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Abstract

The present paper deals with the study of hybridization on impact response and impact induced delamination of laminated composite
plates with holes. Three dimensional finite element analysis has been done to evaluate the response of graphite/epoxy laminate as well as
graphite/epoxy—kevlar/epoxy hybrid laminate subjected to impact loading, and stress based delamination criterion has been used to
assess the chances of delamination initiation from the inner edges of the hole at different interfaces. The present study concludes that
incorporation of kevlar/epoxy at the outer layers of the [0/—45/45/90]5 in the graphite/epoxy laminate improves the impact resistance
of the laminate in terms of reduced magnitude of the contact force but the chances of impact induced delamination at the interfaces

increase.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Inherent advantages like high specific weight and stiff-
ness of fiber reinforced polymer (FRP) composites led to
its extensive use in aerospace and allied industries. How-
ever, in spite of their having many advantages, the struc-
tures made of FRP composites are susceptible to transverse
impact. Especially in the case of low velocity impact, dam-
ages such as matrix cracking, fiber breakage and delamina-
tion occur at certain specific plies in the laminate depending
upon the stacking sequence as well as the strength of the
plies leading to embedded defects which are not apparent.
Many a times the laminated composite plates contain holes
due to various reasons like accommodating bolted joints or
other mating parts in the structures. The presence of such
holes in a laminate gives rise to free edges around the inner
circumference of the hole. Subjected to loading, interlami-
nar stresses develop at these free edges and delamination
may initiate depending upon the strength of the interface.
Once a defect of this kind occurs in a laminated structure,
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failure initiates from that location leading to the final frac-
ture of the laminate. Many investigations have been per-
formed to study the response of laminated composites
under low velocity impact and the approaches to improve
the impact resistance of laminated composites. Hybri-
dization has been one of the ways to improve the impact
resistance of the laminated composites. Experimental and
numerical studies have been conducted to study the
improvement of impact response of laminated composites
by way of hybridization. Some of the important works in
this direction are presented in the following paragraph.
Sun and Chattopadhyay [1] investigated the impact of a
mass on a simply supported composite plate under initial
stress by solving a nonlinear integral equation and
obtained the contact force and dynamic response of the
plate. Sun and Chen [2] analyzed the impact response
behavior of initially stressed composite plate. Wu et al.
[3] performed a transient dynamic finite element analysis
of a laminated FRP plate subjected to the impact of for-
eign object and presented the stress and strain distribution
through the thickness during impact. Choi and Chang [4]
studied the impact damage on graphite/epoxy laminated
composites caused by a low velocity impact in terms of
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matrix cracking and delamination resulting from a point
node impact. Lam and Sathiyamoorthy [5] presented a
theoretical method to analyze the impact dynamics of a
system, which consists of laminated beam, subjected to
the impact of multiple spherical masses. Duan and Ye
[6] developed a 3D finite element model incorporating
frictional contact for studying the delamination at the
interfaces due to low velocity impact. Li et al. [7] investi-
gated the effect of plate size, boundary condition, impac-
tor mass and velocity on delamination size. Tay et al. [§]
applied element failure concepts for dynamic fracture
and delamination in the low velocity impact of compos-
ites. Alsan et al. [9] conducted experiments and performed
3D finite element analysis to evaluate the delamination
damage of E-glass/epoxy laminated composites subjected
to low velocity impact and evaluated the delamination at
various interfaces. Shyr and Pan [10] investigated the dam-
age characteristics and failure strengths of composite lam-
inates at low velocity impact by performing experiments
using a guided drop weight test rig and observed that
the fiber breakage had occurred prior to the major dam-
age. Moura and Goncalves [11] modelled the interaction
between matrix cracking and delamination in carbon
epoxy laminates under low velocity impact. They devel-
oped a numerical model based on an interface finite ele-
ment compatible with 3D solid elements. Choi and Lim
[12] suggested that linearized contact law could be well
applied to low velocity impact analysis of composite lam-
inates. Tay and Gosse [13] reported the use of element
failure concepts with a recent failure criterion called the
strain invariant failure theory (SIFT) in the direction of
damage progression in a composite laminate subjected to
three-point bend. Zou et al. [14] proposed a method for
modeling the damage of multiple delaminations and trans-
verse matrix cracking in laminated composites due to low
velocity lateral impact. Allix and Blanchard [15] analyzed
the mesomodelling of delamination towards industrial
applications and presented a structural failure criterion
in order to predict which levels of damage and delamina-
tion are critical. Hosseizadeh et al. [16] analyzed the dam-
age behavior of fiber reinforced composite plates subjected
to drop weight impacts.

In the direction of improving the impact response by
hybridization, Adams and Zimerman [17] showed that
the impact performance of graphite/epoxy laminate could
be improved by hybridization with discrete plies of poly-
ethylene/epoxy. Jang et al. [18] showed that addition of
nylon/epoxy, polyester/epoxy and polyethylene/epoxy led
to improvement of impact resistance of graphite/epoxy
according to stacking sequence. Lee et al. [19] studied the
effect of hybridizing graphite/epoxy with glass/epoxy and
kevlar/epoxy on the impact resistance.

Literature review reveals that many works have already
been done in the areca of impact response of laminated
composite structures and it still remains an important
area of research. Hybrid laminates have been studied by
many researchers for improvement of impact resistance

of laminated composite structures. Laminated plates con-
taining holes or cutouts have been studied very exten-
sively in the literature [23-25]. However, most of these
studies concentrated on tensile and compressive loading.
Relatively fewer studies have been conducted on the
impact failure of composite plates containing holes or cut-
outs. Composite plates containing holes are more prone
to delamination initiating at the interface near the edges
of the holes. Therefore, the present paper aims at studying
the response of the single and hybrid laminated composite
plates with holes due to low velocity impact and also
studying the chances of delamination at the interfaces of
such laminates.

2. Finite element formulation

Fig. 1 shows a laminated FRP composite plate of length
L, width W and thickness /i consisting of N laminae of dif-
ferent fiber orientation, clamped at its four edges and
impacted by a spherical impactor of mass m and striking
with an initial velocity of V.

2.1. 8-Noded layered solid element

Three-dimensional 8-noded isoparametric layered solid
elements were used for modeling of the laminated plate
(Fig. 2). The shape functions defining the geometry and dis-
placement are

Ni: 38 (1)

where r, s, ¢t are natural coordinates and r;, s;, t; are the val-
ues of natural coordinates for the ith node. Extra shape
functions are introduced to the general 8-noded solid ele-
ment in order to simulate the flexural response and they are

Pi=(1-7) Py=(1-5) Py=(1—-7) )

The displacement variation within the element is thus

%(1+VV[)(1+SS[)(1+tt[), i:1,2,3,...

|

Spherical Impactor
Mass, m
Velocity, V

Fig. 1. Impact on a laminated plate with holes by spherical impactor.
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Fig. 2. 8-noded layered element.
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The stiffness matrix is calculated as

///

[B]" [C]B]}] (5)

B]|J|drdsdt 4)

G(r,s,t) =
then

K] = [ 1 l 1 1 1 G(r,s,1)drdsde (6)

For an element having N layers in the thickness direction
(Fig. 2),

r=3s )

where T is the total thickness of the element and 7 is the
thickness of the kth layer of the element. Taking a para-
meter 7¢[0,7] and changing the limits

/ /1 > PP 1[ G(r,s,1)drdsds (8)

where ¢ is function of thickness over the layer.

2 x 2 x 2 Gauss quadrature scheme is applied to evaluate
the above integration.

The 33 x 33 stiffness matrix of Eq. (8) is reduced to
24 x 24 using static condensation technique. Element mass
matrix is evaluated as

)= [ NN o)

2.2. Contact impact modeling

Dynamic equation governing the impact problem
(neglecting damping) at time ¢ + At is

[M]{éi}”m + [K]{d}H—At — {F}H—At (10)

where [M] and [K] are the mass and stiffness matrices and
{FY,{d},{d},{d} are force, displacement, velocity and
acceleration vectors for plate, respectively, at time ¢ + At.
Using Newmark-f§ method, Eq. (10) can be reduced to

[I?] {d}t+At _ {ﬁv}t+At (11)

where [K] is the effective stiffness matrix and [F] is the effec-
tive force vector and are defined as

~

K] = [M] + K] (12)

DAL
{F} = {1} +{F}"™ (13)

Y = ) ) + g )+ (55— 1) @) 9

where ¢ and 6 are the Newmark constants.

In Eq. (11), displacement, velocity and acceleration at
time ¢ are known at each point inside the plate and the
unknown quantities in this equation are vector {d}™*
and the force vector {F}""*". In the absence of pre-load,
(11) becomes

K}y = {1} + (P} (15)

where {P} is the contact force.

The displacement vector {d} is expressed as the sum of
the displacements due to the force {H} and the contact
force {P} as

{d}t+At — {d}t+At + {d}t+At (16)
Eqgs. (15) and (16) give

[K|{dy;™ = {H} (17)
and

[ ]{d}t+At _ { }t+At (18)

Writing { P} = f"AL U}, where f""*is the magnitude
of contact force at time ¢ + Az,
Eq. (18) yields

[KN{d},™ = f U} (19)

and for a unit contact force ("4 = 1)
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[Ki{dyy™ = {U}

where {d},/"
tact force and

(20)

is the displacement caused by the unit con-

t+At t+At t+At f
e K</ vdr+ / —dede — G — N
0 0 0

t+At

y
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t+At _ ct+Ar t+At St+AL
5C - 5CH +f 5CU

(27)

Combining Egs. (22)-27), the following expressions for
the contact force are obtained:

during loading

ft+At = f. 0 vds + f()HAl f(;+At %dtdt - 5tc+HA[ - fHAtéthAt -
m Om — %o
{ayy™ = rregay @)
P U
Egs. (16) and (21) give
e o S A (T (22)

Using Hertzian contact law, contact forces during loading
and unloading are

F = (o) during loading

t+At o

(23)
ft+At — fm (O‘

25
0> during unloading
Om — %o

where k is the modified constant of the Hertz contact the-
ory, o is the indentation depth, f, is the maximum force
just before unloading, o, is the indentation depth corre-
sponding to f, and «y is the permanent indentation during
loading and unloading process. Permanent indentation can
be determined from the following expressions:

g =0 when oy, < o
a2

op = ot | 1 — (£> when o, > o
OCm

[ VIII
Ni(rj, 85, t)N1(7)5 8, 1)
=1
VIII
> Na(rj,85,t;)N1 (7,85, 1)
j=1

(24)

VIII

Jj=
VIII

[ST]

VIII
> Ns(rj,85,4)N1(r),8), 1))
Lj=1

VIII

where o, is the critical indentation.

A st+Ar  stHAr
ot = 6 O¢

(25)
Here is the position of the center point of the impactor
and 6" is the displacement of the center of the mid sur-
face of the plate in the direction of impact. At time
t + At, the magnitude of 5™ can be determined by New-
ton’s second law as

A t+At t+At t+At
5 = / v + /
0 0 0

Using Eq. (22), we have

t+At
5S

idtdt

m

(26)

Ni(r),sj,t;)Ns(r),55,))
=1
> Na(r),s, )N (75,57, 1)
=

Z; Ns(ry,87,t;)Ns (7,5, 1)
=

25
o
0) during unloading

Contact force at ¢ + Az, i.e. /7, was calculated using Eq.

(28) (during loading or during unloading) by Newton
Raphson method. From the known value of contact force
S displacement vector {d}"* is calculated using Eq.
(22). Once the value of f**' is known, plate velocity,
acceleration and then the stresses and strains at time
t + At were calculated. This procedure has been repeated
for each time step to get the displacement, stress and
strain.

The nodal stresses are obtained by using a least-square
formulation proposed by Hinton and Campbell [20]. The
extrapolated nodal stresses are obtained by

(0:) = [ST](0)

where ¢; and ¢; are nodal and Gauss point stresses, respec-
tively, [ST] is the transformation matrix.

For the present analysis, the transformation matrix
from Gaussian stresses to extrapolated nodal stresses for
three-dimensional eight nodded layered brick element is
obtained by

(29)

oo
Ni(rr,s1,t) N (ryi, Svin, tvin)

Ng(rr,s1,17) Ng(ryi, Svin, tvin)

where VIII is the number of Gauss points.

2.3. Delamination at the interface

In order to assess delamination initiation at the inter-
face, the criterion proposed by Choi et al. [21] for impact
induced delamination has been used in the present work.

The criterion is
2 6.n+1 2
w 2
+ Yn+ - eD

—~ 2 _
o O-n+1
Yz Xz
D, (W) + (S’-H—l

(30)
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if

ep =1 failure

ep <1 no failure
y'=vr ife, =0
y'"=v" ifg,<0

where D, is an empirical constant which has to be deter-
mined from the experiment, which has been taken as 1.8
as suggested by Choi et al. [4]. 7, is averaged interlaminar
stress within the nth interface, which can be expressed as

tn

1
0" = — o, dt
xz hn th—1 xz

where 7, and #,_; are upper and lower interfaces of nth ply
in the laminate and £, is the thickness of the ply.

3. Results and discussion
3.1. Validation

Based on the contact impact finite element formulation
above, a computer code has been developed in “C” lan-
guage for the present study. In order to verify the FE code
developed, the following parameters were used for a steel
ball impacting at the center of an isotropic plate. Plate
dimensions: 0.2 x 0.2 x 0.008 m* with the four edges clamped;
Impactor (steel ball) diameter: 0.02 m; Velocity of the
impactor: 1 m/s; Steel properties: E =200 x 10° N/m?,
G=1769x10°N/m*, v=0.25, a,=0.0001 m, density =
7840 Kg/m?>. It has been observed that for a mesh size of
20 x 20 x 2 (800 elements), and a time step of Az = 1 ps,
an excellent agreement has been achieved with the analyti-
cal solution of Karas [22]. This is shown in Fig. 3. The code
has also been validated for the impact of aluminum sphere
on a [0/—45/45/90],5 graphite/epoxy laminate, and excel-
lent agreement on contact force, displacements, velocities
of plate and impactor has been obtained with already pub-
lished results of Wu and Chang [3]. Fig. 4 only shows the
contact force history of such a graphite/epoxy laminate.

1400 T T T T T

T T
Present Code e
Karas Solution [22] ¢ A

1200 -

1000

800

600

Contact Force (N)

400
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C 0 » w0 % e s w
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Fig. 3. Contact force compared with Karas solution [22] with 20 x 20 x 2
mesh size.
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Fig. 4. Contact force using present code with mesh size 20 x 20 x 2 for
impact of aluminum sphere on [0/—45/445/907]s.

3.2. Transverse impact on a laminate with holes

A square laminated composite plate of length and width
equal to 80 mm and thickness of 3 mm has been considered
in the present study. The plate contains two circular holes
of 4 mm diameter and is symmetrically placed with respect
to the center of the plate. The center-to-center distance of
the holes is 20 mm. Three-dimensional 8-noded layered
elements have been used to model the plate with fine refine-
ment near the holes. Fig. 5 shows the template of a typical
3D FE mesh of the above model. Total number of elements
in the FE model were 1820 and the number of nodes was
2919. Three types of laminates have been analyzed to assess
their comparative performance in terms of impact response
as well as the impact induced delamination at the interface.
In the present case, [0/—45/45/90],s laminate has been con-
sidered. The laminate actually consists of four sub lami-
nates each having a stacking sequence of [0/—45/45/90].
Three different laminates viz. GGGG, KGGKI and KGGK2
have been analyzed to study their impact responses and the
effect of hybridization on the impact response. Here,
GGGG stands for [05/456/456/906)s, KGGKI stands for
[OK/—45G/4SG/90G/Og/—45g/45g/906]5 and KGGK2 indi-
cates [0x/—45x/45x/90x/06/—455/455/905]s where K and
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Fig. 5. Template of 3D FE mesh of the plate with holes.
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Table 1

Materials properties for graphite/epoxy and kevlar/epoxy

Lamina material property Graphite/ Aramid/

epoxy (G) epoxy (K)

Critical indentation, o, 8.0264e—5m 1.016e—4 m

Longitudinal Young’s 181 GPa 76 GPa
modulus, E..

Transverse Young’s modulus, E,, 10.3 GPa 5.5GPa

Shear modulus in x—y 7.17 GPa 2.3 GPa
direction, G,,

Poisson’s ratio in x—y direction, 0.28 0.34
Uy

Poisson’s ratio in y—z direction, v,. 0.28 0.34

Density 1600 kg/m? 1360 kg/m?

Allowable longitudinal tensile 1500 MPa 1400 MPa
stress, X

Allowable longitudinal 1500 MPa 235 MPa
compressive stress, X,

Allowable transverse tensile 40 MPa 12 MPa
stress, Y

Allowable transverse compressive 246 MPa 53 MPa
stress, Y.

Allowable in-plane shear stress, S; 68 MPa 34 MPa

Contact coeficient, x 9.5375¢8 Nm ™' 5.4667¢8 Nm !

G stand for kevlar/epoxy and graphite/epoxy lamina,
respectively.

The laminate is assumed to be clamped along all the
four edges and impacted at the center by a 12.7 mm diam-
eter aluminum sphere at a velocity of 9 m/s. The material
properties used for the above calculations are listed in
Table 1.

Fig. 6 shows the contact force history for different lam-
inates when impacted by the spherical aluminum impactor
at 9 m/s. It could be clearly observed from this figure that
magnitude of contact force is maximum for GGGG lami-
nate while it is minimum for KGGK2 laminate. Contact
force magnitude for KGGKI hybrid laminate lies in
between. It could also be observed that even though reload-
ing occurs for all the three types of laminates, contact dura-
tion is much less in the case of graphite/epoxy laminate
(GGGG) compared to that in the case of other two lami-
nates. So, introduction of kevlar/epoxy increases the flexi-
bility of the laminate compared to graphite/epoxy

m T T T T
GGGG ——
m KGGKI-- wreae |
_ KGGK2- -~
c 4
3
600 —
£ 500 i
:
m =
S
m —
m -
100 1
0 1 - . 1
100 150 200 250 300

Time (Microsecond)

Fig. 6. Comparison of contact force for different laminates at 9 m/s
impact velocity.

0.0003 T T T T T

15

Plate Displacement (m)

_oun2 1 1 1 ] | ) 1
0 50 100 150 200 250 300
Time (Microsecond)

Fig. 7. Comparison of plate displacement for different laminates at 9 m/s
impact velocity.

—0.0006 L 1 1 1
0 50 100 150 200 250

Time (Microsecond)

Fig. 8. Comparison of impactor displacement for different laminates at
9 m/s impact velocity.

laminates. Fig. 7 shows the plate displacement and as
expected plate displacement is minimum in the case of
graphite/epoxy (GGGG) and increases with the inclusion
of kevlar/epoxy plies in the laminates. Fig. 8 shows the
impactor displacement history and in consistent with con-
tact force, rebound is maximum in case of graphite/epoxy.
Impactor velocity history is shown in Fig. 9.

Impactor velocity (m}

—g I L L I
0 50 100 150 200 50

Time (Microsecond)

Fig. 9. Comparison of impactor velocity for different laminates at 9 m/s
impact velocity.
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Interface 1 at 60 microsecond

s*‘

Fig. 10. Delamination size in the interfaces of single laminated plate (GGGG).
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. 11. Delamination size in the interfaces of hybrid laminated plate (KGGKI).



Using the stress based delamination criterion, delamina-
tions at the interfaces have been assessed for different lam-
inates subjected to the impact of aluminum sphere at 9 m/s.
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Fig. 12. Delamination size in the interfaces of hybrid laminated plate (KGGK2).
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Fig. 10 shows that after 60 ps, delaminations occur only at
three interfaces in the case of GGGG laminate. Fig. 11
shows that after 60 ps, delaminations occur only at four
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interfaces in the case of KGGKI laminate. Fig. 12 shows
that delaminations occur at as many as seven interfaces
in case of KGGK2 laminate. The extent of delamination
at a particular interface is highest in the case of KGGK2
laminate and lowest in the case of GGGG laminate and in
the case of KGGKI the extent of delamination is in
between. The reason for more delaminations in case of
KGGKI and KGGK2 laminates compared to GGGG lami-
nate is that the interfacial shear and normal strengths of
graphite/epoxy is higher compared to that of kevlar/epoxy.
Thus even though providing a kevlar/epoxy at the outer
layer prevents the laminate from failure at the contact
point due to low magnitude of contact force and contact
stress, chances of delamination at the interface increase.
From Figs. 10-12 which show delaminations at the
interface of the laminates, it is clear that due to the pres-
ence of holes in the laminate, delaminations initiate from
the vicinity of holes at different interfaces. It could also
be observed that delamination propagates from the inner
edges of holes towards impact point and from outer edges
towards the edges of the plate with some specific direction.
The direction of delamination at interfaces 1 and 2 follows
the direction of fiber in the ply below the interface, which
agrees with already published observations. It could be
observed from the figures that in the case of GGGG and
KGGKI, delaminations occur only at the tensile side of
the plate but in the case of KGGK2, delamaninations occur
also at the interfaces located in the compression side of the
plate showing that the interfaces in the KGGK2 are more
susceptible to delamination under impact loading.

4. Conclusions

Three-dimensional transient dynamic finite element
analysis has been done to analyze the response of single
material (graphite/epoxy) and hybrid (graphite/epoxy—kev-
lar/epoxy) laminates having holes in it. Stress based delam-
ination criterion has been used to assess the chances of
impact induced delamination from the vicinity of the holes.
From the present study, it is quite clear that delaminations
initiate at the interface from the inner free edges of the
holes and with time, delaminations from two holes meet
each other forming a big delamination area. It is evident
from the present study that kevlar/epoxy-graphite/epoxy
hybrid laminate is more flexible compared to only graph-
ite/epoxy laminates. Even though kevlar/epoxy hybridiza-
tion on graphite/epoxy laminate leads to reduced contact
force and hence more impact resistance in terms of failure
due to contact stresses, but the chances of delamination at
the interfaces increase.
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