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ABSTRACT 

Carbon Fiber Reinforced Plastics (CFRPs) are a kind of hard-to-machine material. They are 

vulnerable to the generation of delamination, burring, fiber-matrix debonding and etc. during the 

drilling process. The drilling induced delamination has been researched in some previous studies. 

Whereas, the burring, fiber-matrix debonding that critical to the structural strength of the workpiece 

and the assembly of the components are rarely studied. The objective of this paper is to study the burrs 

induced in the drilling of CFRP laminates. Considering the numerical simulation has great advantages 

for the study of the damage induced by CFRP drilling, a three-dimensional finite element model was 

developed to simulate the drilling of multi-directional CFRPs. As the CFRPs consist of fiber phase and 

matrix phase on microscopic scale and exhibit anisotropy and stacking features on macroscopic scale, 

the model was developed on both of the two scales. In this model, part of the workpiece contains fiber 

phase and matrix phase to simulate the CFRP drilling on microscopic scale. (It should be noted that, 

the fiber phase is not representing a single fiber, but a bundle of fibers due to computational 

constraints.) And the other part was modelled based on the Equivalent Homogeneous Material (EHM) 

assumption to simulate the CFRP drilling on macroscopic scale. Meanwhile, the size of the elements 

in different parts were unequal, and a balance between accuracy and computational cost was achieved 

through refining the element sizes. Also, different constitutive laws, failure initiation criteria and 

damage evolution laws were implemented to replicate the interrelated cutting behaviour of different 

phases. The drilling process of the multi-directional CFRPs was simulated by this model, and the sizes 

of the induced burrs at the hole wall and outlet of the hole were compared. In addition, the simulation 

results were validated by experiments. 

 

1 INTRODUCTION 

Carbon Fiber Reinforced Plastics (CFRPs) possess the advantages of high strength-to-weight ratio 

and high modulus-to-weight ratio. These properties make CFRPs widely used in aerospace, 

transportation and energy applications [1-3]. However, the CFRP laminates consist of fiber phase and 

matrix phase on microscopic scale. The mechanical properties of the two phases are different, and the 

strength of the fibers are high thus they are difficult to remove. Also, the CFRPs exhibit anisotropy 

and stacking features on macroscopic scale, and the interlaminar bond strength of the workpiece is 

weak [4]. Therefore, serious damage such as burring, fiber-matrix debonding and delamination are 

induced easily during the drilling of CFRP components [5-7]. 

The induced damage can not only reduce the quality of the processed surface of the workpiece 

badly, but also reduce the structural strength and the bearing capacity of the CFRPs seriously. And 

then, it will cause great assembly error, and short the service life of the components [8]. Therefore, it 

is necessary to study the burring, fiber-matrix debonding and delamination so as to suppression them. 

Researching the damage experimentally is expensive in terms of time and cost, and the presence of 

fibers in the chip are potentially harmful to experimenters [9]. Meanwhile, the analysis of the burring 

and fiber-matrix debonding requires clear observations of the CFRP drilling, which are difficult under 

current experimental conditions. However, the drilling process can be observed from different scales 

conveniently by numerical simulation, which can help the analysis of the induced damage without the 
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cost problem of experiments [10]. Nevertheless, a real simulation of the CFRP drilling requires the 

definition of the material behaviours and the boundary conditions, and a balance should be found 

between the simulate precision and computational efficiency. 

Recently, researchers have did a series of studies on the drilling of CFRP laminates through 

numerical simulation, but mainly focused on the delamination by macro mechanical models that based 

on the Equivalent Homogenous Material (EHM) assumption. Isbilir et. al [11-12] developed a macro 

mechanical model for the drilling of CFRPs based on the theory of Hashin and the cohesive element. 

The model was used to study the effect of stage ratios of step drill on delamination, and it could help 

to guide the design of the drill geometry. Phadnis et. al [13-14] researched the effect of drilling 

parameters on the initiation and propagation of the delamination by the simulation of the CFRP 

drilling on macroscopic scale. And the model was also used to optimize the feed rate and cutting speed 

to mitigate the drilling-induced damage. Feito et. al [15-16] developed both the simplified model and 

the complete model for the CFRP drilling. The simplified model which assuming that the drill acts like 

a punch that pierces through the laminates was used to study the influence of the thrust force and the 

stacking sequence on delamination. And the complete model which including feed and rotation 

movements of the drill was used for the study of the delamination under different tool geometrys and 

drilling parameters. 

However, with the continuous development of the CFRPs, the strength of the fibers contained in 

them are higher and higher. Which makes the fibers are more difficult to remove, such as T800 fibers. 

Besides, the abrasion resistance of these fibers are also very high. Thus, the fibers will exacerbate the 

wear of the tools, which is not conducive to the cutting off of the fibers [17-19]. Consequently, the 

burring and fiber-matrix debonding are induced more serious during the CFRP drilling, as shown in 

Figure 1. However, there are few studies focusing on the burring and fiber-matrix debonding, which is 

related to the cutting behaviours of the fibers and matrix on microscopic scale. In order to research the 

burring and fiber-matrix debonding deeply, a multiscale simulation model of the CFRP drilling need 

to be developed. 

 

 

Figure 1: Burring and fiber-matrix debonding induced by CFRP drilling 

 
For a real simulation of the CFRP drilling on different scales, the material behaviours should be 

defined according to the features of the workpiece. The CFRPs containing fiber phase and matrix 

phase on microscopic scale. And the fiber phase and matrix phase have drastically different 

mechanical properties, also there were complex interactions happened between them during drilling. 

Therefore, different constitutive laws, failure initiation criteria and damage evolution laws need to be 

applied to replicate the interrelated cutting behaviour of different phases. Meanwhile, the material 

behaviour of the CFRPs on macroscopic scale should also be defined respectively. Additionally, these 

material behaviours must be compiled into reasonable procedure to do the simulation. 

Despite the computing power has advanced greatly in recent years, the simulation of the CFRP 

drilling still takes very long time. For example, the simulation time for the model developed by Feito 

et. al ranged from 4 days to 3 weeks in a workstation [15]. Due to the quantity and size of the elements 

of the model have large influence on the simulation time, the model must be simplified to improve the 

computational efficient. Otherwise, the multiscale simulation model cannot be calculated in a limited 
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time and the study of the damage cannot be carried out. And it is an effective simplify method to set a 

small fiber-matrix combined part in the model for the simulation on microscopic scale, and set the 

other part of the model to be EHM for the simulation on macroscopic scale. 

In this paper, a simulation model was established on both the macroscopic and microscopic scales 

firstly. The model including the micro part and the macro part. In which, the micro part containing the 

fiber phase and matrix phase was used to simulate the CFRP drilling on microscopic scale, and the 

macro part that set to be Equivalent Homogeneous Material (EHM) was used to simulate the CFRP 

drilling on macroscopic scale. And different material behaviours were applied to characterize the 

properties of the phases included in the two parts. Then, the drilling process of the multi-laminate 

CFRPs were simulated through this model. After that, drilling experiments were performed and the 

results of the finite element simulation and the experiments were compared for validation purpose. 

Finally, the burrs induced in the drilling of the multi-laminate CFRPs were analyzed. 

 

2 FINITE ELEMENT MODELLING 

2.1 Material modelling 

In this paper, the finite element model contains fiber phase, matrix phase and EHM. Wherein the 

material properties of the fiber phase and the EHM were assumed to be orthotropic. And isotropic 

material properties were assigned to the matrix phase. In order to simulate the drilling process of 

CFRP laminates, the constitutive laws, failure initiation criteria and damage evolution laws for each 

phases were required. 

 

2.1.1 Material behaviour of the EHM and the fiber phase 

Considering the orthotropic material properties of the fiber phase and the EHM, the material 

behaviour of them in the longitudinal direction and the transverse direction were defined to be 

different. Linear elastic material behaviour was assumed to the fiber phase and the EHM until failure: 

 i = i j jC   (1) 

The failure initiation criteria that including different failure modes were based on the theory of 

Hashin. When implement the stress-based Hashin criteria in a numerical routine, the dramatic varying 

stresses due to degradation of material properties may cause numerical instability [20]. To avoid this 

problem, a strain-based Hashin criteria that applied by Yang et. al [20] was used in this paper. When 

the failure index F reaches 1, it means that the corresponding mode of failure is initiated and the 

damage occurs. 

If failure is detected, the element stiffness begins to degrade and the effective elasticity matrix is 

reduced according to the exponential damage evolution law in this paper. In another word, when the 

failure initiation criteria is satisfied, the damage variables d starts to increase from 0. When d 

approaches a value of one, it is indicated that the stiffness of the element is degrades to zero, and the 

element will be deleted. The calculation of the damage variables d was also based on the study of 

Yang et. al [20] 

The material behaviour of the EHM and the fiber phase were implemented into the finite element 

software Abaqus/explicit by a user-defined material model (VUMAT), and the element deletion during 

the simulation was also controlled by a state variable defined in the VUMAT. The material properties 

of the EHM and the fiber phase are shown in Table 1. 

 

Material properties EHM Fiber 

Elastic modulus 
E1(GPa) 178 294 

E2=E3(GPa) 9.5 15 

Shear modulus 
G12=G13(GPa) 6.33 103 

G23(GPa) 4.21 89 

Poisson’s ratio 
ν12=ν13 0.29 0.25 

ν23 0.37 0.28 

Longitudinal tensile strength XT(MPa) 2950 5880 
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Longitudinal compressive strength XC(MPa) 1553 3850 

Transverse tensile strength YT(MPa) 117 225 

Transverse compressive strength YC(MPa) 350 600 

Shear strength S(MPa) 144 140 

Density ρ(g/cm3) 1530 1800 

Table 1: The material properties of the EHM and the fiber phase 

 
2.1.2 Material behaviour of the matrix phase 

The material properties of the matrix phase were assumed to be isotropic in this paper. Elastic-

plastic material behaviour was assigned to the matrix phase until failure, wherein the isotropic plastic 

hardening was used. 
The failure initiation criteria for the matrix phase was the shear criteria in this paper: 
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Where, s  is the failure index, 
pl  is the equivalent plastic strain, 

pl  is the equivalent plastic 

strain rate, 
pl

S  is a function of the shear stress ratio and strain rate, S s max( ) /q k p    is the shear 

stress ratio, q is the Mises equivalent stress, p is the pressure stress, sk  is a material parameter, max  is 

the maximum shear stress. 

In addition, a linear evolution of the damage variable with plastic displacement was applied. Then, 

once the failure initiation criterion was met, the damage variable d increases according to formula (5). 

The model ensured that the energy dissipated during the damage evolution process was equal to the 

fracture energy per unit area. 
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In which, 0y  is the value of the yield stress at the time when the failure criterion is reached, Gf is 

the fracture energy per unit area. The material properties of the matrix phase are shown in Table 2. 

 

Parameters E(GPa) ν y (MPa) ρ(g/cm3) 

Matrix 4.2 0.35 125 980 

Table 2: The material properties of the matrix phase 

 

2.2 Finite element model setup 

The numerical model was developed using the commercial software Abaqus/explicit. The dynamic 

explicit analysis was selected due to the complex contact between the drill and the workpiece during 

drilling. The details of the finite element model are shown in Figure 2. 

 

2.2.1 Geometry and meshing of the drill and workpiece 

The diameter of the twist drill used in this paper is equal to 4 mm, and its tip angle is equal to 90º. 

The tool was assumed to be rigid body to reduce the computational time. 4-node linear tetrahedron 

elements without element deletion (C3D4 [21]) were used to simulate the drill. 
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The workpiece contains two plies after simplify, and its stacking sequence is [45/90]. In addition, 

the outer diameter of the CFRP laminates is 6 mm. In order to improve the computational efficiency, a 

pre-drilled hole was set on the laminates. Meanwhile, the micro part consists of fiber phase and matrix 

phase was set on the bottom of each ply of the laminates, and the other part of the workpiece that set to 

be EHM was the macro part. (It should be noted that, the fiber phase is not representing a single fiber, 

but a bundle of fibers due to computational constraints.) The workpiece used 8-node linear brick and 

reduced integration (C3D8R) elements to improve computational efficiency. The element sizes of the 

fiber phase, matrix phase were smaller than the EHM, and an appropriate balance between accuracy 

and computational cost was achieved through refining the element size. The aspect ratio of the meshes 

that around the drill was about 1 to ensure that the meshes would not be distorted during the 

calculation, and the aspect ratio of the meshes that away from the drill was about 2 to reduce the 

computational time. 

 

 

Figure 2: Details of the finite element model 

 

2.2.2 Boundary conditions and drill-workpiece contact 

The rotational and translational velocities in Z direction were applied to the drill body as spindle 

speed (3000 rpm) and feed rate (150 mm/min), respectively. And also, all nodes on the outer diameter 

of the laminates were fixed to prevent the workpiece from moving. 

In this model, a surface-to-surface kinematic contact algorithm was used to simulate the interaction 

between the tool and the workpiece [22], and a general contact was defined between each ply to avoid 

penetration. The contact forces were algorithm generated based on the penalty contact method. And 

the friction coefficient was set equal to 0.3 in the present study based on the previous studies [23-25]. 

 

3. MODEL VALIDATION AND RESULTS DISCUSSION 

The thrust force and the induced burrs during the CFRP drilling were acquired through the 

numerical model. And the drilling experiments were performed for validation purpose. In this section, 

the results were compared between the finite element simulation and the experiments. 

 

3.1. Experimental setup 

The CFRP drilling experiments were carried out on the Micron 3-axis machining center, as shown 

in Figure 3. The toughened T800/3900-2B CFRPs were used in the experiments. Pre-drilled holes 

were set on the workpiece which was consistent with the numerical model, and the quality of the pre-

drilled holes was guaranteed to have no effect on the research. The tool was made of YG8 cemented 

carbide. the geometry of the tool and the drilling parameters were the same with the numerical model. 

Kistler 9257B three-component dynamometer was used during drilling to record the cutting forces. 

And the KEYENCE VH-Z50L microscope helped to photograph the induced damage. 
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Figure 3: Setup of the drilling experiments 

 

3.2 Validation of the thrust force 

The simulate and experimental thrust force in drilling of CFRPs with pre-drilled holes were 

obtained in this paper, and the filtered thrust forces at the initial stage of the drilling are shown in 

Figure 4. It is indicated that the thrust force growth along the drilling at the initial stage of the drilling. 

The growth rate of the thrust force obtained by simulation and experiments are 41N/s and 36N/s 

respectively, and the deviation of the result is 12% approximately. The precision of the simulation can 

be improved through the optimization of the finite elements of the workpiece and drill. 

 

 

Figure 4: The filtered thrust forces at the initial stage of the drilling 

 

3.3 Validation of the burrs 

The burrs at the hole wall and outlet of the hole induced by simulation and experiments in drilling 

of CFRPs are shown in Figure 5. In which, Figure 5A and Figure 5B are respectively the top view of 

the hole wall and outlet of the hole obtained by simulation; Figure 5C and Figure 5D are respectively 

the bottom view of the hole wall and outlet of the hole obtained by simulation; Figure 5a and Figure 

5b are respectively the top view and bottom view of the hole obtained by experiment. 

For the micro part of the model, it can be seen that a lot of burrs were generated at the outlet of the 

hole. The average length of the burrs obtained by simulation and experiment are 0.58 mm and 0.65 

mm respectively, and the difference is around 10%. Meanwhile, there is no burr at the hole wall of the 

micro part, which is consistent with the experimental results. Therefore, it can be concluded that the 

burrs induced during the CFRP drilling can be effectively simulated by the numerical model that 

developed on the microscopic scale. In addition, the reason why the more burrs were induced on the 

hole exit was also analyzed in this research. During the drilling of the CFRP laminates, there is no 

support below the material at outlet of the hole, thus the out-of-plane deformation of the mentioned 
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material occurs easily under the push of the drill. Once the deformation occurs, the material is hard to 

be removed, which consequently results in the generation of the burrs. However, the material at the 

hole wall is support by the material below it, which weaken the out-of-plane deformation. Therefore, 

there is no burr at the hole wall. 

For the macro part of the model, it is shown that there is no burr at the hole wall and outlet of the 

hole. Therefore, the burrs induced during the CFRP drilling can not be simulated by the numerical 

model that developed on the macroscopic scale. An explanation of it is related to the material 

assumption. The macro part of the model was developed based on the Equivalent Homogeneous 

Material assumption, and the constitutive law, failure initiation criteria and damage evolution law of 

this part are totally the same. Once the stiffness of the elements is degrade to zero, they will be deleted 

synchronous and no material will be left. 

 

 

Figure 5: Details of the drilled holes 

 

4. CONCLUSION 

In this paper, a numerical model was developed to simulate the drilling of CFRP laminates on both 

the macroscopic and microscopic scales. The induced burrs during CFRP drilling were studied through 

this model. Based on the simulation results that validated by experiments, some key conclusions can 

be drawn as follows: 

(1) The burrs induced during the CFRP drilling can be effectively simulated by the numerical 

model that developed on the microscopic scale. But the model developed on the macroscopic 

scale which based on the Equivalent Homogeneous Material assumption cannot simulate the 

burring.  

(2) The CFRP drilling induced burrs are easier generated on the hole exit than on the hole wall.  

This study provides an effective method for the prediction of the burrs, which is helpful for the 

optimization of the process parameters and the design of the tool. 
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