decrease gradually because the 
chisel and cutting edges are gradually disengaged from 
the work piece.
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Figure 9: Typical torque values measured during preliminary test: (A) typical torque measured at spindle speed = 850 rpm, feed = 0.05 mm/
rev, the work piece (10% reinforcement), using HSS drill; (B) typical torque measured at spindle speed = 1860 rpm, feed = 0.05 mm/rev, the 
work piece (20% reinforcement) using HSS drill; (C) typical torque measured at spindle speed = 850 rpm, feed = 0.03 mm/rev, the work piece 
(10% reinforcement), using carbide drill; (D) typical torque measured at spindle speed = 850 rpm, feed = 0.07 mm/rev, the work piece (20% 
reinforcement), using carbide drill; (E) typical torque measured at spindle speed = 850 rpm, feed = 0.03 mm/rev, the work piece (10% rein-
forcement), using TiN-coated carbide drill; and (F) typical torque measured at spindle speed = 1260 rpm, feed = 0.07 mm/rev, the work piece 
(20% reinforcement), using TiN-coated carbide drill.

3.2  �Analysis of thrust force signals

On analyzing the thrust force signals of HSS drill, it clear 
that, during stage I of the drilling process, the thrust force 
reaches 175 N for sample 1 as shown in Figure 8A whereas, 
for sample 2, the thrust force increases sharply to 320 N 
as shown in Figure 8B. During stage II, the thrust force 
increases gradually and reaches a maximum value of 

207.9 N for sample 1 and 385.2 N for sample 2. The drilling 
process is completed during stage III and the drill is com-
pletely disengaged from the work piece.

In case of carbide drill, during stage I, the thrust force 
was about 125 N for sample 1 as shown in Figure 8C and 
170 N for sample 2 as shown in Figure 8D. In stage II, the 
thrust force was found to increase gradually and reaches 
156.6  N for sample 1 and 218.4  N for sample 2. As the 
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drilling process comes to an end during stage III, during 
this period, the thrust force decreases gradually and drops 
down to zero.

In case of TiN-coated carbide drill, during stage I, 
the thrust force was about 123 N for sample 1 as shown in 
Figure 8E and 220 N for sample 2 as shown in Figure 8F. 
During stage II, the thrust force increases gradually and 
reaches 145.2 N for sample 1 and the thrust force increases 
drastically and reaches 340.30 N for sample 2. The thrust 
force increases drastically for sample 2 due to the increase 
in the tool wear caused by the chipping of the cutting edge 
at higher spindle speed and feed rate. From the experi-
mental results, it was observed that the TiN-coated carbide 
drill has produced minimal thrust force when compared to 
the other drills taken for the investigation.

From the experimental results, it is clear that the 
thrust force increases drastically with the increase in the 
feed rate. This may be due to the fact that a higher feed 
rate creates a larger chip and the tool imparts a greater 
cutting force [40]. From ANOVA Table 8, it is clear that the 
feed rate is the most significant factor affecting the thrust 
force. Further, a higher thrust force was produced for HSS 
drills than with carbide and coated carbide drill particu-
larly with higher particle fraction. This may be due to low 
hardness and the wear mechanism of the HSS drill bit [33].

It can also be seen that the thrust force tends to 
increase drastically with the increase in the reinforcement 
content, especially for sample 2, irrespective of the drills 
used, coinciding with the findings of [6]. The increase in 
the thrust force especially for sample 2 may be due to the 
increase in the hardness of the composite, increases the 
friction between the work piece and the tool, and intensi-
fies the tool wear [33].

Further, from ANOVA Table 8, it is also clear that the 
spindle speed does not have any significant influence 
on the thrust force. Increasing the spindle speed from 
850 to 1260  rpm does not have any significant effect in 
reducing the thrust force, coinciding with the findings of 
[6]. Although there are former contradictory studies [32] 
stating that the thrust force decreases with the increase 
in the spindle speed, this effect is insignificant because, 
apart from the spindle speed, the contact time between 
the tool and the work piece, temperature, and abra-
sive effects of the reinforced particles play a vital role in 
tool wear. The combination of lower feed rate and lower 
spindle speed increases the contact time between the tool 
and the work piece, which in turn increases the tool wear. 
Further drilling with a worn tool increases the thrust force 
drastically [11].

Thus, from the experimental results, it is clear that the 
higher feed rate and the combined effect of lower feed rate 

with lower spindle speed have a major impact on increas-
ing the thrust force drastically.

3.3  �Analysis of torque signals

On analyzing the torque force signals of HSS drill, it can be 
seen that, during stage I of the drilling process, the torque 
reaches 20 N for sample 1 as shown in Figure 9A and 37 N 
for sample 2 as shown in Figure 9B. In stage II of the drill-
ing process, the torque increases sharply and reaches a 
maximum value of 26.58  N for sample 1 and 61.32  N for 
sample 2. In stage III, the drilling process is completed 
and the drill is disengaged from the work piece.

In case of carbide drill, during stage I, the torque 
value reaches 29 N for sample 1 as shown in Figure 9C and 
58 N for sample 2 as shown in Figure 9D. In stage II of the 
drilling process, the torque increases sharply and reaches 
a maximum value of 33.97 N for sample 1 and 64.51 N for 
sample 2, whereas, for TiN-coated carbide drill during 
stage I, the torque value increases sharply and reaches 
39  N for sample 1 as shown in Figure 9E and 37  N for 
sample 2 as shown in Figure 9F. During stage II of the drill-
ing process, the torque increases gradually and reaches a 
maximum value of 38.57  N for sample 1 and 52.19  N for 
sample 2.

The torque force generated by TiN-coated carbide 
drill is less than the carbide drill. This may be due to the 
presence of a protective coating that acts as a lubricant 
and reduces the friction and temperature at the cutting 
zone [4].

From ANOVA Table 9, it is clear that the spindle 
speed is the most significant factor influencing the 
torque. Drilling at a lower spindle speed is preferred over 
a higher spindle speed. However, there is a contradic-
tory study [35], in opposition to our work stating that at 
lower spindle speed there is relatively more torque than 
at higher spindle speed. However, drilling at low spindle 
speed is not recommended for all types of materials. The 
spindle speed should be varied based on the work mate-
rial, type of reinforcement, type of tool material, and the 
matrix.

There is one more work [8] stating that tool wear is 
very less at lower cutting speed. According to their work, 
the development of unstable build-up edge (BUE) caused 
by high contact time between the work piece and the tool 
protects the cutting edge from further wear. Further drill-
ing with a worn tool would increase the cutting forces 
drastically.

From the experimental results, it can also be seen that 
the torque value increases significantly with the increase 
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in the feed rate. The torque force generated by HSS drill 
is comparatively less than the carbide and TiN-coated 
carbide drill. This may be due to the fact that drill bit with 
smaller point angle exerts very less torque force on the 
work piece. The point angle of HSS drill used in this work 
is 118° and 130° for both carbide and coated carbide drill. 
According to previous studies [7, 41], the cutting torque 
increases with the increase in the point angle, correlating 
with our findings.

4  �Conclusions
In this work, a drilling test was carried out using HSS, 
carbide, and TiN-coated carbide drills under dry condi-
tions on the prepared AMMC. The AMMC was prepared 
by reinforcing Al6063 alloy with 10% and 20% weight 
fractions of WSD particles, an industrial waste generated 
during the rock stone dressing operation.

The cutting force and tool wear were recorded under 
different cutting conditions for various combinations of 
drilling parameters.

The following conclusions can be drawn from the 
study:

–– Increasing the reinforcement content from 10% to 
20% increases the hardness and tensile strength of 
the composites but reduces its ductility.

–– The feed rate was identified as the most significant 
factor influencing the thrust force followed by Prm, 
drill type, and spindle speed.

–– The torque and tool wear were strongly affected by 
the spindle speed followed by the drill type, Prm, and 
feed rate, respectively.

–– From the experimental results, the composite with 
higher reinforcement content has higher thrust force, 
torque, and tool wear irrespective of the drills used for 
the investigation.

–– Drilling with HSS drill has recorded the maximum 
thrust force value compared to the carbide and TiN-
coated carbide drills, especially when drilling the 
composites with higher particle fractions.

–– Drilling at very low spindle speed and feed rate 
increases the thrust force and torque drastically.

–– Drill bit with smaller point angle is preferred over the 
larger one because HSS drill with 118° point angle has 
produced less torque compared to 130° point angle 
carbide and coated carbide drills.

–– From the confirmation tests, a good approximation 
was achieved in the comparison of the predicted and 
the experimental results. Thus, the Taguchi design 
of experiments and ANOVA can be effectively used 

to identify the optimal level of the control factors to 
minimize the thrust force, torque, and tool wear.
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