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Abstract: Machinability analyses of metal matrix composites are essential for manufacturing indus-
tries. The current study is focused on the mathematical modeling of the machinability of an in-situ
synthesized RZ5-8 wt.% TiB2 composite using the Taguchi design statistical tools and analysis of
variance (ANOVA). Taguchi’s method indicates that the feed rate is the most influential parame-
ter, followed by the depth of cut and cutting speed in determining the cutting force and surface
roughness during the machining of the RZ5/8 wt.% TiB2 composite. A regression analysis of the
experimental data was carried out using ANOVA, and regression equations were established to
estimate cutting force and surface roughness under different parametric conditions. The regression
model was validated for other test conditions and the maximum deviation observed was ±10%.
Main effects plots and response surface plots were developed to analyze the machining parame-
ters’ individual and combined effects on the RZ5/8 wt.% TiB2 composite’s machinability. The chip
morphology and tool wear of the RZ5/8 wt.% TiB2 composite were analyzed using FESEM under
different machining conditions.

Keywords: machinability; Taguchi design; regression model; cutting force; surface roughness

1. Introduction

Magnesium is the lightest material for high-volume structural applications in the
automotive and aviation industries. The lower density of magnesium helps to enhance
energy efficiency and reduce flue emissions compared to steel and aluminum [1]. Commer-
cially available magnesium and its alloys have relatively lower strengths. The strengths
of the materials can be improved by incorporating ceramic reinforcements, such as Al2O3,
B4C, SiC, TiB2, WC, etc. [2,3]. The reinforcement particles can be added to the matrix
using different processing routes, such as liquid metallurgy, infiltration, powder metal-
lurgy (P/M), friction stir processing (FSP), and the cold spray technique [4–6]. Composite
synthesis using the stir casting process is the most economical for high-volume structural
applications. The reinforcement can be embedded into the magnesium matrix by an ex-situ
process (pre-synthesized reinforcement introduced into the matrix phase) or an in-situ
process (reinforcement synthesized during the synthesis of the composite) [7,8]. In-situ
synthesized composites have improved mechanical and tribological properties due to
their better wettability, thermally stable reinforcement, and strong reinforcement-matrix
interfacial bonding [9]. Adding reinforcement to the metallic matrix augments the prop-
erties of the materials, improving hardness, tensile strength, impact strength, and wear
resistance [10,11].
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The metal matrix composites synthesized by different processing routes are of near-
net shape. The machining of composites is necessary for various industrial applications.
However, the presence of reinforcement affects the machinability of the materials due to
the existence of two or more distinct phases having significantly different properties [12,13].
During the machining of materials, cutting tools encounter two different phases (one
has high ductility and toughness, while the other has very high strength and brittleness).
Turning is the most common machining process to achieve a net-shaped product with the
dimensional accuracy of the developed material. The machinability of the materials by
turning is controlled by machining parameters (cutting speed, feed rate, and depth of cut),
cutting tool geometry, and machining environment (with/without cutting fluid) [14–17].

The selection of machining parameters plays a significant role in achieving improved
machinability properties. Pramanik et al. investigated the effect of machining parameters
on the machinability of metal matrix composites. During the turning of the materials, it
was observed that the cutting force of the materials significantly increased with an increase
in feed rate. However, it was minimally affected by the cutting speed and reinforcement
content. The surface roughness of the materials was controlled by fracture and pull-out of
reinforcement at a lower feed rate. The presence of ceramic reinforcements also increased
the chips’ breakability [18]. Anandakrishnan and Mahamani investigated cutting force,
surface roughness, and tool wear in the machining of Al6061-TiB2 metal matrix composites.
It was observed that higher TiB2 reinforcement minimized the cutting force and increased
the surface roughness and tool wear. The cutting force, surface roughness, and tool wear of
the materials increased with an increase in feed rate and depth of cut due to the generation
of high frictional heating [19].

The machining parameters and environment must be optimized to meet industrial
requirements [20]. The cutting force during machining and the surface roughness of the
machined surface can be minimized by optimizing multiple performance characteristics
of the different response parameters. The optimization can be achieved using lower-the-
better quality characteristics to improve the machinability of materials [21]. Kumar et al.
optimized the machining parameters for dry turning of Ti4Al6V using the Gray–Taguchi
approach. It was observed that the feed rate and cutting speed significantly affected the
material’s overall machining performance. ANOVA analysis of the machining parameters
indicated that cutting speed, feed rate, and depth of cut affected the performance charac-
teristics by 37.42, 46.84, and 14.94%, respectively. The tool wear indicated both abrasive
and adhesive wear during the turning of the Ti4Al6V. Abrasive wear occurred on the flank
face due to the friction between the face of the cutting tool and the machined part, whereas
adhesive wear occurred due to the thermal softening of the tooltip at a higher cutting
speed [22].

Karloopia et al. analyzed the machinability of in-situ synthesized Al-Si-TiB2 compos-
ites. It was observed that at a constant cutting speed, feed force and cutting force increased
with an increase in feed rate at each depth of cut. Machining the Al-Si-TiB2 composites at a
lower feed rate and cutting speed generated discontinuous chips of shorter lengths. In con-
trast, helical chips were produced at a higher feed rate and cutting speed. The two-degree
model accurately predicted feed force, cutting force, and surface roughness with a lower er-
ror range (3−9%) [23]. Khanna et al. machined an AZ91/SiC particulate magnesium matrix
composite and analyzed the surface roughness and chip breakability index through a full
factorial experimental design. The ultrasonic-assisted turning of the AZ91/SiC composite
was better than the conventional process in terms of surface roughness. The machining
parameters were optimized through regression analysis and the Jaya algorithm to achieve
a better surface finish in the different cutting environments [24]. Kök et al. analyzed the
(Ra) surface roughness characteristic during the machining of 2024Al/Al2O3 composites
and mathematically modeled the behavior using ANOVA and the Taguchi method. Ma-
chining of the materials was performed using K10 and TP30 carbide-tip tools. The surface
roughness value was higher for the surface machined using the K10 tool than the surface
machined using the TP30 tool. An ANOVA model was established for surface roughness,
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and it was observed that the errors associated with the K10 and TP30 tools were 1.67%
and 4.94%, respectively, with good agreement between the predicted and the experimental
results [25].

Ghandehariun et al. established a constitutive model to understand the behavior of
metal matrix composites during machining. The constitutive model was established by
varying its main features, such as reinforcement size and volume fraction. The energy-
based force model was validated through different machining experiments with variations
of cutting speed and feed rate, with near-accurate prediction [26]. Wang et al. developed a
mathematical model for predicting the cutting force during SiC/Al composite machining
based on both the geometrical and mechanical properties of cutting tools and workpiece
materials. The value of the expected cutting force component closely agreed with the
experimental results in most machining conditions [27]. Gürbüz et al. investigated the
machining properties of AISI 4140 steel both experimentally and statistically with the
variation of cutting parameters and environments. It was observed that tool wear was
minimal when machining the materials using minimum quantity lubrication (MQL). The
machining force increased with an increase in feed rate and decreased with an increase
in cutting speed. However, the surface roughness increased with an increase in feed rate
and decreased with an increase in cutting speed. The statistically predicted machinability
behavior was observed to show good coherence with the experimental outcome. Optimiz-
ing the cutting and vibration parameters through the statistical model generated a surface
finish of 0.413 µm [28].

The literature shows that metal matrix composites possess improved mechanical
and tribological properties compared to conventional alloys. However, the machinabil-
ity of materials is significantly affected by the presence of two different phases. Better
machinability of materials can be obtained by selecting the proper machining parameters.
Optimizing machining characteristics is necessary, and very few studies have optimized
the machinability of materials. In the present study, experimental data for cutting force
and surface roughness obtained during the machining of an RZ5/8 wt.% TiB2 composite
were statistically analyzed using a full factorial experimental design. Main effects plots and
response surface plots were used to investigate the individual and combined effects of the
machining parameters. The established regression model was validated through a series
of test cases. The chip morphology and tool wear of the composite were analyzed using a
field emission scanning electron microscope (FESEM).

2. Materials and Methods
2.1. Materials Synthesis

Magnesium RZ5/TiB2 in-situ metal matrix composites were synthesized using the self-
propagating high-temperature synthesis (SHS) route. Ti mesh and boron powder were used
to synthesize the TiB2 reinforcement in the molten RZ5 alloy matrix while synthesizing
RZ5/TiB2 composites. The detailed synthesis process for the RZ5/TiB2 composites is
explained in our earlier study [29]. Among the synthesized composites, the RZ5/8 wt.%
TiB2 composite showed improved mechanical properties compared to RZ5/(4 and 6) wt.%
TiB2 reinforced composites. The RZ5/8 wt.% TiB2 composite samples were prepared with
lengths of 250 mm and diameters of 50 mm to study the machinability behavior.

2.2. Machinability Analysis of the Material

The RZ5/8 wt.% TiB2 composite was machined using an NH 22 lathe (Hindustan
Machine Tools manufacturer, Bengaluru, India). The cutting force during machining was
measured using a Kistler piezoelectric dynamometer (Type – 9157B). The cutting force
data were recorded through a data acquisition system connected to a charge amplifier
using DynoWare software. Figure 1 shows a photograph of the experimental setup. The
cutting force was measured with variations in cutting speed, feed rate, and depth of cut.
The cutting force of the materials was measured twice for each parametric condition, and
average surface roughness is reported. Each measurement was performed using a new
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cutting edge of a carbide-tip cutting tool manufactured by Sandvik Coromant (CNMG
12 04 08-SM, H13A). The machinability of the materials was also measured in terms of
surface roughness. The surface roughness was measured using the surface roughness tester
manufactured by Mitutoyo (Surftest SJ-210). Surface roughness was measured twice, and
the average surface roughness is reported.
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Figure 1. Photographic view of the machining setup with the dynamometer arrangement.

2.3. Design of the Experiment

The machining of the materials was performed using various input parameters. The
experimental design helped collect the maximum amount of information for the determina-
tion of responses (cutting force and surface roughness) in relation to control factors (cutting
speed, feed rate, and depth of cut). The experimental data derived the empirical relations
among the control factors and responses. In the present study, the machinability analysis of
the RZ5/8 wt.% TiB2 composite was performed using a standard orthogonal array based on
the control factors and levels (low, medium, and high). The detailed machining parameters
with the levels considered in the current study are presented in Table 1. For the estimation
of machinability, a full factorial experimental design was performed for the number of
control factors and levels using the relation Pn. In this case, the number of control factors (n)
was 3, and the number of levels (P) was 3. The experiments were performed for all possible
combinations of these levels across all factors. Based on these, 27 sets of experimentations
were performed, as shown in Table 2.

Table 1. Machining parameters used during machining of the RZ5/8 wt.% TiB2 composite.

Machining Parameters Units
Levels

Low-1 Medium-2 High-3

Cutting speed m/min 50 100 150
Feed rate mm/rev 0.12 0.24 0.36

Depth of cut mm 0.5 0.75 1.0



Crystals 2022, 12, 1353 5 of 15

Table 2. Experimental results for the machinability of the RZ5/8 wt.% TiB2 composite and the S/N
ratios.

Run
Order

Levels
Average
Cutting

Force (N)

Average Surface
Roughness (µm)

S/N Ratio
for Cutting

Force

S/N Ratio
for Surface
Roughness

Cutting
Speed

(m/min)

Feed Rate
(mm/rev.)

Depth of
Cut (mm)

1 50 0.12 0.5 34.840 0.989 −30.8476 0.0935
2 50 0.12 0.75 55.505 1.105 −34.8916 −0.8714
3 50 0.12 1 67.925 1.411 −36.6407 −2.9894
4 50 0.24 0.5 54.030 2.568 −34.6598 −8.1925
5 50 0.24 0.75 73.805 2.923 −37.3618 −9.3177
6 50 0.24 1 102.600 3.213 −40.2241 −10.1394
7 50 0.36 0.5 74.345 3.726 −37.4296 −11.4240
8 50 0.36 0.75 112.000 4.052 −40.9859 −12.1527
9 50 0.36 1 129.800 4.198 −42.2694 −12.4601

10 100 0.12 0.5 38.905 0.889 −31.8055 1.0140
11 100 0.12 0.75 55.320 1.098 −34.8622 −0.8233
12 100 0.12 1 72.750 1.352 −37.2419 −2.6187
13 100 0.24 0.5 58.125 2.236 −35.2874 −6.9891
14 100 0.24 0.75 84.745 2.732 −38.5765 −8.7297
15 100 0.24 1 105.850 2.869 −40.4963 −9.1557
16 100 0.36 0.5 84.570 3.356 −38.5497 −10.5176
17 100 0.36 0.75 118.975 3.659 −41.5119 −11.2676
18 100 0.36 1 135.450 3.898 −42.6389 −11.8170
19 150 0.12 0.5 42.050 0.898 −32.4884 0.9221
20 150 0.12 0.75 62.370 1.083 −35.9100 −0.6903
21 150 0.12 1 83.110 1.302 −38.3975 −2.2948
22 150 0.24 0.5 62.265 2.299 −35.8924 −7.2335
23 150 0.24 0.75 87.845 2.679 −38.8764 −8.5589
24 150 0.24 1 113.350 2.858 −41.0886 −9.1204
25 150 0.36 0.5 105.415 3.112 −40.4646 −9.8612
26 150 0.36 0.75 138.750 3.467 −42.8447 −10.7985
27 150 0.36 1 149.175 3.995 −43.4750 −12.0300

2.4. Regression Analysis through Taguchi and ANOVA

The machining of the RZ5/8 wt.% TiB2 composite was performed with variations
of the control factors, and the machinability was analyzed in terms of cutting force and
surface roughness (Ra). The typical experimental data generated using a piezoelectric
dynamometer are shown in Figure 2 for a specific machining condition. The cutting force
shown in the graph in Figure 2 was measured at a cutting speed of 100 m/min, a feed rate
of 0.36 m/rev, and a depth of cut of 0.5 mm. Similarly, the cutting force under different
machining conditions was measured, and the average cutting force (N) is presented in
Table 2 based on the two sets of the experiment. Similarly, average surface roughness (µm)
was measured and is presented in Table 2 based on the two sets of the experiment. Control
factor effects and quality characteristics in regard to the machinability of the RZ5/8 wt.%
TiB2 composite were analyzed using the Taguchi technique. For the statistical analysis, the
experimental machinability result was converted into a signal-to-noise ratio (S/N ratio),
and the machinability of the materials was investigated in terms of lower-the-better quality
characteristics. The S/N ratio for cutting force and surface roughness is presented in Table 2.
The lower-the-better quality characteristics help to achieve better machinability properties
and ascertain the control factors that significantly affect the material’s cutting force and
surface roughness.

S/N ratio = −10 Log
1
n

(
Y2

1 + Y2
2 + Y2

3 + . . . + Y2
n

)
(1)

where Y1, Y2, . . . , Yn = the responses to sliding wear and n = the number of observations.
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Figure 2. Measurement of cutting force using a Kistler piezoelectric dynamometer at a cutting speed
of 100 m/min, a feed rate of 0.36 mm/rev, and a depth of cut of 0.5 mm.

Minitab 17 software was used for the full factorial regression analysis of the experi-
mental cutting force and surface roughness data using the analysis of variance (ANOVA)
technique. The regression model estimated the cutting force and surface roughness under
different machining conditions. The empirical relations were established for the regression
analysis based on the machining control factors and responses. The responses could be
estimated according to the experimental data using two control factors, which can be
written as Equation (2).

Y = β0 + β1 X1 + β2 X2 + β12X1X2 + ε (2)

where Y = the response to the control factors; X1 and X2 = control factors; and β0, β1, β2,
and β12 = unknown parameters; and ε = an error term.

The effects of the machining control factors on the responses were determined through
main effects plots. These helped to establish the relationships between the single machining
control factors and machinability (cutting force and surface roughness). The combined
effect of the machining parameters on cutting force and surface roughness was established
through the surface response plots by complete quadratic analysis using Minitab 17 soft-
ware. The statistical regression equation was validated through machining experiments
under different operating conditions. A similar approach was used to estimate the tribo-
logical behavior of the RZ5/TiB2 magnesium matrix composite under the other operating
conditions described in our previous study [30]. The chip morphology and wear of the cut-
ting tool post-machining were analyzed using the ZEISS MERLIN Compact field emission
scanning electron microscope (FESEM).

3. Results and Discussions
3.1. Regression Analysis Using the Taguchi Technique

Different machining parameters have different rates of effect on the machinability of
materials, such as cutting force and surface roughness. In the present study, a Taguchi
analysis was used to ascertain the control factor that had a maximum impact on the machin-
ability of the RZ5/8 wt.% TiB2 composite. The most influential factor on machinability was
determined by considering the S/N ratio from the experimental data set. The S/N ratio
for the RZ5/8 wt.% TiB2 composite under different machining parameters is presented
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in Table 2. The response table for the S/N ratio is given based on the lower-the-better
quality characteristics for cutting force and surface roughness. The influences of the input
machining parameters are ranked based on the value of the S/N ratio. The response table
for the S/N ratio of cutting force shown in Table 3 indicates that the feed rate had the
maximum influence in determining the cutting force, followed by the depth of cut and
cutting speed during the machining of the RZ5/8 wt.% TiB2 composite. The response
for surface roughness shown in Table 4 also indicates that the feed rate had maximum
influence and that cutting speed had the minimum impact on the surface roughness of the
machined surface.

Table 3. Response table for the S/N ratio of cutting force of the RZ5/8 wt.% TiB2 composite.

Level Cutting Speed (m/min) Feed Rate (mm/rev.) Depth of Cut (mm)

1 −37.2567 −34.7873 −35.2694
2 −37.8856 −38.0515 −38.4246
3 −38.8264 −41.1300 −40.2747

Delta 1.5697 6.3427 5.0053
Rank 3 1 2

Table 4. Response table for the S/N ratio of surface roughness of the RZ5/8 wt.% TiB2 composite.

Level Cutting Speed (m/min) Feed Rate (mm/rev.) Depth of Cut (mm)

1 −7.4948 −0.9176 −5.7987
2 −6.7672 −8.6041 −7.0234
3 −6.6295 −11.3699 −8.0695

Delta 0.8653 10.4523 2.2708
Rank 3 1 2

3.2. Regression Modeling Using the ANOVA Design
3.2.1. ANOVA for Cutting Force

An analysis of variance (ANOVA) was carried out for the cutting force of the RZ5/8 wt.%
TiB2 composite and is presented in Table 5. It can be noted that the p-value for individual
machining parameters (i.e., cutting speed, feed rate, and depth of cut) was 0.000, which
indicates a significant influence on cutting force. The p-value for the square effect of feed
rate and the two-way interactions of Speed × Feed and Feed × DoC was less than 0.05. As
the p-value was very low, it can be noted that these factors also significantly affected the
cutting force of the RZ5/8 wt.% TiB2 composite. Other interactions, such as Speed × Speed,
DoC × DoC, and Speed × DoC, had p-values greater than 0.05; hence, their influences on
the cutting force of the RZ5/8 wt.% TiB2 composite were much lesser.

Table 5. ANOVA for the cutting force of the RZ5/8 wt.% TiB2 composite using adjusted SS for tests.

Source DF Adj. SS Adj. MS F-Value p-Value

Model 9 26,709.3 2967.7 150.64 0.000
Linear 3 26,157.6 8719.2 442.58 0.000
Speed 1 1080.8 1080.8 54.86 0.000
Feed 1 15,943.3 15,943.3 809.26 0.000

Depth of cut (DoC) 1 9133.4 9133.4 463.60 0.000
Square 3 212.4 70.8 3.59 0.035

Speed × Speed 1 29.3 29.3 1.49 0.239
Feed × Feed 1 107.0 107.0 5.43 0.032
DoC × DoC 1 76.0 76.0 3.86 0.066

Two-way interaction 3 339.3 113.1 5.74 0.007
Speed × Feed 1 191.5 191.5 9.72 0.006
Speed × DoC 1 0.1 0.1 0.01 0.938
Feed × DoC 1 147.7 147.7 7.50 0.014

Error 17 334.9 19.7

Total 26 27,044.4
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S = 4.43859, R−Sq. = 98.76 %, R−Sq. (adj.) = 98.11 %, R−Sq. (pred.) = 96.71 %.
A regression equation was created to ascertain the cutting force during the machining

of the RZ5/8 wt.% TiB2 composite under different machining parameters using Minitab
17 software. As per Table 5, the effects of individual factors and the interactions between
other machining parameters were considered to determine the cutting force of the material.
Equation (3) gives the regression equation for cutting force estimation.

Regression equation for the cutting force of the RZ5/8 wt.% TiB2 composite in uncoded
units:

Cutting force = −29.1 − 0.176 Speed − 47.1 Feed + 148.3 DoC + 0.000884
(Speed × Speed) + 293 (Feed × Feed) − 57.0 (DoC × DoC) + 0.666 (Speed ×

Feed) − 0.008 (Speed × DoC) + 117.0 (Feed × DoC)
(3)

3.2.2. ANOVA for Surface Roughness

ANOVA was carried out for the surface roughness of the RZ5/8 wt.% TiB2 composite
and is presented in Table 6. It can be noted that the p-value for all the machining parameters
was 0.000, which indicates a significant influence on the surface roughness of the material.
The square interaction of DoC × DoC did not have a significant effect, since the p-value is
more than 0.05. Similarly, the two-way interaction of Speed × DoC, also, did not have a
substantial impact, as the p-value was 0.289. It is well known that a p-value greater than
0.05 has a minimal effect on the prediction of material properties. Other square interactions
and two-way interactions with p-values less than 0.05 significantly affected the surface
roughness of the RZ5/8 wt.% TiB2 composite.

Table 6. ANOVA for surface roughness of the RZ5/8 wt.% TiB2 composite using adjusted SS for tests.

Source DF Adj. SS Adj. MS F-Value p-Value

Model 9 32.7043 3.6338 553.68 0.000
Linear 3 31.9989 10.6663 1625.21 0.000
Speed 1 0.3453 0.3453 52.61 0.000
Feed 1 30.2525 30.2525 4609.54 0.000

Depth of cut (DoC) 1 1.4011 1.4011 213.49 0.000
Square 3 0.5508 0.1836 27.98 0.000

Speed × Speed 1 0.0533 0.0533 8.13 0.011
Feed × Feed 1 0.4941 0.4941 75.29 0.000
DoC × DoC 1 0.0034 0.0034 0.51 0.483

Two-way interaction 3 0.1545 0.0515 7.85 0.002
Speed × Feed 1 0.1158 0.1158 17.65 0.001
Speed × DoC 1 0.0079 0.0079 1.20 0.289
Feed × DoC 1 0.0308 0.0308 4.69 0.045

Error 17 0.1116 0.0066

Total 26 32.8158

S = 0.0810125, R−Sq. = 99.66 %, R−Sq. (adj.) = 99.48 %, R−Sq. (pred.) = 99.06 %.
Equation (4) is the regression equation used to estimate the surface roughness of

the RZ5/8 wt.% TiB2 composite, taking the specific and mixed effects of the machining
parameters into consideration.

Regression equation for surface roughness of the RZ5/8 wt.% TiB2 composite in
uncoded units:

Surface roughness = −1.411 − 0.00792 Speed + 20.74 Feed + 1.075 DoC +
0.000038 (Speed × Speed) − 19.93 (Feed × Feed) − 0.380 (DoC × DoC) −

0.01637 (Speed × Feed) + 0.00205 (Speed × DoC) + 1.689 (Feed × DoC)
(4)
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3.3. Main Effects and Surface Response Plots
3.3.1. Main Effects Plots for Cutting Force and Surface Roughness

Figure 3a depicts the main effects plot for cutting force. It can be observed from the
figure that cutting force increased with the increase in machining parameters, such as
cutting speed, feed rate, and depth of cut. However, it can be noted that the cutting force
was more sensitive to feed rate and depth of cut. At higher feed rates and depths of cut,
friction at the tool–workpiece interface and the rate of materials removal were significantly
higher, increasing the cutting force of the materials. It can also be seen from the figure that
the cutting speed had a lesser influence on the cutting force during the machining of the
RZ5/8 wt.% TiB2 composite.
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TiB2 composite.

Figure 3b depicts the main effects plot for surface roughness. From the figure, it can
be seen that the surface roughness of the materials increased significantly with an increase
in feed rate. Thrust and the frictional force between the tool and the workpiece were higher
at a higher feed rate, resulting in more vibration during machining. Hence, the surface
roughness of the materials increased. It was also inferred that cutting speed and depth of
cut affected surface roughness marginally. During the machining of the materials, a modest
decrease in surface roughness was observed as the cutting speed was increased. However,
the surface roughness (Ra) increased as the depth of cut increased.
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3.3.2. Response Surface Plots for Cutting Force and Surface Roughness

Figure 4a shows the response surface plot for the cutting force of the RZ5/8 wt.%
TiB2 composite. The joint effect of the machining characteristics on the cutting force of
the materials can be observed in the figure. The shape of the wireframe of the response
surface plot explains the probable location of the individual and combined effects of the
input machining parameters on cutting force. It can be observed from the figure that the
cutting force of the materials increased for all machining parameters. However, the slope
of the plot varies, which indicates that the influences of the machining parameters were not
all of the same intensity.
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TiB2 composite.

Similar to the response surface plot for cutting force, the wireframe response surface
plots for the surface roughness of the RZ5/8 wt.% TiB2 composite are shown in Figure 4b.
The optimal value of the surface roughness of the materials can be determined from the
response plots. From the figure, it can be observed that surface roughness has an inverse
relationship with cutting speed. However, feed rate and depth of cut directly influence the
surface roughness of the materials.

3.4. Validation of the Developed Regression Models

Surface roughness (Ra) and cutting force were estimated using the developed regres-
sion equations established by the analysis of variance. Figure 5a,b illustrate the variation
between estimated and measured values based on various machining parameters. These
values were compared with the mean values for cutting force and surface roughness for the
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RZ5/8 wt.% TiB2 composite. A linear relationship between the estimated and measured
values for cutting force and surface roughness can be observed in the figures. The percent-
age deviation between the experimentally measured and regression-estimated values was
determined for all experimental conditions. Figure 6 indicates the percentage deviation
for the cutting force and surface roughness of the RZ5/8 wt.% TiB2 composite. The graph
shows the cutting force variation from −8.05 to 9.47%. Considering the surface roughness,
the percentage deviation between the experimental and estimated values lay between
−9.77 and 6.78%. All the deviation values lay in the range of ±10%, this being considered
the acceptable approximation range.
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roughness in different test cases.

The confirmation test for the measurement of cutting force and surface roughness
was carried out for some sets of machining parameters. Comparison of the experimen-
tal and estimated values was based on the mathematical regression model shown in
Equations (3) and (4) and presented in Table 7. From the comparative analysis, the er-
ror value for cutting force was found to be in the range of −2.33 to 6.88%, and for sur-
face roughness, the error value lay in the range of −4.96 to 3.50%, which was within
the acceptable range.



Crystals 2022, 12, 1353 12 of 15

Table 7. Difference between the experimental and estimated values for cutting force and surface
roughness, with percentage error calculations.

Sl.
No.

Cutting
Speed

(m/min)

Feed
Rate

(mm/rev)

Depth
of Cut
(mm)

Experimental
Cutting

Force (N)

Estimated
Cutting

Force (N)

PERCENTAGE
Error of Cutting

Force

Experimental
Surface

Roughness (µm)

Estimated
Surface

Roughness (µm)

Percentage Error
of Surface
Roughness

1 75 0.12 0.6 42.76 43.76 −2.33 1.021 0.985 3.50
2 90 0.24 1 98.68 100.84 −2.19 3.009 2.945 2.13
3 136 0.24 0.5 65.86 64.02 2.79 2.351 2.295 2.40
4 110 0.24 0.8 94.32 89.31 5.31 2.592 2.697 −4.03
5 60 0.28 0.7 84.55 82.97 1.87 3.165 3.204 −1.22

3.5. Tool Wear and Chip Morphology

Machining of the RZ5/8 wt.% TiB2 composite indicated abrasive tool wear due to
the presence of the TiB2 ceramic particles, and the stress at the tooltip increased due to
the discontinuous load of two different phases. Figure 7a,b indicate the wear on both the
rake surface and the flank face after the machining of the RZ5/8 wt.% TiB2 composite at
a cutting speed of 100 m/min, a feed rate of 0.12 mm/rev, and a depth of cut of 0.5 mm.
Abrasive wear is the primary wear mechanism that occurs during the machining of metal
matrix composites (MMCs), whereas wear on the flank face is the dominant mode of
tool wear. Machining the MMCs at the high cutting speed led to scrap and shock of the
cutting tool more effectively due to the ceramic reinforcement, leading to brittle breakage
of the tooltip [31]. Narrow grooves were observed at the flank face of the tool, as shown
in Figure 7b, due to friction between the flank face and the reinforcement particles. The
combined action of cutting force and increased temperature due to friction leads to gradual
nose deformation and chipping of the tooltip. Chipping of the cutting tool also sometimes
leads to crater formation, either on the rake surface or the flank face of the tool [32].
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(b) the flank face indicated.

The chip morphologies at different cutting speeds during the machining of the
RZ5/8 wt.% TiB2 composite are shown in Figure 8a,b. It can be observed from the FE-
SEM micrographs that, for the cutting speed of 50 m/min, the chip morphology exhibited
segment formation on both the inner and outer surfaces of the chip. The formation of
the segments at the edge of the chip led to the formation of discontinuous chips. Dabade
et al. observed materials to behave in a brittle manner, with less influence of either strain
rate or temperature at a lower cutting speed. This led to the formation of discontinuous
segmented chips during the machining of metal matrix composites [33]. As the cutting
speed increased to 100 m/min, the chip morphology evolved to a semi-continuous chip
with a helical spring-type structure due to the segmented outer surface and joined inner
surface. Helical-structured chips were generated due to the significant change in strain
between the outer and inner edges of the chips. Davis et al. observed that, at a lower cutting
speed, cracks were initiated at the free surface and propagated toward the tooltip, leading
to chip breakage during magnesium matrix composite machining. Semi-continuous chips
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were formed at a higher cutting speed due to greater change in strain and as the cracks
during machining were initiated at the tooltip and propagated toward the free surface [34].
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4. Conclusions

The machinability of the RZ5/8 wt.% TiB2 in-situ metal matrix composite was statisti-
cally analyzed in the current study with variations in feed rate, cutting speed, and depth of
cut. The conclusions drawn are stated below.

1. Taguchi analysis of the machinability of the RZ5/8 wt.% TiB2 composite indicated
that feed rate is the most influential factor in determining both the cutting force and
surface roughness of the RZ5/8 wt.% TiB2 composite, and cutting speed is the least
influential factor.

2. The impacts of machining characteristics on cutting force and surface roughness
during machining were analyzed through main effects plots and response surface
plots. The cutting force of the RZ5/8 wt.% TiB2 composite increased with feed rate,
cutting speed, and depth of cut. The surface roughness also increased with an increase
in feed rate and depth of cut, whereas it decreased with an increase in cutting speed.

3. The full factorial design of the experimental data involved the use of the ANOVA
technique. A regression model was established to estimate the cutting force and
surface roughness of the RZ5/8 wt.% TiB2 composite under different machining
conditions. The regression model was validated experimentally with several test
cases, and good agreement was observed.

4. The tool wear and chip morphology of the RZ5/8 wt.% TiB2 composite were analyzed
under different machining conditions. FESEM micrographs of the cutting tool indi-
cated the abrasive wear on the rake surface and flank face of the cutting tool due to
the TiB2 reinforcement.
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