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Al/SiCp–Gr hybrid aluminum matrix composites are used for high 

performance"ceramic" brake discs as it is able to withstand extreme 

temperatures. The addition of solid lubricant particles such as 

graphite along with SiCp as hybrid reinforcements effectively 

improves the tribological properties of the composites. There is still 

a need for the detailed, economic and systematic study of their 

machining characteristics in engineering applications of these 

composites. We report the influence of cutting parameters and 

effect of graphite rate on cutting force and surface roughness in 

drilling Al/20%SiC/5%Gr, Al/20%SiC/7.5%Gr and 

Al/20%SiC/10%Gr hybrid composites fabricated by vortex 

method. The drilling tests were conducted with diamond like 

carbon (DLC) coated cutting tools. Taguchi’s L9 orthogonal array, 

S/N ratio and analysis of variance (ANOVA) were used for finding 

the optimal process parameters for cutting force and surface 

roughness, Ra. Linear regression model was developed for surface 

roughness and cutting force to check the model adequacy. 

Statistical analysis results show that the rate of graphite and feed 

was found to be significant parameters for surface roughness (Ra) 

and cutting force. Spindle speed has the insignificant effect on 

cutting force by the ANOVA The predicted values from the 

developed model and experimental values were found to be very 

similar in this study.  
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1. Introduction 

Aluminium metal matrix composite (Al 

MMC) possess a number of mechanical and 

physical properties that make them attractive 

for automotive applications. Reinforcement of 

aluminium alloys with solid lubricants, hard 

ceramic particles, short fibres and whiskers 

effectively improves the mechanical, physical 

and tribological properties of the composites. 

Hybrid aluminium matrix composites are used 

for high performance "ceramic" brake discs 

since they are able to resist extreme 

temperatures [1] to [5]. 

 Several studies are carried out on MMCs, 

drilling MMCs, researches on the improvement 

of the machinability of MMCs has been 

performed either to find new composites with 

better machinability or by testing the effect of 

the machining parameters on these new 

reinforced MMCs [3] to [6]. Manufacturers 

desire minimum cost, minimum surface 

roughness, and short production cycle. The tool 

life of HSS drill gets increased while 

machining graphite reinforced aluminium 

matrix composites compared to the base alloy. 

There is a reduction in energy required for 

drilling the composite compared to the base 

alloy since graphite being a solid lubricant 

reduces the friction at tool–work interface [7] 

and [8]. Basavarajappa et al. prepared two 

different metal matrix composites–

Al2219/15SiCp and Al2219/15SiCp–3Gr by 

stir casting technique and performed drilling 

studies on them. They reported that ceramic–

graphite reinforced composite has better 

machinability than those reinforced with silicon 

carbide particles only [6]. In the view of the 

growing engineering applications of these 

composites, there is still a need for the detailed 

and systematic study of their machining 

characteristics. The efficient and economic 

machining of these materials is required for the 

desired dimensions and surface finishing [9], 

[10]. Surface finishing is an important 

procedure in evaluating the quality of products. 

Surface roughness is mostly used as an index to 

determine the surface finish in machining 

process [11]. 

Taguchi technique provides a simple, efficient 

and systematic approach to optimize the design 

for performance, quality and cost. The 

methodology is valuable when the design 

parameters are qualitative and discrete [6] to 

[8] and [10]. Engineering optimization of a 

process or a product should be carried out in a 

three-step approach, i.e. system design, 

parameter design, and tolerance design. 

Analysis of variance (ANOVA) are also 

employed to analyse the machining 

characteristics of these composites [9] and [10]. 

In recent years, the rapid growth of interest in 

the Taguchi method has led to numerous 

applications of the method in a worldwide 

range of industries and nations [12] and [13]. 

Literature, involves only few studies for 

Taguchi based optimization of machining 

parameters on a hybrid Al/SiC/Gr MMCs. 

Basavarajappa et al. studied on drilling of 

hybrid MMCs based on Taguchi techniques 

[6]. Rajmohan et al. used the Taguchi method 

for optimization of machining parameters in 

drilling Al356/SiC-mica composites [10]. 

This work aims to identify the cutting 

parameters and the effect of graphite rate on 

surface roughness and cutting force in drilling 

of Al/20%SiC/5%Gr, Al/20%SiC/7.5%Gr and 

Al /20%SiC/10%Gr hybrid composites. To 

determine the optimum cutting conditions, 

Taguchi technique was used during study. 

Moreover, the effect of each parameter on the 

obtained results was determined by employing 

ANOVA. Finally, the relationship of the 

dependent parameters and independent 

parameters was modelled with regression 

analysis. 

http://en.wikipedia.org/wiki/Disc_brake
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2. Materials and methods 

2.1. Materials 

All composites were fabricated under 

similar conditions. Aluminium (LM2) was used 

as the matrix material. The composition of the 

Al-Si-Cu matrix alloy (% by weight) was Si 

(12 max), Cu (0.7 to 0.9), Fe (0.7 max), Mn 

(0.25 max), Mg (0.02 max), Zn (0.3 max), Ni 

(0.03 max), Ti (0.03 max), Pb (0.09 max), Al 

(balance). The SiCp particles and graphite 

particles average sizes were 53 µm and 90 µm 

respectively. Al/20%SiC/5%Gr, 

Al/20%SiC/7.5%Gr and Al /20%SiC/10%Gr 

hybrid composites were produced by vortex 

method and then squeezed with casting method 

which was discussed in detail in our previous 

study [1]. 

2.2 Experimental procedure 

All drilling tests were performed on 

Johnford vertical CNC machining center. The 

machining samples were prepared in the form 

of 100mm×10mm×10mm blocks for each 

material. The Diamond like carbon (DLC Drill 

regular NACHI DLCDR5.0 LIST 9520) coated 

cutting tools of 5mm diameter was used. A 

fresh tool was used to drill each material (three 

holes) for all cutting conditions. The point 

angles were 118º. Coolant was not used in all 

of the drilling tests. The experiment were 

performed at different speeds of 3500, 4000 

and 4500 rpm and feed rates of 350, 400 and 

450 mm/min (0.1, 0.13 and 0.16 mm/rev) as 

given in Table 1. The experimental conditions 

were shown in detail as in an earlier paper [1]. 

The obtained experimental results and the 

determined parameters were optimized with 

Taguchi method. Using regression model, 

researches were carried out calculating an 

equation between dependent parameters and 

independent parameters. The Taguchi method 

uses a special design of orthogonal arrays to 

study the entire parameter space with a few 

experiments only. The experimental results 

were then transformed into a signal-to-noise 

(S/N) ratio. Taguchi recommends the use of the 

S/N ratio to measure the quality characteristics 

deviating from the desired values. Usually, 

there are three categories of quality 

characteristic in the analysis of the S/N ratio 

[12] and [13].
 

Table 1. Experiment factors and their levels 

Parameters 

(A) 

Spindle Speed 

(rpm) 

(B) 

Feed  

(mm/rev) 

(C) 

Rate of 

Graphite 

(%) 

Level I 3500 0.1 5 

Level II 4000 0.13 7.5 

Level III 4500 0.16 10.0 

Experimental design was done using Taguchi 

method. Therefore, we were able to reach more 

comprehensive results with doing less 

experiment. In this sense, time and money have 

been used more efficiently [14] and [15]. The 

S/N ratio for surface roughness (Ra) and 

cutting force (N) was calculated by considering 

smaller-the-better characteristics (in decibel) 

and given by 
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Where n is the number of experiments done 

under experiment conditions and y represents 

the calculated characteristics (dependent 

variable).  

3. Result and discussion 

We discuss the influence of the cutting 

parameters and the effect of graphite on surface 

roughness (Ra) and cutting force (N) on 

drilling of a hybrid Al/SiC/Gr MMCs with 

DLC coated drills in this section. 

3.1 Analysis of S/N ratio and ANOVA 

for surface roughness and cutting force 

The S/N ratio for cutting force and 

surface roughness were calculated by 

considering smaller-the-better characteristics. 

The experimental results were analyzed using 

analysis of variance (ANOVA). Taguchi L9 

experiment design, surface roughness, S/N 

ratios of surface roughness and cutting force 

values were also shown in Table 2.  

Figures 1 and 3 show the 3-dimensional 

response graph for surface roughness and 

cutting force with feed and different graphite 

rates in drilling of the composites. The graphs 

point out the increase of feed rate increases the 

surface roughness and cutting force, whereas 

the increase graphite rate increases surface 

roughness but reduces the cutting force in all 

conditions. 

Table 2. Taguchi L9 experiment design, surface roughness and cutting force, S/N ratios of surface 

roughness values 

Exp. 

No. 
Variables 

Surface 

Roughness, 

Ra (µm) 

S/N 

Ratios 

Ra (µm) 

Cutting 

Force (N) 

S/N 

Ratios 

Force (N) 

1 A1B1C1 0.511 5.83158 703.31 -56.943 

2 A1B2C2 0.746 2.54522 572.64 -55.158 

3 A1B3C3 1.014 -0.1208 509.95 -54.151 

4 A2B1C2 0.507 5.89984 369.71 -51.357 

5 A2B2C3 0.741 2.60364 348.82 -50.852 

6 A2B3C1 0.597 4.48051 878.62 -58.876 

7 A3B1C3 0.595 4.50966 324 -50.210 

8 A3B2C1 0.429 7.35085 698.91 -56.888 

9 A3B3C2 0.685 3.28619 498.23 -53.948 

 

 

Figure 1. 3-D response graph for surface roughness (Ra) in drilling of the composites 
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Figure 2. The ANOVA analysis for spindle speed, rate of graphite and feed rate on surface roughness 

In drilling of the composites with cutting tools 

coated with DLC, nine experiments were 

carried out using three different factors at three 

different levels and different Ra values were 

obtained from each experiment. The influence 

of each factor in this answer will be determined 

by the analysis of variance (Figure 2 and 4).  

Figures 1 and 3 display the normal probability 

plots for the surface roughness and the cutting 

force, respectively. Graphite content in the 

composites reduces the cutting force, but 

increases the surface roughness (Ra). Similar 

results were also obtained in our previous 

experimental study [1]. 

 

 

Figure 3. 3-D response graph for cutting force in drilling of the composites 
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Figure 4. The ANOVA analysis for rate of graphite and feed rate on cutting force 

Table 3 lists the numerical values of ANOVA 

results with the average values of surface 

roughness. Present results in Table 3 show that 

the rate of graphite and feed have significant 

effect on the surface roughness (Ra) with 

44.87% and 31.79% respectively. However, 

spindle speed appears to have little effect on 

surface roughness. 

Table 3. ANOVA results based on Ra values 

Notations 

Degree 

of 

Freedom 

Sum of 

Squares 
Variables F ratio Percentage (%) 

Spindle Speed 

Feed Rate 

Rate of graphite 

Fault (e) 

Total 

2 

2 

2 

2 

8 

0.05731 

0.07807 

0.11017 

0.00004 

0.24559 

0.02866 

0.03904 

0.05508 

0.00002 

 

1642.73 

2237.89 

3157.69 

 

 

23.33 

31.79 

44.87 

0.01 

100 

Table 4 summarizes the ANOVA results of the 

average values of cutting force. The rate of 

graphite with a proportion of 79.72% has the 

most significant effect on the cutting force as 

shown in Table 4. This may be due to the effect 

of graphite that helps the materials to shear 

easily [1] and [6]. However, feed rate and 

spindle speed appear to have very little effect 

on cutting force. 

Table 4. ANOVA results based on cutting force values 

Notations  
Degree of  

Freedom  

Sum of  

Squares  
Variables  F ratio  Percentage (%)  

Spindle Speed 

Feed 

Rate of graphite 

Fault (e)  

Total 

2 

2 

2 

2 

8 

12389 

 40084 

219807 

10007 

 282287 

6195 

20042 

109903 

5003 

 

1.24 

4.01 

21.97 

 

 

4.55 

14.73 

79.72 

  0.01 

100 
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3.2 Regression model for surface 

roughness and cutting force 

We developed a regression model for both 

surface roughness and cutting force. To 

formulate a predictive equation between the 

control factors used during chip removal (feed 

rate, spindle speed and rate of graphite) and the  

result (average surface roughness, Ra) and to 

define this relationship, linear regression 

analysis was used. Figure 5 shows the, normal 

probability plots. The Ra equation formulated 

for this experimental study was represented 

below: 

 

Ra (µm) = 0.079 – 0.000187 A+ 0.00228 B+ 0.0542 C = 96.7% 
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Figure 5. The regression analysis for rate of graphite and feed on surface roughness 

To formulate a predictive equation between the 

control factors used during chip removal (feed 

rate, spindle speed and rate of graphite) and the 

result (average cutting force) and to define this 

relationship, linear regression analysis was 

used. Figure 6 again displays the normal 

probability plots. The cutting force (N) 

equation formulated for this experimental study 

was in the form of: 

 

 Cutting Force (N) = 836 – 44.1 A + 81.6 B- 183 C = 89.5% 



Journal of Engineering and Fundamentals (JEF), 2(2);30-41, 1 December, 2015 

 
Journal of Engineering and Fundamentals (JEF) 

-49- 

 

Figure 6. The regression analysis for rate of graphite and feed on cutting force 

4. Conclusions 

In summary, we surveyed the the 

drilling of Al/20%SiC/5%Gr, 

Al/20%SiC/7.5%Gr and Al/20%SiC/10%Gr 

using diamond like carbon (DLC) coated 

cutting tools at different cutting parameters. 

Taguchi’s L9 orthogonal array, S/N ratio and 

ANOVA were used for finding the optimal 

process parameters for cutting force and 

surface roughness, Ra. Linear regression model 

was developed for surface roughness and 

cutting force to check the model adequacy. The 

following conclusions can be drawn from the 

analysis of results. 

(i) Based on the S/N ratios obtained from 

experiments, the optimal cutting 

parameters were A3B2C1 for surface 

roughness i.e. spindle speed at 4500 rpm, 

feed at 0.13 mm/min and graphite rate is 

5% for surface roughness (Ra) and 

A3B1C3 for cutting force i.e. spindle 

speed at 4500 rpm, feed at 0.1 mm/rev 

and graphite rate is 10% for cutting force. 

(ii) The rate of graphite and feed was found 

to be significant parameters for surface 

roughness (Ra) with 44.87% and 31.79% 

followed by spindle speed (cutting speed) 

23.33% by the ANOVA. 

(iii) The rate of graphite was the most 

significant effect on the cutting force with 

a proportion of 79.72% followed by feed 

rate 14.73%. Spindle speed has the 

insignificant effect on cutting force by the 

ANOVA.  

(iv) The predicted values from the developed 

model and experimental values are found 

to be very similar to each other justifying 

the significant of the model. 
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