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Abstract 

Aramid fiber reinforced plastic (AFRP) composites have been widely used in 

automotive, aerospace, and defense industries. The common AFRP drilling process 

tends to cause damage to the composite structures which subsequently affects their 

fatigue lives and in-service performance. Understanding the mechanism of cutting 

forces generation is crucial in controlling the cutting process for achieving desired hole 

quality and machining accuracy. This study proposes a novel mechanistic model 

considering both the cutting action and the extrusion action of the chisel edge. For the 

first time, the extrusion force generated by the chisel edge has been considered as a 

rigid wedge penetrating into an elastic half space based on the Hertz contact theory. The 

total thrust force in AFRP drilling is divided into three components: i) thrust force 

generated by the cutting lips, ii) thrust force generated by the chisel edge cutting action, 

and iii) extrusion force generated by the chisel edge extrusion action. The proposed 

model was then validated by experiments and data was compared with the case where 

extrusion was not considered. The results show that our novel mechanistic model can 

provide a more accurate thrust force prediction. The average error of our model was 

2.54% against the experimental data, whereas the error seen in conventional model 

without accounting extrusion was 8.22%. This suggests that the chisel edge extrusion 

plays a significant part in the drilling of AFRP, and hence confirms the necessity of 

considering extrusion in establishing the associated mechanistic model. 
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1. Introduction 

Aramid fiber reinforced plastic (AFRP) composites have been widely used in the 

automotive, aerospace, and defense industries due to their excellent specific strength 

and toughness. Drilling is considered as the most pivotal hole-making process in the 

AFRP component assembly [1-2]. Due to the anisotropic multiphase structure and the 

unique material properties of AFRP, producing quality holes remains a challenging task. 

Undesirable drilling-induced damages, such as delamination, tearing and fuzzing 

defects, usually occur during the drilling process. These machining defects can 

drastically decrease the mechanical properties, in particular, the fatigue lives of the 

components during their service.  

To date, some investigations have been carried out in the optimization of AFRP 

drilling parameters and minimizing drilling-induced damages [3-7]. For instance, Liu 

et al. [5] investigated the effects of interaction between the collar (a ring-shaped device 

to compress the laminate) and the tool on the thrust force, tearing length, delamination 

factor, and fuzzing area in drilling of Kevlar fiber reinforced plastics. The experimental 

results showed that the drilling-induced damages were reduced with decreasing collar 

inner diameter and feed rate. Díaz-Álvarez et al. [6] carried out experimental and 

analytical analysis on the drilling of AFRP with twist drills and Brad & Spur drills. The 

empirical modelling was derived to predict the damage extension under varying drilling 

parameters. Bao et al. [7] analyzed the formation mechanism of burr (fuzzing) defect 

using a single-point fly-cutting method. They pointed out that the burr defect can be 

reduced by increasing sharpness of the cutting tools and cutting speed. 

On the other hand, as a crucial tool for drill damage reduction, thrust force 

modelling and prediction are important for understanding the cutting mechanisms and 

informing hole quality and machining accuracy [8-10]. While the development of 

theoretical cutting force models in AFRP drilling is still in its infancy, studies into the 

cutting force models of other fiber reinforced plastic (FRP) systems are well established 



 
 

in the field. To date, studies on the cutting force models can be divided into two 

categories. The first category is the empirical model where linear regression is used to 

establish the correlation between the thrust force / torque, cutting parameters and tool 

geometry parameters [11-13]. Due to the wide range of cutting parameters and material 

properties, the applications of these models are limited. The second category is the 

mechanistic model. Caprino and Nele [14] established the orthogonal cutting force 

model of unidirectional glass fiber reinforced plastic (GFRP) composites based on the 

experimental data of orthogonal cutting tests. The effects and correlation of the rake 

angle, relief angle, and the cut depth on the horizontal force and the vertical force have 

been modelled. On this basis, Langella et al. [15] identified the cutting action of the 

cutting lips and chisel edge of the twist drill and propose a mechanistic model for the 

thrust force and torque prediction in GFRP drilling based on the orthogonal cutting 

assumption. Chandrasekharan et al. [16] developed a mechanistic model of oblique 

cutting which can be applied to both CFRP and grey cast iron. Two different action 

mechanisms of the chisel edge were utilized for CFRP and metal, respectively. Through 

a direction cosine matrix transformation, Lazar and Xirouchakis [17] presented a new 

oblique cutting mechanistic model for the prediction of the cutting force distribution 

along the cutting edges of two different tools, tapered drill reamer and twist drill, in 

drilling of CFRP. Considering the effects of the tool edge radius in micro-drilling of 

CFRP, Anand and Patra [18] established a model for the thrust force and torque 

prediction. In their study, different cutting coefficients of their model have been 

identified for carbon fabric piles and epoxy resin matrix, respectively. 

Existing mechanistic models for FRP drilling only consider the cutting actions of the 

cutting edges based on the assumption that extrusion is unlikely to occur at the center 

of the drill [15-19]. However, unlike a carbon fiber which breaks in a brittle failure 

mode, an aramid fiber is a flexible material with high toughness and the fiber can 

experience ductile fracture following a certain extent of plastic deformation [20]. In 

addition, a sharp linear increase in the thrust force curve can be observed as the chisel 

edge entering the laminate [5]. This is due to the fact that the chisel edge extrudes the 

workpiece, leading to elastic loading of the laminate owing to the negative rake angle 



 
 

of the chisel edge [21-22]. Therefore, the previous assumptions (i.e. without 

considering the chisel edge extrusion) may not be applicable to the AFRP drilling. 

In this study, a novel mechanistic model considering both chisel edge cutting action 

and chisel edge extrusion action during drilling of AFRP is proposed. The total thrust 

force in AFRP drilling is divided into three components: i) thrust force generated by 

the cutting lips, ii) thrust force generated by the chisel edge cutting action, and iii) 

extrusion force generated by the chisel edge extrusion action. The proposed model has 

also been verified by the experimental data during drilling of AFRP. The results show 

that the proposed model agrees better with the experimental results when compared 

with the conventional model without accounting extrusion. 

2. Mechanistic model  

2.1 Components of cutting force 

As mentioned earlier, tough aramid fibers are prone to ductile fracture during the 

drilling process. Fig. 1 illustrates a diamond-shaped proliferation evidenced as the drill 

tip emerged from the drill exit surface during the drilling of AFRP. It can be observed 

that the shape of the hole conforms to the geometry of the chisel edge. This can be 

attributed to the negative rake angle of the chisel edge, which leads to the penetration 

of the material by extrusion rather than cutting. Therefore, it can be concluded that the 

extrusion force generated by the chisel edge is an important component of the total 

thrust force in drilling of AFRP, and the chisel edge contributes to both cutting and 

extrusion. 

  

(a)                     (b) 

Fig. 1 a Geometry of the proliferation as the tool emerges. b geometry of the tool 



 
 

On the other hand, the cutting edges of a twist drill can be divided into cutting lips 

and the chisel edge. The machining mechanisms of the two cutting edges are different 

due to their different geometries. Therefore, as shown in Fig. 2, the total thrust force 

zF  in AFRP drilling can be divided into three components: i) thrust force generated by 

the cutting action of the cutting lips 
cl

zF  (more detailed description see Section 2.2), 

ii) thrust force generated by the cutting action of the chisel edge 
ce

zF  (also see Section 

2.3), iii) the extrusion force generated by the chisel edge extrusion action 
ce

eF  (also 

see Section 2.4). Therefore, in the proposed model in this study (marked as Model 1), 

cl

zF , 
ce

zF , and 
ce

eF  all have a contribution towards the total thrust force zF : 

cl ce ce

z z c z c e(1 )F F K F K F= + + −                    (1) 

where cK  is the cutting action ratio of the chisel edge.  

The conventional FRP drilling model (marked as Model 2) neglected the effect of 

the chisel edge extrusion, so cK  is considered to be 1 in Model 2. The determination 

of cK  in Model 1 is described in Section 3.3. 

It has been suggested that the torque generated by the chisel edge is 8%  of the 

total torque generated during drilling of the composite [15]. Therefore, only the torque 

generated by the cutting lips 
cl

zM  is considered in this study, and the total torque zM  

can be described as: 

cl

z zM M=                              (2) 



 
 

 

Fig. 2 Schematic diagram of the components of the total thrust force in AFRP drilling. a thrust force 

generated by the cutting action of the cutting lips. b thrust force generated by the cutting action of 

the chisel edge. c extrusion force generated by the extrusion process of the chisel edge 

2.2 Cutting force of the cutting lips 

The drilling mechanism of the cutting lips can be modeled as the oblique cutting process. 

As shown in Fig. 3, the mechanistic modelling can be based on the unit normal force 

ndF  and unit friction force fdF , where ndF  is the force normal to the rake face of 

the cutting edge of the cutting lips, and fdF  acts along the chip flowing direction. 

ndF  and fdF  can be described as follows: 

n n cd dF K A=                             (3) 

f f cd dF K A=                                  (4) 

where nK  and fK  are specific normal cutting pressure and specific friction cutting 

pressure, respectively. Moreover, nK  and fK  can be determined by the regression 

analysis as described in Section. 3.3. The area of undeformed cutting chip, cdA , is 

defined by Eq. 5 in the plane normal to the cutting velocity direction: 



 
 

                           cd d
2

f
A x=                             (5) 

   

Fig. 3 Geometric relationship showing unit modelling of the cutting lips 

The thickness of undeformed cutting chip t  can be determined by Eq. 6, where f  

is the feed rate and   is the half of the point angle of the twist drill: 

sin
2

f
t =                           (6) 

By substituting Eq. 6 into Eq. 5, cdA  can be rearranged as: 

c

cos
d d

sin

t i
A r


=                         (7) 

where i  is the inclination angle: 

arcsin( sin / )i w r=                       (8) 

The rake angle of the cutting lips n   varies with the radical distance along the 

cutting lips [17]: 

n

tan cos sin cos sin tan
arctan arctan

sin cos tan sin cos

     


    

   −
= −   

−   
    (9) 

where   is the cutting angle described by Eq. 10: 

arctan
2

f

r



=                          (10) 



 
 

The helix angle at any point along the cutting lips ( ) can be described by the helix 

angle 0  at the outermost point of the drill and the drill radius R , see Eq. 11: 

0arctan tan
r

R
 

 
=  

 
                      (11) 

Fig. 4 shows different elements of cutting forces experienced by the unit workpiece. 

The unit cutting force cutdF  is in the opposite direction of the cutting velocity. The 

unit thrust force of oblique cutting, thudF , is normal to the plane which contains the 

cutting velocity vector and the cutting edge. The unit lateral force latdF  is normal to 

cutdF  and thudF . These unit oblique cutting forces of the elemental cutting edge can be 

calculated based on ndF  and fdF  by:  

( )lat f n n nd d cos sin sin sin cos d cos sinF F i i F i   = − +         (12) 

( )cut f n n nd d cos cos sin sin sin d cos cosF F i i F i   = + +         (13) 

thu f n n nd d cos cos d sinF F F  = −                  (14) 

where   is the chip flow angle between the chip flow direction and the normal of the 

cutting edge in the plane of the rake face. It can be assumed to be equal to i  of the 

cutting edge element [17]. 

The unit thrust force 
cl

zdF  can be obtained by calculation based on trigonometry 

(see Eq. 15), and the unit torque 
cl

zdM  generated by the cutting lips can be described 

as: 

cl

z thu lat

cos(arcsin( / ))sin cos
d d d

cos cos

w r
F F F

i i

 
= −              (15) 

cl

z cutd dM r F=                            (16) 

The thrust force and torque generated by the entire cutting lips can be obtained by 

integration of oblique cutting elements: 



 
 

ce

cl cl

z z2 d
R

R
F F=                             (17) 

ce

cl cl

z z2 d
R

R
M M=                             (18) 

where ceR  is the chisel edge radius, and R  is the twist drill radius. 

 

Fig. 4 Schematic showing different elements of cutting forces experienced by the unit workpiece 

2.3 Cutting force of the chisel edge 

Due to its specific geometry, the cutting mechanism of the chisel edge is different from 

that of the cutting lips, and the process can be considered as orthogonal cutting. The 

area of the undeformed cutting chip chA  under the cutting action of the chisel edge 

can be defined by Eq. 19, and the area is in the plane normal to the cutting velocity 

direction.  

ch chd dA t r=                              (19) 

where cht  is the thickness of the undeformed cutting chip under chisel edge [23]: 

ch cos
2

f
t =                              (20) 

Furthermore, with the cutting speed of the chisel edge decreases towards the drill 

center, the influence of the feed rate gradually increases. Therefore, the actual rake 

angle of the chisel edge can be described as:  



 
 

ch s  = +                              (21) 

where s  is the normal rake angle of the chisel edge: 

( )s arctan tan cos π  = − −                       (22) 

As shown in Fig. 5, during the orthogonal cutting process, the inclination angle i  

of the chisel edge is zero, and Eq. 23 and 24 apply: 

thu f ch n chd d cos d sinF F F = −                    (23) 

ce

z thud dF F=                             (24) 

Therefore, the total thrust force generated over its entire length of the chisel edge can 

be obtained by: 

cece ce

z z
0

2 d
R

F F=                              (25) 

   

 (a)                    (b) 

Fig. 5 Geometric relationship of the chisel edge modelling. a geometry of the chisel edge. b unit 

cutting force of the cutting edge during orthogonal cutting of the chisel edge 

2.4 Extrusion force of chisel edge 

Fig. 6 illustrates the extrusion action of the chisel edge during drilling of AFRP. Based 

on the Hertz contact theory, the chisel edge extrusion action can be modeled as a rigid 

wedge being pressed into an elastic half space. The penetration depth    can be 

described by [24]: 

s

π
cot

2
a =                           (26) 

where a  equals to half of the contact width. During drilling, the relationship between 



 
 

  and f  can be assumed by / 2f = . Therefore, a  can be described as: 

sπcot

f
a


=                            (27) 

The normal pressure distribution in the contact region can be expressed as [25]: 

( )

2*

2
ln 1

π 1

E d a a
p

r ra v

 
  = − + − 

 −  
 

                (28) 

where 
*E  is the equivalent elastic modulus of the substrate in contact: 

2 2

A t

*

A t

1 1 1

E E E

 − −
= +                        (29) 

where A   and AE   are the Poisson’s ratio and elastic modulus in out-of-plane 

direction of AFRP laminates, and t   and tE   are the Poisson’s ratio and elastic 

modulus of the cutting tool, respectively. 

The extrusion force generated by the entire chisel edge can be calculated by: 

e-ce ce
0

4 d
a

F R p =                          (30) 

  

Fig. 6 Modelling of the chisel edge extrusion during drilling of AFRP 

3. Experimental setup and model calibration  

3.1 Fabrication of AFRP laminates 

The AFRP laminates were fabricated following the preciously established method [26]. 

More specifically, AFRP laminates were fabricated using plain-woven aramid/epoxy 

prepregs with 60% fiber volume fractions. The laminates consist of 15 layers and were 

cured in an autoclave at 115°C for 60 min, and then at 180°C for 120 min. After curing, 



 
 

the laminates were cut into 160 mm×100 mm×4 mm coupons for drilling tests as shown 

in Fig. 7. The material properties used in this study are listed in Table 1. 

 

Fig. 7 Schematic diagram of AFRP coupons for drilling tests 

Table 1 Properties of AFRP composite laminates and the cutting tool used in this study 

Elastic modulus of AFRP (EA)  

Poisson’s ratio of AFRP (vA) 

Elastic modulus of the tool (Et) 

Poisson’s ratio of the tool (vt) 

6000 MPa 

0.33 

650000 MPa 

0.23 

3.2 Drilling experiments 

Fig. 8 shows the drilling experimental setup. The experiments were carried out on a 

XK714D computer numerical control machine tool under dry cutting condition. During 

the drilling tests, the dynamic thrust forces and torque were measured by a 

dynamometer (9257B, Kistler), which was connected to a charge amplifier (5070A, 

Kistler) and a data acquisition card. The data were processed by the program Dynoware. 

The drilling parameters are listed in Table 2. In order to determine the coefficients of 

nK   and fK   in the mechanistic model during the drilling of AFRP, the calibration 

tests with 3 levels of feed rate and 4 levels of spindle speed (N) were conducted. The 

twist drill with 1.2 mm diameter (slightly larger than the length of the chisel edge) was 

used to drill the pilot holes before the calibration tests. To verify and analyze the 

mechanistic model proposed in this study, the tests of validation group were performed 

after calibration group using a different spindle speed. The uncoated solid carbide twist 



 
 

drill (6 mm diameter) was used in both calibration and validation tests. The geometric 

parameters of the cutting tool are listed in Table 3. A back support with 10 mm diameter 

prefabrication was placed under the AFRP laminates to provide robust support during 

drilling tests.  

 

Fig. 8 Drilling experimental setup 

Table 2 Drilling parameters for testing 

Test Spindle speed 

N (rpm) 

Feed rate f (mm/rev) 

0.02 0.03 0.04 

Calibration  500 

1750 

3000 

4250 

C1 

C4 

C7 

C10 

C2 

C5 

C8 

C11 

C3 

C6 

C9 

C12 

Validation  1000 

2250 

3500 

V1 

V4 

V7 

V2 

V5 

V8 

V3 

V6 

V9 

Table 3 Geometric parameters of the twist drill 

Drill radius (R)  

Point angle (2ϕ)  

Helix angle (β)  

Chisel edge angle (ψ)  

Web thickness (2w)  

3 mm 

118° 

30° 

120° 

0.94 mm 

3.3 Model calibration 



 
 

According to the power law [27], nK  and fK  are dependent on the rake angel  , 

chip thickness t  , and cutting speed V  . For twist drills, the rake angle    can be 

represented by (1 sin( ))−   to best describe the experimental data [28]. Therefore, 

nK  and fK  follows: 

32 4

n 1(1 sin( ))
kk kK k t V= −                      (31) 

32 4

f 1(1 sin( ))
pp pK p t V= −                     (32) 

The rake angle   and cutting speed V  vary with the radical distance from the drill 

center, and   , t  , and V   are independent variables [16]. By integrating nK   and 

fK  over the entire length of the cutting lips, Eq. 31 and Eq. 32 can be simplified: 

1

n 0

aK a r=                             (33) 

1

f 0

bK b r=                             (34) 

The method of model calibration in this study is shown in Fig. 9. In order to measure 

the thrust force and torque generated by the cutting lips only, pilot hole with radius pR  

(slightly larger than the chisel edge radius ceR ) is pre-drilled for each calibration test, 

see Fig. 9a. To extrapolate the coefficients 0a , 1a , 0b , 1b  during drilling of AFRP, 

thrust force and torque were recorded from the cutting lips as it entered the laminate. 

Fig. 9b–c illustrate the evolution of the thrust force and torque during the process of the 

drill penetration at a feed rate of 0.04 mm/rev and a spindle speed of 3000 rpm. As the 

drill enters the AFRP laminate, the number of unit cutting edges involved in cutting 

gradually increases, and the thrust force and torque generated by the cutting lips also 

increase accordingly from 0 to the maximum value. Therefore, the thrust force and 

torque are also the functions of the penetration radius of the drill. The thrust force and 

torque with penetration radius ( )r t  and R  in each test can be measured separately, 

and the coefficients 0a  , 1a  , 0b  , 1b   can be extrapolated by solving nonlinear 



 
 

equations. Based on Eq. 31 and Eq. 32, coefficients 1k  – 4k  and 1p  – 4p  can be 

determined by multiple linear regression using Matlab software.  

 

(a) 

 

   (b)                                 (c) 

Fig. 9 Principle of the model calibration. a drilling process with pilot hole. b measurement of the 

thrust force during drill of AFRP. c measurement of the torque during drill of AFRP (f =0.04 mm/rev 

and N = 3000 rpm) 

cK , a linear function of f  and N , as shown in Eq. 35, can also be determined by 

model calibration: 

c 1 2 3K q q f q N= + +                        (35) 



 
 

1q , 2q , 3q  can be obtained by multiple linear regression through 12 sets of thrust 

force data from the calibration test group. The coefficients for the mechanistic 

modelling proposed in this study are summarized in Table 4. 

Table 4 Coefficients of the mechanistic modeling 

Model 1 (Considering extrusion) 

Kn          Kf            Kc 

Model 2 (Without extrusion) 

Kn           Kf           K
ce

n  

k1= 1612.76 

k2= 2.6822 

k3= -0.2814 

k4= -0.1944 

p1= 321.63 

p2= 0.0247 

p3= -0.3599 

p4= -0.0620 

q1= 0.0423 

q2= 11.7635 

q3= 0.0001 

 

k1= 1612.76 

k2= 2.6822 

k3= -0.2814 

k4= -0.1944 

p1= 321.63 

p2= 0.0247 

p3= -0.3599 

p4= -0.0620 

k
ce

1  = 187581.74 

k
ce

2  = 6.7376 

k
ce

3  = 0.1953 

k
ce

4  = -0.1706 

4. Model validation and discussion 

4.1 Model validation 

Fig. 10 compares the modelling data (based on Eqs. 1–2) and the experimental data for 

the total thrust force and torque in each validation test. Results confirm our proposed 

model has a generally good accuracy. In addition, it can be seen that the deviation seen 

in the torque values is greater than that of the thrust force values. This can be explained 

by the drilling-induced damages of AFRP. Due to the high toughness of aramid fibers, 

fuzzing and tearing defects occur during drilling and the crushed aramid fiber bundles 

may have negative impacts on the accuracy of the model.  

 Thrust force Torque 

a 

  



 
 

b 

  

c 

  

Fig. 10 Comparison of the modelling results and the experimental data. a N=1000 rpm. b N=2250 

rpm. c N=3500 rpm 

4.2 Influence of the extrusion action 

In order to verify the effect of the extrusion action on the accuracy of the proposed 

model, comparison was made between experimental results and modelling data with 

extrusion (Model 1) and without considering extrusion action (Model 2), see Fig. 11. 

Results show that Model 1 generally agrees better with the experimental results when 

extrusion is considered. The experimental data, modelling data, and the corresponding 

errors are listed in Table 5. It can be seen that the proposed mechanistic model can 

accurately predict the thrust force with an error of 2.54% in average comparing to the 

experimental data, while the conventional model without accounting extrusion has an 

error of 8.22%. This suggests that the extrusion action of the chisel edge does play a 

role in the drilling of AFRP and this should be taken in to due consideration in 

establishing the associated mechanistic model. 



 
 

   

    (a)                                   (b) 

      

     (c) 

Fig. 11 Comparison between experimental results and modelling results of Model 1 and Model 2. a 

N=1000 rpm. b N=2250 rpm. c N=3500 rpm 

Table 5 Experimental and modelling data and the corresponding errors of the thrust force and torque 

Test 

number  

Thrust force Fz (N) Torque Mz (N∙mm) 

Experimental Model 1 Errors   Model 2 Errors   Experimental Model 1&2 Errors  

V1 

V2 

V3 

V4 

V5 

V6 

V7 

V8 

V9 

68.81 

86.32 

92.76 

59.82 

73.18 

85.64 

56.03 

66.81 

73.89 

64.63 

82.53 

94.40 

59.10 

74.22 

83.31 

53.99 

66.45 

73.07 

6.07% 

4.39% 

1.77% 

1.20% 

1.42% 

2.72% 

3.64% 

0.54% 

1.11% 

58.54 

73.10 

84.98 

54.41 

68.11 

79.33 

52.30 

65.57 

76.46 

14.93% 

15.32% 

8.43% 

9.04% 

6.93% 

7.37% 

6.66% 

1.86% 

3.48% 

68.8 

96.4 

116.9 

65.6 

83.8 

92.4 

61.6 

70.8 

90.4 

66.06 

87.13 

106.03 

59.17 

77.99 

94.86 

55.79 

73.50 

89.38 

3.98% 

9.62% 

9.30% 

9.80% 

6.93% 

2.66% 

9.43% 

3.81% 

1.13% 

Average   2.54%  8.22%   6.30% 



 
 

4.3 Influence of drilling parameters on thrust force and torque 

Fig. 12 illustrates the influence of spindle speed on the thrust force and torque. It can 

be observed that both thrust force and torque decrease with increasing spindle speed 

during drilling at an arbitrary feed rate. This behavior is due to the high machining 

temperature induced by the high cutting speed. With the increase of spindle speed, more 

cutting heat would be generated and softened the AFRP resin in the cutting zone [29]. 

In addition, the softened resin may serve as lubricant which reduces the friction forces 

and the torque generated by the friction force. As a result, the stiffness of the AFRP 

resin and hence the machining resistance decreases. The influence of feed rate on the 

thrust force and torque is also shown in Fig. 12. Based on Eq. 5, the area of undeformed 

cutting chip cA  increases with increasing feed rate, which in turn leads to the increased 

unit normal force and unit friction force. Therefore, the corresponding machining 

resistance increases with the increased feed rate. In addition, cutting heat accumulated 

during drilling increases in proportion to the square root of machining time. The 

decrease of feed rate will result in increased machining time, and the softened matrix 

can lead to a reduction in the thrust force and the torque [30]. Therefore, the thrust force 

and torque both increase with increasing feed rate under different spindle speeds. These 

phenomena also agree with the results of mechanistic models in drilling of CFRP [17, 

18]. 

       

    (a)                                  (b) 

Fig. 12 a Influences of drilling parameters on thrust force. b influences of drilling parameters on 



 
 

torque 

4.4 Influence of drilling parameters on thrust force components 

The influence of drilling parameters on different components of the total thrust force is 

investigated and the results can be seen in Fig. 13. It can be observed that the thrust 

force generated by the cutting lips 
cl

zF  is the most influencing component on the total 

thrust force. The thrust force generated by the extrusion action of the chisel edge 

( ) ce

c e1 K F−  is much higher than that generated by the cutting action of the chisel edge

ce

c zK F . The contributions of different components of the total thrust force change with 

different feed rate and spindle speed. Fig. 13a shows the evolution for the three 

components with varying feed rate under the spindle speed of 2250 rpm. It can be seen 

that 
cl

zF  and 
ce

c zK F  both increased with increasing feed rate due to the increasing 

undeformed chip thickness (see Eq. 5 and Eq. 20). However, the extrusion force 

( ) ce

c e1 K F−  peaks at f=0.03 mm/rev then decreases. Moreover, Fig. 13b illustrates the 

influence of spindle speed on the total thrust force components under the feed rate of 

0.02 mm/rev. It can be observed that both 
cl

zF   and ( ) ce

c e1 K F−   decrease with 

increasing spindle speed. However, 
ce

c zK F presents the opposite trend.  

     

      (a)                                  (b) 

Fig. 13 Influences of drilling parameters on different components of the total thrust force. a 

influence of feed rate under N=2250 rpm. b influence of spindle speed under f=0.02 mm/rev 



 
 

In order to further elucidate the two different phenomena in Fig. 13, the influence of 

the cutting action ratio of the chisel edge cK  is investigated. cK  is defined as the 

ratio of the thrust force generated by the chisel edge cutting action and the total thrust 

force generated by the chisel edge. Due to the negative rake angle, the chisel edge 

cannot cut aramid fibers effectively. The mean thickness of undeformed chip increases 

with increasing feed rate during the drilling of AFRP. Therefore, the cutting action of 

the cutting edge is strengthened [31], which in turn leads to an increased cK . However, 

the ratio of the extrusion force ( )c1 K−   decreases accordingly. As a result, 

( ) ce

c e1 K F−   decreases with increasing feed rate from 0.03 mm/rev. In addition, the 

behavior that 
ce

c zK F  increases with increasing spindle speed can be attributed to the 

cutting angle  , which is defined as the angle at some point along the cutting edge 

between the local velocity vector and its tangential component. Under the constant feed 

rate, as expressed in Eq. 20, a reduced   due to the increasing cutting speed will lead 

to increased cht . Therefore, the cutting action of the chisel edge can be enhanced and 

ce

zF  increases with the increasing spindle speed, which is consistent with [32]. 

5 Conclusions 

In this study, the first mechanistic model which accounts for both cutting and extrusion 

action has been proposed for drilling of AFRP. The novel model has shown a good 

agreement with the experimental data, with an average error of 2.54%, much lower than 

the error reported by the conventional model without considering extrusion.  

The proposed model can also be used to predict different components of the total 

thrust force during drilling. The thrust force generated by the cutting lips is the most 

influencing component on the total thrust force. The thrust force generated by the 

extrusion action of the chisel edge is much higher than that generated by the cutting 

action of the chisel edge. Therefore, the extrusion action plays an important role in 

AFRP drilling. 



 
 

Both thrust force and torque decrease with increasing spindle speed due to increased 

machining temperature and decreased AFRP resin stiffness. In addition, undeformed 

chip area increases with increasing feed rate, which leads to the increasing thrust force 

and torque. The thrust force generated by the cutting lips increases with increasing feed 

rate but gradually decreases with increasing spindle speed. Because the cutting action 

of the chisel edge is strengthened with increasing feed rate and spindle speed, thrust 

force generated by the cutting action of the chisel edge also increased. 
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