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1. Introduction 

Fiber-metal laminates (FMLs) are considered as a promising type of 
hybrid material, obtained by bonding of metal, usually an aluminum 
alloy, and a fiber-reinforced composite, such as a glass-fiber-reinforced 
epoxy. Currently, GLARE® (Glass Laminates Aluminum Reinforced 
Epoxy) is chosen by many aerospace manufacturers to be installed for 
primary aircraft components. This new material has been installed in the 
front and rear fuselage of the Airbus A380 thanks to its interesting 
characteristics, such as low density, high static strength, better fatigue, 
and damage tolerance (F&DT), high impact, and flame resistance [1,2]. 
To make these structures in their final shapes, their manufacturing 
usually involves finishing operations such as turning and drilling. Due to 
the different mechanical properties of the GLARE® constituents, the 
drilling process faces several problems with respect to the optimal 
operating conditions and even the appropriate choice of tools. Indeed, in 
certain cases, poorly controlled drilling operations can lead to various 
types of damage that can affect the service life of a bolted or riveted 
assembly. Data relating to GLARE® machinability is less investigated in 
the literature. Nevertheless, some researchers have made interesting 
investigations dealing with damage that occurs during the drilling of this 
hybrid composite material [3–8]. It was reported in these experimental 
studies that the heterogeneity and the anisotropy of GLARE® constitu-
ents can lead to different types of damage in the machined generated 

surface such as fiber pull-out, matrix thermal failure, tearing, and 
debonding [9,10]. Also, cutting parameters and fiber orientation have 
an impact on drilling efforts [3,5,11] and fiber debonding [5,6,12]. Add 
to this, it has been noted that one of the common modes of failure in 
GLARE® is the delamination phenomenon, which occurs mainly around 
drilled holes [13–15]. The quality of hybrid structure is significantly 
affected by delamination after drilling operation [14]. The proportion of 
deficiencies in surface integrity is characterized by fiber spalling near 
the hole exit [14]. Due to the obvious wide range of machining pa-
rameters, conducting experimental studies on drilling of GLARE® 
hybrid composites is time-consuming and expensive, and thus the effi-
ciency of the experimental tests is primarily dependent on the equip-
ment and data acquisition systems used for analysis [16]. Consequently, 
Finite Element (FE) simulations has been widely acknowledged as an 
efficient method for machining investigation. Furthermore, FE simula-
tions offer the ability to decouple contributing factors in problems 
depending on a high number of variables [17]. Then, a closer look of the 
complex phenomena and damages involved around the drilled surface 
during failure can be better assessed [15]. It is noted that FE simulations 
have to be compared with experimental tests to ensure their accuracy. 

Generally, numerical modeling of fiber reinforced plastics (FRP) 
machining has been carried out based on two approaches (micro-me-
chanical and macro-mechanical). The macro-mechanical approach 
modeled FRP material as an equivalent homogeneous anisotropic 
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material (EHM), but the micro-mechanical approach modeled FRP 
constituents separately (matrix and fiber) in a multiphase model 
[18–20]. In the micromechanical approach, a case of cutting modeling 
in the orthogonal geometrical configuration of composite materials 
(FRP) is considered. Dikshit et al. [21] presented a microscopic model 
for composites material to simulate polycarbonate carbon nanotube 
(CNT) composite loading and study the impact of fiber orientation on 
yield strength. Rentsch et al. [22] proposed a micro model of CFRP 
composites to analyze the damage mechanism of these composites. 
Nayak et al. [19] have simulated the orthogonal cutting of GFRP com-
posites based on a micromechanical model. They aimed to investigate 
the fiber orientation effect on the cutting force evolution as well as the 
fiber failure mode. Venu Gopala Gopala et al. [23] studied the orthog-
onal cutting of Carbon Fiber Reinforced Plastic (CFRP) and Glass Fiber 
Reinforced Plastic (GFRP) composites using a quasi-static approach. 
They assumed a plane deformation state and used the Cohesive Zone 
Model (CZM) to study decohesion at the fiber/matrix interface. Results 
found concerning cutting forces corroborate with experimental ones 
obtained by Calzada et al. [24]. 

All macro-mechanical FE models 2D and 3D models are incorpo-
rating different failure criteria [9]. For the 2D EF modeling, Lasri et al. 
[25,26] used the criteria of Hashin, maximum stress, and Hoffman 
failure implemented with a VUMAT subroutine to investigate the 
orthogonal cutting of GFRP-UD composites. Also, the Tsai-hill criterion 
was used by other researchers to build 2D models [25,27,28]. These 2D 
models are promising to study the impact of various machining pa-
rameters on the evolution of cutting efforts and the machined surface 
damage. The predicted results were in agreement with the experimental 
ones [9,17,25]. Sun et al. [29] proposed a macro-impact model for CFRP 
composite laminates to examine the correlation between matrix frac-
tures and the delamination phenomenon. Santiuste et al. [30] used the 
Hoffman criterion for his 3D model in which material has an elastic 
response with instantaneous failure behavior. A 3D FE model proposed 
by Mahdi et al. [31] has used maximum shear stress as a criterion of 
material separation. In the case of orthogonal cutting of UD-CFRP, Rao 
et al. [32] created a 3D FE model for orthogonal cutting of UD-CFRP. 
They aimed to investigate the cutting force and chip formation simula-
tions, and they modeled the failure of material based on the Tsai-hill 
criterion. 

Recently, some mesoscale CFRP drilling FE models were elaborated 
using the 3D Hashin and Hou criteria models in which sudden stiffness 
failure was assumed in intra-lamina degradation [33–35]. The 3D 
Hashin criterion was used to simulate fiber failure, while the Puck cri-
terion was used to predict matrix failure. Nonetheless, in intra-ply 
damage analysis, a sudden damage model was used, so the intra-ply 
material does not resist any deformation if any damage initiation con-
dition was achieved [9]. Despite existing research work, drilling FE 
models of composite GLARE® are less investigated in the literature [36], 
and there are only some numerical simulations of GLARE® internal 
damages under low-velocity impact [13,15,37,38]. To emphasize 
delamination significance, Kakati et al. [13] developed a 3D FE code to 
assess GLARE® delamination at the interfaces under low-velocity 
impact. FE model was also employed to predict GLARE® damage initi-
ation and evolution [38]. Khan et al. [15] implemented a material 
subroutine (VUMAT) in Abaqus Explicit based on Hashin and Puck 
criteria for fiber and matrix failures, respectively. 

Based on precited context, the present contribution aims to develop a 
3D FE model of the drilling process for GLARE® multi-material com-
posite by exploiting ABAQUS/Explicit. The objectives consist of to 
provide a physical understanding of the mechanism of drilling GLARE®. 
For that, GLARE® drilling process parameters affecting the evolutions of 
cutting forces, delamination, and fiber orientation are studied. Obtained 
numerical results are analyzed and compared with experimental study 
when drilling GLARE® multi-material composite. 

2. FE model set up 

Owing to the mismatch in the material behavior of GLARE®, nu-
merical modeling of the GLARE® multi-material drilling process 
certainly requires the incorporation of two different material models 
using ABAQUS\Explicit. So, to simulate the removal of the material 
during a GLARE® drilling operation and to predict the responses of these 
different constituents, two material constitutive laws and two failure 
criteria for Al2024-T3 and S2/FM94 have to be adopted, respectively. 
On the one hand, for Al2024-T3 aluminum alloy sheets, the Johnson- 
Cook constitutive model is used for the material behavior law and the 
damage law. On the other hand, for the glass fiber layers, the damage of 
the fibers and the matrix is modeled by the Hashin [39] and Puck [40] 
criteria, respectively. 

2.1. Behavior modeling and damage criteria of Al2024-T3 

To simulate the plastic behavior of Al2024-T3 sheets, the Johnson- 
Cook model available in ABAQUS was used. This model is widely used 
in studies performed on metal alloys subjected to large strains and high 
strain rates [41]. In addition, it is a model that requires minimal 
computational time and is simple to implement [42]. The model ex-
presses the equivalent von Mises stress σ as a function of the three ma-
terial terms: 

σ =
[
A + B

(
ε̄pl)n ]

⎡

⎣1 + Cln

⎛

⎝
˙̄ε

pl

ε̇0

⎞

⎠

⎤

⎦

(

1 −

(
T − Tr

Tm − Tr

)m )

(1) 

Where:  

▪ σ is the equivalent plastic stress, (MPa)  
▪ ε̄ is the equivalent plastic strain,  
▪ ˙̄ε is the equivalent plastic strain rate, (S-1)  
▪ ε̇0 is the reference equivalent plastic strain rate, (S-1)  
▪ A is the yield strength of the material, (MPa)  
▪ B and n are the coefficients related to strain hardening, (MPa)  
▪ C is the strain rate sensitivity coefficient,  
▪ m is the temperature sensitivity coefficient,  
▪ T is the temperature of the part, Tr is the ambient temperature 

and Tm is the melting temperature (◦C). 

The constants A, B, n, C, and m are given in Table 1 [43]. In this study 
under ABAQUS\Explicit, the thermal softening behavior will not be 
studied. 

Therefore, to model the damage initiation in the aluminum sheets, 
the failure criterion developed by Johnson-Cook for ductile materials 
available in ABAQUS software was used [43]. With this criterion, the 
equivalent plastic strain εf is obtained by Eq. (2): 

ε̄pl
D = [d1 + d2exp(− d3η)].[1 + d4ln(

ε̄pl

ε̇0
)](1 + d5(

T − Tr

Tm − Tr
)

m
) (2) 

Where: 
η is the triaxiality of the stress(η = − P

σ ), 
P is the pressure stress (MPa), 
The Johnson-Cook parameters D1-D5 are summarized in Table 2 

[43]. 
Once the damage initiation criterion is satisfied, a damage evolution 

law starts to calculate the rate of material stiffness degradation. In our 
drilling simulation, the damage evolution law based on the plastic 

Table 1 
Johnson-Cook constitutive material parameters for Al2024-T3 [43].  

A(MPa) B(MPa) C n m ε̇0(s− 1) 

265 426 0.018 0.34 1 1  
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displacement was used (Eq. (3)). This law considers the characteristic 
length Le of the element [44]. 

Upl = Le⋅ε̇ (3) 

Upl represents the plastic displacement and ε̇ the plastic strain rate 
[44]. The evolution of the damage variable D with the plastic 
displacement Upl was used in the linear form. The chip formation in the 
case of drilling operation corresponds numerically to the removal of 
finite elements for maximum degradation inherent to maximum damage 
D = Dmax according to Eq. (4). These elements will no longer be part of 
the stiffness matrix, and this is to avoid interpolation errors [44]. 

Ed = (1 − D)E (4) 

With D is an isotropic damage parameter such that (0 ≤ D ≤ 1), E is 
Young’s modulus of Al2024-T3 (in MPa) and Ed is the reduced stiffness 
of the degraded material (in MPa). Note that the deformed elements in 
Al2024-T3 alloy have a maximum degradation Dmax = 0.99 in the sim-
ulations under ABAQUS/Explicit. This is explained in previous studies 
by the fact that the finite elements will remain active in the simulation 
with a residual stiffness of at least 1 % of the original stiffness [36]. 

2.2. Constitutive model of undamaged and damaged S2/FM94 composite 

The software ABAQUS/Explicit gives the possibility to model the 
mechanical behavior, the initiation of damage, and their evolution for 
composites using the Hashin criterion. However, this method is only 
limited to continuum shell elements. To model the behavior of com-
posite layers for its three-dimensional form, a user subroutine (VUMAT) 
in FORTRAN language must be written and linked with the ABAQUS 
software using a Fortran compiler [45]. For the undamaged S2/FM94 
composite layer, the stress–strain relation is modeled using the matrix of 
an orthotropic elastic material which can be written as shown Eq. (5) 
[46]. 

σij = C0
ijεij (5) 

Where C0
ij represents the stiffness matrix for an orthotropic material 

(see Eq. (6)). 

C0
ij =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

C0
11 C0

12 C0
13 0 0 0

C0
12 C0

22 C0
23 0 0 0

C0
13 C0

23 C0
33 0 0 0

0 0 0 C0
44 0 0

0 0 0 0 C0
55 0

0 0 0 0 0 C0
66

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(6) 

The non-zero coefficients of the stiffness matrix for an undamaged 
orthotropic material are shown in Eqs. (7a)–(7 m) [47]: 

C0
11 = E1(1 − ϑ23v32)Γ (7a)  

C0
22 = E2(1 − ϑ13v31)Γ (7b)  

C0
33 = E3(1 − ϑ12v21)Γ (7c)  

C0
12 = E1(v21 + v31v23)Γ (7d)  

C0
13 = E1(v31 + v21v32)Γ (7e)  

C0
23 = E3(v32 + v12v31)Γ (7f)  

C0
44 = 2G12 (7g)  

C0
55 = 2G23 (7h)  

C0
66 = 2G13 (7i) 

With: 

Γ =
1

1 − υ12υ21 − υ23υ32 − υ13υ31 − 2υ21υ32υ13
(7j)  

υ21 =
E2υ12

E1
(7k)  

υ31 =
E3υ13

E1
(7l)  

υ32 =
E3υ23

E2
(7m) 

Ei represents Young’s modulus along the i direction, Gij represents 
the shear modulus in the plane formed by the i and j directions and υij are 
the Poisson’s ratios. Table 3 summarizes the different mechanical 
properties of S2/FM94 used in simulations [48]. 

2.3. Damage initiation and evolution for S2/FM94 composite layers 

The intralaminar damage initiation criteria for the S2/FM94 layers in 
a 3D case are based on Hashin’s model which predicts fiber damage in 
tension and compression [39]. While the Puck failure criterion is used to 
predict matrix failure in tension and compression. The use of the latter 
instead of Hashin’s is justified by the better prediction of matrix material 
damage for transverse bending in tension and compression as reported 
in [45]. The different damage initiation criteria are defined by the Eq. 
(8) and Eq. (9) and Eq. (10) and Eq. (11): 

Fiber traction (σ11 ≥ 0) (Hashin criterion) 
(

σ11

X1t

)2

+

(
σ12

S12

)2

+

(
σ13

S13

)2

= 1; dft = 1 (8) 

Fiber Compression (σ11 ≤ 0) (Hashin criterion) 
(
|σ11|

X1C

)

= 1; dfc = 1 (9) 

Traction and compression of the matrix (Puck criterion) 
[(

σ11

2X1t

)2

+
σ22

2

|X2t.X2c|
+

(
σ12

S12

)2
]

+ σ22
2
[

1
X2t

+
1

X2c

]

= 1 (10)  

⎧
⎨

⎩

σ22 + σ33 > 0; dmt = 1

σ22 + σ33 < 0; dmc = 1
(11) 

Where the different strength terms for S2/FM94 layers are listed in 
Table 4: 

σ11, σ22, σ12, σ13 are effective stress tensor elements. 
X1t ,X2t ,X1C,X2c are the tensile and compressive strengths respec-

tively in the longitudinal and transverse direction with respect to the 
fiber 

S12, S13 are the shear strengths in the 1–2 plane and 1–3 plane. 

Table 2 
Johnson-Cook damage model parameters for Al2024-T3 [43].  

D1 D2 D3 D4 D5  

0.13  0.13  − 1.5  0.011 0  

Table 3 
Mechanical properties of S2/FM94 layers.  

Density E11 E22 = E33 G13 G12 = G23 ϑ23 ϑ12 = ϑ13 

1980 
kg
m3 

53.98 GPa 9.412 GPa 3 GPa 5.948 GPa  0.33  0.0575  
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Once the damage criterion is satisfied at an element, the response of 
the material degradation begins according to the degradation of the 
stiffness matrix C. The new components Cij for an orthotropic material 
that undergoes damage are illustrated by Eqs. (12a)-(12 m) [29]. 

C11 = C0
11 ×

(
1 − df

)
(12a)  

C22 = C0
22 ×

(
1 − df

)
(1 − dm) (12b)  

C33 = C0
33 ×

(
1 − df

)
(1 − dm) (12c)  

C12 = C0
12 ×

(
1 − df

)
(1 − dm) (12d)  

C13 = C0
13 ×

(
1 − df

)
(1 − dm) (12e)  

C23 = C0
23 ×

(
1 − df

)
(1 − dm) (12f)  

C44 = C0
44 ×

(
1 − df

)
(1 − Smt × dmt)(1 − Smc × dmc) (12g)  

C55 = C0
55 ×

(
1 − df

)
(1 − Smt × dmt)(1 − Smc × dmc) (12h)  

C66 = C0
66 ×

(
1 − df

)
(1 − Smt × dmt)(1 − Smc × dmc) (12i) 

Where total fiber damage variable df and total matrix damage vari-
able dm are also determined by using the two next equations: 

df = 1 −
(
1 − dft

)(
1 − dfc

)
(12l)  

dm = 1 − (1 − dmt)(1 − dmc) (12m) 

Also, dft , dfc,dmc, dmt: are damage variables that describe fiber damage 
in tension and compression and matrix damage in tension and 
compression. The two factors Smt and Smc, for moduli C44, C55andC66 

allow the control of the reduction of shear stiffness caused by a tensile 
and compressive failure in the matrix respectively [45]. The values of Smt 

and Smc, were recommended in the ABAQUS documentation as 0.9 and 
0.5, respectively [44]. In order to avoid brittle fracture and define a 
progressive damage evolution, an evolution law is introduced to simu-
late the damage propagation in the fibers and matrix as mentioned by 
Khan et al. [15]. Indeed, the damage evolution can be controlled by an 
exponential damage evolution law proposed by Matzenmiller et al. [49], 
as follows in Eq. (13): 

dij = 1 − exp
(

1
n
(
1 − Fj

i
)n

)

(13) 

With:  

• Fj
i (j = f,m and i = t, c) is the failure criterion.  

• n defines the evolution of the damage. 

Indeed, a low value of n implies that the damage will evolve more 
progressively and vice versa. In the literature, the choice of the values of 
n is done with error because of the unavailability of a reference to choose 
precise values [50]. In the present simulation, a value of n equal to 10 
was chosen. 

2.4. Modeling of interface damage between Al2024-T3 and S2/FM94 

To study the delamination phenomenon the cohesive surface tech-
nique, which is already implemented in the ABAQUS software, was 

adopted. This technique specifies the cohesive behavior between two 
adjacent plies, one of them being the master and the other the slave. 
Moreover, this method is used by several researchers mainly for reasons 
of reducing computational costs [33,51,52]. The linear elastic response 
up to delamination is performed according to the tension-separation 
law. The normal stress σn and the shear stresses σsandσt 

are defined for the cohesive surface according to Eq. (14): 

σi =

{
Kiδid < 1

Kiδi(1 − d)d > 1 i = n, s, t (14)  

where Ki and δi are the stiffness moduli of tensile-separation and 
compression-separation for the normal and shear directions, respec-
tively. Also, the subscripts n, s, and t are, normal, transverse, and shear 
directions, respectively. 

The second component of damage concerns the specification of the 
damage evolution. This can be ensured by using a linear softening cri-
terion after damage initiation according to Eq. (15), which defines the 
damage variable “d”: 

d =
δm

f (δm − δm
0)

δm(δm
f − δm

0)
(15)  

where δm the effective displacement is defined as shown below in Eq. 
(16): 

δm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑i=t

i=n
δi

2

√
√
√
√ i = n, s, t (16) 

Delamination initiation occurs when a quadratic stress criterion 
reaches a value of 1 as shown by Eq. (17) where D is the damage initi-
ation variable. 

D =
∑i=t

i=n

{
σi

σ0
i

}2

i = n, s, t (17) 

The total fracture energy at the end of delamination is the sum of the 
normal, tangential, and fracture energies based on the power-law energy 
criterion, as follows in Eq. (18): 

Δ =

{
Gn

GC
n

}α

+

{
Gs

GC
s

}β

+

{
Gt

GC
t

}γ

(18)  

where α, β, and γ are exponential constants and GC
i are the critical 

breaking energies. The breaking energies are calculated as follows in Eq. 
(19) and their values used in this study are illustrated in Table 5. 

Gi =

∫

σi∂δi;GC
i =

1
2
σ0

i δi
f i = n, s, t (19)  

2.5. 3D numerical drilling model 

In this study, a 3D numerical model of the drilling is established 
using the FE software ABAQUS/Explicit. For the description of the 
motion, the Lagrangian formulation is adopted in dynamics without 
considering the thermal effects. 

In the numerical modeling, the workpiece is made of GLARE®, and it 
is parallel-piped with dimensions (10 × 10 × 2.436) mm3 as shown in 
Fig. 1a. The 2024-T3 aluminum alloy sheets and the S2/FM94 layers are 

Table 4 
Strength properties for S2/FM94 layers [36].  

X1t 

(MPa) 
X1c 

(MPa) 
X2t 

(MPa) 
X2c 5 
MPa) 

S12 

(MPa) 
S13 5 
MPa) 

S23(MPa) 

2430 2000 50 150 76 50 50  

Table 5 
Material properties of the cohesive interface [53].  

Damage initiation Damage evolution 

t0n (MPa) t0s (MPa) t0t (MPa) GC
n

(
J

m2

)

GC
s

(
J

m2

)

GC
t

(
J

m2

)

140 
300 300 2000 3000 3000  
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assembled to have a similar geometrical configuration of the GLARE® 
workpiece used during the experimental tests as mentioned in [3] 
(Fig. 1b). Furthermore, the FE model consists of four sheets of Al2024- 
T3 alloy and three layers of S2/FM94 composite. The nominal thick-
ness of Al2024-T3 is 0.406 mm and each fiber layer contains two pre-
pregs with a nominal thickness of 0.133 mm. Therefore, the total 
thickness of the structure is 2.436 mm as shown in Fig. 1b. The CAD 
model of the drill tool was imported to ABAQUS. It has the same geo-
metric of a helical tungsten carbide tool used in the experimental 
investigation with a helix angle of 35◦ and a point angle of 135◦ as 
shown in Fig. 1c. Also, it is assumed to be a rigid body during the sim-
ulations. This is justified by the fact that the mechanical properties of the 
tool are far superior to those of the two GLARE components. 

The boundary conditions applied to the FE model, as shown in 
Fig. 1a, must match the same experimental conditions. The boundary 
conditions applied to the drill bit are assigned to a rigid body reference 
point constrained in the X and Y directions (V1 = V2 = VR1 = VR2 = 0) 
(Fig. 1a). The drill has a translation and rotation speed in the Z direction. 
The workpiece is embedded in its four vertical ends (UX = UY = URX =
URY = URZ = 0) (at sides). Also, a contact based on the Coulomb friction 
model is specified between the tool and the part with a friction coeffi-
cient equal to 0.4. A partition is judiciously created to ensure a very fine 
mesh near the drill path and a progressively coarser mesh at the ends 
(see Fig. 2). 

The choice of the mesh size is a very important point in numerical 
simulation. This is mainly due to its direct influence on the accuracy of 
the results obtained and on the calculation time. A coarse mesh reduces 
the calculation time but gives results that are not precise enough. On the 
other hand, a fine mesh increases the calculation time but gives better 
results. Therefore, in each simulation it is necessary to find the right 
compromise between the size of the mesh, the calculation time and the 
accuracy of the results obtained. In the simulations carried out during 
the work, systematic checks were made on the effect of the mesh on the 
results obtained. The C3D8R element type was chosen for meshing the 
workpiece while the R3D4 element type was used for meshing the tool 
(Fig. 2). The C3D8R is a 3D element type having 8 nodes and uses the 

reduced integration path (the calculation of mechanical characteristics 
for a mesh element is done by a single integration point) [18]. For the 
drilling area a mesh with a size element of (0.18 × 0.18 × 0.133)mm3 

was chosen. For the outside drilling area, the mesh with size element of 
(1 × 1 × 0.133)mm3 outside this area is exploited. 

The fine mesh in the center of the part necessarily produces very 
small increment times. This is justified by Eq. (20) which results in a 
very large computation time in this case. 

Δt = Lemin

̅̅̅̅
ρ
E

√

(20) 

Δt: Time increment during analysis. 
Lemin: the characteristic length of the small element in the mesh. 
ρ: Material density. 
E: Young Modulus of the material. 
To overcome this problem and reduce the calculation time, a mass 

scaling factor will be used to increase the density of the material. 
However, to verify the validity of the results with this simplifying 
assumption, the kinetic energy must be negligible compared to the in-
ternal energy of the machined part (it must be less than 5 % of the in-
ternal energy). Add to this, a mesh sensitivity analysis was developed to 
perform convergence analysis. So, many simulations were made, the 
numbers of elements and the time taken for some cases are reported in 
Table 6. 

Then mesh M2 with a total number of elements equal to 91,342 was 
adopted for the simulations. This type of mesh is characterized by a 
minimum of calculation time and correlation with experimental result. 
For the correlation of cutting forces between the experimental work and 
numerical models, two feed rates (750 and 900 mm/min) and two 
spindle speeds (16,000 and 18,000 rpm) were used. In addition, for the 
comparison the senile time of the drilling, one feed rate (900 mm/min) 
and one spindle (6000 rpm) were used. 

Fig. 1. (a) Boundary conditions and (b) Dimensions of the workpiece (c) Geometric characteristics of the tool.  
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3. Results and discussion 

3.1. Validation of the numerical model 

To validate the damage criteria coded in the VUMAT routine, two 
simulations were carried out: one considers the Hashin criterion to 
predict the damage of the fibers and the matrix in tension and 
compression, and the other simulation uses the Puck failure criterion to 
model the matrix failure. The results obtained are shown in Fig. 3 with a 
feed rate of 750 mm/min and a spindle rotation speed of 6000 rpm. It 
can be noted that the combination of the Puck criterion and the Hashin 
criterion induces a thrust force profile that provides details on the start 
and end of the drilling operation. Also, the progression of drilling can be 
noticed via the drill movement among the successive sheets of Al 2024- 
T3 alloy and S2/FM94 composite. Indeed, the formation of a matrix 
crack according to Puck’s criteria potentially leads to a straight crack on 
a fracture plane parallel to the fiber direction, named the action plane 
[54]. In addition, the thrust force predicted by the two criteria combined 
during the transition in Al 2024-T3 is always higher than that in the S2/ 
FM94 layers, and this is until the last layer. In a conclusion, all these 
results justified the use of the combination of the Puck criterion and the 

Hashin criterion for all the developed simulations. So, the failure crite-
rion was not selected arbitrarily according to recent studies reported in 
[55]. 

Also, the application of a mass scaling factor may not be done arbi-
trarily to avoid inaccuracy in the simulations. To verify the validity of 
the results, the kinetic energy must be negligible compared to the in-
ternal one of the machined part (it must be less than 5 % of the internal 
energy) [56]. A comparison between the different energies of the model 
during a simulation at 900 mm/min and 6000 rpm was established as 
shown in Fig. 4. In other words, the comparison is between the internal 
energy ALLIE, the kinetic energy ALLKE and the energy due to the use of 
the mass scaling factor ALLMW. Kinetic energy ALLKE is very negligible 
compared to the internal energy ALLIE of the model; it is around 1.2 % of 
the internal energy at the end of the simulation (Fig. 4a). This validates 
that the mass scaling factor of 2.5 × 10− 7 used in this work did not affect 
the accuracy of the results. This is further illustrated by Fig. 4b since the 
work due to the use of the mass scaling factor (ALLMW) is very negli-
gible compared to the kinetic energy ALLKE [44]. 

3.2. Thrust force and torque analysis 

To validate the results obtained by the numerical simulations, a 
comparison has been made with experimental ones. Fig. 5 shows a 
comparison between thrust force Fz and torque Mz evolution according 
to time from numerical simulations and experiments at N = 3000 rpm 
and Vf = 600 mm/min when drilling GLARE® 2B. The numerical results 
show similar variations in the profiles of Fz and Mz with those obtained 
experimentally. Precisely, it can be seen at the beginning of both curves 
(numerical and experimental), a progressive increase of thrust force and 
torque during the drilling of the first layer in Al2024-T3. Then, the 
variation remains cyclic with a slight decrease towards the end when the 
drill advances in the workpiece. This is justified by the decrease in the 
number of layers to be drilled with time. The average thrust force 
(simulated throughout full drill engagement) in the experimental trial is 
about 278 N while the numerical model estimates the value fairly to 275 
N. The experimental value of the torque is 0.510 N.m which is almost 
very close to the average value from the simulation which is 0.536 N.m. 
This shows that the developed numerical model estimates sufficiently 
the thrust force and the torque with deviations, estimated at 1.2 % and 
4.8 %, respectively. When drilling, the thrust force Fz at the aluminum 
alloy sheets is always greater than that of the S2/FM94 layers. This 
agrees with experimental results and literature [36,57]. The difference 
in Fz values between Al2024-T3 and S2/FM94 can be explained by the 
nature of the materials. In other words, aluminum is an isotropic ma-
terial that has a higher stiffness than the transverse stiffness of S2/FM94. 

Fig. 2. Mesh element type of workpiece and tool.  

Table 6 
The characteristics of the different used meshes.  

Mesh M1 M2 M3 M4 

Number of elements 12,105 91,342 349,040 420,486 
Time calculation 19 h 56 h 78 h Divergent calculation  

Fig. 3. Evolutions of the thrust force profiles using the Hashin and 
Puck criteria. 
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Thus, the force to drill through a composite ply is lower than that 
required to drill through an Al2024-T3 sheet. Plastic deformation in 
aluminum produces larger thrust force values. During the drilling of the 
last layer of aluminum, Fz starts to gradually decrease towards the zero 
value while noticing a sharp increase in its evolution curve. This is due 
to the plastic deformation of the last layer of Al 2024-T3 as illustrated in 
Fig. 6. 

Fig. 7 illustrates the influence of both feed rate and spindle speed on 
the thrust force evolution during drilling of GLARE® 2B at N = 3000 
rpm and Vf = 750 mm/min, respectively. Results indicate that the thrust 
force increases with feed rate and increases slightly with spindle speed. 
For feed rates of Vf = 750 mm/min and 900 mm/min, the differences 
between numerical and experimental results are negligible and are 
about 0.18 % and 0.85 %, respectively. Also, for high spindle speeds 
(16,000 rpm and 18,000 rpm) the recorded deviations increase slightly 
but remain low values of 1.30 % and 8.05 %, respectively. The increase 
in discrepancy between experimental and numerical results with the 
increase of the spindle speed can be attributed to the thermal effects. 
During drilling, the temperature at the cutting zone can exceed glass 
transition temperature of the GLARE epoxy (which is around 92 ◦C), this 
means that the mechanical properties of the glass–epoxy is reduced and 
the residual stresses between the aluminium sheet and the glass–epoxy 

layer is not negligible. However, these phenomena are not considered in 
the numerical model which could explain the overestimation of the 
thrust force. In addition, the discrepancy of the simulation results can be 
related to the coefficient of friction used in the numerical model, which 
is assumed to be constant. This hypothesis is not true since the coeffi-
cient of friction between the cutting tool and GLARE constituents (i.e. 
aluminium sheets and glass fibre layers) is not the same and is affected 
differently by the temperature as well as the relative angle between the 
direction of the cutting speed and fibre orientation which varies from 
one instant to the other. 

Fig. 8 shows the influence of the feed rate and spindle speed on the 
evolution of the torque at N = 3000 rpm and Vf = 750 mm/min, 
respectively. The predicted values of the torque increase as feed rate as 
well as spindle speed increase. The difference between numerical and 
experimental results is significant. A feed rate of 750 mm/min results in 
an underestimated numerical torque value of 60.55 % and a feed rate of 
900 mm/min results in an overestimated numerical value of 15 %. In 
addition, for spindle speeds of 16,000 rpm and 18,000 rpm, the nu-
merical torque values are predicted with deviations of 37.75 % and 
25.04 %, respectively. The difference in the amplitudes of the oscilla-
tions is due to factors that were not considered in the simulations, such 
as the difference in thermal behavior between Al2024 and S2/FM94. 
This is in agreement with the results found in the literature [3]. 

3.3. Delamination phenomenon during the drilling operation 

Fig. 9 shows the distribution of delamination modeled after drilling a 
hole at a feed velocity of 750 mm/min and a spindle speed of 16,000 
rpm. The decohesion of the workpiece constituents at the two adjacent 

Fig. 4. Comparison between different energies of the model: (a) Between (internal energy) ALLIE and ALLKE (kinetic energy); (b) between (kinetic energy) ALLKE 
and (mass scaling factor) ALLMW. 

Fig. 5. Comparison between simulation vs experimental results at N = 3000 
rpm and Vf = 600 mm/min of (a) thrust forces profiles and (b) torques profiles. 

Fig. 6. Plastic deformation at the last sheet of the Al2024-T3 alloy.  
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laminates (between Al2024-T3 and S2/FM94). This means that the 
delamination does not occur between the plies of the composite material 
but in the interface. Numerical predictions of the delamination show 
that during the drilling operation fiber pull-out occurs essentially at hole 
exit compared to its entry. To better interpret the delamination of the 
interfaces, the maps of the distribution of the damage variables of 
Al2024-T3 and S2/FM94 are presented in Fig. 10. The comparison be-
tween the predicted damage values indicates that delamination affects 
the Al2024-T3 alloy sheets more than the S2/FM94 layers. This can be 
justified by the difference in thickness for the two constituents. Indeed, 
the tool/Al2024-T3 contact area is larger than that of the tool with S2/ 
FM94 plies. Again, the stresses in the metal part are higher than those in 

the composite part. It is also worth noting that the upper interfaces of 
both constituents experience a high rate of inter-laminar delamination. 

The intra-laminar damage can also be studied through the results of 
fiber and matrix damages which are given by output variables (denoted 
SDVi) programmed in the subroutine VUMAT:  

– SDV1 Tensile damage along direction 1 (fiber direction).  
– SDV2 Compressive damage along direction 1.  
– SDV3 Tensile damage along direction 2 (transverse direction).  
– SDV4 Compressive damage along direction 2 (transverse direction). 

The predicted results of SDV1, SDV2, SDV3, and SDV4 are presented 
in Fig. 11. At the beginning of the drill penetration into the workpiece, it 
was noticed that the tensile damage of the fibers is initiated without 
matrix damage in compression and tension modes. With the enhance-
ment of the drilling process, the fiber damage area continues to increase 
and slight matrix damage also appears. Afterward, similar failure modes 
represented by the variables (SDV3 and SDV4) can be observed at the 
matrix in tension and compression. In addition, a visible breakage of the 
fibers is concentrated in the penetration zone of the tooltip (also called 
the core of the drill) in the material. Therefore, severe damages were 
more detected in the fibers than in the matrix and that extends to the 
surroundings of the drilled hole. To summarize, the tensile failure mode 
is the most dominant especially for the fibers. In addition, the fiber/ 
matrix damage in tension propagates outside the dedicated area for 
drilling as shown in Fig. 11 (points 1,2,3 for SDV1 and SDV3). This may 
be due to fiber pullout from the two tool listels [4]. This propagation of 
fractures can justify the existence of delamination due to the erosion of 
the material. This propagation is in an oblique direction with respect to 
the direction of orientation of the fibers. The results found are in 
accordance with the experimental results found by Giasin et al. [4] by 
inspecting the contours of holes drilled on a GLARE® sample. 

Fig. 7. Comparison of thrust force: experiment/simulation as a function of (a) feed rate at N = 3000 rpm and (b) spindle speed at Vf = 750 mm/min.  

Fig. 8. Comparison of torque: experiment/simulation as a function of (a) feed rate at N = 3000 rpm and (b) spindle speed at Vf = 750 mm/min.  

Fig. 9. Damage variable for cohesive surfaces at a feed velocity of 750 mm/min 
and a spindle speed of 16,000 rpm. 
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3.4. Effect of fiber orientation 

3.4.1. Effect of fiber orientation on drilling efforts 
To study the influence of fiber orientation for the S2/FM94 plies on 

the cutting forces, a comparison was made between two FE numerical 
simulations with the same simulation conditions: one is for GLARE 2B 
(90◦/90◦ orientation) and the other for GLARE 3 (0◦/90◦ orientation) as 
shown in Fig. 12 for Thrust force and Torque. It is observed that GLARE 
3 and GLARE 2B have the same evolution in terms of the thrust force Fz 
and the torque Mz. The average and maximum thrust force and torque 
for the two grades studied are almost identical. However, the only dif-
ference is in amplitude as the curves of GLARE 3 are slightly above those 
of GLARE 2B. Therefore, in the GLARE drilling, no significant effect of 
fiber orientation on thrust force and torque is found. The results found 
are well in line with the experimental results found by Giasin et al. [4]. 
They reported that the thin thickness of the glass fiber layers in GLARE 
might be insufficient to have a significant impact on the cutting forces. 
In other experimental investigations, it was found that drilling GFRP 

laminates with 0◦ or 90◦ fiber orientation reduced the thrust force [58]. 
Again, the variation in cutting forces is mainly related to the fiber 
orientation which is strongly related to the chip formation mode [59]. 

3.4.2. Effect of fiber orientation on delamination 
To study the influence of fiber orientation on the delamination 

propagation between plies in S2/FM94, the distribution of the cohesive 
zone degradation was compared for the two prepregs of the third layer 
of S2/FM94 for GLARE® 2B and GLARE® 3B, respectively (See 
Fig. 13a). It is observed that the delamination distribution between the 
two prepregs of GLARE® 2B is more important in the x-direction which 
is the direction defined for the fiber orientation this is in agreement with 
the results found by Khan et al. [15]. In addition, the degradation of the 
cohesive zone is more intense at the composite plies of GLARE® 3 [90◦/ 
0◦] than that of GLARE® 2B [90◦/90◦]. In other words, composite with 
two different fiber directions presents more important dissociation than 
plies with some fiber orientation. Fig. 13b shows in more detail the 
delamination and the mechanism of its development between the two 

Fig. 10. Distribution of cohesive zone damage for GLARE 2B 4/3–0.4 interfaces.  

Fig. 11. Fiber and matrix damages in directions 1 and 2 for GLARE 2B.  
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different interfaces. The upper interface, i.e., the Al/composite inter-
face, experienced delamination due to high inter-laminar shear stress at 
the interface [15]. This agrees with the results found by Khan et al. [15]. 
The delamination that occurs at the 0◦/90◦ interface is caused by the 
initiation of a perpendicular matrix crack in the 90◦ ply. This matrix 
crack generates delamination in the interface, as shown in Fig. 13b. 

4. Conclusion 

In this project, a 3D numerical model able to simulate the drilling 
operation on multi-material type GLARE® is elaborated. It helps to 
predict the evolution of cutting forces and to comprehend mechanisms 
of interlaminar and intralaminar failure during the drilling operation. 

For that, a user defined subroutine VUMAT implemented in ABAQUS/ 
Explicit has been developed and exploited. This routine corresponds to 
constitutive laws for each of the GLARE® constituents (Al2024-T3 
aluminum alloy, glass fiber composite (S2/FM94) and the cohesive 
interface between them, as well as their damage laws. 

The 3D model shows its ability to simulate the GLARE® drilling 
operation, efficiently. The comparison between results found numeri-
cally and experimentally in terms of cutting forces showed a good 
agreement. 

It has been noticed that the predicted and experimental thrust forces 
increase with the tool feed rate, and somewhat stable with the spindle 
speed. In addition, the torque of the tool increases with the feed rate and 
spindle speed. 

Thus, the results concerning the delamination and the intralaminar 
failure mechanisms showed similar behavior to those found in the 
literature. The use of the cohesive surface between adjacent plies in the 
multi-material model greatly reduces the computational time while 
ensuring a good prediction of the delamination pattern and size. 

This 3D FE model may be exploited as a powerful method to simulate 
GLARE’s drilling and represents an assist tool in the selection of optimal 
cutting parameters. The macro-mechanical model will be improved 
further by taking into consideration the following points:  

– It is judicious to perform a numerical optimization study based for 
example on the DoE approach to mention optimal GLARE® drilling 
operation.  

– It would be interesting to consider the wear of the drilling tool that 
can occur during the process. Indeed, the abrasive nature of com-
posite layers can generate rapid wear of the cutting tool. In addition, 
the tool modeling must be simulated by the material properties of the 
tool used in the experimental reference tests (Tungsten Carbide).  

– It would be worth extending the field of validity to other cases. The 
aim, therefore, was to perform numerical simulations with powerful 
machines while changing the thickness of the specimens and the type 
of GLARE®. Indeed, inspections of the different thicknesses that can 
be used in the manufacture of aeronautical structures will be con-
ducted. This wide investigation allows obtaining a large knowledge 
to have the optimal parameters independently of the type of GLARE® 
used.  

– Even though the model gives good correlation with the experimental 
results. However, the proposed model presents some limitations 
related to the thermal effects. In this situation, the proposed model 
does not take into account the thermal effects on mechanical prop-
erties and material behaviour. However, the temperature at the 
cutting area can significantly raise and can exceed glass transition 
temperature of the glass–epoxy layers in the laminate which reduces 
the mechanical properties of the glass–epoxy layers and affects the 
residual stresses between the aluminium sheets and the glass–epoxy 
layers. In addition, the coefficient of friction used in the numerical 
model was assumed to be constant but in reality, the frictional 
phenomena between the cutting tool and the metal and glass–epoxy 
layers is not constant. Moreover, the tribological interaction between 
the tool and the laminate constituents depends on the level of cutting 
parameters and the relative angle between the direction of the cut-
ting speed and fibre orientation varies from one instant to the other. 
Therefore, a more realistic model would consider the aforemen-
tioned factors on the frictional phenomena. 
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Fig. 12. Comparison between GLARE 3 and GLARE 2B at 900 mm/min and 
6000 rpm of (a) thrust force Fz and (b) torque Mz. 

Fig. 13. (a) Comparison of the delamination zone between the 3rd layer of 
GLARE 2B and GLARE 3 and (b) delamination propagation at the outer edges. 
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