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Abstract
Aim: The objective of the investigation is to scrutinize the efficacy of high-speed 
steel (HSS) and carbide tools on the material removal rate (MRR) of aluminum 
alloy (AA6063) that has been reinforced with hybrid metal matrix composites 
(HMMCs) containing both silicon carbide (SiC) and titanium dioxide (TiO2).

Methodology: The stir-casting process produced the SiC and TiO2-reinforced 
metal matrix composites. Two groups were involved in the experiment (total sam-
ple size n = 40), and both experimental and control groups were carried out for 20 
samples (samples were made with HSS and carbide tool, respectively).

Results: The carbide tool has attained the maximum MRR value of 1654.21 
mm3/min compared to the HSS tool. This occurred at a spindle speed of 2800 
rpm, a feed of 0.02 mm/rev, and a 10% weight of SiC. Based on statistical anal-
ysis, a 2-tailed value of 0.000 satisfied (p < 0.05) the condition. Additionally, a 
statistically significant difference between the two groups was observed. 

Conclusion: The mean value of the MRR from the drilled hole increased for car-
bide tools and decreased for HSS tools as the particle content increased. Carbide 
drill bits were the most effective tools tested regarding MRR.

Keywords
End milling, AA6063, Titanium dioxide, Metal matrix composites, Sustain-

able production, Surface roughness 

Introduction
End milling is a widespread machining technique with diverse applications 

in major industrial sectors such as automobiles and aircraft [1]. It is a convention-
al approach to execute a series of time-consuming and financially demanding trial 
runs to ascertain the characteristics of the ultimate grinding process. An evalu-
ation approach that can accommodate multiple responses is necessary to antici-
pate a workpiece’s physical and mechanical characteristics. These characteristics 
include tool geometry, cutting rate and depth, surface finish, and MRR. Using 
GRA, machining variables such as cutting speed, rotation speed, tool nose radius, 
and percentage of coating material can be optimized for turning to reduce chip 
size and improve the roughness of machined surfaces [2]. The spinning activity 
was optimized for multiple responses using grey correlation analysis [3]. Emel 
conducted a study on the sustainable production of aluminum 7075, focusing on 
sections and sub-basis. The study involved identification and correction of surface 
roughness and tool wear, and force. Additionally, the analysis included investiga-
tion of tool rotation speed, and depth of cut.

Composites are superior to matrix composites, owing to their distinctive 
properties, including exceptional strength and remarkable abrasion resistance, 
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thereafter introduced to the molten aluminum alloy at a tem-
perature of 750 °C. A 600-rpm mixer was used to mix the base 
and reinforcement materials for five minutes. The stir-casting 
machine setup is shown in figure 1. A small amount of mag-
nesium (1%) was added to the mixture to increase moisture 
content for sustainable production. It is poured into a solid 
metal mould to give the product the appropriate size and 
shape. G-power was set to 80% before testing.

The utilization of HSS drilling within as-cast HMMCs 
comprised of the aluminum alloy (AA6063) supplemented 
with SiC and TiO2 yielded a superior outcome compared to 
the control group within group 1. Our present investigation 
was centred upon the hybrid composite plate, measuring for 
the dimension of 150 x 150 x 10 mm.

Group 2 is an improved experimental group made of SiC, 
TiO2, and aluminaum (AA6063) strengthened HMMCs that 
were stir-cast using an end milling operation with a carbide 
tool. A rectangular die was used to create the hybrid composite 
plate with dimensions of 150 x 150 x 10 mm.

Machine characteristics were applied to specimens 
(Al6063 and 5% TiO2 + 5% SiC, 5% TiO2 + 10% SiC, and 5% 
TiO2 + 15% SiC) with different machining parameters. The 
process of end milling machining operation was executed on 
AA6063/SiC/TiO2 utilizing both HSS and carbide tooling 
for each of the 20 individual specimens. The tool inserts were 
located on a workpiece with the TE90AX 220-09-L code. The 
tooling fixture was measured to a length of 170 mm and in 
diameter of 20 mm. The location where the final grinding pro-
cess was carried out was determined by the width of the spec-
imen (100 mm). An increasing MRR of both tool effects was 
observed from the final grinding process. The mean roughness 
value was calculated through the computation of the arithme-
tic average of three distinct measurements undertaken at three 
pre-determined locations on the surface that had undergone 
end-milling. This process was repeated three to four times to 
ensure accuracy and reliability of the results.

Statistical analysis

The average MRR was computed by adhering to the test 
run. The application of SPSS statistical software facilitated the 
calculation of the mean value, standard deviation, and stan-
dard error. The attainment of statistical significance is deemed 
achievable when the p-value is less than 0.05. The dependent 

toughness, resistance to corrosion, commendable thermal be-
havior, and a remarkable tolerance to high temperatures and 
creep resistance [3, 4]. Among the various composite materials 
accessible, aluminum and its variants are frequently used in the 
production of metal matrix composites and have achieved rap-
id industrialization. The primary objective entails the advance-
ment of pragmatic aluminum-based metal matrix composites 
incorporating diverse hard and soft reinforcements, namely 
aluminum oxide, graphite, SiC, and mica, in the interest of 
realizing sustainable production. These alloys hold tremendous 
potential for generating exceedingly desirable composites [5]. 
Skolianos [6] investigated the distinct impacts of particulate 
SiC reinforcement in aluminum matrix, 4.5% copper, and 
1.5% magnesium on the structural properties of the materials. 
Examined the impact of operating parameters, including feed 
rate, cutting speed, and depth of cut. In addition, the effect 
of coolant application on the MRR during spinning is inves-
tigated. The findings evince that there is a direct correlation 
between the augmentation of the feed rate and the escala-
tion of the MRR. It has been found that milling the work-
piece when coolant is supplied produces higher material rates 
than machining without coolant. The investigation of surface 
roughness and MRR in the context of machining operations 
that employ a computer numerical control (CNC) lathe was 
conducted [7]. The investigation utilised rotation speed, feed 
rate, and cut depth process variables.

The end milling technique was used in several experiments 
by choosing the right weighting factors to create combinations 
of performance-measured data for different components. The 
present study examines the influence of different manufac-
turing parameters on the mechanical properties of AA6063-
SiC-TiO2 composites. These factors included the depth of cut, 
rotational speed, transverse speed, and weight percentage of 
reinforcement. This study focuses on a statistical approach to 
transforming balances using the SPSS correlation matrix to 
achieve the appropriate result of decreased surface roughness, 
reduced workpiece material, lower cutting conditions, and in-
creased MRR.

Materials and Method
 The execution of end milling procedures with the aid of 

CNC technology was undertaken at the SIMATS School of 
Engineering (Chennai, Tamil Nadu, India). Stir-casting tech-
niques were employed to fabricate the HMMCs. AA6083 was 
selected as the base material for the test, and SiC and TiO2 
were used as reinforcement materials. Two groups were taken 
with 20 samples for each group with a G-power of 80% and 
coincidence interval (CI) of 95% and statistical significance. 
The SiC particles are 63 µm in size, while aluminum parti-
cles are typically 45 µm. The addition of TiO2 nanoparticles 
is thicker than SiC particles. Whereas the weight fraction of 
SiC changes between 5%, 10%, and 15%, the fraction of TiO2 
is fixed at 5%. The reinforcements were spread evenly by us-
ing stir casting to create multiple analyzed and evaluated with 
dimensions of 130 mm, 100 mm, and 50 mm. The nanocom-
posite was melted via an electric arc furnace and later trans-
ferred to a crucible furnace. A composite consisting of SiC 
and aluminum was subjected to a temperature of 900 °C, and 

Figure 1: Schematic representation of stir casting setup used to fabricate 
HMMCs for plate dimensions 150 x 150 x 10 mm.
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Discussion
According to the SPSS analysis, the influence of cutting 

force was considerably compared to the influence of process 
parameters, which was insignificant. According to the statis-
tics, cutting speed substantially impacted the MRR compared 
to the feed rate’s minimal impact [9].  The SPSS statistical 
software analysis was carried out for end milling machining 
operations to determine the improved properties of both HSS 
and carbide cutting tools. Through the implementation of sta-
tistical analysis on the outcomes of both mathematical and 
empirical experiments, a mathematical growth model has been 
formulated for the purpose of approximating the MRR.

The machining process under the spindle speed of 2800 
rpm and feed rate of 0.002 ‘mm/rev’ at 5% of TiO2 and 10% 
of SiC resulted in a higher MRR value of 986.75 mm3/min 
for the HSS tool. However, the carbide tool demonstrated an 
enhanced MRR of 1654.21 mm3/min. While keeping the val-

variables under scrutiny were surface roughness and MRR, 
while the three independent variables considered were feed, 
speed, and tool nose radius. In determining the significance of 
machining parameters on surface roughness, an independent 
t-test was administered to analyze the outcomes and establish 
statistically significant results [8].

Results
The properties of the reinforcing materials, namely 

AA6083, SiC, and TiO2, are presented in table 1 and table 
2. Table 3 provides a comprehensive list of the thermal and 
mechanical properties of SiC. Additionally, table 4 illustrates 
the influence of the parameters during the end milling process 
on the MRR of the composites. Figure 1 shows an analytical 
graph for the MRR during CNC end-milling of an aluminum 
alloy. The simulation is fixed to the piezoelectric-based KIS-
TLER multi-component testing machine, as shown in figure 
2. 

The experimental design values of all proposed machining 
effects on MRR values are shown in table 4. The statistical data 
of the independent variables and the outcomes of the inde-
pendent t-test are presented in table 5 and table 6, correspond-
ingly. As result enhance the sustainable production of AA6063 
reinforced with different composites for optimized machining 
parameters. The adequacy of the mathematical model differ-
ence between both control and experimental groups is shown 
in figure 3. 

Figure 2: Vertical Milling Machine for machining a slot in the aluminum 
composites (AA6063/SiC/TiO2) HMMCs using HSS and carbide tool.

Table 1: Chemical composition of AA6063 alloy.

Element %
Si 0.3 - 0.69
Fe 0.35
Cu 0.1
Mn 0.15
Mg 0.6 - 0.9
Zn 0.15
Ti 0.14
Cr 0.05
Al Balance

Table 2: Mechanical properties of AA6063 alloy.

Mechanical properties Value
Tensile strength 220 MPa

Elongation 5%
Proof stress 190 MPa

Table 3: Mechanical and thermal properties of SiC.

Properties Value
Melting point 2730 °C

Thermal conductivity 120 W/m-K
Poisson's ratio 0.35

Density 3.22 g/cm3

Modulus of elasticity 90 GPa
Yield strength 21 GPa

Tensile strength 0.1379 GPa

Table 4: Results of MRR (mm3/cm) for HSS (Group 1) and carbide 
(Group 2) tool on (AA6063/SiC/TiO2) hybrid composites.

S. No. HSS Carbide 
1 695.21 854.62
2 765.48 925.46
3 735.62 912.53
4 745.29 886.34
5 768.69 934.25
6 765.34 945.68
7 776.32 953.28
8 785.42 965.38
9 762.74 986.28
10 776.36 1025.32
11 835.21 1088.23
12 782.46 1023.54
13 776.52 1066.58
14 766.75 1165.28
15 749.24 1178.31
16 758.65 1154.28
17 986.75 1654.21
18 938.62 1324.85
19 954.23 1452.76
20 945.72 1356.38
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ue of spindle speed increases at 2800 rpm, an increase in the 
feed rate value for the range of 0.002 mm/rev - 0.006 mm/rev 
increases the value of the MRR. The utmost score for MRR 
stands at 1654.21 mm3/min, which is attained by utilizing a 
feed rate of 0.06 mm/rev. A vector parameter called the feed 
rate is perpendicular to the vector representing the cutting 
speed. A significant p-value of 0.000 (p < 0.05) has been ob-
tained for the developed mathematical model of optimized 
machining parameters [1]. There is statistical significance be-
tween the two groups.

It indicates the relative speed at which the cutting tool 
moves across the workpiece. Metal removal rate increases with 
feed rate because of how quickly the cutting tool reaches the 
workpiece to remove material, and vice versa. In contrast, the 
longitudinal depth of the cut calculates the length where the 
centreline of the cutting tool meets the workpiece [10, 11]. 
The impact of machining operations on the rate of MRR and 
the surface area of machined aluminum alloy was examined 
[11].

Conclusion
The outcomes of the independent t-test also demonstrate 

that the process variables exert a statistically significant influ-
ence on the MRR of AA6063 aluminum alloys. The spindle 
speed of 2800 rpm, feed rate of 0.004 mm/rev, depth of cut 
of 2 mm, in addition to 5% of TiO2 and 10% of SiC rein-
forcement, produced the highest MRR of 1654.21 mm3/min. 
By improving the importance of the experimental groups, the 
mathematical model attained a p-value of 0.000 (p < 0.05), 
rendering both groups significant.
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