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Abstract

In this study, an effective approach for high-fidelity progressive failure analyses of composite laminates
subjected to low-velocity impact is developed. Both in-plane progressive damage and interlaminar de-
lamination are included. The in-plane damage initiation of different failure modes is triggered by the
Hashin criteria and the following softening is assumed to be linear. The potential delamination between
plies of different orientations is modeled using cohesive elements. The non-linear in-plane shear behavior
before damage initiation is approximated by a third-order polynomial. This progressive damage model
is implemented as user-defined material (VUMAT) subroutines in ABAQUS/Explicit. Finite element
(FE) analyses of low-velocity impact on a cross-ply graphite/epoxy composite laminate ([03/903];) are
performed. In the FE models, one layer of 3D continuum shell elements are employed to represent plies
of the same orientation and one layer of cohesive elements are used to mimic the resin-rich interface
between plies with different orientations. Comparing numerical results with experimental results from
the existing literature, it is found that both the dynamic response and damage patterns are accurately
predicted. Additional numerical analyses without shear non-linearity are also conducted to investigate
its influence on dynamic response and damage patterns. The analyses show that proper incorporation of
shear non-linearity is necessary.

1. Introduction

Carbon fiber composites have found increasing applications in light-weight structural members, in fields
of aerospace, automobile and marine as they have high specific strength/stiffness, good corrosion re-
sistance, and excellent fatigue performance. One limitation for wide application of composites is their
vulnerability to impact loads which can result in significant loss in their load-carrying capacity. Under-
standing detailed failure mechanisms of composite laminates upon impact is challenging since multiple
mechanisms can manifest including various types of intra- and inter-laminar damage such as fiber break-
age, transverse matrix cracking, interlaminar delamination, etc. Besides, different failure mechanisms
interact with each other making it more challenging to study the damage progression. Because of the
complexity of damage mechanisms, development of effective computational models for impact damage
characterization and analysis become critical. The computational methods are beneficial since they help
reduce the costs of impact tests and associated damage verification and certification costs.
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Recently, low-velocity impact on composite laminates of various stacking sequences and materials sys-
tems has been extensively studied both experimentally [1-4] and numerically [2, 4-7]. Most numerical
studies utilize three dimensional (3D) solid elements to model composite plies. Normally, each lamina
or ply is modeled by only one layer of 3D solid elements to reduce computational time. This sim-
plification results in inaccurate modeling of bending in each ply. This issue may be solved by using
three dimensional continuum shell elements, which can capture correct bending response and accurate
through-thickness response for composite laminate structures.

This paper presents an effective approach for high-fidelity progressive failure analyses of composite
laminates subjected to impact loading with different velocities/energies. The progressive damage model
includes in-plane failure of composite plies and interlaminar delamination. The in-plane damage initi-
ation is triggered by Hashin criteria and the damage progression is modeled by a smeared crack model
which employs energy-based linear softening laws for different failure modes. The potential delamina-
tion is modeled by cohesive elements. Moreover, the non-linear shear behavior of composite materials
observed in experiments [2, 7] is also included in this model. It is approximated by a third-order polyno-
mial before damage initiation.

The proposed progressive damage model is employed to study the dynamic responses and damage pro-
gression of a cross-ply ([03/90s],]) graphite/epoxy plate subjected to impact loading. Finite element (FE)
analyses are performed with ABAQUS/Explicit, and user defined subroutines (VUMAT) are developed
for implementing the proposed progressive damage model. In the FE models, one layer of 3D contin-
uum shell elements are employed to model the composite plies with the same orientation and one layer
of cohesive elements are used to represent the interface between the plies with different orientations.
Compared to commonly used FE models with 3D solid elements, the computational time can be sig-
nificantly reduced enabling us to carry out comprehensive studies on damage progression in composite
laminates subjected to impact loading. FE simulations show that the the model developed in this study
can accurately predict impact force and damage patterns for different impact energies. Another type of
FE models without non-linear shear behavior are also developed to examine the necessity of modeling
non-linear shear behavior. It is seen that the progressive damage model with shear non-linearity predicts
more accurate dynamic response and damage patterns than the model without shear non-linearity does.

2. Failure theory

The failure theory employed here follows a previous study by Su et al. [8], which includes in-plane
failure of composite plies and delamination at interfaces between plies of different orientations. The
theory is briefly summarized here.

2.1. Modeling in-plane failure

Hashin failure criteria [9] are employed to determine in-plane damage initiation and the post-failure
softening behavior is assumed to be linear.

Hashin criteria consist of four criteria for different damage modes including tensile fiber failure, com-
pressive fiber failure, tensile matrix failure and compressive matrix failure [9]. Hashin criteria for the
two dimensional case are given as,

Tensile fiber failure o
Lo, o1 >0 (1)

Z.C. Su, D.C. Pham and N. Sridhar



Excerpt from ISBN 978-3-00-053387-7

ECCM17 - 17" European Conference on Composite Materials
Munich, Germany, 26-30" June 2016 3

Compressive fiber failure
o1l

=-1, <0 2
X o 2
Tensile matrix failure s 5
022 712
— | +|=—) =1, 022>0 3)
( Y ) (512)
Compressive matrix failure
Y. \ on (on\ ()
] -1 +(—)+(—) =1, 02<0 4)
(2S23) Yo \2823 S12

where 011 and o, are stresses in fiber direction and transverse direction, respectively. 71, is in-plane
shear stress. X and Y denote the strengths in fiber and transverse directions with the subscripts ¢ and ¢
indicating tension and compression, respectively. S 12 and S 3 are shear strengths in 1-2 and 2-3 planes.

Subsequently, the smeared crack model, developed by Pinho et al. [10, 11], is employed to model damage
propagation. For the fiber direction, the smeared crack model gives,

fo'ud(t’ulc) =Gye )

where €1 is the strain in fiber direction, /. is the element characteristic length, and G, is translaminar
fracture toughness. For a given element, /. can be assumed to be constant. Therefore, Eq. 5 describes a
bilinear relationship between stress and strain.

Transverse failure modes include both normal and shear components. Hence they are actually mixed-
mode damage. To define a mixed linear softening law, equivalent stress and displacement are determined
first. For transverse tensile failure, the fracture surface is usually normal to the transverse direction.
Therefore, the equivalent stress and displacement can be defined as,

2(Gy +Gs) . 1 1
Oeq = \/‘732 + 115, O = # with Gy = 3 (on€n)l, Gs = 57127’12& (6)

The linear softening law based on the energy criterion is then given as,

fa_eqd(éeq) = Gme (7
where G, denotes mixed-mode fracture energy, which can be calculated using the B-K formula,
Gune = G + (Ge — Gu)BY, B= —25__ (8)
mc nc sc nc ’ GN + GS

where G, and G, are the normal and shear fracture toughnesses. 77 is a material parameter.

For transverse compressive failure, the fracture plane is normally an angle (¢) to the out-of-plane normal
as illustrated in Fig. 1. ¢ is found to be around 53 ° for commonly used carbon-epoxy systems [11]. The
shear stresses and shear strains in the fracture plane are given as,

g . € .
Tr = —% sin(2¢), 11 = 112 cos(¢) and yr = —% sin(2¢), yr = y12 cos(¢) 9

The equivalent stress and displacement can then be defined as,
TrYT T TLYL
N R A — (10)
eq
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Figure 1. (a): Stress status of an element under in-plane shear and transverse compression; (b): Fracture
plane and resolved stress components.

Hence, the linear softening law for transverse compression can be defined as,

f‘reqd(éeq) =Gy (11)

In previous study, the in-plane shear behavior of the composite is assumed to be linear elastic before
damage initiation [8]. However, most composite materials exhibit non-linear shear behavior which are
experimentally observed [2, 7]. In this study, the non-linear shear behavior is incorporated into the model
through a third-order polynomial stress-strain curve,

T2 = c1yn +cayl, + 037?2 (12)

where c1, ¢y, and c3 are coefficients fitting the shear stress-strain data from experiments [2, 7].
2.2. Interfacial delamination

The potential interfacial delamination is modeled using a cohesive element model with bilinear traction-
separation laws. The initiation of delamination is assumed [12],

2 2 2
U N

a’,ﬁz 0_22 O'fz

=1 (13)

where 1,, 5, and ; denote the normal and shear tractions, and o7;, o and o are the interfacial normal and
shear strengths for the cohesive elements. Interfacial delamination is then modeled by the mixed-mode
bilinear traction-separation law defined as,

decs =G/ (14)

where G;; is the mixed-mode fracture energy. T and ¢ are the equivalent quantities defined as,

T = [t + 12+ 12, 6= J(5,)2 + 6% + 52 (15)

in which 6, d, and d; are the relative displacements along the normal and two shear directions.
3. Finite element modeling

The progressive damage model is implemented in ABAQUS/Explicit through user-defined material (VU-
MAT) subroutines. Then a finite element model is developed to predict the impact response of a cross-ply
composite laminate with the stacking sequence [03/903], and the results are validated against experimen-
tal results from the existing literature.
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The finite element model developed here represents the same setting-up in the experiments by Aymerich
et al. [3, 5, 6]. As shown in Fig. 2, the finite element model is composed of three layers of continuum
shell elements (SC8R) representing composite plies of different orientations and two layers of zero-
thickness cohesive elements (COH3D8) between them representing the interfaces. The size of the plate
is 87.5mm X 65 mm X 2 mm. The hemispherical impactor of 12.5 mm in diameter and 2.3 kg in mass
is modeled as a discrete rigid body. The supporting plate with a 67.5 mm X 45 mm rectangular opening
is also modeled as a discrete rigid body and fixed to represent experimental constraints. Four spring
elements at the four corners are used to represent the rubber clamps employed in experiments. Initial
velocity is applied to the impactor through a predefined field in ABAQUS. Contact interaction is applied
between the composite plate and the impactor with tangential friction (friction coefficient u = 0.3). The
same interaction is defined between the rigid supporting plate and the composite plate. The material

T )

Y mpactor

_ FE model

Composite plate

Figure 2. FE model for low-velocity impact analyses.

system employed in the experiments was HS160/REM graphite/epoxy. The properties for this material
system are extracted from the existing literature [6, 7, 13] and are given in Table 1. Some properties are
assumed based on the properties of similar material systems.

Table 1. Material properties.

Lamina properties  Ej; =109.0 GPa; E5, = 8.819 GPa;

G12 =4.315 GPa; G23 =32 GPa;

X; =1850 MPa; X, = 1470 MPa;

Y, =40MPa; Y. = 140 MPa;

S 12= 60 MPa; 523 =90 MPa;

G}c =92 kJ/m?; G?c =80 kJ/m?;

Gpe =0.52kJ/m?; G, =0.97 kJ/m?;

vip =0.342; n=1.45;

c1 =6.45GPa; ¢p =-156.8 GPa; ¢3 = 1415.7 GPa
Interface properties Ky =120 GPa; K5 = K7 =43 GPa;

N=30MPa; § =T =80MPa;

G[C =0.52 kJ/mz; G[]C = G[][C =0.97 kJ/m2
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4. Results and discussions

FE analyses are performed, and the results are examined and compared with those obtained from ex-
periments done by Aymerich et al. [3]. FE analyses without shear non-linearity are also performed
to manifest the importance of including non-linear in-plane shear behavior in the progressive damage
modeling.

4.1. Dynamic response

The impact force time histories from the FE analyses with and without in-plane shear non-linearity are
compared with those obtained from experiments by Aymerich et al. [3, 5]. Fig. 3 shows the comparison
of impact force time histories for impact energies 2.1J and 5.1J. As can be seen, the numerical results
predicted from the model with shear non-linearity agree well with experimental results in terms of both
impact duration and maximum impact force. However, the FE model without shear non-linearity predicts
slightly larger impact duration and lower impact force before reaching the maximum compared with
experimental results. This is mainly because that the model without shear non-linearity predicts earlier
damage initiation in transverse direction and more extensive damage propagation thereafter than the
experiments.

Impact energy 2.1 J Impact energy 5.17
2500 5 = Experiment (Aymerich et al. 2008) 1 — Experiment (Aymerich et al. 2008)
4 Prediction with shear nonlinearity 4000 - Prediction with shear nonlinearity

2000 4 — Prediction without shear nonlinearity

Prediction without shear nonlinearity

I
=
=
1

Impact force (N)
Impact force (N)

: —
0 1 2 3 4 5 6 0 1 2 3 il
Time (ms) Time (ms)

-t
S

Figure 3. Comparison of impact force time histories between FE simulations and experiments.

4.2. Damage patterns

The major damage mechanisms are the peanut shape delamination at the bottom 90°/0 ° interface as
shown in Figs.4 and 5 (Red indicates fully delaminated region), and the bending matrix cracking in
the bottom 0° plies as shown in Figs.6 and 7 (Red indicates fully cracked region). In general, the
damage patterns predicted by the model with shear non-linearity agree better with the experiments than
those obtained from the model without shear non-linearity. It should be noted that numerical instability
occurs for the model without shear non-linearity when the impact energy is relatively high as indicated
in Fig. 7 (c), which shows abnormal matrix cracking for impact energy 5.11J.

5. Conclusion

A high-fidelity progressive damage model was developed to study impact responses of a cross-ply
([03/903];) graphite/epoxy composite laminate under different impact energies. Both in-plane progres-

Z.C. Su, D.C. Pham and N. Sridhar



Excerpt from ISBN 978-3-00-053387-7

ECCM17 - 17" European Conference on Composite Materials
Munich, Germany, 26-30" June 2016 7

bV e
-

(@) (b) (c)

Figure 4. Delamination at the lower 90 °/0 ° interface (impact energy 2.1J): (a) Experiment [5], (b)
Prediction with shear non-linearity, and (c) Prediction without shear non-linearity.
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Figure 5. Delamination at the lower 90 °/0 ° interface (impact energy 5.1J): (a) Experiment [5], (b)
Prediction with shear non-linearity, and (c) Prediction without shear non-linearity.
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Figure 6. Comparison of matrix cracking in the bottom 0 ° plies (impact energy 2.1 J): (a) Experiment
[5], (b) Prediction with shear non-linearity, and (c) Prediction without shear non-linearity.
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Figure 7. Comparison of matrix cracking in the bottom 0 ° plies (impact energy 5.1J): (a) Experiment
[5], (b) Prediction with shear non-linearity, and (c) Prediction without shear non-linearity.

sive failure and interlaminar delamination are considered in this model. Continuum shell elements with
Hashin failure criteria and energy-based linear softening are employed to model in-plane behavior of
composite plies, and cohesive elements with bilinear traction-separation laws are used to model the po-
tential delamination between plies with different orientations. Non-linear in-plane shear behavior is also
included by assuming a cubic stress-strain curve before damage initiation. Numerical simulations show
that the proposed progressive damage model can accurately predict the dynamic response and damage
patterns compared with experimental results from literature. By performing additional FE analyses with-
out in-plane shear non-linearity, it is also found that it is necessary to include the non-linear in-plane
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shear behavior for composite plies in order to predict accurate impact response.
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