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Abstract—This study deals with damage investigation on
KFRP/CFRP composite laminates subjected to low-velocity
impact using a drop-weight impact test. The three variations
of composite laminates including KFRP, CFRP and KFRP-
CFRP composite laminates were tested. The results from
KFRP and CFRP composite laminates were used to estimate
the fracture energy of each material for KFRP-CFRP
composite simulation. The goal is to model the complicated
failure surface of KFRP-CFRP composite laminates using
damage evolution models and also cohesive elements for
interfacial failure between different composites. A good
agreement with experimental results was found.

Index Terms —Kevlar Fiber Reinforced Polymers (KFRP),
Carbon Fiber Reinforced Polymers (CFRP), Finite Element
Method (FEM), Low-velocity impact

. INTRODUCTION

Currently, a weight reduction concept has been playing
an important role in modern automotive design. A lower
weight will decrease an energy consumption of modern
automobiles. The successive and efficient way to reduce
automobiles weight is to use various type of fiber-
reinforced polymer composites (FRP) in body and
structural parts. These materials have a high strength to
weight ratio, knowing as a specific strength, especially a
carbon fiber-reinforce polymer (CFRP) composite [1].
However, automobile composite parts are prone to impact
load during regular use and also from some dropped tools
during maintenance services which are classified as a
low-velocity impact load [2]. As a brittle material, when
CFRP is under an impact load, it can be damaged leading
to delamination and fiber breaks, the important damage
modes that degrade significantly strength of composite.
Among other conventional FRPs, a Kevlar fiber-reinforce
polymer (KFRP) composite is clearly superior than the
others for supporting an impact load because of its very
high tenacity [3]. The application of Kevlar ranging from
cut-resistance  gloves to bulletproof  composites.
Comparing to CFRP composites, the KFRP composites is
still underneath in terms of specific strength and modulus
which are important properties for composite structural
components. Therefore, a KFRP-CFRP composite
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laminate was studied in this work. A drop weight impact
test was performed as a low-velocity impact load. The
corresponding impact energy can be varied though the
height of impactor. The failure surface of the KFRP-
CFRP composite laminate shows a mix of composite
failure mode including fiber breakage, matrix cracking
and also delamination between KFRP and CFRP plies.
This work intended to investigate this failure surface
using finite element simulation. The model was taken into
account an orthotopic behavior of composites, a non-
linear behavior of KFPR, damage evolution models and
also cohesive elements for delamination between
different composite laminates.

Il. MATERIALS AND BEHAVIOR MODELS

The fiber fabric used in this study is a symmetric (50-
50) 3k plain weave woven fabric for both Kevlar and
carbon fiber. The composite laminates were fabricated by
hand lay-up method using epoxy resin as a matrix. In
general, the mechanical behavior of composites is
orthotropic that can be described as in eq.1 where oy; &j
are stress and strain tensor, [s] is a compliance matrix
and E, v, G are elastic constants. For composites, the
direction 1 always represents a fiber direction or warp
direction in case of woven fabric composites. The
direction 2 is a weft direction and the direction 3 is
normal to composite plates. For symmetrical fabric
composites, their behavior can be simplified as in-plan
isotropic where E11=E, v13= vo3 and G13=Gos.
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Figure 1. Comparison of tensile tests between CFRP and KFRP
composites

Since the KFRP composite show an obvious non-linear
behavior in comparison to the CFRP composite (Fig.1).
Therefore, the anisotropic yield criterion with ductile
damage were applied to material model of KFRP taking
into account this non-linearity. This yield criterion is
based on von Mises yield criterion and widely uses for
metals, polymers, and certain composites (eq.2) [4].

H (0'11 — O )2 +F (0'22 —0'33)2

f (O') = [+G (0'33 —0'11)2 + 2No-122 2
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where o7 is the measured yield stress, o is the

reference yield stress to define a plasticity of material and
0 = o-o/\/g. Concerning to the CFRP composite, its

failure is clearly a brittle material which compatible with
Hashin damage model. In this work, the 2D Hashin
failure criteria was applied in the simulations. This
version neglects out-of-plane stresses and can be only
simulated with shell element wunder plan stress
assumption. As a result, the delamination mode is lacking
in this model. The fiber and matrix failure modes for both
of tension and compression load [4] are described by
Fiber Tension (o, >0):

o 2+a o, | =1 failure 3)
xT st ) ]<1 no failure
Fiber Compression (o, <0):
o1 2_ >1 failure 4
XxC ) <1 nofailure
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Matrix Tension (o, >0):
O 2 O; 2
22 12
(5] (%)
Matrix Compression (o,, <0):
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where X" is a longitudinal tensile strength, X is a
longitudinal compressive strength, Y is a transverse

tensile strength and YC is a transverse compressive
strength. For damage evolution, both models; anisotropic
yield criteria with ductile damage for KFRP and Hashin
damage for CFRP share the same softening law. After
damage initiation, behavior degradation in each failure
mode is characterized by energy dissipation using a linear
softening law denoted by Gs (eq.7) [4].
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where L is the characteristic length of elements, aéq is

pl
geq

plastic strain, and &' is plastic displacement. Since this
energy dissipation depends on each failure mode, the four
different values of energy dissipation for Hashin damage
were expected. The mechanical properties of KFRP and
CFRP composite are summarized in Table | and Il
respectively. Most of properties were identified by tensile
tests except an energy dissipation, Gt. This property was
identified by a coupling of numerical simulations with
experimental results from drop-weight impact test
mentioned later in the FEM simulations section.

equivalent stress at damage initiation, is equivalent

TABLE I.  PROPERTIES OF CFRP COMPOSITE WITH EPOXY RESIN [5]
Density 1600 kg/m®
E;1 =14056.8MPa; Ey, =14056.8MPa;
E33 =1948MPa; Vip = 0.08; V13 = 0.698;
Elastic Vo3 = 0.698,G;y =1132MPa; G;3 =1100MPa;
Gy3 =1100MPa
Oyiaa = A(z»,‘e‘;I )3 + B(gez )2 +Cel+D
Plasticity A=1040.1MPa; B =821MPa;C = 366.9MPa;
D =49.6MPa
Plasticity Rip =L Rpp =1 R33 =1.89,Ry5 =0.56
Potential Ri3=1.915Ry3=1.91
Ductile [
Damage £ =0.018
Damage G¢ =5N/mm
Evolution
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during deformation along the first and the second shear
directions (mode Il & I11) are the same, thus Giic = Guic.

Ge =Gyc +[(Guc ~Gic)*(Gme ~Cue )[GGTJJ (10)

where G,; and G are the critical fracture energy in
mode | and I, and 7 is a material parameter. An example

TABLE Il. MECHANICAL PROPERTIES OF CFRP COMPOSITE [6]
Density 1650 kg/m®
Eqq = 42749.6MPa; E,, = 42749.6MPa;
_ Eg3 = 3500MPa; vy, = 0.04;1,3 = 0.38;

Elastic
Vo3 = 0.38;G12 = 2940.8MPa;
Gy3 =1250MPa; Gy3 =1250MPa ( G, +Gy, j"
xT =512.3MPa; X© =330MPa G, +G; +Gy,

Hashin T wC

Damage vT =512.3MPa;YC =330MPa
sT =76.8MPa; St = 76.8MPa

Damage Gf L =6%¢ =G +=G%; =0.01N/mm

Evolution 1.L=Cf L =Cr 1 =Cfy=00IN/

For KFRP-CFRP composite, the delamination mode is
obvious at the interface between different materials. This
mode was expected since the interface of different
materials will always weaker than the one from the same
material due to the fact that the dissimilar of behaviors
induced higher local stress concentration at interface. As
mentioned previously, the prediction of delamination
cannot be done by the 2D Hashin failure due to the lack
of out-of-plane stresses. Thus, the concept of cohesive
zone model is a good candidate to solve these difficulties.
The cohesive elements were implemented in the finite
element model to represent an epoxy layer at the interface
between KFRP and CFRP. For coupled traction-
separation behavior, the stress-strain relationship is
written as follows [4]:

t, k, 0 0]]e,
t,r=| 0 kg 0<& (8)
t; 0 0 k||&

where t,,t;and t; are stresses in normal and two local
shear directions, &,,& and &  represent the

corresponding strains and ky, ks and k; are corresponding
penalty stiffnesses. The onset of damage is introduced by
QUADS damage [4], a damage initiation based on the
traction-interaction criterion for cohesive elements (eq.9).

) () t; ° (21 failure

&) ) 1o nofilwe @

[ ts t; <1 no failure
where tr?,tg and tIO are the maximum normal stress, in-

plane and out-of-plane shear stress respectively.
According to fracture mechanics, brittle fracture failure
modes can be categorized into three different modes
depending on geometries and loading direction. The
mode | is an opening mode while the others mode Il & 11
are in-plane and out-of-plan shear modes respectively. In
this study, the mixed mode fracture energy with
Benzeggagh-Kenane (BK) linear softening [7,8] is used
for damage evolution of the cohesive zone. The critical
fracture energy for BK criterion is written as in eq.10 [4].
This criterion considers that the critical fracture energies

© 2022 Int. J. Mech. Eng. Rob. Res

of a traction elastic and linear softening triangular
constitutive response of the cohesive zone is shown in Fig.
2 and the mechanical interface properties of epoxy resin
for delamination failure is summarized in Table I11.
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Figure 2. Mixed-mode response in cohesive element [4]

TABLE Ill. MECHANICAL INTERFACIAL PROPERTIES OF EPOXY [9]
1400 kg/m?®

kn = ks =k =108 MPa

t? =30MPa;t? =t? = 60MPa

Gic =0.2N/mm;Gj1c =Gy 1c =0.6 N/mm;
n=1

Density

Penalty stiffness

Quads Damage

Damage Evolution
*BK criterion

I1l. DROP-WEIGHT IMPACT TEST

The drop-weight impact test in this study is based on
ASTM-D7136 standard. The corresponding specimen
sizes and the test rig setup are shown in Fig.3. Three type
of specimens were tested including KFRP, CFRP and
KFRP-CFRP composite plates with the thickness of 2.8,
254 and 2.73 mm respectively. The concept is to
maintain the plate thickness. The very thick plates cannot
be tested due to the limit of drop-weight machine. Since
the thickness of Kevlar and carbon ply is not the same so
that KFRP specimen contains 4-plies of Kevlar, CFRP
specimens contain 8-plies of carbon and KFRP-CFRP
specimen contains 2-plies of Kevlar and 4 plies of carbon.
The impact energies vary though the height of impactor at
400, 500, 600, 700 and 800 mm with a constant impactor
weight of 5.87 kg. The velocity before and after impact
were estimated from high speed camera using a pixel-
count image analysis technique. This method provides
more accurate velocity than direct conversion from
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dropping height since it cancels out a friction effect of the
impactor guiding column. The test results are
summarized in Table IV. Concerning to the failure
surfaces (Fig.4), the KFRP composite has a circular shape
of impactor with fiber breaks at the end. This failure
surface indicates a ductile damage. For the CFRP
composite, the failure surface shows a cross-shaped crack
which is clearly a brittle damage. The KFRP-CFRP
composite shows a mix of both with an additional
delamination between a layer of different material. It
seems that the delamination isolated KFRP and CFRP
plies then each material undergoes its own damage. This
mechanism will be numerically confirmed in the
following section.

Figure 3. Drop-weight impact test: (a) test specimen, (b) experimental
setup

TABLE IV. SUMMARY OF DROP-WEIGHT IMPACT TEST RESULTS
Mean Mean
. velocity | velocity
. Height
Material Thickness pefore . after Perforation
(mm) (mm) impact | impact
(mm/s) | (mm/s)
700 3179 1735 No
KFRP
. 2.8
composites
800 3349 1799 Yes/No
500 2780 1304 No
CFRP
composites 2l
600 3089 - Yes
400 2555 947 No
CFRP-
KFRP 2.73 500 2902 763 Yes/ No
composites
600 3155 - Yes

**Yes/No = mix of perforation results (3 specimens per height)
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Figure 4. Failure surface: (a) KFRP composite plate, (b) CFRP
composite, (c) KFRP-CFRP composite

IV. FEM SIMULATIONS

The FEM simulations of drop-weight impact test were
carried out using ABAQUS, a finite element commercial
software. All type of composite laminates in this study
were involved with different objectives. The KRFP and
CFRP composites simulations are for identification of
their fracture energy mentioned previously while the
simulation of KFRP-CFRP composite validates the
damage models presented in this work to simulate its
failure surface. The numerical specimens were modelled
using continuum shell elements (SC8R) for KFRP and
CFRP plies. The size of elements is crucial and needs to
be consisted thought out the impact zone. The size of 2x2
mm2 was selected. This value was also treated as a
characteristic length (2 mm) for fracture energy so that
the identified value was restricted to this length. When
apply to KFRP-CFRP composite simulation, the element
size of 2x2 mm2 has to be fixed at the impact zone in
order to use the corresponding fracture energy. In
addition to KFRP-CFRP composite simulation, the
cohesive elements (COH3D8) were used to represent the
epoxy interface layer of different material. The interfacial
thickness was set to 0.06 mm. The steel impactor was
assigned as a non-deformable rigid body using shell
element to reduce the number of elements. Its impact
velocity was applied according to Table 1V. The border
of specimen was fixed in all direction as it was clamped
by the clamping plate in the real test. Fig.5 shows a finite
element model and its meshed version.
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Figure 6. Simulation results of KFRP composite at 800mm impactor
height

Ul,U2,U3=

S, S11

SNEG, (fraction = -1.0)
(Avg: 75%)
+2.322e+02
+1.996e+02
+1.670e+02
+1.344e+02
+1.01%e+02
+6.929e+01
+3.671e+01
+4.132e+00
-2.845e+01
-6,103e+01
-9.360e+01
-1.262e+02
-1.588e+02

Figure 5. Finite element model of drop weight impact test

In order to identify the fracture energy per unit area Figure 7. Simulation results of CFRP composite at 600mm impactor

. . . height
(Gf in N/mm), the simulations were performed at the el
velocity where the composite plates were perforated i
which is 3349 mm/s or 800 mm in height for KFRP ol [ Keviarcomposies-090-1
composite and 3089 mm/s or 600 mm in height for CFRP Bl | e s
composite. The simulation results are illustrated in Fig.6 % — Shuulation e
and 7 respectively. The removed element option in g e
ABAQUS was activated to hide the failure elements for 20
more realistic visualizations. From the top and side view £
of both cases, the failure surfaces show a sign of ductile g 100
for KFRP composite and brittle for CFRP composite as in 50 |
the experimental results (Fig.4). The fracture energy per 0 . , . ,
unit area was identified at 5 N/mm for KFRP composite 0 0.1 0z 0% N 0.04
and 0.01 N/mm for CFRP composite as summarized in Foginesting stsin mmic)
Table 1&I1. With all mechanical properties, the @
simulations of tensile test were additionally performed as 600
a validation. The comparison of simulation to — + ~Carbon composites-0/90-1 »
. . . . —~ 500 1T | seses ‘arbon composites-0/ i
experimental results is shown in Fig.8 for both KFRP and g o e g
N = = = Carbon composites-0/90-3 - o
CFRP composites. G 00 —— Siulution &
2
g& 300
s, 811 g S G
SNEG, (fraction = -1.0) & 200 L il
(Avg: 75%) & e 7 B
+6.235e+01 g an 1 100 =
+4.337e+01 - T
+2.438e+01 i HHHHH 0 i , ; X "
T15..3450318T-U(;.0 n X ----E 0 0.002 0.004 0006 9.008 0.01 0.012 0.014
-3.257e+01 H 2 4 Engineering strain (mim/mm)
-5.155e+01 H wREE ]
e i i ®
-8, e+
-1.085e+02 5 . . . . .
-1,2752102 Figure 8. Tensile test simulation results for the validation of
:i'ggigigg Eaaa: mechanical properties: (a) KFRP composite, (b) CFRP composite
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Figure 9. KFRP-CFRP composite model with epoxy layer

z

The drop-weight impact test on KFRP-CFRP
composite was finally simulated at the height of 400 and
500 mm. As mentioned, the epoxy layer was insert
between KFRP and CFRP as an interface layer (Fig.9).
From damage observation, the failure was initiated by the
delamination at cohesive element layer illustrated by the
element deletion (Fig.10). This delamination isolated the
KFRP and CFRP plies. As a result, each ply undergoes its
own damage which is ductile for KFRP and brittle for
CFRP. This mechanism also observed from the tested
specimens. Concerning to the results from different
height of impactor, at 400 mm the perforation was not
occurred since the impactor bounced back from the plate
after impact (Fig.11). However, the plate was visibly
damaged. This height can be considered as the limit of
composite plate to withstand the perforation. The
experimental results also confirmed this conclusion
where some of specimen was perforated and some of
them are not. The perforation was clear at 500 mm
impactor height (Fig.12) with a mix of damage
mechanisms as described. This also had a good
agreement with experiments where all the tested
specimens were perforated at this height.

‘\"Y 1 /: ““,“‘

T

]
|

1111

Figure 10. Cohesive elements failure indicated by deleted elements (in
red)

S, S11

SNEG, (fraction = -1.0)
(Avg: 75%)
+5.450e+02

-1.973e+02
-2.648e+02
-3.279e+02
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Figure 11. Simulation results of KFRP-CFRP composite at 400 mm
impactor height

S, S11
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+5.703e+02
+4.944e+02
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+3.886e+01
-3.706e+01
-1.130e+02
-1.889e+02
-2.648e+02
-2.648e+02

p

Tof) view
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Figure 12. Simulation results of KFRP-CFRP composite at 500 mm
impactor height

V. CONCLUSION

The damage investigation on KFRP/CFRP composite
laminates under low-velocity impact reveals some
interested mechanism. For the combination of different
material, the strength of interface is a key parameter since
the behavior gradient induces a higher stress
concentration at interface than other zones. The
delamination of this interface will isolate each material
and make them lose their advantages as the case of this
study. The purpose of KFRP-CFRP composite is to
improve the impact resistance of CFRP using KFRP plies
but with the onset of delamination, the impact resistance
is roughly the same when compare to CFRP composite.
The gain in strength of interface will delay the onset of
delamination which certainly improve the impact
resistance of KFRP-CFRP composite. Considering the
numerical aspect, the finite element model with various
of damage models including the anisotropic vyield
criterion with ductile damage for KFRP plies, Hashin
damage model for CFRP and BK damage model for
epoxy interfacial layer is capable to interpret the damage
in composite materials. The simulation results had a good
agreement with experiments in term of failure surface.
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For future work, the energy absorption can also be
investigated numerically since the high-speed camera
provided the velocity before and after impact. In case of
non-perforation, this quantity will rely especially on the
degraded elastic behavior of materials which affect
directly to the parameter of current FEM model.
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