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Abstract

In this study, the proposed experimental and second-order model for the cutting forces were developed through several 
parameters, including cutting speed, feed rate, depth of cut, and two varying content of SiCp. Cutting force model was 
developed and optimized through RSM and compared for two di�erent percentages of components SiCp/Al 45% and 
SiCp/Al 50%. ANOVA is used for Quantitative evaluation, the main e�ects plot along with the evaluation using di�erent 
graphs and plots including residual analysis, contour plots, and desirability functions for cutting forces optimization. It 
provides the �nding for choosing proper parameters for the machining process. The plots show that during increment 
with depth of cut in proportion with feed rate are able to cause increments in cutting forces. Higher cutting speed shows 
a positive response in both the weight percentage of SiCp by reducing the cutting force because of higher cutting speed 
increases. A very fractional increasing trend of cutting force was observed with increasing SiCp weight percentages. Both 
of the methods such as experiment and model-predicted results of SiCp/Al MMC materials were thoroughly evaluated 
for analyzing cutting forces of SiCp/Al 45%, and SiCp/Al 50%, as well as calculated the error percentages also found in 
an acceptable range with minimal error percentages.

 * Rashid Ali Laghari, rashidalilaghari@gmail.com; Jianguang Li, mejgli@hit.edu.cn | 1School of Mechatronics Engineering, Harbin Institute 
of Technology, Harbin 150001, China.

Article Highlights 

• This study focuses on the e�ect of cutting parameters 
as well as di�erent percentage of SiC particles on the 
cutting forces, while comparing the results of both 
SiC particles such as SiCp/Al 45%, and SiCp/Al 50% 
the result shows that there isn’t fractional amount of 
impact on the cutting force with nominal increasing 
percentages of SiC particles.

• Cutting speed in machining process of SiCp/Al shows 
positive response in reducing the cutting forces, how-

ever, increasing amount of depth of cut followed by 
increasing feed rate creates �uctuations in cutting force 
and thus increases the cutting force in the cutting pro-
cess.

• The developed RSM mathematical model which is 
based on the box Behnken design show excellent com-
petence for predicting and suggesting the machining 
parameters for both SiCp/Al 45%, and SiCp/Al 50% and 
the RSM mathematical model is feasible for optimiza-
tion of the machining process with good agreement to 
experimental values.

Keywords SiCp/Al · Cutting forces · Mathematical modeling · Cutting parameters · Turning process · Response surface 
Methodology · Desirability function optimization · ANOVA
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1 Introduction

Metal matrix composite materials came into existence in 
the mid to late 1970, and rapidly its demands increased 
in engineering industries [1, 2]. MMCs possess excellent 
comprehensive properties such as corrosion resistance, 
small thermal expansion coefficient, and impact resist-
ance, thermal and electrical conductivity [3, 4]. Applica-
tions of MMCs are increasing due to low cost, ease to 
process with engineering reliability, good toughness, 
and plasticity. The main applications of MMCs are elec-
tronic package, structural, military appliance, aerospace, 
and automotive part manufacturing industries [5, 6] 
Among the particle reinforced composite, the reinforce-
ment is the major factor, while the matrix is mostly used 
to transfer the load and develop the processability of 
the composite. The most generally used particle rein-
forcement is SiC,  Al2O3 with Aluminum metal, Magne-
sium, and Titanium as matrix phases. The reinforced 
particle diameter spacing and volume fraction define 
the strength of particle reinforced composite material 
[7, 8]. SiCp/Al displays excellent mechanical properties 
and some fine physical properties. The microstructure 
of SiCp/Al material is complicated due to the presence 
of SiC reinforced particles, and the interface exists in the 
exact point between matrix and reinforcement. SiCp/Al 
composite material is the most famous particle rein-
forcement because of silicon carbide particles, which 
provide more strength and increase the mechanical and 
physical characteristics [9, 10]

The particle reinforced phase possesses a large part 
for strengthening the matrix but also creates the hin-
drance in the machining process so that the machining 
behavior of the MMCs is dissimilar from the other metal 
materials. The cutting process of metal matrix compos-
ite is a difficult and hard task because the conventional 
cutting tools are unable to operate normally. Machin-
ing process MMCs show many difficulties due to various 
issues such as tool wear, surface roughness as well as 
abnormal cutting force patterns on different varieties of 
cutting parameters [11, 12]. Therefore it is essential to 
thoroughly analyze and formulate the cutting process 
to ensure the machining characteristics for the particle 
reinforced metal matrix composite with two different 
percentages of SiC particles such as SiC45% and SiC 
50wt%, in order to understand the machining behavior 
on cutting force trend the influence of cutting param-
eters and SiC wt percentages.

In the machining process with employing cutting 
parameters the force generated which is used for plas-
tic deformation in material therefore material removal 
phenomena occur and produce different patterns of 

chips. Cutting force trends in the machining process 
play a vital role to observe and understand the cutting 
process. Furthermore, to understand the process there is 
a need to focus on three different kinds of cutting forces 
such as feed force, tangential and radial component gen-
erated during machining, it is due to friction, extrusion 
and shear phenomena of the cutting tool at workpiece 
[13–15]. Despite the cutting parameters cutting angle of 
the tool seriously influence the machining and process 
as well as cutting force as presented in [16, 17].

Pramanik et al. [18, 19] developed a mechanical model 
for calculating the cutting force during the machining 
process of MMC. The cutting process of 20% volume of 
SiC/6061Al was carried out for material removal rate and 
deformation mechanism with a polycrystalline diamond 
(PCD tool). Reinforcing particles distracts the residual 
stress of the machined surface and therefore it is mainly 
found compressive stress.  Teti et  al. [20]  prepared a 
detailed evaluation of the cutting process of metal matrix 
composite materials. The previous studies described the 
limitation in machining operation of reinforced metal 
matrix composite materials, due to serious wear of cutting 
tools and also discussed the cutting force and their pat-
terns. the e�ects of, feed, depth of cut, cutting speed, lubri-
cation and chip formation on the cutting process as well 
as cutting force and surface quality were also discussed. 
Similarly, it is also noted by [21] that the relationship 
among tool wear during SiC reinforced aluminum MMC 
turning and the cutting force of PCD tools. Calculated the 
tool wear and cutting forces with relation to cutting time 
and other machining parameters, Tool wear observed at 
larger cutting speed and cutting force in�uenced by the 
depth of cut and feed rate. Furthermore the [22] and [23] 
also have noted similarities in their research about cutting 
force and tool wear, the machining operation observed by 
the di�erent phenomena’s that has depicted that the more 
feed and depth of cut has a major e�ect on the cutting 
force as well as the risk of tool wear.

After a thorough analysis of literature, it revealed that 
the cutting tool experiences a variety of wear mecha-
nisms while cutting the particle reinforced metal matrix 
composite. There wear mechanisms include such as abra-
sive wear, adhesive, edge breakage and scratches left by 
produced chips on the front face of the tool [24, 25]. Such 
wear mechanisms were found consistently, which is mainly 
due to the brittleness of the SiC particles present in the 
SiCp/Al MMC. The weight of SiC particles containing major 
in�uencing factors in the turning process of composite 
material the major factor including cutting force, tool wear, 
machining vibration, and surface roughness have noted in 
di�erent studies. The machinability carried out Aluminum 
based metal matrix composite depicts that the wear of 
polycrystalline diamond tools increases with increasing 
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SiC percentages during machining 10 and 20% content 
of SiC particle in MMCs. Tool wear is greatly in�uenced by 
the weight percent of SiC particles it predicted in results 
that with the increase of the reinforcement ratio, the tool 
wear amount increases, and the tool wear amount of 20% 
SiC particle reinforcement ratio is higher than 10% SiC par-
ticle reinforcement ratio [26]. A similar study performed for 
measuring the respective in�uence of di�erent percent-
ages of SiC particle on cutting force while machining of 
SiCp/Al composites, the cutting experiments along with 
di�erent volume fraction of SiC particles executed by [27, 
28].

As a representative of ultra-high-strength SiC aluminum 
alloy, it has the characteristics of ultra-high strength, spe-
ci�c sti�ness and hardness, and the plastic deformation 
during machining processing is more severe. The tool wear 
is more serious, and the processing quality is severe, and 
it is di�cult-to-process materials [29]. For the cutting of 
di�cult-to-machine materials, there are still many di�cul-
ties, especially for the precise requirements of demand for 
di�cult-to-machine materials, the deformation during the 
cutting process is di�cult to control, resulting in severe 
surface quality of cutting process, and there is still Larger 
residual stress. Therefore, the researches on cutting of di�-
cult-to-machine materials are particularly important. Since 
there is more cutting heat during the cutting process, the 
temperature in the cutting zone is higher, which leads to 
cutting to a certain extent [30, 31].

Response surface methodology considered an e�ective 
tool for modeling and optimization of responses, RSM was 
utilized by several researchers to measure and optimize 
the modeling process of di�erent factors such cutting 
force tool wear and surface roughness in the machining 
process of SiCp based metal matrix composite materials 
[32, 33]. There is very few study on the machining process 
of high percentage of SiCp/Al based composite machining 
process and their comparsion on the basis of SiC weight 
percentages. Therefore it is essential to thoroughly ana-
lyze and formulate the cutting process to ensure the mach 
ining characteristics for the particle reinforced metal 
matrix composite with two di�erent percentages of SiC 
particles such as SiC45% and SiC 50%, to understand the 
machining in�uence of cutting parameters and SiC wt per-
centagesbehavior on cutting force trend.

In this paper box-Behnken design method is 
employed. The purpose of this study is to explore the 
impact of the process parameters such as cutting speed, 
feed rate, and depth of cut and SiC hard particles mate-
rial on machining behavior. Main effect, Contours plots 
developed for analyzing the impact of cutting param-
eters on forces in the machining process. The resem-
blance between the predicted and experimental data 
of the developed model for both SiCp/Al45 and 50% 

were compared and checked. Finally, the cutting force 
calculated the error percentages for SiCp/Al 45 and 
50%, was also being analyzed and found in acceptable 
range. The organized structure of the paper is presented 
as, first section provide the introduction to subject and 
related worked, in second section experimental condi-
tion, method and materials are defined, in third section 
the result and discussion of experiments along with 
modeling and optimization of machining process is com-
prehensively defined. In final section the comparison of 
experiment results and RSM developed model of cutting 
forces of SiCp/Al 45 and 50% are discussed, and in the 
end conclusions and future works are drawn on the basis 
of this study.

2  Design of experimental methods 
and materials

2.1  Experimental conditions and methods

This study is conducted to observe the cutting force 
behavior with different weight percentages of SiCp/
Al composite material with different chosen machin-
ing parameters. In this paper, design 3 factors, 4 levels 
of orthogonal experiments, orthogonal table selec-
tion L

16

(

34
)

 . Orthogonal cutting parameters are shown 
below in the Tables 3, 4. There are two kind of param-
eters design for two different tools such as carbide tool.

In this experiment the dry turning environment was 
used for cutting SiCp/Al composite, for measuring three 
way force the gauge namely Kistler 9257B desktop 
dynamic strain gauge was used to record the forces, which 
possesses the 5000 N maximum range. Parameters of cut-
ting tool wear was chosen up to 3 mm of �ank wear for the 
carbide cutting tools which is according to the rules of ISO 
3685 (ISO, 1993). The custom made T type clamp is used for 
mounting the dynamometer with the tool holders [34, 35].

The processing parameters for turning the workpiece 
in this operation are shown in Table  1. However, the 
experimental setup for turning operations on SiCp/Al is 
shown in Fig. 1.

Table 1  Cutting Parameters levels for Cutting Force SiCp/Al45% 
and 50% [40]

Selected cutting 
parameters

Levels of cutting parameters

1stLevel 2ndLevel 3rd Level 4thLevel

Cutting Speed(m/min) 6.283 12.566 18.85 25.133

Feed rate(mm/r) 0.01 0.015 0.02 0.025

Depth of cut(mm) 0.2 0.5 1 1.5
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2.2  Workpiece materials

The experimental work consisted of turning Aluminum-
based Metal Matrix Composite with Carbide tools. The 
workpiece material is SiCp/Al composites consist of two 
components with a SiC volume fraction of 50% and 45% 
and a particle size of 10 μm and rest of the other percent-
age of aluminum alloy, which is manufactured with the 
stir casting process. The properties of SiCp/Al are range 
from Brinell Hardness (HB) 85–105, density (g/cm3) 28–29, 
elastic modulus (GPa) 150–155, Thermal expansion coef-
�cient (×  10–6/°C). The workpiece with 50% SiCp is a round 
bar, diameter 80 mm, length 80 mm, the result of wire cut-
ting processing; cutting experiments need to remove the 
outer layer of oxide. 2nd component is consists of 45% 
SiCp is a round bar, 48.2 mm, 98.9 mm of diameter and 
length respectively. SiCp/Al Metal Matrix Composites was 
chosen in this study due to its relatively low machinability 
anticipating larger di�erentiation in quality characteristics 
when machining di�cult-to-machine work materials [36].

2.3  Response surface methodology

RSM is a combination of mathematical methods and 
statistical methods. Modi�cation analysis and optimiza-
tion of multivariate in�uence of responses, using RSM to 
establish continuous variable surfaces, evaluate the factors 
and interactions of response, and determine the best level 
range. In general, RSM obtains certain data by designing a 
reasonable test, and uses a multivariate regression equa-
tion to �t the functional relationship between factors and 
responses, to seek the optimal process parameters by ana-
lyzing the regression equation, thereby solving multivari-
ate optimization Question, the second order of analytical 
process parameters.

The response surface model is in the form of a response 
value and its variable number; it is a constant and it is a 
linear parameter coefficient. Expressed in the second-
ary equation to use RSM, the data obtained by the test 
is quasi-proposed to obtain a secondary model. Each of 
the response coe�cient analysis through ANOVA, which 
can be discriminate through model �tting compare to the 
experimental data, and its signi�cance with the factor [37].

RSM was used to model the machining cutting force 
factors of F

x
 and, F

z
 with carbide cutting tool during turn-

ing of SiCp/Al 45% and SiCp/Al 50% to obtain an analysis 
of the machinability performance. Quantitative form in the 
RSM approach can be measured as the correlation with 
variable and chosen response:

where Y is the desired function and F is the response func-
tion f, vc, and ap, is the feed rate, cutting speed, depth of 
cut respectively. The quadratic model of Y can be written 
as follows:

where a
o
 . are constant, a

i ,aii . and aij shows coe�cient of 
linear, quadratic, and the cross product terms. X

i
 Repre-

sents to vaaes related to machining parameters.

2.4  Desirability function optimization

In Desirability functions optimization is the optimizer 
which searches for an arrangement of input variables, 
those variables are used to jointly optimize a set of 
responses by satisfying the requirements of each response 
in the set [38]. The goal of the function is to optimize 
response. The optimization of sets usually consists of two 
phenomena, either to minimize the response or maximize 
it. It is also a weighted geometric mean of single expected 
value of each response.

Desirability functions optimization are predicting and 
optimizing the response for obtaining the optimal combi-
nation of desired parameters through obtaining a single 
response expectation value, for this function the expected 
values of each reaction meter from 0 to 1 desired scale 
and called least ideal to most ideal [39]. Combine a sin-
gle expected value to obtain the desired values for the 
expected composite. Maximize the integrated expectation 
value to determine the optimal input variable setting. In 
this study, di�erent reactions need to minimize cutting 
force to be analyzed, and the goal is to minimize these 
two factors. Though, mixing of one or more targets is opti-
mized through numerical optimization, where potential 
objectives can be minimal, maximum, range and accurate 
values.

(1)Y = F[�c , f , ap]

(2)Y = ao +
∑

aiXi +
∑

aijX
2

i
+

∑

aijXiXj

Fig. 1  Experimental setup
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It is expected that in the desired function, the settings 
of each optimized value in the function optimization, 
which is set according to the requirements and demands 
of the response, furthermore every response has a 
response optimized regression equation, and an optimi-
zation map of the respective response is generated within 
the range of 0 to 1.

3  Results and discussion

3.1  Cutting force experimental data of SiCp/Al 45% 
and 50%

Although different parameters used to consider while 
machining di�cult to cut materials such as SiCp/Al MMCs 
but the cutting parameters, tool cutting angle and tool 
material seriously in�uence the cutting process as well 
as cutting force. The e�ect of the workpiece material SiC 
content percentage deviation will produce a heavy in�u-
ence on the cutting force. Therefore, the machining of the 
particle reinforced metal matrix composite with two dif-
ferent percentages of SiC particles such as SiC/Al 45 and 
SiC/Al 50% were performed in order to understand the 
machining behavior on cutting force trend the in�uence of 
cutting parameters and SiC wt percentages. The Factors of 
cutting forces such as ( F

x
 , F

z
 ) of SiCp/Al 45 and 50%wt are 

modeled and compared with di�erent cutting parameters 
in the turning process using RSM.

In this experimental study there are three cutting 
variables used which were divided into four levels and 
other factors of SiC % as mentioned in the Table 1 and 
Table 2. This study is based on in�uence of three cutting 
parameters on both content of SiC % and their compari-
son in order to better understand the impact of cutting 
parameters and content of SiC % on the cutting forces 
and machinability of difficult to cut materials SiCp/Al. 
See Table 1 for the process parameters of turning SiCp/Al 
workpieces with this process. The detailed experimental 
data is presented in Table 2.

3.2  Effect of machining parameters on cutting force

In recent years, in order to improve the machining quality 
of SiCp / Al and reduce the processing cost, the in�uence 
of cutting conditions on the cutting force was studied 
by several researchers. The research focuses on di�erent 
machining processes, such as turning [41] and [42], milling 
[43], etc. it is reported by di�erent studies in [21, 44]. In 
MMCs machining process BUE is also one kind of problem, 
This phenomenon can also make the material in the turn-
ing process easier to remove under reducing cutting forces 
[44]. The changing trend of cutting force during the cut-
ting of SiCp/Al composites mainly depends on the concen-
tration, volume and size of SIC particles [45]. Subramanian 
et al. [46] Used RSM to measure and observe the e�ect of 
cutting parameters on cutting force in cutting process of 
LM6/SiCp-MMC materials. During the machining process, 

Table 2  Selected Cutting Parameters for Cutting Force SiCp/Al45% [40] and 50%

S:No Cutting parameters Cutting force of SiCp/Al 45% Cutting force of SiCp/Al 50%

Cutting speed 
(m/min)

Feed rate mm/r Depth of 
cut mm

Cutting force F
x
(N) Cutting force F

z
(N) Cutting force F

x
(N) Cutting 

force F
z

(N)

1 6.283 0.01 0.2 74.13 79.98 75.7 278.6

2 6.283 0.015 0.5 134.01 138.23 149.2 316.8

3 6.283 0.02 1 261.09 199.81 267.3 353.8

4 6.283 0.025 1.5 375.29 275.12 379.34 338.4

5 12.566 0.01 0.5 143.11 126.06 172.8 331.3

6 12.566 0.015 0.2 84.33 96.11 87.5 278

7 12.566 0.02 1.5 409.98 289.88 368.8 376.9

8 12.566 0.025 1 290.11 221.02 291.1 398.1

9 18.85 0.01 1 274.42 171.3 302.7 469.1

10 18.85 0.015 1.5 519.8 311.05 420.5 461.4

11 18.85 0.02 0.2 69.01 86.42 68.5 288

12 18.85 0.025 0.5 169.04 149.79 181.8 354.6

13 25.133 0.01 1.5 529.98 278.31 415.3 491.7

14 25.133 0.015 1 327.16 207.04 276 451.7

15 25.133 0.02 0.5 149.97 135.61 166 359.5

16 25.133 0.025 0.2 89.96 104.97 91.7 303.9
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while increase in the contact area between the workpiece 
and the tool as described in [44], that the greater the feed 
rate increment the greater is the cutting force. The increase 
in the feed rate causes �uctuations in the cutting force 
in material removal process; it is due to the coe�cient of 
friction between the workpiece and the cutting edge of 
the tool.

This is due to the increase in the coe�cient of friction 
between the workpiece and the tool cutting edge, which 
causes increments in cutting forces [38, 47]. While meas-
uring the impact on cutting force during changing con-
tent of SiC% in SiCp/Al-MMC found in several studies that 
the type of matrix material and volume fraction possess 
much impact on cutting force, but not by the reinforce-
ment. However, reinforcement type can a�ect the cutting 
edge, which ultimately leads to �uctuations in the cutting 
force [48, 49].

3.2.1  Quantitative assessment of cutting force of SiCp/Al 

45% using ANOVA

The table shows the analysis of variance of the cutting 
force response F

x
 , and F

z
 to the SiCp/Al 45% turning pro-

cess. Studies based on the above variables show that the 
increase in cutting force is the result of the increase in cut-
ting depth with the increase in feed, and the increasing 
trend of cutting speed is conducive to cutting force [21, 
41]. Similarly, the F statistic gives similar information, and 
the ratio of cutting depth is more signi�cant, along with 
the increasing cutting speed and feed rate. Value of P in 
RSM model possesses the signi�cant importance for cut-
ting speed and feed rate.

In the analysis of variance, the accuracy of all mathemati-
cal models of cutting force response exceeds the 95% con-
�dence level, so it can be seen that this model is most suit-
able for predicting the response [50]. Table 3 and Table 4 
respectively give the variance analysis table of di�erent 
cutting force response. For F

x
 the value of R-square and 

R-square (adj) is obtained, for example, R-sq 99.3% R-sq(adj) 
98.26; for F

z
 =R-sq 99.2 and R-sq(adj) 97.99 are obtained. All 

measured coe�cients, R-sq and R-sq (adj) are very close to 
1, which is in line with the accuracy of the established math-
ematical model. The entity R-squared amount is called the 
coe�cient of determination and is further used to observe 

the competence of RSM model. The closer the R-square is 
to 1, the better the �t between the developed model and 
acquired data. The R-squared values show the adequacy of 
developed mathematical model [43, 51].

(3)
Fx , = 50.8 − 6.30 vc + 3317f + 110.7 ap − 0.029 vc × vc − 23275 f × f

+ 57.8 ap × ap + 136 vc × f + 9.13 vc × ap − 2977 f × ap

(4)
Fz =56.1 − 4.58vc + 4334f + 79.0 ap − 0.0515vc × vc

− 144000f × f + 18.0 ap × ap + 224vc × f + 3.30 vc × ap + 81f × ap

Table 3  ANOVA for analyzing F
x
 versus vc, f, ap [40]

Source DF Adj SS Adj MS F-Value P-Value

Model 9 355,838.0 39,538.0 95.080 0.00

Linear 3 121,663.0 40,554.0 97.530 0.00

vc 1 2104.0 2104.0 5.060 0.0650

F 1 684.0 684 1.650 0.2470

ap 1 119,441.0 119,441.0 287.240 0.00

Square 3 1674 558 1.340 0.3460

vc× vc 1 21.0 21.0 0.050 0.8310

f × f 1 5 5 0.010 0.9130

ap× ap 1 1648.0 1648.0 3.960 0.0940

2-Way Interaction 3 6982.0 2327.0 5.60 0.0360

vc× f 1 153.0 153.0 0.370 0.5660

vc× ap 1 5114.0 5114.0 12.30 0.0130

f × ap 1 344.0 344.0 0.830 0.3980

Error 6 2495.0 416.0

Total 15 358,333.0

Table 4  ANOVA for analyzing F
z
 , versus vc, f, ap [40]

Source DF Adj SS Adj MS F-Value P-Value

Model 9 89,080 9897.80 82.20 0.000

Linear 3 36,376 12,125.30 100.690 0.000

vc 1 66.9.0 66.90 0.560 0.4840

F 1 1283.50 1283.50 10.660 0.0170

ap 1 35,071.4 35,071.40 291.250 0.000

Square 3 433.0 144.30 1.20 0.3870

vc× vc 1 66.30 66.30 0.550 0.4860

f × f 1 207.40 207.40 1.720 0.2370

ap×ap 1 159.40 159.40 1.320 0.2940

2-Way Interaction 3 1137.20 379.10 3.150 0.1080

vc × f 1 416.30 416.30 3.460 0.1120

vc× ap 1 665.90 665.90 5.530 0.0570

f× ap 1 0.30 0.30 0.00 0.9650

Error 6 722.50 120.40

Total 15 89,802.50
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3.2.2  Assessment of parameters through main effects plots 

for SiCp/Al 45%

According to chosen parameters for the study including 
cutting speed, feed rate, and cutting depth, the main 
e�ect diagrams were developed to understand the cut-
ting force of F

x
 , and F

z
 of SiCp/Al 45%. It can be seen from 

Figs. 2 and 3 that during cutting of SiCp/Al workpiece, cut-
ting force was found increasing with the increase of the 
cutting depth, and with the increase of the feed rate. It 
can be seen from the generated graphs that the cutting 
speed is not the major impacting factor; it doesn’t have 
any negative e�ect on cutting force, however, the lower 
cutting force occurrences are seen at upper cutting speed 
in turning of SiCp/Al.

3.2.3  Evaluation through contour plots for SiCp/Al 45%

When the 45% SiCp/Al and other multiphase composite 
materials are turned through the cemented carbide tool, 
they are in interaction with the brittle particles in the 
material, resulting in wear and force changes. Based on 
the existing models of RSM shown in Eq: 3 and Eq: 4 that 
these models are developed according to experimental 
observations for understanding the impact of specified 
factors on cutting force. Figure 6 reveals a clear statistical 
data, that is, as the cutting speed increases, the cutting 
force decreases at lower amount of depth of cut. This is 
because the increase in cutting speed generates temper-
ature in the cutting zone, which is caused by the increase 
in temperature. The heat softens the material, so that 

Fig. 2  main e�ect plot of F
x
 for 

SiCp/Al 45% [40]

Fig. 3  main e�ect plot of F
z
 for 

SiCp/Al 45% [40]
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chips are easily formed, as well as the cutting force is 
reduced [50]. In order to understand the case of depth 
of cut, as considering with the increase of the depth of 
cut and the increase of the feed rate, as shown in Fig. 4, 
the trend of the cutting force has a great increase. How-
ever, similar [21, 46] in SiCp composites In the process of 
material processing, it is usually noticed that the cutting 
force increases with the increase of the cutting depth, 
and then the feed, while the cutting force decreases with 
the increase of the cutting speed. Taking the maximum 
cutting depth of 1.5 mm as the holding value in each 
direction, the curves of cutting forces F

x
 and F

z
 show the 

same increase as shown in Figs. 5 and 9, respectively. in 

the case of maintaining the cutting speed of the machin-
ing process for revealing the effect of cutting speed, the 
feed rate and cutting depth for cutting force generation, 
outcome of the cutting process reveal that the cutting 
force decreases with the increase in cutting speed and 
the decrease in cutting depth, followed by the F

x
 and 

the cutting force. The feed amount in the F
x
 direction 

is shown in Figs. 6 and Fz direction shown in Figs. 7 and 
8. Subramanian et al. also reported this phenomenon, 
that is, the more the increment in feed rate, produces 
more fluctuation in the cutting force, it is due to the fact 
that the contact area between the workpiece and the 
tool increases in cutting process [44, 45]. The F

x
,and F

z
 

cutting forces of the SiCp/Al45% alloy were measured 

Fig. 4  Cutting force F
x
 vs f, and ap [40]

Fig. 5  Cutting force F
x
 vs f, and vc [40]

Fig. 6  Cutting force F
x
 vs ap and vc [40]

Fig. 7  Cutting force F
z
 vs ap and f [40]
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and compared with the experimental data. The results 
data are consistent and values error is small, as shown 
in Fig. 20.

3.2.4  Quantitative assessment of Cutting force of SiCp/Al 

50% using ANOVA

Cutting force response F
x
 and F

z
 were modeled through 

analysis of variance for SiCp/Al 50% workpiece mate-
rial in experimental cutting process of turning machine, 
predicted models are mentioned in Tables 5 and 6. Stud-
ies based on the above variables show that the increase 
in cutting force is due to the increase in cutting depth 
with the increase in feed rate, but there is a tendency to 
increase. The increase in cutting speed is conducive to the 

increase in cutting force, as shown in [45, 46] �ndings. The 
higher the cutting speed, the lower the cutting force. This 
is feasible because the increase of the cutting temperature, 
while tool and workpiece contact in metal cutting zone, 
result in soften workpiece material and ease to machine 
[46]. Similarly, the F statistic gives relevant information, the 
ratio of cutting depth is signi�cant, and then it is dragged 
down by cutting speed and feed rate. p value in predicted 
model is key factor showing the importance of cutting 
speed and feed rate.

In the analysis of variance, the accuracy of all math-
ematical models of cutting force response is greater than 
the 95% con�dence level, so the RSM predicted model 

Fig. 8  Cutting force F
z
 vs ap and vc, [40]

Fig. 9  Cutting force F
z
 vs f, and vc, [40]

Table 5  ANOVA for analyzing F
x
 versus vc, f,ap

Source DF Adj SS Adj MS F-Value P-Value

Model 9 229,013 25,445.9 129.70 0.000

Linear 3 5157 1719.1 8.76 0.013

vc 1 73 73.2 0.37 0.564

F 1 452 451.5 2.30 0.180

ap 1 4274 4273.6 21.78 0.003

Square 3 1528 509.3 2.60 0.148

vc × vc 1 335 334.5 1.71 0.239

f × f 1 711 710.8 3.62 0.106

ap×ap 1 483 482.7 2.46 0.168

2-Way Interaction 3 288 95.9 0.49 0.703

vc × f 1 18 17.9 0.09 0.773

vc × ap 1 72 71.9 0.37 0.567

f × ap 1 120 119.8 0.61 0.464

Error 6 1177 196.2

Total 15 230,190

Table 6  ANOVA for analyzing F
z
 versus vc, f, ap

Source DF Adj SS Adj MS F-Value P-Value

Model 9 72,405.4 8045.04 29.27 0.000

Linear 3 4431.5 1477.17 5.37 0.039

vc 1 107.3 107.30 0.39 0.555

f 1 274.5 274.46 1.00 0.356

ap 1 3728.3 3728.35 13.56 0.0100

Square 3 7095.9 2365.29 8.61 0.014

vc × vc 1 248.1 248.06 0.90 0.379

f × f 1 396.0 396.01 1.44 0.275

ap×ap 1 6451.8 6451.79 23.47 0.003

2-Way Interaction 3 1611.1 537.03 1.95 0.222

vc × f 1 14.6 14.62 0.05 0.825

vc × ap 1 875.6 875.59 3.19 0.125

f × ap 1 287.6 287.59 1.05 0.346

Error 6 1649.2 274.87

Total 15 74,054.6
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showing more feasible estimate capabilities for cutting 
force response. Tables 5 and 6 show the variance analysis 
of di�erent cutting force responses, such as F

x
 and F

z
 at 

SiCp/Al50%. Find the value of R-squared and R-squared 
(adj) of F

x
 , such as R-sq 99.49% R-sq(adj) 98.72; F

z
 such as 

R-sq 97.77, R-sq(adj) 94.43. Calculated coe�cients of R-sq 
and R-sq (adj) found precise to the value of 1, which satis-
�es accuracy of established mathematical model.

R-squared quantity is called the coe�cient of determi-
nation and is used to observe the adequacy of the model. 
R-squared number near to 1 gives the more accurate pre-
diction and �tting of model, which shows that RSM devel-
oped model indicates the degree of acceptability [42].

3.2.5  Assessment of parameters through main effects plots 

for SiCp/Al 50%

The main e�ects diagram plays a vital role in understand-
ing the individual e�ects of parameters. The main e�ect 
diagram of SiCp/Al 50% shows the relationship between 
the cutting force of F

x
 , and F

z
 in Figs. 10 and 11 with cut-

ting speed, feed rate and cutting depth. main e�ects dia-
gram possess the vertical and horizontal lines for repre-
senting the e�ect of parameters, for measuring e�ect it 

(5)
Fx = 67.6 + 2.54 vc − 8763 f + 310.3 ap − 0.1158 vc × vc

+ 266600 f × f − 31.3 ap × ap + 46 vc × f + 1.08 vc × ap − 1757 f × ap

(6)

FZ = 247.9 + 3.07 vc − 6832 f + 289.9 ap − 0.100 vc × vc

+ 199000 f × f − 114.4 ap × ap + 42 vc × f

+ 3.78 vc × ap − 2722 f × ap

reveals that vertical line in graph has a higher in�uence on 
the response, however, horizontal line of the graph pos-
sess little e�ect. The results show that in the process of 
composite turning, cutting parameters such as depth of 
cut have impact at cutting force, while in the case of feed 
rate; it possesses small or insigni�cant e�ect. Some stud-
ies of the researchers detected the major e�ect of depth 
of cut on cutting force, followed by feed rate [21, 44]. It 
is depicted from the results about force of F

z
 possesses 

increasing phenomena due to the increasing values of 
feed rate parameters and depth of cut along with cutting 
speed have certain e�ects as well.

3.2.6  Assessment of interactive effect through contour 

plots for SiCp/Al 50%

In the processing of large-volume SiCp/Al50% cutting 
force are changes greatly due to contact with the SiC hard 
particles. Current formed RSM models of Tables 5 and 6, 
which are developed on the basis of obtained experimen-
tal data, which is used to measure the in�uence of the 
speci�ed factors at cutting force. Cutting force F

x
 and F

z
 

is analyzed by drawing contour plots, and the predicted 
cutting force of  F

x
 and F

z
 is calculated by regression Eq. 5 

and regression Eq. 6. All results are basically in line with 
the obtained experimental data., The error percentage 
is small, as shown in Fig. 20. Figure 12 depicted that cut-
ting force will decrease while reducing the depth of cut 
and increasing some amount of cutting force, it is due to 

Fig. 10  main e�ect plot F
x
 cut-

ting force SiCp/Al 50%
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increment of cutting speed produces the temperature in 
the cutting zone, which ultimately leads to thermal soften-
ing. Make chips easier to form, so the cutting force will be 
reduced [52]. As the depth of cut increases and the feed 
rate increases, the cutting force tends to increase greatly, as 
shown in Figs. 13 and 17. However, in the turning process of 
SiCp/Al, it is usually noticed that the cutting force increases 
with the increase of the cutting depth, and then the feed 
phenomenon occurs. In the F

x
 and F

z
 cutting force direc-

tions, when the maximum cutting depth is 1.5 mm as the 
holding value, the data provided by the contour plots pos-
sess the same facts which are revealed in Figs. 14 and 16.

However, while maintaining the cutting speed, the 
influence of cutting speed on feed speed and cutting 
depth is revealed as shown in Figs. 12 and  15, This kind 

of cutting force processing phenomenon has also been 
found in the work of other researchers, such as [42] [53], 
and [47]. It is pointed out that in the literature that the 
cutting force revealed higher trend while increase of the 
cutting depth, tailed by feed rate [46].

3.3  Cutting Forces optimization using desirability 
function

3.3.1  Cutting forces optimization of SiCp/Al 45%

The changing trend of cutting force during turning of SiCp/
Al possesses a major in�uence on the machinability charac-
teristics in metal cutting process. Cutting force is the main 
in�uencing factor observed during machining. A signi�cant 

Fig. 11  main e�ect plot F
z
 cut-

ting force SiCp/Al 50%

Fig. 12  Cutting force F
x
 vs ap and vc

Fig. 13  Cutting force F
x
 vs f, and ap
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analysis of the cutting force of di�erent cutting parameter 
combinations along with the content of SiC % in composite 
materials shows that cutting force is signi�cant, and there is 
evidence about correspondence of cutting forces with the 
selection of cutting parameters for turning process. Due 
to SiCp/Al hardness, shape, type, content, and size distri-
bution of the reinforcement have signi�cant in�uence on 
cutting force trend. For di�cult to cut material cutting area 
will undergo strong elasto-plastic deformation due friction 
and extrusion during material removal method. It is evi-
dent that such deformation is due to the impact of cutting 
forces, which is the most basic process in material removal 
method during machining [54, 55] .

Figure 18 shows the cutting force optimization dia-
grams of F

x
 and F

z
 SiCp/Al 45%, the purpose is to minimize 

the cutting force. The lower limit is similar to the target 
value, 79.98 N and 311.8 N, respectively. For the optimi-
zation chart for minimizing the cutting force, the recom-
mended cutting speed vc = 6.283 m/min, f = is 0.01 mm/
rev, and ap = 0.2 mm. The optimized feasibility value (d) 
is 0.9576. The predicted response of cutting force F

x
 and 

F
z
 SiCp/Al 45% are 79.5160 N and 89.1095 N, respectively. 

The regression equations for the F
x
 and F

z
 SiCp/Al45% 

response optimizer graphs are given below.
Regression Equation for F

x
 and F

z
 SiCp/Al 45%

(7)
Fx = vc + f + ap − vc × vc − f × f + ap × ap + vc

× f + vc × ap − f × ap

Fig. 14  Cutting force F
x
 vs f, and vc

Fig. 15  Cutting force F
z
 vs ap and vc

Fig. 16  Cutting force F
z
 vs f, and vc

Fig. 17  Cutting force F
z
 vs ap and f 
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3.3.2  Cutting forces optimization of SiCp/Al 50%

In Fig. 19, the optimized graphs of F
x
 and F

z
 direction of 

cutting forces for SiCp/Al50% are given. The goal is to 

(8)Fz = vc + f + ap − vc × vc − f × f + ap × ap + vc × f + vc × ap + f × ap

minimize the cutting force. The lower limit and the target 
value are similar, 68.5 N and the upper limit 420.5 N respec-
tively. For the optimization chart for minimizing the cut-
ting force, the recommended cutting speed(vc) 6.283 m/
min, feed rate(f) 0.0165 mm/rev and cutting depth (ap) 

Fig. 18  Optimization Plots of Cutting Force F
x
 and F

z
 SiCp/Al 45%
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0.2 mm. However, desirability of (d) optimization is indi-
cated at 0.9573. Predicted response of cutting force F

x
 and 

F
z
 SiCp/Al50% are 68.157 and 285.187 N, respectively. The 

cutting parameters of the two materials are similar as well 
as cemented carbide tools. When comparing the two cut-
ting force optimization diagrams of F

x
 and F

z
 SiCp/Al 45% 

and 50%, it can be seen that there is not much di�erence 

in the recommended optimal cutting parameters except 
that the feed rate is slightly higher than SiCp/Al45%. The 
resetting of other parameters, such as high and low cut-
ting parameters, is similar. The regression equations that 
provided the response optimization curve of F

x
 and F

z
 

SiCp/Al 50% are shown below.

Fig. 19  Optimization Plots of Cutting Force F
x
 and F

z
 SiCp/Al 50%
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Regression Equation of F
x
 and F

z
 SiCp/Al 50%

3.4  Integrity of cutting force models of SiCp/Al 45% 
and 50%wt using residual analysis

The residual diagrams are given below, which is one of 
the important tools for analyzing and understanding the 
applicability of the response in the developed model. It 
has signi�cant role in assessing the completeness of the 
model and plays a key role [56]. The residual cutting force 
of SiCp/Al45% and SiCp/Al50% composite materials is car-
ried out. Figures 20 and 21 respectively show the residual 
graphs of cutting forces F

x
 and F

z
 when SiCp/Al is 45%. 

Figures 22 and 23 are drawn to depict residual graphs for 
F
x
 and F

z
 directions of the cutting forces for SiCp/Al 50%. 

The cutting force arrival response curve has four types: 

(9)Fx = vc − f + ap − vc × vc + f × f − ap × ap + vc × f + vc × ap − f × ap

(10)Fz = vc − f + ap − vc × vc + f × f − ap × ap + vc × f + vc × ap − f × ap

Fig. 20  Residual plot of the cutting force F
x
 forSiCp/Al 45% [40]

normal probability graph, residual error fitting graph, 
residual error histogram, and residual error observation 
sequence graph.

The cutting force residual graphs given in this article 
are all normally distributed, and data set of all four plots 
are clear, the deformation cannot be seen, increase and 
decrease phenomena are recognizable. In residual plots 
the majority of the experimental values are seen in straight 
lines, which shows that the normal assumption of are 
applied quiet well [57]. Assumption for the constant vari-
ance are also in �tted quite well for data points in residual 
plots and �tted plots here, which are illustrated in ran-
domly distributed manner [58]. It is also evident that the 
left side of histogram possesses some distortions but it is 
very minor. The cutting force residual diagrams given in 
this article are all normal distributions and the four sets of 
data can be seen.
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Fig. 21  Residual plot of the cutting force F
z
 for SiCp/Al 45% [40]

Fig. 22  Residual plot of the cutting force F
x
 for SiCp/Al 50%
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3.5  Comparison of experiment values and predicted 
values of cutting force for SiCp/Al 45 and 50%

Through the comparative investigation of cutting force 
fluctuation for the SiCp/Al 45% vs SiCp/Al 50%, it was 
seen that the Cutting force is dependent on the cutting 
parameters and % of SiC particles as it increases the cut-
ting force increases, while SiCp % decreases cutting force 
trend seen reduced.

In machining process while the cutting forces incre-
ments are seen because of increasing depth of cut which 
ultimately increases the cutting area of tool workpiece in 
cutting zone, which also improves the material removal 
process. Experiments have observed that in machining 
process of SiC particles higher amount of depth of cut in 
combined with increasing feed rate produces the more 
cutting forces as mentioned in [18, 59] Furthermore it 
is seen in di�erent experimental studies that the more 
amount of cutting speed at subsequently amount of 
reduced depth of cut in result cutting forces decreases. 
As the cutting forces are changes, resulting in broken chips 
and formed cutting edges. When the feed rate changes 
cutting forces found in linearly �uctuated [60].

Data collected from the machining Experiments have 
thoroughly observed, and compared with the SiCp% 
shown in Table 7, higher cutting depth and larger feed 
have a greater impact. In order to analyzing the alteration 
of the cutting force, the cutting force di�erence between 
SiCp/Al 45% and SiCp/Al 50% is very small under a similar 
combination of cutting parameters of the same cemented 
carbide tool. A similar �nding is also reported in [61]. The 
phenomenon of cutting force in metal matrix composites 
is a very complicated process because it depends to a large 
extent on the properties and structure of the matrix, rein-
forcement and their interfaces. The di�erent researcher 
is evident that in SiCp/Al machining process, the cutting 
force is dependent on the % of SiC particles as it increases 
the cutting force increases, as stated in comparisons SiCp/
Al 45 and SiCp/Al 50% between Figs. 24 and 25 while SiCp 
% decreases cutting force trend seen reduced [62]. The 
results of the developed RSM model for both SiCp/Al 45 
and SiCp/Al 50% were found in good agreement with 
experimental results the precise error% calculated are 
given in Fig. 26, which are in the acceptable range.

Fig. 23  Residual plot of the cutting force F
z
 for SiCp/Al 50%
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Fig. 24  Comparisons of Experi-
ment values and Predicted 
values of Cutting force of F

x
 , of 

SiCp/Al 45% and 50%

Fig. 25  Comparisons of Experi-
ment values and Predicted 
values of Cutting force of F

z
 of 

SiCp/Al 45% and 50%

Fig. 26  Comparisons of Error 
Percentages of Cutting force 
of F

x
 , and F

z
 of SiCp/Al 45% 

and 50%



Vol:.(1234567890)

Research Article SN Applied Sciences           (2021) 3:706  | https://doi.org/10.1007/s42452-021-04689-z

4  Conclusions

In this paper, an experimental relationship for predict-
ing cutting force during turning of SiCp/Al metal matrix 
composites is established. This experiment uses cemented 
carbide tools for cutting. The response surface method 
based on box-Behnken design is an e�ective modeling 
and optimization tool, which is employed in this paper. 
This relationship can e�ectively predict the cutting force 
of SiCp/Al 45% and SiCp/Al 50% MMCs parts at the 95% 
con�dence level.

• The SiCp/Al 45% cutting force and SiCp/Al 50% 
cutting force were modeled and optimized. It was 
found that as the cutting depth increases in combine 
with the feed rate than in impact the cutting force 
increases. The higher the cutting speed, the smaller 
the cutting force, and in both workpiece percentage 
of SiCp. This is because the higher the cutting speed, 
the higher the temperature in the cutting zone, and 
the softer the material to the machine.

• While considering the e�ect of increasing amount of 
SiC particles on cutting forces, it is found that there 
wasn’t a higher e�ect of increasing percentage SiC par-
ticles on cutting forces, but there is a very fractional 
increasing impact on the cutting forces with increas-
ing SiC particles percentage. However, there is a more 
impact cutting parameters on increasing the cutting 
force such as depth of cut and feed rate.

• The value of (d) desirability of optimization value of 
the minimum cutting force optimization diagram sug-
gests that the vc = 6.283 m/min, f = 0.01 mm/rev and 
ap = 0.2 mm The optimized expected value (d) is 0.9576. 
The predicted responses of cutting force and F

z
 SiCp/

Al45% are 79.516, and 89.10950. In order to minimize 
the cutting force of SiCp/Al, the 50% recommended 
cutting speed is vc = 6.283 m/min, the f = 0.0165 mm/
rev, the ap = 0.2 mm, and the optimal feasibility value 
is 0.95760. Predicted response of cutting force F

x
 ., and 

F
z
 SiCp/Al50% are 68.157 and 285.187 N, respectively.

• While comparing both cutting forces optimization plots 
for F

x
 , and F

z
 SiCp/Al 45 and 50% it is seen that there 

is no much di�erence in suggesting optimal cutting 
parameters except the feed rate which slightly higher 
for SiCp/Al 50% as compare to SiCp/Al 45% reset of 
other parameters such as high and low cutting param-
eters are comparable.

• Limitation of this work, in order to understand deeply 
the effect of SiC particles on cutting forces, there 
should be considering more test samples of the SiC 
particle with di�erent volume percentages. Therefore 

the limitation of this research work is in perspective of 
considering only two volume percentages of SiCp/Al.

• Future research work and directions, for future research 
work of turning process of SiCp/Al metal matrix com-
posites, the research should focus on more samples of 
workpiece with di�erent percentages of SiC particles 
to understand comprehensively their e�ect on cut-
ting forces. Furthermore there is need to consider dif-
ferent choice of cutting parameters for analyzing and 
understand the in�uence SiCp hard particles on cutting 
forces and machining performance.
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