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Abstract 

In aerospace engineering, CFRP is a mostly used material for making different parts of aero planes. The CFRP material is a one 

of the composite material .Till now no any technique which is used to weld together of cfrp material.so that there is a only one 

technique is mostly used and that is a drill the hole and use the fasteners to join them. So that the quality of hole is very most 

important. Thus, the choice of optimized cutting parameters is very important for controlling the required hole quality. In this 

present work the aim is to optimized the cutting parameters through work piece hole size, circularity and delamination.in this 

research an experimental investigation of a full factorial design performed on thin CFRP laminated sheet using HSS drill with 

different point angle 90°,120°,150°and by varying different spindle speed  (3500,4500,5500 rpm )and feed rate(200,500,900 

mm/min )to determine optimum cutting  condition. The hole quality parameters analyzed include hole diameter, circularity and 

delamination. Analysis of variance (ANOVA) was carried out for Hole quality parameters and their contribution rates was 

determined. Design of Experiments (DOE) methodology by full factorial Design was used in the multiple objective 

optimizations (using Mini Tab 17, software) to find the optimum cutting conditions for defect free drilling.   
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________________________________________________________________________________________________________ 

I. INTRODUCTION 

Composite materials play an important role in the field of engineering as well as advance manufacturing in response to 

unprecedented demands from technology due to rapidly advancing activities in aircrafts, aerospace and automotive 

industries.[7,16]These materials have low specific gravity that makes their properties particularly superior in strength and 

modulus to many traditional engineering materials such as metals. As a result of intensive studies into the fundamental nature of 

materials and better understanding of their structure property relationship, it has become possible to develop new composite 

materials with improved physical and mechanical properties.[9] These new materials include high performance composites such 

as reinforced composites. Carbon Fiber Reinforced Plastic (CFRP) composite materials have potential applications in various 

domains like aerospace, automobile.[17,1] In machining, drilling is essentially required to join different structures but CFRP 

drilling poses many problems encountered include surface delamination, internal delamination, fiber/resin pullout, hole 

shrinkage, last ply damage, hole surface roughness, and higher tool wear due to abrasion by hard fibers that decrease the quality 

of holes.[10] In order to minimize these machining problems, similar to metals, there is need to develop scientific methods to 

select cutting conditions for damage-free drilling of composite materials.[13] Delamination is a major problem associated with 

drilling fiber reinforced composite materials and in addition to reducing the structural integrity of the material, it also leads to 

poor assembly tolerances and has the potential for long-term performance deterioration. There are two different mechanisms of 

delamination, normally referred as: peel-up and pullout.[4] These are illustrated in Fig.1. In the peel-up delamination 

mechanism, due to the advance of the drill, the upper layers of the material tend to be pushed through the cutting faces of the 

drill instead of being cut. This damage can be avoided using low feed rates. The push-down delamination is resultant from the 

indentation effect caused by the quasi stationary drill chisel edge, acting over the uncut layers of the laminate.[18]. The 

delamination takes place when the thrust force exerted by the drill exceeds the interlaminar fracture toughness of the layers. The 

most used method to reduce the pushdown delamination is to use a support plate under the work piece. [13] Several studies have 

been done to analyze delamination both at the entry exit points of the hole. 
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Fig. 1: Delamination mechanisms: (a) Peel-up and (b) Push-down[6] 

Many of the researchers research on the cfrp composite material. V.N Gaitonde et. al in 2007 investigated the effect of Cutting 

speed (60, 120 and 600 m/min), Feed rate (1, 3 and 5 m/min) and point angle of drill on delamination factor at the entrance of 

drilled holes with three levels defined for each of the process parameters. The cemented carbide (grade K20) twist drills of 5 mm 

diameter with 250 helix angle with 850, 1150 and 1300 point angles were utilized for the experiments.in that research conclusion 

was derived that delamination tendency decrease with increase in cutting speed. Low feed rate and point angle combination for 

reducing damage [18].C.C Tsao et al in 2008 investigated the effect of  feed rate(8,12,16mm/min)spindle speed (800,100,1200 

rpm)and diameter ratio (0.55 to 0.74 mm/mm) with the using of step drill.by the ANOVA determined that thrust force of various 

step-core drills increase with decrease in diameter ratio and increase in feed rate. The experimental results indicated that the 

diameter ratio, feed rate and spindle speed have significant influence on delamination and the by the ANOVA the best 

combinations found to be diameter ratio = 0.74mm/mm, feed rate=8mm/min and spindle speed = 1200 rpm for all step-core drills 

within the tested range.[19] Redouane Zitoune had worked on Study of drilling of composite material and aluminum stack in 

2010 and  investigate the effect of  different spindle speed (1050,2020,2750 rpm) , feed rate (0.05,0.1,0.15 mm/rev) and drill 

diameter 4,6,and 8 mm the drilling operation is done on the CFRP/aluminum stack. Experiments were conducted using full 

factorial design and evaluated the Effect of cutting variables on thrust force and torque, chip shape and quality of hole and Effect 

of number of holes on thrust force. If diameter of drill is increase, the thrust force and torque is increase. feed is increased the 

circularity increases. When the feed rate was low the circularity was 6 micrometer and when feed rate increase the circularity 

was increase from 6 to 25 micrometer. For all spindle speed and drill diameter the surface roughness was 2 to 4 micrometer with 

using 0.05 mm/rev feed rate[13]. S .R Karnik et. al in 2012 performed delamination analysis in high speed drilling by developing 

an artificial neural network (ANN) model and used the cutting parameter are spindle speed (4000, 8000 and 40000 rpm), feed 

rate(1, 3 and 6 m/min) and point angle (850,1150and 1300). Drilling experiments were conducted as per full factorial design 

using cemented carbide (grade K20) twist drill. The delamination prediction model was developed using multilayer feed forward 

ANN, trained using EBPT (error-back propagation training) algorithm. By the experimental and investigation results, they 

concluded that a combination of high speed and low values of feed rate and point angle seems to be an appropriate selection for 

minimizing the delamination. The interaction effects analysis demonstrates the advantages of employing a high spindle speed of 

40,000 rpm for drilling CFRP composite material in reducing the damages at the entrance of the holes [4]. Vijay Krishnaraj et al 

in 2012 published paper on “Optimization of machining parameters at high speed drilling of carbon fiber reinforced plastic 

(CFRP) laminates” and reported an experimental investigation of a full factorial design performed on thin CFRP laminates using 

K20 carbide drill by varying the drilling parameter such as spindle speed (12000, 16000 & 20000 rpm) to determine optimum 

cutting conditions. With using Analysis of variance (ANOVA) and Genetic Algorithm (GA) methodology the optimized result 

was obtain. The optimized spindle speed for drilling thin CFRP laminates at high speeds is found to be 12,000 rpm.[2] 

The main objective of this experiment is to characterize the hole quality parameters like hole size, delamination and circularity 

by carry out on the cfrp composite laminate by employing  full factorial design  and analysis of variance (ANOVA) with using 

HSS drill and by varying the drilling parameters such as spindle speed ,feed rate and point angle to determine optimum cutting 

conditions on the VMC. 

II. EXPERIMENTAL DESIGN, WORK PIECE MATERIAL AND EQUIPMENT 

 CFRP Material A.

Here plate of the CFRP having dimension of 150x150x2 mm is used for the experiment purpose. It consists of bidirectional 

Woven, Carbon Fiber and Graphite Epoxy composite with a fiber volume of 50% - at room temperature and in dry condition. 

 
Fig. 2: Plate with fiber orientation of 0/90 degrees 
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Table – 1 

Following are the mechanical properties of CFRP composite material. 

Young‟s 

Modulus 0° 

Young‟s 

Modulus 

90° 

In-plane 

Shear 

Modulus 

Ult. Tensile 

Strength 0° 

 

Ult. Comp. 

Strength 0° 

Ult. Tensile 

Strength 90° 

Ult. Comp 

Strength 90° 

Ult. 

Tensile 

Strain 0° 

Ult. Comp 

Strain 0° 

 

Thermal 

Exp. Co-

ef. 0° 

GPa GPa GPa MPa MPa MPa MPa % % Strain/k 

70 70 5 600 570 600 570 0.85 0.8 2.1 

 Cutting Tool B.

 
Fig. 3: A twist Drills with different point angle 

For this experiment study HSS twist drill with different point angles and uncoated core HSS drill with 6.8 mm are used for 

drilling operation. Twist drills have a point angle of 90º, 120º,150º . 

 Experimental set up C.

The experimental set-up is shown in Fig. 2. The workpiece was mounted on the wood sheet as a backup plate which was fixed on 

the bed of a vertical machining center with help of clamps and the drill was fed into the workpiece. A vertical machining center 

made of Haas Inc. with 22.4 kW power rating and a maximum speed of 8000 rpm was used to perform the experiments. Drilling 

trials were carried out using 6.8 mm diameter coated solid carbide drill. Tests were undertaken in dry condition. The hole size is 

measured by the use of CMM machine as shown in fig. CMM is made of Electronica Emerald model of 7126. The measuring 

capacity of CMM along X direction is 700 mm, Y direction is 1200 mm and 600 mm along Z direction. It is Gantry type CMM 

machine. Circularity is one of the most important parameter to check hole quality performance. It is defined as a two 

dimensional geometric tolerance that controls how much a feature can deviate from a perfect circle. Measurement of circularity 

is done by Co-ordinate measuring machine (CMM) at SHUSA Mechatronics Pvt. Ltd. The accuracy of CMM is   + 0.0003mm. 

The most common non-destructive technique used to quantify the delamination is based on determining the delamination factor. 

But in present work for finding out the damage around the hole called delamination at the entrance was measured with a 

toolmaker microscope a OMEGA 6000 toolmakers‟ microscope with Standard Configuration: Binocular, (2) 18mm/10x 

eyepieces, 4x, 10x, 40x & 100x oil Semi Plan Objectives, 30 watt halogen light source, mechanical stage, 1.25 ABBE condense. 

The entry and exit delamination factor are define by the use the equation and it is given below. This factor has been used to 

characterize the delamination at both the entrance and exit of the hole, and it is given by: 

Fd = Dmax 

D0 

Dmax = maximum diameter of the damage zone.  

D0 = hole diameter   

 

Fig. 4: Experimental set-up 
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 Full Factorial Design D.

Full factorial design is used for simultaneous study of several factor effects on the process. By varying levels of factors 

simultaneously we can find optimal solution. Responses are measured at all combinations of the experimental factor levels. The 

combination of the factor levels represent the conditions at which responses will be measured. Each experiment condition is a 

run of an experiment. The response measurement is an observation. The entire set run is a design. It is used to find out the 

variables which are the most influence on the response and their interactions between two or more factors on responses.[11] 
Table – 3 

Summarizes the experimental conditions 

Factor Level 1 Level 2 Level 3 

Spindle speed (rpm) 3500 4500 5500 

Feed rate (mm/min) 200 500 900 

Point angle(degree) 90 120 150 

Table – 4 

Observation table of coated HSS  drill with different point angle. 

 

III. RESULTS AND DISCUSSION 

Experiments were conducted to investigated the effects of cutting parameters like spindle speed and feed rate on hole quality 

parameters like circularity and hole size of CFRP laminates. 

 Analysis of Variance (ANOVA) A.

Presents study used ANOVA to determine the optimum combination of process parameter more accurately by investigating the 

relative importance of process parameters. 

 Main Effect Plots Analysis for Hole Size B.

The analysis is made with the help of a software package MINITAB 17. The main effect plots are shown in fig.3. These show the 

variation of response with the three parameters i.e. cutting speed and feed separately. In the plots, x axis indicate the value of 

each parameter at three  level and y- axis the response value. Horizontal line indicates the mean value of the response. The main 

effects plots are used to determine the optimal design conditions to obtain the optimum Hole size. 

 
Fig. 5: Main effect plot for hole size 
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Fig.5.0 shows that better hole size will meet at the 4500rpm spindle speed,500mm/min feed rate, and 120degree point angle. 

 Analysis of variance for Hole size C.

Table – 5 

Analysis table of Hole Size for HSS Drill with different point angle in Minitab 17 

SOURCE DF SS MS F P 

Speed 2 0.26639 0.26939 34.76 0.000 

Feed 2 0.85584 0.8554 11.08 0.001 

Point angle 2 0.25532 0.25532 32.95 0.000 

Error 20 0.07750 0.7750   

Total 26 0.68804    

S=0.0622483 R-Sq=88.74% R-Sq(adj)=85.36% 

Table 5 presents the results of ANOVA for Hole size. From the anova tale it is observed that, The Spindle speed and Point angle 

is the significant parameter for hole size and the feed rate is less effected parameter for Hole size. Statistically, F-test decides 

whether the parameters are significantly different. A larger F value shows the greater impact on the machining performance 

characteristics. Larger F- values are observed for spindle as 34.76. 

 Main effect plot for Circularity D.

The analysis is made with the help of a software package MINITAB 17. The main effect plots are shown in fig.3. These show the 

variation of response with the three parameters i.e. cutting speed and feed separately. In the plots, x axis indicate the value of 

each parameter at three  level and y- axis the response value. Horizontal line indicates the mean value of the response. The main 

effects plots are used to determine the optimal design conditions to obtain the optimum Circularity. 

 
Fig. 6: Main effect plot for circularity 

Fig.6 shows that better circularity will meet at the5500rpm spindle speed, 200 mm/min feed rate, and 150 degree point angle. 

 Analysis of variance of Circularity E.

Table – 6 

Analysis table of Hole Size for HSS Drill with different point angle in Minitab 17 

SOURCE DF SS MS F P 

Speed 2 0.000686 0.000343 40.89 0.000 

Feed 2 0.000085 0.000042 15.05 0.017 

Point angle 2 0.002200 0.001100 131.14 0.000 

Error 20 0.000168 0.00008   

Total 26 0.003139    

S=0.0028464 R-Sq=94.65% R-Sq(adj)=93.05% 

Table 6 presents the results of ANOVA for circularity. It is observed from the ANOVA table, the speed and point angle are the 

significant parameter for the circularity. However, the feed has least effect of in controlling the circularity. Statistically, F-test 

decides whether the parameters are significantly different. A larger F value shows the greater impact on the machining 

performance characteristics. Larger F- values are observed for point angle as 131.14. 
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 Main Effect Plot for Delamination F.

 
Fig. 7: Main effect plot for delamination 

The analysis is made with the help of a software package MINITAB 17. The main effect plots are shown in fig.7. These show the 

variation of response with the three parameters i.e. cutting speed and feed separately. In the plots, x axis indicate the value of 

each parameter at three level and y- axis the response value. Horizontal line indicates the mean value of the response. The main 

effects plots are used to determine the optimal design conditions to obtain the optimum delamination. 

Fig.7 shows that lower delamination will meet at the 5500rpm spindle speed, 900 mm/min feed rate, and 150 degree point angle. 

 Analysis of variance for Delamination G.

Table -7 

 Analysis table of Hole Size for HSS Drill with different point angle in Minitab 17 

SOURCE DF SS MS F P 

Speed 2 0.000231 0.000115 35.03 0.017 

Feed 2 0.000107 0.000053 22.033 0.123 

Point angle 2 0.006894 0.003447 150.08 0.000 

Error 20 0.004059 0.000023   

Total 26 0.007691    

S=0.0047924 R-Sq=94.03% R-Sq(adj)=92.24% 

Table 7 presents the results of ANOVA for delamination. It is observed from the ANOVA table, point angle is the significant 

parameter for the delamination. However, the feed has least effect of in controlling the delamination. Statistically, F-test decides 

whether the parameters are significantly different. A larger F value shows the greater impact on the machining performance 

characteristics. Larger F- values are observed for point angle as 150.08. 

IV. CONCLUSION 

The following conclusions are drawn based on the performance of machining Responses namely hole size and circularity. 

 Hole size:  A.

From the comparison of graph and analysis of variance, it is revealed that hole size increases with decrease the spindle speed and 

decrease with decrease with decreasing the feed rate and also increase with point angle.  And decreases with increase of Spindle 

speed. Every parameters are affecting on hole size. With the Increase of spindle speed the hole size decreases. 

 Circularity:  B.

Circularity decreases with the increase of spindle speed with increasing the point angle the circularity is decrease and, remains 

almost constant for increasing feed rate. Spindle speed and point angle of drill affects more on circularity than feed rate. Feed 

rate affects not much on the circularity. 

 Delamination:  C.

Delamination is decrease with increasing the speed, feed rate and also decreases with increasing the point angle. The point angle 

is more affected to the delamination.  
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Full factorial method based on ANOVA analysis finds optimal response as 5500 Rpm spindle speed and 200 mm/rev feed and 

150 point angle rate for HSS twist drilling condition. 
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