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ABSTRACT 
The focus of this paper is to optimize the drilling parameters using the Taguchi technique to obtain minimum Machining Force 
(F)and Delamination Factor (DF). The experiment was conducted using L9 orthogonal array on a TRIAC VMC CNC machine centre. 
The machining was carried out on GFRP using uncoated HSS drill under dry condition. The input parameters selected for the 
experiment are cutting speed and feed rate. ANOVA was used to find out the most significant factor that affects the Machining 
Force, Push and Pull Delamination Factor. From the experiment it was found out that the cutting speed and feed rate are the most 
significant factors that affect the machining force and delamination factor. The result indicates that the predicted values and 
experimental values are very close to each other. 
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INTRODUCTION 

 

Fiber reinforced polymer (FRP) composites have been steadily replacing metals as choice engineering 

materials for various applications. This has especially been the case in the aerospace industry where FRPs are 

used in the construction of aircraft structural members. Although FRPs can be manufactured to near-net shape, 

post processing operations such as machining are not entirely avoidable to create some features, especially 

holes. Indeed, drilling is arguably the most common post-processing operation performed on FRP composites. 

In order to drill holes efficiently with the least waste and defects, it is essential to understand the machining 

behavior of FRPs.  

Hocheng and Tsao[1] studied the influence of five different drill geometries on thrust force and 

delamination of carbon fiber reinforced composites: twist drill, saw drill, stick drill, core drill and step drill. The 

delamination area was assessed using ultrasonic scanning. The authors concluded that core drill allowed higher 

feed rates with less delamination whereas twist drill required lowest feed rated in order to avoid delamination. 

Additionally, twist drill provided the greatest thrust force. (Hocheng H, Tsao CC. 2006, Effects of special drill 

bits on drilling-induced delamination of composite materials) 

Kahraman et al[2] studied the effect of heat treatment on the surface roughness of AISI 4140 steel by 

means of paired t-test and one way analysis of variance (ANOVA). The results of the statistical analysis, 
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concluded that the heat treatment has decreased the surface roughness at the 95% confidence level. The 

improvement of surface roughness varies from 37% to 45% with various combinations of experimental 

parameters. 

Mohammed T. Hayajneh et al[3] designed the experiment for end milling to charecterize the surface 

quality of aluminium work piece. In their study the effects of spindle speed, cutting feed rate and depth of cut 

on the surface roughness is analyzed and build a multiple regression model. The model, which includes the 

effect of spindle speed, cutting feed rate and depth of cut, and any twovariable interactions, predicted the 

surface roughness values with an accuracy of about 12%. 

Lin and Chen[4] found that when drilling a CFRP (carbon fiber reinforced plastic – epoxy composite) a 

carbide twist drill provided lower thrust force and torque compared with a carbide multi-faceted drill. 

S.M Kulkarni et al[5] analyzed drilling induced delamination in GFRP across various cutting parameters 

and concluded the optimum cutting parameters obtained using ANOVA and Taguchi methods. Abrao et al. used 

drill bits with different geometry and measured the thrust force in each case. They reported the major cause for 

delamination as the thrust force and suggested the geometry for the lowest and highest thrust forces.  

A series of experiments were conducted using a VMC CNC machine center to machine the composite 

laminate specimens at various cutting parameters and material parameters. The measured results of delamination 

at entry and exit side of the specimen were measured and analyzed using statistical software. 

Capello et al[6] regard delamination as the most critical damage to a composite material caused by 

machining operations due to the fact that it can severely impact the performance of the finished product. 

According to Khashaba, delamination is responsible for 60 % of the rejection of the components produced in the 

aircraft industry. Piquet et al. concluded that increasing the number of the cutting edges and reducing the contact 

length between the tool and the work material resulted in less delamination.  

Enemuoh et al[7]  studied the effect of tool point angle (from 70˚ to 160˚) on the delamination at the drill 

drill exit and surface roughness after drilling carbon fiber reinforced epoxy composite. The results suggested 

that at 75˚ delamination was the minimum (due to minimum thrust force) and acceptable surface roughness. 

Tahavvor et al[8] studied the effect of temperature of the drilling hole using Artificial Neural Networks. In 

their study temperature of specified points, drill diameter and ambient temperature are selected as inputs for the 

network and temperature of drilling hole is considered as an output data. Their results shows a good correlation 

between between numerical results and experimental data and proved that the neural network can be used more 

efficiently to determine temperature of hole in a drilling process. 

Kadirgama et al [9] optimizated of the surface roughness when milling Mould Aluminium alloys (AA6061-

T6)with carbide coated inserts. They used Response Surface Method (RSM) and Radian Basis Function 

Network (RBFN) for their study. Their results indicates that the feedrate is the most significant factors effecting 

surface roughness and alsothey suggest that the RBFN predict surface roughness more accurately compared to 

that of the RSM. 

Rajmohan et al[10] have studied the influence of cutting parameters on thrust force, surface roughness and 

burr height in drilling of hybrid metal matrix composites. The hybrid metal matrix composites were fabricated 

by stir casting method at optimal speed which ensures the uniform distribution of the reinforcements in the 

matrix alloy. It is observed that there is an improvement in the values of grey-fuzzy reasoning grade compared 

to grey relational grade and thereby the fuzziness is reduced and the grade value is more towards the reference 

value “1”. 

Rajamurugan[11] conducted drilling experiment on glass fiber reinforced polyester composites based on 

central composite rotatable design and determined the delamination using the input parameters such as spindle 

speed, tool feed rate, drill diameter and fiber orientation. The results showed that the increase in feed rate and 

drill diameter increases the delamination size but no effect on fiber orientation angle. The spindle speed shows 

only little effect on delamination in drilling of GFR-Polyester composites. 

Basavarajappa[12] studies the influence of cutting parameters on drilling characteris-tics of hybrid metal 

matrix composites (MMCs)—Al2219/15SiCp and l2219/15SiCp–3Gr.They employed the Taguchi design of 

experiments andanalysis of variance (ANOVA)to study the effect of spindle speed and feedrate on feed force, 

surface finish and burr height using solid carbide multifacet drills of5mm diameter. Their results revealed that 

the dependent variables are greatly influenced bythe feed rate rather than the speed for both the composites. 

Riaz Ahamed et al[13] reported the effect of drilling Al-5%SiCp-5%B4Cp hybrid composite with high-

speed steel (HSS), not expensive PCD, carbide drills. They employed lower speed and feed combination for the 

drill. Their results indicates that the cutting conditions for minimized tool wear and improved surface finish are 

optimized and the characterization of tool wear and surface integrity are also done. 

Various papers on drilling GFRP composite materials were studied. Delamination was identified as the 

major problem encountered in machining GFRP composite materials. Many approaches were developed to 

study and minimize drilling induced delamination. In general, the approaches could be classified into either a 

predictive modeling method or an analysis optimization method. In both the cases, a number of algorithms and 

optimization models were considered. The most regularly featured algorithms and approaches include Artificial 



222           Shunmugesh K et al., 2017/Advances in Natural and Applied Sciences. 11(8) June 2017, Pages: 220-230 

 

Neural Networking technique, Taguchi and ANOVA methods, Regression analyses and Response surface 

methodology. We have chosen Taguchi method for the design of the experiment. 

 

Materials And Process:  

1.1 Material: 

Thermoset epoxy resin was chosen as the matrix material while glass was the chosen reinforcing fiber. The 

specimen was cut to the dimensions of 150 mm x 150 mm x 6 mm. 

 

1.2 Machining setup: 

A 5 mm ф HSS drill bit is used as the tool for drilling. A TRIAC VMC CNC machine centre is used for the 

machining process. The instrumentation consisted of a force-torque strain gauge drilling dynamometer, fixture, 

an amplifier, connecting cables, an Analog-digital converter and a PC for data acquisition. The laminate 

composite specimen was held in a rigid fixture attached to the dynamometer, which was mounted on the 

machine table. The experimental setup is as shown in the Fig1. 

 

 
 

Fig. 1: Experimental Setup 

 

2 Experimental Plan: 

Design of experiment is a powerful analysis tool for modeling and analyzing the influence of process 

variables over some specific variable, which is an unknown function of these variables. The most important 

stage in the design of experiment lies in the selection of the control factors. As many process variables as 

possible should be included, so it would be possible to identify the most significant variables at the earliest 

opportunity. In general, the thrust and torque conditions will mainly depend on the manufacturing conditions 

employed, such as: feed, cutting speed, tool geometry, machine and cutting tool rigidity, etc. In this experiment 

we have two factors with three levels each. A Deep analysis of the variability associated with such parameters is 

not the present objective of this work. 

  

2.1  Delamination factor: 

The damage generated during drilling was evaluated in quantitative terms. As a quantitative description of 

peel up and push down delamination, both the upper and lower surfaces of each specimen were scanned by a 

digital scanner. Typical diagram for delamination factor calculation is shown in fig 4.1.The area including 

delamination was calculated and the desired area was also calculated. The delamination factor was found as: 

nomD

D
DF max  

Where the unit of Dmaxand Dnom is the pixel density of the scanned image.   

 

 
Fig. 2: Delamination Factor 

 

2.2 Orthogonal Array Experiment: 

Since we have chosen two factors with three levels each, we have a L9 orthogonal array. Feed and Cutting 

speed are the chosen factors.  
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Table 1: L9Orthogonal Array 

TRIAL Factor A Factor B 

1 1 1 

2 1 2 

3 1 3 

4 2 1 

5 2 2 

6 2 3 

7 3 1 

8 3 2 

9 3 3 

 

Table 2: Assignment of the levels to the factors 

                                Factors 

Level 

Cutting Speed  (m/min) Feed rate (mm/rev) 

1 47 (3000 rpm) 0.04 

2 79 (5000 rpm) 0.08 

3 110 (7000 rpm) 0.12 

 

To summarize, the parameter design of the Taguchi method includes the following steps: ( 1) Identification 

of the quality characteristics and selection of design parameters to be evaluated; (2) determination of the number 

of levels for the design parameters and possible interactions between the design parameters; (3) selection of the 

appropriate orthogonal array and assignment of design parameters to the orthogonal array; (4) conducting of the 

experiments based on the orthogonal array; (5) analysis of experimental results using S/N and ANOVA 

analyses; (6) selection of the optimal levels of design parameters; (7) verification of the optimal design 

parameters;. Therefore three objectives can be achieved through the parameter design of the Taguchi method i.e: 

(1) determination of optimal design parameters for a process or a product; (2) estimation of each design 

parameter to the contribution of the quality characteristics; (3) prediction of the quality characteristics based on 

the optimal design parameters. 

Usually, there are three categories of quality characteristic in the analysis of S/N ratio, i.e. the-lower-the-

better, the-higher-the-better, and the-nominal-the-better. The S/N characteristics given by equations, when the 

characteristic is continuous: 

Nominal is the best characteristic: 
2

log10
ys

y

N

S


 

Smaller the better characteristic: 
 )(

1
log10 2y

nN

S  

And larger the better characteristic: 
 )(

1
log10

2

y
nN

S  

Where y  is the average of the observed data, 
2

ys  the variation of y, n the number of observations, 

and y is the observed data.  

For each type of the characteristics, with the above S/N transformation, the higher the S/N ratio, the better 

is the result. Taguchi recommends the analyzing the means and S/N ratio using conceptual approach that 

involves graphing the effects and visually identifying, without using ANOVA, thus making the analysis simple.  

 
Table 3: L 9 Orthogonal array, Experimental design and Experimental output for drilling operation (uncoated HSS drill) 

Test 

Experimental design Experimental out put 

Feed Rate 
(mm/rev) 

Cutting Speed 
(m/min) 

Machining Forces 
(Fw)  in N 

Push Delamination 
Factor,  (DF) 

Pull Delamination Factor,  
(DF) 

1 0.04 47 4.03 1.554 1.33 

2 0.04 79 5.79 1.490 1.47 

3 0.04 110 6.89 1.488 1.51 

4 0.08 47 4.08 1.450 1.41 

5 0.08 79 6.50 1.380 1.59 

6 0.08 110 8.67 1.405 1.73 

7 0.12 47 7.00 1.375 1.47 

8 0.12 79 9.53 1.355 1.91 

9 0.12 110 11.33 1.410 2.11 

 

RESULTS AND DISCUSSION 

 

The experimental output of Machining force, Push Delamination Factor and Pull Delamination Factor with 

their S/N ratio is given in the table 3. The mean value of the S/N ratio for the feed rate at level 1, 2 and 3 are 
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calculated by averaging the S/N ratio of the experiments 1-3, 4-6 and 7-9 respectively. Similarly the mean value 

of the S/N ratio for the cutting speedare calculated by averaging the S/N ratio of the experiments 1,4 & 7 for 

level1, experiments 2,5 & 8 for level2 and experiments 3,6 & 9 for level3. 

 

3.1 ANOVA and S/N ratio: 

The S/N ratio for Machining Force is shown in table 4. Also the S/N ratio graph for Machining Force is 

shown in Fig 2. The greater value of S/N ratio indicates the smaller variance of the response for a particular 

value. From the graph, it is clear that the higher value of S/N ratio is at Level 1 of cutting speed and feed rate. 

Therefore the optimal machining parameter for the Cutting Force is Cutting Speed at level 1 (47 m/min) and the 

feed rate at level 1 (0.04 mm/rev). 

The S/N ratio value for Push DF is shown in table 5 and the S/N ratio graph is shown in Fig 5. From the 

graph, it is clear that the higher value of S/N ratio is at Level 3 of feed rate and level 2 of cutting speed. 

Therefore the optimal machining parameter for the Push DF is Cutting Speed at level 2 (70 m/min) and the feed 

rate at level 3 (0.12 mm/rev). 

The S/N ratio graph for Pull DF is shown in Fig 5 and the S/N ratio value at table 6. From the graph, the 

higher value of S/N ratio are obtained at Level 1 of cutting speed and feed rate. Hence the optimal machining 

parameter for the Pull DF is Cutting Speed at level 1 (47 m/min) and the feed rate at level 1 (0.04 mm/rev). 

Also the table 8 shows the ANOVA results of Machining Force, Push DF and Pull DF. From the results of 

ANOVA it is observed that both the Cutting Speed and Feed Rate are significant factors which affect the 

Machining Force. The input factors which influence the Machining Force is Cutting Speed and then followed by 

Feed rate. The ANOVA results indicate that the Cutting Speed and Feed rate affects the Machining Force by 

49.6% and 48.4% respectively.  

The most significant factor which affects the Push DF is the Feed rate. The machining factors which 

influence the Push DF is Feed Rate and then followed by Cutting Speed. The ANOVA results indicate that the 

Cutting Speed and Feed rate affects the Push DF by 11% and 80% respectively.  

Also from results it is observed that the most significant factor which affects the Pull DF are both the 

Cutting Speed and Feed Rate. The machining factors which influence the Pull DF is Feed rate and then followed 

by Cutting Speed. The ANOVA results indicate that the Cutting Speed and Feed rate affects the Pull DF by 43% 

and 46% respectively. 

 
Table 4: Experimental results of Machining Force and S/N ratio 

S.No Feed Rate Cutting Speed Machining Force S/N ratio 

1 0.04 47 4.03 -12.1061 

2 0.04 79 5.79 -15.2536 

3 0.04 110 6.89 -16.7644 

4 0.08 47 4.08 -12.2132 
5 0.08 79 6.50 -16.2583 

6 0.08 110 8.67 -18.7604 

7 0.12 47 7.00 -16.9020 
8 0.12 79 9.53 -19.5819 

9 0.12 110 11.33 -21.0846 

 

Table 5: Experimental results of Push DF and S/N ratio 

S.No Feed Rate Cutting Speed Push DF S/N ratio 

1 0.04 47 1.554 -3.82902 
2 0.04 79 1.490 -3.46373 

3 0.04 110 1.488 -3.45206 

4 0.08 47 1.450 -3.22736 
5 0.08 79 1.380 -2.79758 

6 0.08 110 1.405 -2.95353 

7 0.12 47 1.375 -2.76605 
8 0.12 79 1.355 -2.63879 

9 0.12 110 1.410 -2.98438 

 

Table 6: Experimental results of Pull DF and S/N ratio 

S.No Feed Rate Cutting Speed Pull DF S/N ratio 

1 0.04 47 1.33 -2.47703 

2 0.04 79 1.47 -3.34635 
3 0.04 110 1.51 -3.57954 

4 0.08 47 1.41 -2.98438 

5 0.08 79 1.59 -4.02794 
6 0.08 110 1.73 -4.76092 

7 0.12 47 1.47 -3.34635 

8 0.12 79 1.91 -5.62067 
9 0.12 110 2.11 -6.48565 
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Table 7: S/N ratio table for Machining Force, Push DF and Pull DF 

Cutting Parameters 
Mean S/N Ratio (dB) Max - Min 

 Level 1 Level 2 Level 3 

Cutting Force  
Feed Rate -14.708 -15.744 -19.1895 4.4814 

Cutting Speed -13.7404 -17.0312 -18.8698 5.1293 

Push  DF  
Feed Rate -3.5816 -2.9928 -2.7964 0.785 

Cutting Speed -3.2741 -2.9667 -3.1299 0.3074 

Pull  DF  
 

Feed Rate -3.1343 -3.9244 -5.1508 2.0165 

Cutting Speed -2.9359 -4.3316 -4.9420 2.0061 

 

 
Fig. 2: S/N ratio graph for Machining Force 

 

 
Fig. 3: S/N ratio graph for Push DF 

 

 
Fig. 4: S/N ratio graph for Pull DF 

 
Table 8: Result of the ANOVA for Cutting Force, Push DF and Pull DF 

Cutting Parameter Degrees of Freedom Sum of Squares Mean Square F Ratio Contribution (%) 

Cutting Force 

Feed Rate 2 22.684 11.342 46.50 48.3286 

Cutting Speed 2 23.277 11.639 47.72 49.592 
Error 4 0.976 0.244  2.079 

Total 8 46.937   100 

      
Push DF 

Feed Rate 2 0.0278 0.0139 19.01 80.115 

Cutting Speed 2 0.0039 0.0019 2.70 11.24 
Error 4 0.0029 0.0007  8.357 
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Total 8 0.0347   100 

      

Pull DF 

Feed Rate 2 0.2385 0.11924 8.07 45.672 

Cutting Speed 2 0.2246 0.11231 7.60 43.01 
Error 4 0.05911 0.01478  11.32 

Total 8 0.5222   100 

 

3.2 Comparison of actual and predicted values at the optimal conditions: 

The predicted value and the experimental value at the optimal condition corresponding to the Signal to 

Noise ratio is given in the table 9. 

The optimum machining condition for machining force are the cutting speed at level 1 (47 m/min) and feed 

rate at level 1 (0.04 mm/rev). It is represented by V1f1 in the table 9. Similarly the optimum condition for Push 

DF and Pull DF are V2f3 and V1f1 respectively. 

The actual and predicted value graph interms of S/N ratio for machining force, push DF and pull DF are 

shown in Fig 8,9 and 10 respectively. The linear graphs of machining force, push DF and pull DF are shown 

with regard to their R-Sq value of 99.2%, 98.9% and 98.8% respectively. 
 

Table 9: Comparison of actual and predicted values at the optimal using ANOVA 

 Optimal Cutting Parameters 

 Actual Value Predicted Value 

Cutting Force   
Level V1f1 V1f1 

Cutting Force (N) 4.03 3.51556 
S/N ratio (dB) -12.1061 -11.9013 

Push DF   

Level V2f3 V2f3 
Push DF 1.355 1.35422 

S/N ratio (dB) -2.63879 -2.63949 

Pull DF 
Level 

 
V1f1 

 
V1f1 

Pull DF 1.33 1.22556 

S/N ratio (dB) -2.47703 -2.00036 
   

 

 
 

Fig. 5: Surface Plot for Force w.r.t Feed Rate and Cutting Speed 

 

 
 

Fig. 6: Surface Plot for Push DF w.r.t Feed Rate and Cutting Speed 
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Fig. 7: Surface Plot for Pull DF w.r.t Feed Rate and Cutting Speed 

 

 
 

Fig. 8: Actual Vs Predicted Value for Force 

 

 
 

Fig. 9: Actual Vs Predicted Value for Push DF 

 

 
 

Fig. 10: Actual Vs Predicted Value for Push DF 

 

3.3 Effect of Cutting Speed and Feed Rate on Machining Force: 

The impact of Cutting Speed and Feed Rate on Machining Force is pointed out in Fig 11 for the different 

experimental condition. From the graph it is clear that the force increases slowly opto 0.08 mm/rev and 

increases rapidly after that upto 0.12 mm/rev of the Feed rate. Where as in the case of cutting speed the increase 

in machining force is constant at all the 3 levels of the speed. As the cutting speed increases, the heat generation 

also increases which results in softening of material at the heat generated area. The minimum force required for 

machining can be obtained by the combination of lower feed rate and lower cutting speed (0.04 mm/rev and 47 

m/min). 
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3.4 Effect of Cutting Speed and Feed Rate on Push DF: 

The effect of Cutting Speed and Feed Rate on Push DF is represented in Fig 12 for the three different 

experimental conditions. From the graph it is clear that the Push DF decreases rapidly upto 0.08 mm/rev and 

then decrease slowly further with the increase in feed rate up to 0.12 mm/rev. The Push DF decreases from 47 

m/min to 79 m/min of the cutting speed and then increases further up to the 110 m/min of the cutting speed. The 

minimum Push DF required for machining can be obtained by the combination of higher feed rate and medium 

cutting speed (0.12 mm/rev and 79 m/min). 

 

3.5 Effect of Cutting Speed and Feed Rate on Pull DF: 

The influence of Cutting Speed and Feed Rate on Pull DF is indicated in Fig 13 for the three different 

operating conditions. From the graph we understand that the Pull DF increases with the increase in the Feed rate 

and the Cutting Speed. The minimum Pull DF required for machining can be obtained by the combination of 

lower feed rate and lower cutting speed (0.04 mm/rev and 47 m/min). 

 

 
 

Fig. 11: Main effect plot for Machining Force 

 

 
 

Fig. 12: Main effect plot for Push DF 

 

 
 

Fig. 13: Main effect plot for Pull DF 
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Fig. 14: Normal Probability Plot for Force 

 

 
 

Fig. 15: Normal Probability Plot for Push DF 

 

 
 

Fig. 16: Normal Probability Plot for Pull DF 

 

The error deviation isfound to be normally distributed along the straight line for the Machining Force, Push 

DF and Pull DF as shown in Fig. 14 - 16 respectively. 

 

Conclusion: 

The optimal machining condition for drilling GFRP using uncoated HSS drill under dry condition was 

successfully found out by using the Taguchi method. The following conclusions are drawn from the experiment. 

 The minimum force required for machining can be obtained by the combination of lower feed rate and 

lower cutting speed (0.04 mm/rev and 47 m/min). The minimum Push DF required for machining can be 

obtained by the combination of higher feed rate and medium cutting speed (0.12 mm/rev and 79 m/min).The 

minimum Pull DF required for machining can be obtained by the combination of lower feed rate and lower 

cutting speed (0.04 mm/rev and 47 m/min). 

 From the results it is observed that both the Cutting Speed and Feed Rate are significant factors which 

affect the Cutting Force. The ANOVA results indicate that the Cutting Speed and Feed rate affects the Cutting 

Force by 49.6% and 48.4% respectively.  

 The machining factors which influence the Push DF is Feed Rate and then followed by Cutting Speed. 

The ANOVA results indicate that the Cutting Speed and Feed rate affects the Push DF by about 11% and 80% 

respectively. 

 ANOVA  results indicates that the most significant factor which affects the Pull DF are both the 

Cutting Speed and Feed Rate. The machining factors which influence the Pull DF is Feed rate and then followed 

by Cutting Speed. The Cutting Speed and Feed rate affects the Pull DF by about 43% and 46% respectively. 
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