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ARTICLE INFO ABSTRACT

Article history:

We analyze the damage initiation, damage progression, and failure during 3-dimensional (3-D) elasto-
plastic deformations of a fiber reinforced polymeric laminated composite impacted by a low speed rigid
sphere, and compare computed results with experimental findings available in the literature. Damage is
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Keywords: assumed to initiate when one of Hashin’s failure criteria is satisfied, and its evolution is modeled by an
Damage empirical relation proposed by Matzenmiller, Lubliner and Taylor. The transient nonlinear problem is
Failure . solved by the finite element method (FEM). Contributions of the work include considering damage in
fgs;ﬂflasnc deformations 3-D rather than plane stress deformations of a laminated structure and elasto-plastic deformations of

the composite. This has been accomplished by developing a user defined subroutine and implementing
it in the FE software ABAQUS. From strains supplied by ABAQUS the material subroutine uses a micro-
mechanics approach based on the method of cells and values of material parameters of constituents to
calculate average stresses in an FE, and checks for Hashin’s failure criteria. If damage has initiated in
the material, the subroutine evaluates the damage developed, computes resulting stresses, and provides
them to ABAQUS. The damage evolved at a material point is not allowed to decrease during unloading.
The delamination failure mode is simulated by using the cohesive zone model available in ABAQUS.
The computed time histories of the axial load acting on the impactor are found to agree well with the
experimental ones available in the literature, and various damage and failure modes agree qualitatively
with those observed in tests.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Composite laminates composed of fiber-reinforced plies are
being increasingly used in automotive, aerospace, and defense
industries because of their higher specific strength than those of
metallic parts, and they can be engineered to obtain optimal mate-
rial properties in desired directions. A challenging issue in design-
ing composites is delineating various failure modes, such as fiber
breakage, matrix cracking, fiber/matrix debonding, fiber kinking,
and delamination between adjacent plies. The difficulty of the
problem is evidenced by the fact that in the worldwide exercise
summarized in [1] very few theories successfully predicted failure
of composite coupons deformed quasistatically. In general, the load
carrying capacity of a structure does not vanish as soon as either
failure or damage ensues at a material point and the structure
can support additional load before it eventually fails. Thus it is
important to quantify damage caused by the initiation of a failure
mode and study its development and progression and the eventual
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failure of a structure with an increase in the applied load. For
designing impact resistant composite laminates it is important to
understand energy dissipated in each failure mode.

Failure and damage in laminated structures can be studied by
either using a micro-mechanics approach that considers failure
and damage at the constituent level or a continuum damage
mechanics (CDM) approach in which material properties of the
composite have been homogenized and failure and damage is stud-
ied at the ply/lamina level; e.g., see [32-40]. Damage studied at the
constituent level is not only computationally expensive for a real
size problem but also requires extensive experimental character-
ization to determine values of material parameters in the damage
model. For example, Togho and Weng [2] have used a statistical ap-
proach based on Weibull’'s distribution of inclusions and the
assumption that the inclusion carries no load after it has debonded
from the matrix; they thus included the effect of fiber/matrix deb-
onding in Mori-Tanaka’s micromechanics method of deriving
effective properties. In Sun et al.’s [3] micromechanics-approach
the effect of progressive debonding is considered by gradually
reducing the elastic constants of the inclusions. Nguyen et al. [4]
modeled the debonding process by reducing strengths of the inter-
face between the inclusion and the matrix. Meraghni et al. [5] and
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Desrumaux et al. [6] have studied combined effects of micro-cracks
and debonding on the effective properties of a composite.

One way to overcome the aforementioned limitation is to use a
micromechanics approach to deduce effective properties of a ply
and CDM to study failure and damage at the lamina level. We have
adopted this hybrid technique to analyze the response of a lami-
nated composite plate to low energy impacts. We note that Soden
et al. [1] list numerous references describing failure theories and
their predictive capability, and refer the reader to [1] for most of
the literature on this subject. In the analysis of failure/damage of
composites (e.g., see [1]) the inelastic behavior is often ignored.
In low velocity impacts, damage and failure occur primarily due
to bending stresses in the laminate [20] and the inelastic behavior
of the matrix should not be neglected. The significance of consider-
ing inelastic deformations will become clear from results pre-
sented in the paper.

CDM theories capture effects of microscopic damage by using
the theory of internal variables [7]. Ladeveze and Dantec [8] have
used this approach to degrade elastic properties of the composite
due to fiber breakage and matrix cracking, and a plasticity theory
to account for permanent deformations induced under shear load-
ing. Hassan and Batra [9] have used three internal variables to
characterize damage due to fiber breakage, matrix cracking and fi-
ber/matrix debonding. The delamination between adjacent plies
was analyzed by using a failure surface quadratic in the transverse
normal and the transverse shear stresses. Puck and Schurmann
[10] have generalized Hashin’s [11] stress-based failure criteria,
and have proposed techniques to degrade elastic parameters of
the lamina subsequent to the initiation of a failure mode. Donadon
et al. [12] have used a smeared crack approach to develop a failure
model for predicting damage in three-dimensional (3-D) deforma-
tions of a composite structure. Clegg et al. [13] have considered
plastic deformations of a composite by assuming a yield surface
quadratic in stresses, and have defined a damage surface in terms
of stresses to consider damage induced softening. The evolution of
damage variables is expressed in terms of a critical strain, fracture
energy, fracture stress and a local characteristic dimension which
should help minimize the dependency of computed results upon
the finite element (FE) mesh used to numerically solve a problem.
Ma and Cheng [14] have employed the Ramberg-Osgood plasticity
relation to account for nonlinear response of a composite under in-
plane shear loads, and considered fiber breakage, matrix cracking
and interface debonding while studying the initiation and propaga-
tion of damage in a composite plate with a circular hole.

Matzenmiller et al. [15] have proposed that when one of Ha-
shin’s failure criteria is satisfied at a point in a composite structure,
damage ensues at that point and it can be characterized by intro-
ducing internal variables for fiber breakage in tension and com-
pression, matrix cracking in tension and compression, and
crushing. The evolution of these internal variables depends upon
values of stresses in Hashin’s failure criteria which are expressed
in terms of stress invariants for a transversely isotropic body and
the strength parameters for the composite. Values of damage vari-
ables depend upon values of the five internal variables, and deter-
mine values of material elastic constants. Alternatively, the
damage variables can be used to modify the six stress components
used to characterize subsequent deformations of the material
point. Xiao et al. [16] used this approach to study damage during
quasistatic punching of woven fabric composites, and Williams
and Vaziri [17] for studying damage in carbon fiber reinforced plas-
tics under impact loads.

Here we use Matzenmiller et al.’s [15] damage evolution criteria
for studying 3-D deformations of a 16-ply laminate impacted at
normal incidence by a slow moving rigid sphere, and derive effec-
tive elasto-plastic properties of the composite by using Aboudi’s
[19] method of cells but with the continuity of shear tractions

across cell boundaries relaxed (e.g., see [18]). The matrix is
assumed to deform elasto-plastically and fibers elastically. A user
defined subroutine has been developed and implemented in the
commercial FE software ABAQUS that takes as input from ABAQUS
values of the six strain components at an integration point of a FE,
computes strains and stresses in each constituent by using the con-
stituent level properties, computes effective stresses, checks for
Hashin'’s failure criteria, computes damage if necessary, modifies
stresses due to the induced damage, and supplies them to ABAQUS.
In ABAQUS values of stresses suffice to find forces due to internal
deformations. Accelerations of material particles are computed
from the difference between the applied forces and forces due to
internal stresses. The delamination between adjacent plies is char-
acterized by using the cohesive zone model (CZM) available in
ABAQUS. The computed time histories of the axial force experi-
enced by the sphere, and the initiation and the propagation of
failure modes agree qualitatively with experimental results of
Curson et al. [20]. Thus contributions of the work include analyzing
3-D deformations of composite laminates under low energy im-
pacts considering various damage and failure modes, and plastic
deformations of the matrix.

2. Problem formulation

We refer the reader to Hughes’s book [31] and ABAQUS manuals
[23] for the derivation of a weak formulation of a transient prob-
lem, and to [24] for details of the numerical solution of the nonlin-
ear problem studied herein. We briefly describe below the damage
and the failure criteria.

2.1. Damage and failure criteria

Hashin [11] assumed that a fiber-reinforced ply can be modeled
as a homogeneous linear elastic transversely isotropic body with
the fiber axis as the axis of transverse isotropy, and proposed that
the failure initiates when one of the five indices f,(« = 1,2,3,4,5)
just exceeds 1.0.

Fiber tensile/compressive failure and lamina crush:
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Here 7 is the stress component with respect to the material prin-
cipal axes of the ply, Xt (Xc) the axial tensile (compressive) strength
along the X;-axis, Zc the lamina crush strength, Yr (Yc) and Sy,
respectively, the transverse tensile (compressive) strengths along
the X,-axis and the shear strengths in the x,x3;-plane with fibers
aligned along the x;-axis. The shear strength in either the x;x;-plane
or the x;x,-plane is denoted by S. We note that fiber failure due to
kinking and buckling are not considered here.

Matzenmiller et al. [15] postulated that when an f, in Eq. (1a-e)
just exceeds 1 at a material point, the damage initiates there, and
the material point loses its load carrying capacity when the
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accumulated damage reaches a critical value. The damage evolu-
tion at a material point is defined in terms of an internal variable
Qy (=1, 2,3, 4,5) associated with the failure index f, by the fol-
lowing empirical relation:

Q-T-eo|p(-f)], @-12345: L=1 @

A large (small) value of m implies that the damage evolves
quickly (slowly), and the value of m is chosen by trial and error be-
cause of the unavailability of test data.

Instead of degrading values of elastic parameters at a point due
to the damage evolved, one can enhance values of stresses there
because the effective area supporting surface tractions is less than
the geometric area. That is,

6=Do, 6=Do (3a,b)
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Here D is a diagonal matrix, and the right-hand side of Eq. (4) gives
diagonal elements of D. Furthermore, ¢ is written as a 6-D vector
{0'11, 022, 033, 023, 013, 0'12}. The motivation for definitions (5a—f)
of the damage variables w1, @, ..., wg is given in [22].

The irreversibility of the internal variable is accounted for by
requiring that dQ, = 0 whenever df, < 0 where df, represents an
increment in f, for an increment in the applied load. Eq. (5a-f) im-
plies that more than one failure index influences the value of a
damage parameter; for example, the value of Qs affects all six com-
ponents of the damage vector w. Thus even if an internal variable
does not increase, the value of a damage parameter may increase.
The effect of the damage evolved on subsequent deformations of a
material point and on the value of the failure index f, is considered
by replacing & in Egs. (1a-e) by &. The forces due to internal stres-
ses are evaluated by using & rather than o.

An element is assumed to have failed when at least one of the
five damage variables Qy, Qo, .. ., Qs exceeds 0.95 and either the ra-
tio of its final volume to the initial volume is less than 0.1 or more
than 4.0 or the axial strain along the fiber direction equals at least
5%; e.g., see [16].

2.2. Elasto-plastic deformations of the matrix

We assume that fibers deform elastically and the matrix elasto-
plastically, and plastic deformations of the polymer (PEEK) obey
the von Mises yield criterion and the associated flow rule. The flow
stress for the polymer depends upon the effective plastic strain to
account for strain hardening.

3. Numerical results and discussion

The composite laminates studied are AS4/PEEK with 60% vol-
ume fraction of fibers, E;=234GPa, E,=E;=14GPa,
GlZ = G13 =27.6 GPa, Gz3 =5.6 GPa, Vi2=V13 = 0.2, Va3 = 0.25 for
the fiber and E =4 GPa, v = 0.35 for the matrix. Values of strength
parameters in Hashin’s failure initiation criteria obtained from
the test data of [26] are: X;=1.4 GPa, Xc=1.1 GPa, Yr=0.08 GPa,
Yc=0.21 GPa, Z-=3.0GPa, Sy=S=0.07 GPa, and m=100 in Eq.
(2). The value of the crush strength, Zc, has not been widely re-
ported in the literature, and values as high as 10 GPa have been
used [27]. Here we have used Z- =3 GPa. A flat thin laminate im-
pacted normal to the face sheet by a low speed sphere usually does

not fail due to crushing; thus the precise value of Zc is not critical
for our work.

Goldberg and Stouffer [25] have reported experimental uniaxial
stress-strain curve for the PEEK tested by Bordonaro [28] at 10~%/s
strain rate. For a given value of the axial stress, a1, the value of the
axial plastic strain, &f,, is computed from the relation,
SI]’] =&11 — %.

Points (&},,011) are plotted and a least squares fit to these data
points with a regression coefficient of 0.98 is

& — exp <0T_A> for 94 MPa > & > 40 MPa, (6)

where A =153 MPa and N = 13.86 MPa. Here ¢ and &° equal, respec-
tively, the effective stress and the effective plastic strain.

4. Comparison of computed and experimental results
4.1. Simple quasi-static deformations

Since plastic deformations of the matrix play a dominant role
when the laminate is deformed in simple shear in the x;x,-plane,
computed results for this case with the specimen assumed to de-
form homogeneously are compared in Fig. 1 with the correspond-
ing experimental results. The developed subroutine, VUMAT,
implemented in the commercial FE software ABAQUS is used. It
is clear that the computed results agree well with the experimental
ones till a shear strain of 4% when the specimen failed in the tests.
The computed shear strain, 5.2%, at failure exceeds the experimen-
tal value by 30%. The vertical drop in the stress shown for the
experimental curve is our concoction and was not captured in
experiments.

We now simulate Weeks and Sun’s [21] experiments involving
uniaxial loading of a lamina with unidirectional fibers inclined at
an angle 0 to the loading axis. Results presented in Fig. 2 for three
values of 0 clearly show that, prior to the onset of failure, the com-
puted axial stress versus axial strain curves agree well with the
corresponding experimental ones. The maximum difference be-
tween the computed and the experimental values of the axial
strain at failure is less than 20%. One can again see that plastic
deformations of the matrix significantly affect the stress-strain
curves. We note that the stress to failure for both the elastic re-
sponse and the elasto-plastic response is almost identical but there
is considerable difference in the strain to failure, with the elasto-
plastic response of the composite predicting results closer to the
experimental values.
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Fig. 1. Comparison of the experimental and the computed shear stress versus the

shear strain curves for AS4/PEEK composite for shear deformations in the plane of
the lamina.
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Fig. 2. Comparison of the experimental and the computed axial stress versus axial
strain curves for AS4/PEEK composite for off-axis loading.

4.2. Impact loading of composite laminates

Fig. 3 shows a schematic sketch of the problem experimentally
studied by Curson et al. [20] who delineated the response of
75mm x 75 mm x 2mm  16-layer [-45/0/45/90],s AS4/PEEK
composite laminates impacted at normal incidence by a 500 g
12.7 mm diameter steel sphere. Curson et al. [20] employed a
hemi-spherical nosed cylindrical impactor and observed that it
did not deform much; here we regard the impactor to be rigid.
Since the contact area is anticipated to depend upon the radius
of the hemi-spherical nose of the projectile, and the damage in-
duced in the laminate upon the kinetic energy of the impactor,
replacing the cylindrical projectile by a spherical one should not
significantly affect the computed damage in the laminate.

As displayed in Fig. 3 the composite laminate is supported on a
steel plate having a 50 mm diameter circular opening. Assump-
tions of modeling the sphere and the supporting plate as rigid
are reasonable since the elastic modulus of steel is several orders
of magnitude higher than that of the composite in the transverse
direction. The coefficient of friction between the spherical impac-
tor and the composite laminate is set equal to 0.25, and material
parameters are assigned the following values: Xy=80 MPa,
Xs1 = X5, = 150 MPa. Values of the fracture energy G,c= 150 J/m?,
Guc = Gyie=500J/m? and # = 1.7 used herein are typical for carbon
fiber reinforced polymer composites [29]. There is, in general, con-
siderable scatter in the literature values of strength parameters Xr
and Yy; for example, Curson et al. [20] reported X;=2.1 GPa and
Yr=0.135 GPa which are higher than those used here.

We used the default values 0.06 and 1.2, respectively, for the
linear and the quadratic artificial bulk viscosities, and of the pen-
alty parameter in the “GENERAL CONTACT” algorithm included in
ABAQUS EXPLICIT.
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Fig. 4. Comparison of the computed and the experimental time histories of the
contact force.
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Fig. 5. Contact force time history plot with points of significance for the damage
initiation and propagation.

For the initial velocity = 4 m/s of the sphere (initial kinetic ener-
gy =4]), we have compared in Fig. 4 the computed time history of
the contact force, Fc (for both elastic and elasto-plastic response of
the composite), with the experimental one. The time is reckoned
from the instant of contact between the sphere and the laminate,
and results have been computed for (X, Yr)=(1.04, 0.08) GPa
and (2.1, 0.135) GPa for the elasto-plastic response and (Xr,
Yr) =(1.04, 0.08) GPa for the elastic response. During the initial
0.25 ms of contact, the total computed force between the sphere
and the laminate for each case is more than that measured exper-
imentally. For the elasto-plastic response different values of (Xr, Yr)
have negligible effect on the magnitude of Fc and for t > 0.25 ms,
the lower values of (X1, Yr) result in a smaller value of Fc. Also

STEEL BASE
PLATE

BOTTOM VIEW

Fig. 3. Sketch of the impact problem studied with the impactor shown in green, the composite laminate in red, and the supporting steel plate in blue color. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the time, t,, when the two computed values of F¢ peak agrees well
with the corresponding experimental value. In the neighborhood of
t = t, the amplitude of oscillations in the experimental values of F¢
is considerably more than that in the computed values of F.. The
time, t; when the sphere looses contact with the laminate is the
least for (Xr, Yr)=(2.1, 0.135) GPa and the most for (Xy,
Yr) = (1.04, 0.08) GPa. The sphere remains in contact with the lam-
inate for about 2.5 ms. The peak value of the contact force F, for the
elastic response of the composite has the lowest value. For
the higher strength composite the slope of the unloading part of
the curve is steeper than that for the lower strength composite.

4.3. Evolution of damage during impact loading

In Fig. 5 arrows pointing to different locations on the contact
force time history plot refer to points of significance for the dam-
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age initiation and the damage evolution. The fiber compressive
damage associated with the internal variable Q, initiates first at
~0.25 ms, and occurs at a point contacting the impactor; this is
indicated as ‘1’ in Fig. 5. The corresponding fringe plot of Q,, shown
in Fig. 3-13a of [24], suggests that the damage due to fiber com-
pression is localized in a narrow region below the impactor and
it does not affect the contact force. The matrix tensile damage,
quantified by values of Qg initiates next at the bottom-most layer
of the composite plate at ~0.3 ms after impact. It is indicated as
point ‘2’ in Fig. 5 and fringe plots of the fiber compressive and
the matrix tensile damage are shown in Fig. 3-13b of [24]. The va-
lue of the fiber compressive damage variable has increased to
nearly 1 but the damage remains localized at points below the
impactor. The initiation of the two damage modes does not seem
to influence the force between the impactor and the laminate. Even
though the value of the internal variable has exceeded 0.95, the

(d)
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BRhRunbhaEkkE

()

Fig. 7. (a-f): At t = 1.1 ms, fringe plots of internal variables (a, b) Q; and Q4 associated with the fiber and the matrix tensile damage, (c, d) Q, and Qs associated with the fiber
and the matrix compressive damage, and (e, f) Q3 and D associated with crush damage and delamination.
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other two auxiliary criteria for element deletion have not been
satisfied.

The fiber tensile damage, signified by values of Q, initiates
along the top-most layers of the composite plate at ~0.4 ms after
impact and is indicated as point ‘3’ in Fig. 5. The corresponding
fringe plots for the three damage modes shown in Fig. 6a suggest
that the matrix tensile damage has increased in the bottom layers
of the laminate while the fiber compressive damage has spread out
in the top layers of the laminate. Also noticeable in the contact
force time history plot is a sharp drop in the contact force at this
instant. This drop is attributed to both the fiber tensile damage
and the growth of the fiber compressive and the matrix tensile
damage modes. The drop in the contact force is followed by a fur-
ther increase in the contact force but now at a rate less than that
prior to the drop. Schoeppner and Abrate [30] called this point as
the “damage threshold load” (DTL); it equals the impact load at
which there is sufficient accumulation of damage in the composite
plate causing a noticeable reduction in its stiffness and hence a
change in the slope in the contact force time history plot.

The compressive matrix damage, decipherable from values of
Qs, initiates at t ~ 0.45 ms but is limited to points near the top sur-
face of the composite plate. At t ~ 0.52 ms the second drop in the
contact force is observed (indicated as ‘4’ in Fig. 5). The fringe plot
of the compressive damage mode shown in Fig. 6b indicates that
the damage is insignificant to warrant a drop in the contact force.
The fringe plot of the fiber tensile damage mode reveals that signif-
icant fiber tensile damage occurs in the bottom layers of the com-
posite plate but the region of the fiber tensile damage has not
grown in the top layers of the plate. The magnitudes of other dam-
age modes have also not increased much. Hence it can be con-
cluded that the second drop in the contact force at point ‘4’ is
due to the accumulation of the fiber tensile damage along the bot-
tom layers of the composite laminate.

At t ~ 0.55 ms, indicated as point ‘5’ in Fig. 5, we see another
sharp drop in the contact force whose magnitude is much larger
than that of the previous two drops in the contact force. Fringe
plots of the internal variables Q; (fiber tensile damage mode) and
Q4 (matrix tensile damage mode) shown in Fig 6¢ indicate that ele-
ments have been deleted from the FE mesh which reduced the
laminate stiffness and caused the contact force to drop. The other
damage modes are primarily restricted to the top layers of the
composite plate, and no element has been deleted in that region.

At t = 1.1 ms we have exhibited in Fig. 7 fringe plots of internal
variables Q;,Q,,Q3,Q4, Qs and D that characterize damage due to
fiber tensile failure, fiber compressive failure, laminate crushing,
the matrix tensile failure, the matrix compressive failure, and the
delamination between adjacent plies, respectively. In the magni-
fied view of Fig. 7b one can see several elements that failed due
to the matrix failing in tension and were deleted during the analy-
sis. There are several elements directly underneath the spherical
impactor in Fig. 7c in which the fibers failed due to the excessive
axial compressive stress. Fringe plots of the internal variable, Qs,
associated with the crush damage shown in Fig. 7e reveal that
there is no damage induced due to the laminate crushing. How-
ever, fringe plots of the damage variable, D, displayed in Fig. 7f lead
to the conclusion that the delamination between adjacent plies oc-
curs over a very large region.

At t~1.25ms the impactor begins to rebound (indicated as
point ‘6’ in Fig. 5). A significant number of elements have failed
by this time. The damage patterns and evolution of damage vari-
ables are similar to those described by Curson et al.

4.4. Effect of FE mesh size and rate of damage evolution

To see sensitivity of results to the FE mesh, we considered 3 ele-
ment sizes, namely, 0.65 mm (mesh 1), 0.775 mm (mesh 2) and
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Fig. 8. Effect of mesh size and parameter m on the contact force time history plot.

0.96 mm (mesh 3); these dimensions are for elements that are in
close vicinity of the impactor. The maximum size of an element
along the outer edges of the lamina varies from 1 mm for mesh 1
to 1.25 mm for mesh 3. This gives approximately 120,000, 85,000
and 70,000 elements for meshes 1, 2 and 3, respectively. The con-
tact force time history plots for the [-45/0/45/90],s laminate for
the three FE meshes, shown in Fig. 8 suggest that the mesh size
has only a marginal effect on the contact force time history. Each
of these FE meshes has only one element through a ply thickness.

The value of the parameter m in Eq. (2) determines how quickly
the damage evolves. Whereas the shapes of the time history curves
for m =4 and m = 100 are very similar to each other, the peak con-
tact force for m =100 is considerably smaller than that for m = 4.
Thus the choice of m determines the maximum computed contact
force.

5. Discussion and conclusions

We have analyzed by the finite element method (FEM) transient
elasto-plastic deformations of a fiber reinforced AS4/PEEK laminate
impacted at normal incidence by a rigid sphere moving at a slow
speed. The matrix is assumed to deform elasto-plastically and
fibers elastically. The material properties of each FE in the composite
are found by using a micromechanics approach, namely, the method
of cells. Based on the stresses induced in the FE we find whether or
not a failure mode has initiated by using Hashin’s failure criteria. An
internal variable is associated with each failure mode whose evolu-
tion is used to account for the irreversible damage induced in the FE.
Thus values of material parameters of the constituents rather than
those of the composite are needed. However, values of strength
parameters for the composite are required. Hence we have coupled
the continuum damage mechanics and micromechanics approaches
to study failure and damage in fiber reinforced laminates. The use-
fulness and the validity of the approach have been demonstrated
by solving a realistic impact problem.

The proposed hybrid approach predicts well different failure
mechanisms in the laminated plate impacted by a slow moving
rigid sphere. The computed time history of the total axial force act-
ing on the impactor agrees well with the experimental one avail-
able in the literature. For the problem studied the delamination
failure occurs over an extensive region beneath the spherical
impactor. Fibers below the impactor fail in compression, and the
matrix in the bottom-most plies fails in tension. A wide crack
develops in the third ply from the bottom surface for the [-45/0/
45/90],s laminate. The predicted evolutions of the matrix and the
fiber damage agree well with experimental observations of Curson
et al. Furthermore, it is shown that the consideration of plastic
deformations of the matrix significantly affects the contact force
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experienced by the impactor. Also, the matrix may fail in tension
before fibers fail pointing out the significance of the matrix
strength.
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