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Abstract  The research attempted to enrich the aluminium alloy (Al/Mg) nanocomposite
with silicon carbide (SiC). The ultrasonic assist stir cast established that the Al/Mgnanocompo-
site is involved in microstructure, hardness and tensile performance. Its result is uniform disper-
sion without agglomeration, and 7.5 wt% SiC owns higher microhardness and better tensile 
strength of 161±1.5 H V and 238±2 MPa. This nano Al/Mg alloy composite is subjected to ma-
chining studies by using a vertical CNC milling setup & titanium nitride (TiN) coated end mill 
functioned by 300-1200 rpm spindle speed (N), 0.01-0.04mm/rev feed rate (FR) and 0.1-0.4
mm depth of cut (DOC). The impact DOC, FR, and N on material removal rate (MRR), tem-
perature (T), and tool wear (Tw) are measured, and the L16 design experiment (ANOVA-GLM) 
is defined. Finally, the best interaction input milling parameter pairs on obtaining high MRR with
the least T and Tw. The DOC is the most significant factor in controlling the MRR, T and Tw. 

 
1. Introduction   

Composite is the trend for high strength-to-weight ratio applications, and hybrid Al/Mg com-
posites have the potential for technical applications [1], referred to as liquid processing [2]. 
Conventional liquid processing exposed casting defects, which are overcome by the advanced 
vacuum die-cast process [3]. The A356/1-5 % SiC is made via stir cast, and studied its micro-
structure and mechanical behaviour. Deep dispersion of SiC in A356 alloy is spotted via micro-
structure analysis. It results in improved mechanical behaviour of composites [4]. Hybrid nano 
Al/Mg composite mechanical behaviour was enriched by the incorporation of multi-ceramic 
reinforcements and attained homogenous particle distribution due to constant stir speed [5] and 
ultrasonic-assisted stir cast process [6]. Besides, the liquid stir cast found significant choices in 
complex shape fabrication and cost-effective routes rather than others [7]. However, the SiC-
incorporated aluminium alloy composite has excellent mechanical characteristics [8]. During the 
machinability studies of composites, high tool wear, increased frictional temperature, and poor 
surface quality are spotted by uncoated tools [9, 10]. Using a titanium nitride (TiN) end mill dur-
ing the machining of aluminium composite for aerospace applications found good tool life 
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and increased surface quality [11]. The N, FR, and axial depth 
effect on end milling operation aluminium alloy temperature 
were studied with high-speed steel. Its parameters were opti-
mized through the ANOVA technique [12]. The ANOVA grey 
relation analysis with the L27 design run was utilized to opti-
mize the BT40 end mill tool holder operated end milling pa-
rameters like N, FR, and DOC on least surface roughness, 
higher MRR, and low cutting force identified [13]. Aluminum 
titanium nitride (TiAlN) coated end milling tool used for alumin-
ium alloy nanocomposite machining under different milling 
parameters and measuring the surface integrity. The TiAIN-
coated tool performed composite found a good surface finish 
after the end milling process [14]. The CNC end milling opera-
tion of AA3105 aluminium alloy was machined with various 
input machining parameters, and its parameters were opti-
mized via a multi-response technique found low surface 
roughness of 0.4651 µm under the parameters of 1.54 mm tool 
depth, 1646 rpm spindle speed, and 4.66 m/sec feed rate [15]. 
The aluminium alloy AA6082-T6 was machined by dry state 
end milling process with different levels of N, FR, and DOC by 
using the ANOVA approach, and the input desirability was 
optimized and obtaining the high machining quality and larger 
MRR, and economic [16]. Optimum machining parameters for 
the face milling operation of metal matrix composite were opti-
mized through grey relational analysis. Its results showed the 
optimum milling parameters for reaching the larger MRR and 
least tool wear. The Mg/B4C composite is involved in to end 
milling process and studies its surface quality via Talysuf meter 
[17]. 

Moreover, the high speed milling process found better sur-
face quality [18], and the coated end mill found lower tool wear 
than conventional [19]. The novel research seeks to enrich the 
composite's behaviour by incorporating nano SiC particles 
through ultrasonic-assisted stir cast technology. The effect of 
SiC on microstructure, hardness, and tensile performance of 
Al/Mg composite is studied, and the nanocomposite consisting 
of 7.5 wt% SiC has better results and involves machining stud-
ies. The optimum machining process parameters were noted 
by ANOVA analysis. The output response, such as higher 
MRR, lower temperature, and lower tool wear, was noted to 
have significant input factors in their levels.  

 
2. Methods 
2.1 Processing of composites  

According to Table 1, the Al/Mg alloy nanocomposite is 
processed with nano SiC particles via an ultrasonic adopted 
stir cast process. Before this, 90 % aluminium and 10 % mag-
nesium with 99.9 % purity were chosen as base metals due to 
their lightweight, enhanced tensile strength, good castability 
and better thermal stability. With the qualities of better thermal 
stability, higher hardness, high modulus of rigidity, and high 
melting point [5] reasons, the 50 nm SiC particles are consid-
ered the reinforcement phase. 

Using a graphite-made crucible, the Al/Mg metal pieces are 
loaded and heated at 350 °C and melted at 700 °C under an 
argon atmosphere limiting the oxidation g1]. In the meantime, 
the nano Sic. particles were heated externally at 300 °C for the 
durations of 10 mis supports to eliminate the moisture [3, 4]. 
Then, it is dropped into molten slurry and mixed via an ultra-
sonic-assisted stirrer with an applied speed of 500 rpm for 10 
minutes. Afterwards, the blended molten metal is accessed 
with a bottom pouring setup, and the casting uses a tool steel 
die with dimensions of 250 mm×100 mm×15 mm, respectively. 
Finally, the composite behaviour of hardness and tensile is 
studied by ASTM E-384 and E8 standards [1]. The composite 
sample was taken with the dimension of 100 mm×100 mm× 
10 mm, which was suitable for the end milling process via XL 
MILL model CNC end mill [7]. The 10 mm TiN-coated end mill 
tool was used for this study due to its enhanced hardness of 
2400 Hv, reduced friction, higher chip flow and superior lubric-
ity [11]. 

 
2.2 End milling operation  

The XL MILL type portable bench milling machine is config-
ured with CNC Fanuc control, which consists of a taper spindle 
model R8, an automatic tool changer (ATC) model of BT35 
and a table with three TEE slots that provide sufficient holding 
of the workpiece. With the help of the table, the aluminium alloy 
hybrid nanocomposite was placed, and the TiN tool was kept in 
ATC. Throughout the end, the milling operation was made with 
the TiN tool. To find the material removal rate, the composite 
material was weighed before and after a digital stopwatch re-
corded the end of the milling operation and the machining time. 
The milling tool dynamometer monitored the cutting force and 
tool wear during the end milling operation. Three stages noted 
the temperature of the end milling machining process: starting, 
half of depth machine, and end of machining. The average of 
three is considered as mean temperature. 

 
2.3 ANOVA design details with GLM  

In the current study, the speed (N), feed rate (f), and depth of 
cut (DOC) are treated as input factors, and their values are 
varied by 300-1200 rpm speed, 0.01-0.04 mm/rev feed rate 
and 0.1-0.4 mm depth of cut are treated as levels. The pa-
rameters are chosen with the references of past Refs. [11, 16]. 
Concerning the input factor being 3 and its levels being 4, the 
design analysis was selected by the option for the number of 
factors 3, and the design level was 4. The design details of 
Taguchi are shown in Table 2. 

The optimum experiment design was selected as L16; its de-

Table 1. Compositions of matrix and SiC. 
 

Materials/samples Al/Mg N1 N2 N3 

Al/Mg 100 97.5 95 92.5 

SiC 0 2.5 5 7.5 
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tails are shown in Table 3. The main effects plot for the mean 
value of input factors with related output response shows their 
rank order. Next level, the GLM was executed with 99.5 % 
confidence level.  

 
3. Results and discussions 
3.1 Morphology studies 

For easy-to-understand particle distribution and structure 
formation, the microstructure of the ultrasonic adopted stir cast 
samples is presented in Figs. 1(a)-(d) with 5000x magnification. 
The structure is illustrated here based on the Al/Mg merged 
with nano SiC particles. Fig. 1(a) indicates the Al/Mg alloy 
casted sample microstructure and the Mg inter-metallic phase. 
There were no identical casting defects, and the structure 
showed that dendrite-linked coarse structure supports good 
thermal stability. Besides, the dendrite structure is formed due 
to high solidification temperature. Likewise, previous literature 
found similar grains while evaluating Al/Mg alloy cast [5]. Fig. 
1(b) displays the morphology of the N1 composite sample pre-
pared with 2.5 wt% of nano SiC particles, showing the black 
dotted field along the Al/Mg matrix. The dendrite structure indi-
cates the Al/Mg interface. Besides, the constant stir speed with 
ultrasonic assistance may lead to wide dispersion of nano SiC 
particles. A few SiC particles merged due to unavoidable 

blending actions [4]. However, the nano SiC particles were 
identified in the Al/Mg matrix. The morphology of N2 and N3 
composite samples established with 5 wt% and 7.5 wt% of 
nano SiC particles via ultrasonic assist stir cast technique is 
displayed in Figs. 1(c) and (d). Fig. 1(c) shows the uneven 
particle distribution with a reduced particle gap. Most SiC parti-
cles were merged with adjusting SiC particles due to unrated 
solidification stir temperature [3]. However, no casting defects 
were recorded in the morphology image. Likewise, Fig. 1(d) 
shows the morphology of the N3 composite sample made with 
a higher content of SiC particles and distributed homogenously 
in the Al/Mg matrix. The coarse grains of SiC particles make 
the perfect bonding with the Al/Mg alloy matrix, resulting in 
better stability and enduring the maximum load during the me-
chanical evaluations of the composite sample.  

 
3.2 Microhardness performance  

Conventional aluminium has a moderate microhardness 
value, and the present investigation aims to enrich the alumin-
ium microhardness value by introducing nano SiC particles. Fig. 
2 depicts the microhardness of the aluminium alloy casted 
sample (Al/Mg) and nano SiC incorporated Al/Mg alloy nano-
composite with a permissible error value of 5 %. The experi-
mental average Al/Mg alloy casted sample microhardness 
value is 125±1 HV. This value matches nearer the earlier re-
ported value [1]. Besides, identifying nano SiC as 2.5 wt% in 
the Al/Mg alloy matrix liberates 142±2 HV. This value exceeds 
the Al/Mg caste sample's hardness value. The appearance of 
nano SiC particles with coarse grain causes a better hardness 
value [3, 4].  

Even as 5 wt% and 7.5 wt% of nano SiC contribute with 
Al/Mg matrix offered excellent microhardness value due to 
efficient pinning action between matrix and SiC, as evidenced 
in Figs. 1(c) and (d). The microhardness of the N2 composite 
sample with 5 wt% nano SiC showed 154±2 HV and hiked by 
161±2 HV on the inclusions of 7.5 wt% of nano SiC. The SiC 

Table 2. Taguchi design. 
 

N rpm 300 600 900 1200 

F rev/min 0.01 0.02 0.03 0.04 

DOC mm 0.1 0.2  0.3 0.4 

 
Table 3. Design sequence – L16 (run R1-R16). 
 

N f DOC t MRR Tavg Tw Design  
sequence rpm mm/rev mm sec g/sec °C µm 

L1 0.01 0.1 98 0.011 91.73 0.39

L2 0.02 0.2 101 0.012 89.5 0.29

L3 0.03 0.3 106 0.012 89.23 0.19
L4 

300 

0.04 0.4 110 0.015 93.83 0.17

L5 0.01 0.2 100 0.014 92.17 0.39

L6 0.02 0.1 95 0.012 92.53 0.48
L7 0.03 0.4 108 0.017 92.23 0.21

L8 

600 

0.04 0.3 107 0.015 94.97 0.19

L9 0.01 0.3 106 0.017 91.8 0.23
L10 0.02 0.4 111 0.018 97.83 0.2 

L11 0.03 0.1 97 0.01 96.57 0.39

L12 

900 

0.04 0.2 102 0.014 94.2 0.29
L13 0.01 0.4 112 0.019 102.8 0.2 

L14 0.02 0.3 107 0.017 99.77 0.21

L15 0.03 0.2 104 0.015 92.73 0.29
L16 

1200 

0.04 0.1 100 0.011 100.3 0.41

 

 
Fig. 1. Surface morphology of (a) Al/Mg; (b) N1; (c) N2; (d) N3 sample. 
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made with Al/Mg as perfect bonding results improved the hard-
ness of the composite [5]. However, the N3 nanocomposite 
sample consists of 7.5 wt% of nano SiC proved and attained 
29 % improvement on related with Al/Mg casted sample.  

 
3.3 Tensile stress behaviour 

The 90 % Al and 10 % Mg combinations adopted with nano 
SiC particles facilitate good tensile stress performance rather 
than monolithic Al and Mg materials. The purpose of showing 
the research results for Al/Mg alloy and its nanocomposite 
tensile stress is illustrated in Fig. 3 with an allowable error 
value of 5 %. The Al/Mg casted sample's tensile stress value is 
149±2 MPa, which is higher than the tensile strength of pure Al 
metal [2]. Even the adaptations of nano SiC particles in the 
Al/Mg matrix show uptrend movement in tensile stress and are 
higher than the Al/Mg cast value. The appearance of nano SiC 
with homogenous particle dispersion is the reason for improved 
tensile stress. 

Moreover, the N1 composite sample adopted with 2.5 wt% of 
nano SiC is noted by 187±3 MPa. Likewise, the N2 composite 
sample of 5 wt% nano SiC indicates the hiked tensile stress 
value of 212±3 MPa because effective intermixed matrix and 
nano SiC could endure the maximum load. The same ap-
proach was reported while evaluating Al/Mg alloy composite [5]. 
Besides, the N3 composite sample (Al/Mg/7.5 wt %) recorded 
maximum tensile stress (238±2 MPa), 59.7 % greater than the 
casted Al/Mg alloy sample. Compared to past reported value 
[1], it was enriched by 2 %. 

However, the higher loading of SiC attained better tensile 

stress value than other composite samples. The process pa-
rameters and operating conditions (ultrasonic stirrer & preheat-
ing effect of the mould die) were the specific reasons for the 
improved mechanical performance of the composite [7]. More-
over, the hardness and tensile strength behaviour is addressed 
in detail. 

 
3.4 Details for metal removal rate (MRR) – lar-

ger is better 

The metal removal rate mainly depends on the depth of the 
cut [13]. The design analysis is executed with N, f, and DOC 
under the option for larger output, which is better. The main 
effect plot mean value for optimum end milling MRR is fixed as 
0.01475 g/sec, and the analysis showed the 0.3-0.4 mm depth 
of cut, 600-1200 rpm speed, and 0.01-0.02 mm/rev is the best 
parameters for obtaining higher MRR. In a past report, the 
DOC and feed rate were significant factors for increased MRR 
[15].  

Based on this design, the GLM approach was implemented 
with 99.5 % confidence. Its F-test proved the significance of the 
end milling parameter contribution rate with its percentage 
shown in Table 4. It is noted from Table 4 that the DOC is per-
formed at a higher level with a contribution of 72.10 %. While 
compared to other factors, it plays an important role in deciding 
the MRR. The generated values meet 96.21 % R-sq value, 
which results in good TiN coated end mill performance during 
Al/Mg alloy hybrid nanocomposite. 

With the help of GLM, the residual plots for MRR are illus-
trated in Fig. 4. The best sequences predicted from Fig. 4 re-
lated to design analysis are L7-L8-L9-L10-L13- and L-14. 

 
3.5 Details for temperature (Tavg) - smaller is 

better 

Temperature during the machining process increased due to 
the high friction between the tool and workpiece [10]. The pre-
sent investigation used TiN coated end mill tool and found 
good thermal stability during the high-speed machining process 
[11].  

In the design approach, the temperature-controlling input fac-
tors with their levels are predicted by the smaller option, which 
is better. The results showed the rank order as 1, 2, and 3, N, 
DOC, and f, respectively, shown in Table 5.  

 
 
Fig. 2. Microhardness of composite samples. 

 

 
 
Fig. 3. Stress-strain deformation curve. 

 

Table 4. Analysis of variance for MRR, using adjusted SS for tests. 
 
Source DF Seq SS Adj SS Adj MS F P Rank

DOC 3 8.32E-05 8.32E-05 2.77E-05 38.03 0 1 

N 3 1.97E-05 1.97E-05 6.60E-06 9 0.012 2 

f 3 8.20E-06 8.20E-06 2.70E-06 3.74 0.079 3 
Error 6 4.40E-06 4.40E-06 7.00E-07     - 

Total 15 1.15E-04         - 

S = 0.000853913   R-Sq = 96.21 %   R-Sq(adj) = 90.53 % 
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Concerning the ANOVA, GLM was executed at a 99.5 % 
confidence level. The results of the analysis of variance for 
Tavg, using adjusted SS for tests (F-test), showed their contri-
bution of input factors like N-58.32 %, DOC-19.27 %, and f-9 % 
under the R-sq of 86.59 %. So, the temperature control input 
end mill parameters are N and DOC. There was no major ef-
fect during the variation of feed rate. 

The optimum combination predicted from the design mean is 
300-600 rpm speed, 0.2-0.3 depth of cut, and 0.01, 0.02, and 
0.03 mm/rev. Finally, the GLM predicted residual plot for tem-
perature variation among the L16 experiments is shown in Fig. 
5. It illustrates the graph between the residuals versus the ex-
periment design on temperature data. This plot was related to 
the design's main effect plot mean value for temperature, which 
is L2-L3-L5-and L8. 

 
3.6 Details for tool wear (Tw) - smaller is better 

The experimental results on tool wear are found to be mini-
mal, and their details are summarized in Table 3. Compared to 
conventional tools, the coated tool found less wear rate, in-
creased tool life and good surface finish [11, 14]. The design 
approach is executed with the response of tool wear controlling 
the input factor model, which is defined by smaller being better. 
The main effect plot for tool wear means found by 0.2775 µm. 
With this reference value, the following DOC (0.3-0.4 mm), N 
(300-1200 rpm), and f (0.01-0.04 mm/rev) factors and levels 
are found as best combinations for lower tool wear, which is 
less than the mean value. The 99.5 % confidence level GLM 
executed results of analysis of variance for Tw, using adjusted 
SS for tests (F-test), is mentioned in Table 6. It found DOC 
contributes 89.80 % to deciding the tool wear. The speed and 
feed rate showed very little contribution and were related to 
DOC, and it was less than 5 %. 

Fig. 6 indicates the scatter plot for the residual value for tool 
wear generated by the GLM approach with the L16 experiment 
design. The possible interaction factors with their levels are 
related to the main effect plot for tool wear mean value, and we 
found L3-L4-L7-L8-L9-and L10 to be the best interaction to 
achieve the least tool wear. 

The best interaction design sequence for obtaining higher 
MRR, least temperature, and low tool wear are compared. The 

Table 5. Analysis of variance for Tavg, using adjusted SS for tests. 
 

Source DF Seq SS Adj SS Adj MS F P Rank

N 3 135.171 135.171 45.057 8.7 0.013 1 

DOC 3 44.659 44.659 14.886 2.9 0.126 2 

f 3 20.851 20.851 6.95 1.3 0.346 3 
Error 6 31.084 31.084 5.181     - 

Total 15 231.766         - 

S = 2.27610   R-Sq = 86.59 %   R-Sq(adj) = 66.47 % 

 

 
 
Fig. 4. Residuals versus design of experiment MRR data. 

 

 
 
Fig. 5. Residuals versus design of experiment temperature (Tavg) data. 

 

Table 6. Analysis of variance for Tw, using adjusted SS for tests. 
 

Source DF Seq SS Adj SS Adj MS F P Rank

DOC 3 0.131769 0.131769 0.043923 70 0 1 

N 3 0.007119 0.007119 0.002373 3.8 0.079 2 

f 3 0.004069 0.004069 0.001356 2.2 0.195 3 
Error 6 0.003787 0.003787 0.000631     - 

Total 15 0.146744         - 

S = 0.0251247   R-Sq = 97.42 %   R-Sq(adj) = 93.55 % 

 
Table 7. Optimum machining parameters for higher MRR, low temperature 
and low tool wear. 
 

N f  DOC t MRR Tavg Tw Design 
sequences rpm mm/rev mm Sec g/sec °C µm 

L8 600 0.04 0.3 107 0.015 94.97 0.19

 

 
 
Fig. 6. Residuals versus tool wear (Tw). 



 Journal of Mechanical Science and Technology 38 (8) 2024  DOI 10.1007/s12206-024-0711-y 
 
 

 
4150  

similar design sequence, which meets all three responses, is 
found as L8, and its details are mentioned below in Table 7. 

 
4. Conclusions 

With the support of an ultrasonic stirrer, the Al/Mg alloy and 
its nanocomposites are developed with 2.5, 5, and 7.5 wt% of 
nano SiC particle via stir casting route and their structural mor-
phology, hardness, and tensile stress behaviour are investi-
gated by ASTM standard. The morphology studies revealed 
that the nano SiC particles are spread over the Al/Mg matrix as 
homogenous, and the N3 composite (Al/Mg/7.5 wt% SiC) own 
excellent hardness and tensile stress value, which is hiked by 
29 % and 59.7 % comparably Al/Mg alloy cast hardness and 
tensile stress value. This N3 composite is involved in machin-
ing studies. The TiN-coated end mill tool used dry milling op-
eration for Al/Mg/7.5 wt% of nano SiC, machined by different 
factors and levels. The output MRR, temperature, and tool 
wear are measured, and the effect of input end milling factors 
on output response was optimized via the ANOVA Taguchi 
GLM technique with a 99.5 % confidence level. The successful 
design analysis was executed with the L16 design of the ex-
periment, and output response control factors with their levels 
were found using the main effect plot and residuals plot. Each 
response control input factor was summarized, and the L8 
design sequence found the best interaction, which offered a 
larger MRR (0.015 g/cc) at least frictional temperature 
(94.97 °C), resulting in low tool wear (0.19 µm).  
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