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Abstract: Drilling composite materials is considered a critical and sensitive operation because these 
materials are delaminated under the stresses caused by drilling operation. In this paper, the effects of 
feed rate, drill rotation speed and drill point angle on delamination factor in polymer-based composite 
laminate reinforced by E-glass fibers are studied. To this end, each of the mentioned parameters was 
defined at three levels using full factorial technique of design of experiments. During conducting the 
experiments, the drilling force was measured using a dynamometer. The amount of delamination factor 
was computed by scanning the exit hole of the drilled area. Using analysis of variance (ANOVA), the 
collected experimented data were analyzed. The results indicated that the delamination factor increased 
at low and high values of the parameters within the considered experimental range of the parameters. 
At the end, the optimum values of parameters were determined in order to minimize delamination. 
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INTRODUCTION 

 
Transportation, military and aerospace industries are highly interested in using composite materials because 

of these materials high specific strength, specific stiffness and corrosion resistance. Among all the machining 
processes, drilling has the highest application in assembling parts made of composite materials. As an example, 
it has been reported that, in a small aircraft engine, over 100000 holes are required (El-Sonbaty et al., 2004). 
This operation is often conducted using traditional twist drills. Tsao et al. (2005a) studied on the effect of 
eccentricity of twist drill and candle stick drill on delamination in drilling composite materials. Tsao et al. 
(2005b) have done computerized tomography and C-Scan for measuring delamination in the drilling of 
composite materials using various drills. They showed that that the drilling-induced delamination of composite 
materials can be visualized and measured by the ultrasonic C-Scan, as well as the X-ray computerized 
tomography. They also demonstrated that the recognized correlation between the thrust force and delamination, 
as well as the proportionality between feed rate and delamination, can be successfully demonstrated by the 
proposed technique. 

Durao et al. (2008) conducted numerical prediction of delamination onset in carbon/epoxy composites 
drilling. They used a finite element model considering solid elements of the ABAQUS software library and 
interface elements including a cohesive damage model was developed in order to simulate thrust forces and 
delamination onset during drilling. They found that the FE model was able to reasonably predict not only the 
thrust force for delamination onset and the maximum thrust force during drilling, but also the uncut thickness at 
which these phenomena will occur. Machining and in particular drilling of composites has many challenges 
because of these materials’ sensitivity to mechanical stresses. One of the most important problems is 
delamination or separation of composite layers around the machining area. Abrao et al. (2007) presented a 
review paper on drilling of fiber reinforced plastics. They found that despite the fact that some aspects, such as 
the effect of cutting parameters and tool geometry on the quality of the hole have been extensively studied over 
the last years, the phenomena associated to shearing of polymeric composite materials require additional studies 
in order to allow a better understanding of the behavior of this category of materials when subjected to cutting. 
They also showed that the principal factors used to evaluate the performance of the process are undoubtedly the 
damage caused at the drill entry or exit and the roughness on the wall of the hole produced.  

Duaro et al. (2010) performed some experiments on evaluating of drilling tool geometry for reinforced 
composite laminates. Abaro et al. (2008) studied on the effect of cutting tool geometry on thrust force and 
delamination of drilling of glass fibre reinforced plastic composites. Mohan et al. (2008) have done 
delamination analysis in drilling process of glass fiber reinforced plastic (GFRP) composite materials. They 
have conducted drilling tests on glass fiber-reinforced plastic composite GFRP laminates using an instrumented 
CNC milling center. Machining parameters such as drill size, feed rate, and cutting speed have been observed 
for damage-free drilling of GFRP materials. They indicated that experimental values correlated better with the 
model of thrust for 6mm drill size than for 10mm and torque correlated better for lower feed ranges than for the 
higher feed ranges.  
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Velayudham et al. (2007) showed the effect of point geometry and their influence on thrust and 
delamination in drilling of polymeric composites. They studied the influence of point geometry on thrust and 
delamination. They demonstrated that that drill point has considerable influence on thrust and delamination and 
tripod point geometry produce the least delamination damage. Durao et al. (2006) have done numerical 
simulation of the drilling process on carbon/epoxy composite laminates. They analyzed the delamination during 
drilling of carbon/epoxy plates using the finite element method. They found that the main direction of 
delamination onset points is 22.5º, corresponding to a direction with no fibre aligned in a quasi-isotropic plate, 
and showing some similarities with some radiography of drilled plates. Kilickap et al. (2010) optimized the 
cutting parameters on delamination based on Taguchi method during drilling of GFRP composite. They 
investigated the influence of the cutting parameters, such as cutting speed and feed rate, and point angle on 
delamination produced when drilling a GFRP composite. They found that that feed rate and cutting speed were 
the most influential factor on the delamination, respectively. They also showed that best results of the 
delamination could be obtained at lower cutting speeds and feed rates.  

Capello (2004) believed that delamination destruction was the most critical defect which could be created 
because of machining operation in the composites since it could severely damage the performance of the 
finished part. They analyzed the differences in delamination mechanisms when drilling with and without a 
support placed under the work piece. They indicated that the main effect of the support is to impede inflection, 
not to provide mechanical strengthening. Therefore, a significant reduction in delamination can be achieved by 
limiting the work piece dynamics.  According to the Khashaba (2004), delamination was the reason for failure 
of around 60% of the parts produced in the aviation industry. They investigated the influence of drilling and 
material variables on thrust force, torque and delamination of GFRP composites experimentally. They showed 
that that the presence of sand filler in continuous-winding composites not only raised the values of cutting forces 
and push-out delamination but also increased their values with increasing cutting speed. In contrast, increasing 
the cutting speed in drilling cross-winding, woven and chopped composites reduces the push-out delamination 
as a result of decreasing the thrust force. They also observed that in drilling woven composites the delamination 
at different edge position angles due to the presence of the braids that made by the interlacing of two orthogonal 
directions of fibers tows (warp and fill). 

 

 
 
Fig. 1: Mechanisms of delamination; (a) Peel-up delamination at entrance and (b) Push-out delamination at exit  
            (Capello, 2004). 

 
Drilling-induced delamination occurs at the entry and exit planes of the workpiece as illustrated 

schematically in Fig. 1. These are called push-out and peel-up delamination. Two different mechanisms are 
responsible for delamination on each side of the laminate. Peel-up occurs as the drill enters the laminate. After 
the cutting edge of the drill makes contact with the laminate, the cutting force acting in the peripheral direction 
is the driving force for delamination. It generates a peeling force in the axial direction through the slope of the 
drill flute that results in separating the laminas from each other forming a delamination zone at the top surface of 
the laminate (Khashaba, 2004). Peel-up delamination occurs by sliding the pierced plies up the flutes of the drill 
similar to the action of a power screw. This tends to separate and severely bend the surface plies leading to its 
fracture under Mode III loading (Sheikh-Ahmad, 2009). 

Push-out delamination occurs before the drill completely drills the sheet and exits from it as shown in Fig. 
1(b) (Khashaba, 2004). The drill point exerts compressive force on the uncut plies below causing them to bend 
elastically. As the drill approaches the exit, the number of uncut plies supporting it reduces and the resistance to 
bending decreases. At a critical thickness, the bending stress becomes greater than the interlaminar strength 
between the plies and an interlaminar crack is initiated around the hole. Further pushing down by the drill point 
causes the crack to propagate and the flexural rigidity of the supporting plies becomes weaker. This leads to 
fracturing the material below the drill point as the chisel edge proceeds to exit the laminate. The fracture of the 
bottom surface plies occurs by both Modes I and III fracture. The damage at exit plies is shown as spalling that 
extends beyond the hole diameter (Sheikh-Ahmad, 2009). Studies have shown that there is a direct relationship 
between the extent of delamination and the drilling thrust force (Khashaba, 2004; Sheikh-Ahmad, 2009; 
Hocheng et al., 2006; Davim et al., 2003a). Thus, in studying the effect of drilling parameters on delamination, 
the drilling thrust force should be considered.  
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The main object of the present paper is to study the effects of some the cutting parameters, such as feed 
rate, drilling rotation speed and drill point angle on delamination area produced during drilling of glass-epoxy 
composites using full factorial technique and ANOVA. The results of this study may be useful to the designers 
too. 

 
2. Experimental procedures: 

The laminates were composed of five layers, which were hand laid-up in the symmetrical form of 
[0,90,0,90,0]. The fibers were unidirectional (UD) E-glass and had a volume fraction of 0.55~0.6 in the 
laminates. Therefore, the laminates were polymer-based composites reinforced with the UD E-glass fiber (UD-
GFRP).  The applied resin was ML-506 epoxy resin with HA-11 hardener and the final thickness of the 
laminates was 3 mm (Fig. 2).  

 
 
 
 
 
 
 
 
 
 

Fig. 2: A UD-GFRP laminate (195 mm×195 mm×3 mm). 
 
Standard twist drills made of high-speed steel (HSS) with 5% Co and with 5 mm diameter were used for the 

drilling operation. The tip of the drills was ground to have drill point angles of 70°, 90° and 118° angles (Fig. 3). 
To prevent the effect of drill wear on the experiments results, each drill was used for making 6 holes. Drilling 
was carried out on a FP-4M vertical milling machine with maximum rpm of 2500. 

 

 
Fig. 3: The drills with 70°, 90° and 118 ° point angle.  

 
During the drilling operation, the drilling thrust force was measured using a Kistler dynamometer, Model 

9255B. In this work, like other previous investigations (Davim et al., 2003; Davim et al., 2004a; Davim et al., 
2004b; Sardinas et al., 2006; Davim et al., 2004c; Davim et al., 2003b), an index or factor called delamination 
factor (Fd) given by Eq. (1) is used to determinate the extent of delamination: 

 
                                                                                                                                                               (1) 

 
Fig. 4: Diagram of the damage (Davim et al., 2004). 

As can be observed in Fig. 4, Dmax is the maximum diameter created due to delamination around the hole 
and D is the hole or drill diameter. Table 1 shows the input and output variables in this study. 
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Table 1 The input and output variables. 

Input variables Output variables 
Feed rate (f), mm/min 
Drill rotation speed (n), rpm 
Drill point angle (θ), degree 

Drilling thrust force (F), N 
Delamination factor ( ) 

 
The experiments were designed using the full factorial technique. According to this method, the number of 

required experiments is 27. To get reliable data, each experiment was repeated three times. Finally, the average 
of these three data was considered as the amount of output variable for that experiment. In Table 2, the 
conducted experiments are presented along with their results. Statistical analysis was done according to full 
factorial technique and using Minitab Software. Using the table of Analysis of Variance (ANOVA), the effect of 
input parameters on the drilling thrust force and delamination factor can be studied. To this end, the amount of 
P-value in ANOVA for each of the parameters and their interaction effects should be less than 0.05 in order to 
show that the effects of parameters and their interactions on the drilling force and delamination are significant. 

 
Table 2 The experiments and their results. 

Test number θ(Degree) n(rpm) f (mm/min)  (N)  (N) 
1 70 1000 25 43.60 21.52 1.40336 
2 70 1000 100 70.54 36.11 1.23544 
3 70 1000 400 428.98 197.20 2.15959 
4 70 2000 25 21.80 13.65 1.33773 
5 70 2000 100 82.07 38.32 1.25476 
6 70 2000 400 291.95 126.44 1.55684 
7 70 2500 25 25.45 11.91 1.58700 
8 70 2500 100 160.99 68.20 1.27086 
9 70 2500 400 237.51 107.18 1.43470 
10 90 1000 25 27.12 14.57 1.27900 
11 90 1000 100 40.93 22.62 1.16341 
12 90 1000 400 176.34 101.70 1.75244 
13 90 2000 25 21.40 12.42 1.33870 
14 90 2000 100 37.58 19.77 1.23365 
15 90 2000 400 103.64 52.01 1.24535 
16 90 2500 25 13.83 8.16 1.36054 
17 90 2500 100 64.39 32.77 1.26989 
18 90 2500 400 85.57 46.53 1.23648 
19 118 1000 25 19.41 11.34 1.29490 
20 118 1000 100 35.64 22.06 1.36963 
21 118 1000 400 163.79 86.02 2.44951 
22 118 2000 25 15.61 8.58 1.35179 
23 118 2000 100 43.09 25.51 1.31094 
24 118 2000 400 102.77 59.79 1.53220 
25 118 2500 25 18.30 10.39 1.44761 
26 118 2500 100 60.28 34.54 1.23964 
27 118 2500 400 88.58 47.61 1.57872 

 

RESULTS AND DISCUSSIONS 
 
As can be seen in Tables 3 and 4, drill point angle, drill rotation speed and feed rate and some of their 

interactions are significant factors affecting drilling thrust force and delamination factor using by the response 
surface method (RSM). The point that should be considered in these tables is that both of them show the same 
main and interaction effects of parameters affecting the delamination factor and drilling thrust force. Based on 
this, the value of the thrust force is found from Table 3 as: 

 

 
                                                                                                                          (2) 
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Table 3 Estimated regression coefficients for thrust force (F). 
Term                                     Coef                         SE Coef                         T                               P 
Constant                                53.89                        3.923                           13.736                       0.000 
f (mm/min)                             39.69                        4.423                           8.974                         0.000 
n (rpm)                                 -12.26                       4.666                           -2.627                        0.016 
θ (degree)                             -18.32                       4.730                           -3.873                        0.001 
f* n                                       -17.24                       5.261                          -3.278                         0.004 
f*θ                                        -15.90                       5.333                           -2.981                        0.007 
 
 S = 19.64                                            R-Sq = 84.2%                                                  R-Sq(adj) = 80.5% 

 
Table 4 Analysis of variance for thrust force (F). 

Source                            DF           Seq SS             Adj SS             Adj MS               F                 P 
Regression                     5              43314.2           43314.2          8662.8                22.46          0.000 
  Linear                          3              35742.6           39410.4          13136.8              34.05          0.000 
  Interaction                   2               7571.6            7571.6            3785.8                9.81            0.001 
Residual Error              21             8100.9             8100.9            385.8 
Total                             26            51415.1 

 
The effects of the process parameters on thrust force and delamination factor are shown is Figs. 5 to 9. Fig. 

5 demonstrates the main effect of each of these input parameters on the drilling thrust force. This figure shows 
that by increasing the drill speed to 2000 rpm, the drilling force decreases; however, when the drill speed 
increases, the thrust force increases slightly because severe heat generation in the drilling area leads to softening 
of the fiber and matrix. As a result, fiber cutting becomes harder for the cutting edges of the drill and drilling 
thrust force increases a small amount. This figure also shows that the least thrust force obtained at the drill point 
angle of 90°. The scanned images of Fig. 6 show the extent of damage under different conditions of drilling. 

 

 
Fig. 5 Main affects plot for the drilling thrust force. 

 
   a)   f = 25 mm/min                                 b)   f = 100 mm/min 

 
Fig. 6: The scanned images of the drilling area by digital scanner. 
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Figs.7 and 8 demonstrate the interaction effects of input variables on the drilling thrust force and 
delamination factor respectively. It can be understood from Fig. 7 that, for all the drill point angles, the thrust 
force at the drill rotation speed 2000 rpm is a minimum. As a result, minimum delamination destruction is 
expected at this drill rotation speed. This figure also shows that, for all the rotational speeds, increase of feed 
rate increases the drilling thrust force.  

 

 
Fig. 7: Interaction effects for the drilling thrust force. 

 

 
 
Fig. 8 Interaction effects for the delamination factor. 

 
The result that the drill point angle of 90° produces the least amount of delamination is in agreement with 

the previous works done by other researchers such as Chen (1997) and  Singh et al. (2008). Fig. 8 demonstrates 
that the least delamination factor is obtained at the point angle of 90° which produced the least thrust force as 
shown in Fig. 5. Therefore by increasing the drill point angle from 90°, the drilling force increases which in turn 
causes more delamination. A similar conclusion can be drawn from Figs.5 and 8 when increasing the drill point 
angle from 70° to 90° decreases the thrust force and as a result the delamination factor decreases. As was 
expected and shown in Fig. 9, the delamination factor decreases when the drill point angle increases from 70° to 
90 °. 

According to Fig. 9 and in contrast to the expectations, when the feed rate increases from 25 mm/min to 
100 mm/min, the delamination factor decreases. The reason is that at the feed rate of 25 mm/min, more heat is 
generated and transferred to the laminate in the drilling area. This can create local thermal destruction of the 
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work piece and make an undesirable result on the delamination factor. Increasing the feed rate from 25 mm/min 
to 100 mm/min decrease the amount of heat generation and finally causes the delamination factor to drop. 

 

 
 
Fig. 9 Mean effects plot for delamination factor. 

 
The scanned images from the created holes at the feed rates of 25 mm/min and 100 mm/min (Fig. 6) show 

that drilling with 25 mm/min feed rate causes more burrs at the exit side of the holes. Therefore, drilling with 
very low feed rates intensifies the delamination destruction. By increasing feed rate from 100 (mm/min) to 400 
(mm/min), the delamination factor increases rapidly, which is due to the rapid increase in the drilling thrust 
force as shown in Fig. 5. Furthermore, Fig. 8 shows that with all rotational speeds and drill point angles, the 
least delamination factor is obtained at the feed rate of 100 mm/min. 
 
Conclusion: 

 In this study, experiments were designed using the full factorial technique to study the effects of feed rate, 
drill rotational speed and drill point angle on the thrust force and, as a result, on the delamination factor drilling 
of GFRP composites. The results indicated that the drill thrust force was minimum at feed rate of 25 mm/min, 
rotational speed of 2000 rpm and drill point angle of 90°. At the same values of rotation speed and drill point 
angle but at a different feed rate of 100 mm/min, the delamination factor was observed to be minimum. 
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