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Analysis of Interfacial Debonding
in Three-Dimensional Composite
Microstructures
This paper is aimed at analyzing stresses and fiber-matrix interfacial debonding in three-
dimensional composite microstructures. It incorporates a 3D cohesive zone interface
model based element to simulate interfacial debonding in the commercial code ABAQUS.
The validated element is used to examine the potential debonding response in the pres-
ence of fiber–fiber interactions. A two-fiber model with unidirectional fibers is con-
structed and the effect of relative fiber spacing and volume fraction on the stress distri-
bution in the matrix is studied. In addition, the effect of fiber orientation and spacing on
the nature of initiation and propagation of interfacial debonding is studied in a two-fiber
model. These results are expected to be helpful in formulating future studies treating
optimal fiber orientations and payoff in controlling fiber spacing and alignment.
�DOI: 10.1115/1.1925293�
1 Introduction
Composite materials find extensive usage in modern engineer-

ing applications. The high strength to weight ratio, coupled with
favorable mechanical and thermal properties, has helped them in
gaining wide commercial acceptance. The global mechanical
properties of the material are affected by local failures that include
particle �or fiber� splitting, interfacial debonding and matrix
cracking. The occurrence of a failure mechanism depends on a
number of factors like matrix, particle and interface strength, the
loading mode and also on morphological parameters like fiber
volume fraction, reinforcement size and shape, orientation and the
spatial dispersion of the fibers in the matrix.

The fiber–matrix interface plays an important role in defining
key properties of the composite like stiffness, strength and the
fracture behavior. The effects of damage due to interfacial deco-
hesion on overall mechanical properties of the composite material
have been studied by various authors in �1–4�. A number of nu-
merical models have been proposed and developed over the years
to simulate the damage due to interfacial debonding in composite
microstructures. One such method to simulate interfacial behavior
is the cohesive zone model, where interfaces are assumed to be
comprised of zero thickness nonlinear springs with a specific
traction-displacement law. The approach was introduced to ana-
lyze interface failure at metal–ceramic interfaces by Needleman
�5–7� and has been used by several researchers including Tver-
gaard �8,9�, Ghosh et al. �10,11�, Allen et al. �12–14�, Lissenden et
al. �15�, Geubelle �16�, and Ortiz et al. �17,18�, to study damage
evolution in micromechanical problems. Tvergaard �8,9� and
Ghosh et al. �10,11� have used the cohesive zone model to simu-
late interface fracture in two-dimensional problems, while Ortiz
and Pandolfi �18�, Scheider �19�, Segurado and LLorca �20�, and
Foulk et al. �12� have applied it to model failure in 3D problems.
In their work, Ortiz and Pandolfi �18� have developed 3D cohe-
sive elements with irreversible cohesive laws to simulate dynami-
cally growing cracks and compared it with experimental results
for a drop-weight dynamic fracture test. Scheider �19� has de-
scribed the numerical aspects of the implementation of the cohe-
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sive model, based on the traction-separation laws developed by
Needleman �5–7�. Segurado and LLorca �20� have implemented
the cohesive zone model to solve the problem of decohesion in
sphere-reinforced composites and Foulk et al. �12� have imple-
mented the model to study the matrix cracking and interfacial
debonding in a unidirectional metal matrix composite using a sim-
plified two cell representative volume element �RVE�. In all these
models, special cohesive interface elements, defined by a consti-
tutive equation, are created between the continuum elements. The
cohesive elements open with damage initiation and lose their stiff-
ness at failure so that the continuum elements are disconnected.
Cohesive elements have been made of two quadrilateral surfaces
connecting brick elements �19� or have been comprise of two
triangular surfaces connecting tetrahedral elements �18,20�. These
works primarily discuss the finite element aspects of the imple-
mentation of the cohesive zone for 3D microstructures to simulate
interfacial debonding and validate it for specified boundary value
problems. There has been limited work done in literature to ad-
dress the effects of fiber spacing and orientation on the initiation
and propagation of interface fracture at the microstructural level
in fiber reinforced laminates.

In actual composite laminate microstructures, the fibers in two
adjacent composite layers may be oriented in different directions
while fibers in a single layer are susceptible to misalignment in
the fabrication process. For such cases, a 2D analysis of interfacial
debonding will not represent the problem accurately and the study
needs to be extended to three dimensions. In order to develop a
basic understanding of the phenomena of initiation and propaga-
tion of damage, this paper considers some elementary 3D prob-
lems of interacting debonding fibers and examines the influence of
fiber orientation and spacing on the predicted response. Such stud-
ies may be of invaluable aid to the composite designer and fabri-
cator, e.g., in weighing the need, or degree, of control of these
parameters required in a given structure.

The problem of composite failure analysis is a complicated one.
It involves multiple potential failure mechanisms as well as pos-
sible interactions between them. Thus, a useful way to evaluate
failure initiation and propagation is to assume a particular mode
exists by itself. This is particularly helpful when other modes have
not been fully investigated and characterized. In the present case,
we are concerned with matrix or interface failure. It is generally
thought that the pertinent failure mechanisms involved are cavita-
tion, shearing, and debonding of the fiber–matrix interface. Since
our primary concern here is debonding, we shall offer predictions

of the initiation and propagation of this mode in the absence of the

006 by ASME Transactions of the ASME

2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Downloaded F
other two potential failure mechanisms. This has the effect of
assuming the matrix in our case is sufficiently “strong” to fully
resist cavitation and shearing failure. While we neglect these
modes in the analysis, we shall report the associated parameters
which are assumed to control these failures, i.e., the hydrostatic
stress and Von Mises stress, for the cavitation and shearing fail-
ures, respectively. Hence, once the failure parameters are given
for the particular matrix being considered, one can establish
whether or not the prediction of debonding is credible.

This paper implements a 3D cohesive element made up of two
eight-noded quadrilateral surfaces that are compatible with the
standard twenty-node brick elements using the finite element soft-
ware ABAQUS �21�. The element has been developed for a small
displacement formulation. The cohesive element uses the consti-
tutive equation as defined by the bilinear model �17,18� for rep-
resenting the debond crack. The element is validated by compar-
ing the results of simulations done using ABAQUS for a 3D
model with cohesive interface elements with that of the equivalent
2D simulations performed using Voronoi Cell Finite Element
Model �VCFEM� �10,11,22–24� for specific 2D boundary value
problems. Initially, a small region, comprising two fibers, is iso-
lated from a composite laminate �Fig. 1� and the effect of fiber
orientation and spacing on the nature of debonding initiation and
progression is studied in detail on this two fiber model. Figure 1
shows a two layer composite laminate with the layers aligned
perpendicular to one another. A small region with two fibers, in-
dicated as region 1 in Fig. 1, is isolated from the laminate and
treated in the analysis. Initially, the two fibers are modeled such
that, they are aligned parallel with each other �Fig. 3�a��. For a
prescribed boundary value problem and with a continuous inter-
face between the fiber and matrix, the stresses in the matrix are
studied as a function of relative fiber spacing and volume fraction.
The study is then extended to oriented fibers �Figs. 8 and 9� and
undergoing interfacial debonding. For different angles of orienta-
tion, the initiation and progression of interfacial debonding are
studied for the 3D model with two fibers for specific boundary
value problems. A set of metrics is used to quantify and compare
the interfacial damage for various fiber orientations.

2 The Cohesive Zone Model
The cohesive zone can be used to represent debonding failure at

the fiber–matrix interfaces, which are modeled as sets of nonlinear
springs in the normal and tangential directions. The springs are of
infinitesimal length and are attached to the fiber and the matrix at
their end points. As the displacement increases, the traction across
the interface reaches a maximum value, then decreases for further
increase in displacement and finally vanishes indicating the failure
of the spring. Needleman �7� has proposed a number of potential
cohesive zone models with polynomial and exponential functions
for the traction-displacement jump relation. Camacho and Ortiz
�17�, Ortiz and Pandolfi �18� have developed irreversible cohesive

Fig. 1 A two layer composite laminate with layers aligned per-
pendicular with one another
laws for the unloading path after the interfacial softening.
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The relation between the traction, T, and the effective opening
displacement, �, in the cohesive zone model is given through a
free energy potential � as

T =
����n,�t1,�t2,q�

��
�1�

with q being a collection of internal variables to address the in-
elastic process of decohesion. The effective opening displacement
jump, �, in three dimensions is defined as

� = ��n
2 + �2�t

2 = �um − uf� �2�

where, �n is the displacement jump in normal direction,
�t�=���t1

2 +�t2
2 �� is the net displacement jump in tangential direc-

tions �t1 and �t2 respectively and � is an empirical factor intro-
duced to provide a weight to the contribution of the tangential
displacement jump �t toward the total displacement jump �. The
subscripts m and f correspond to the matrix and fiber, respectively.
The normal interfacial separation �n�=un

m−un
f � and the tangential

interfacial separations �t1�=ut1
m −ut1

f � and �t2�=ut2
m −ut2

f � are related
to the interfacial traction components �Tn ,Tt1,Tt2� by the cohesive
laws that govern the nonlinear interfacial springs along the normal
and tangential directions. The bilinear cohesive zone models have
been found to satisfactorily agree with the experimentally deter-
mined macroscopic stress–strain and the load-displacement re-
sponses responses for certain composites in �11,25�. The scalar
form of the normal and tangential traction-displacement relations
is obtained from Eq. �1� as

T =�
�max

�c
� if � � �c �hardening region�

�max

�c − �e
�� − �e� if �c � � � �e �softening region�

0 if � � �e �complete debonding�
�

�3�

The normal and tangential tractions are consequently derived as

Tn =
��

��n
=

��

��

��

��n
=�

�max

�c
�n if � � �c

�max

�

� − �e

�c − �e
�n if �c � � � �e

0 if � � �e

� �4�

and

Tti =
��

��ti
=

��

��

��

��ti
=�

�max

�c
�2�ti if � � �c

�max

�

� − �e

�c − �e
�2�ti if �c � � � �e

0 if � � �e

�
�5�

for i=1,2
Figures 2�a� and 2�b� show the normal traction-separation re-

sponse for �t1=�t2=0 and tangential traction-separation response
for �n=0, respectively. For a positive normal displacement, �n, the
traction at the interface increases linearly to a maximum value of
�max corresponding to �c. After that, the traction starts decreasing
with increase in separation and reaches zero at a value of �e.

The unloading behavior in the hardening region follows the
same slope as that of the loading path. In the softening region,
unloading is assumed to follow a different linear path back from
the current position to the origin with a reduced stiffness �line BO

in Figs. 2�a� and 2�b�� and is expressed as

JANUARY 2006, Vol. 128 / 97

2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Downloaded F
T =
�max

�max

�max − �e

�c − �e
�c � �max � �e and � � �max �6�

Reloading follows the hardening slope OB and then continues
along the softening slope. This demonstrates the irreversible na-
ture of the damage process. The normal component of the traction
is transferred through the normal springs, while the shear compo-
nent of the traction is transferred through the tangential springs. It
should be noted that both the normal and the tangential tractions
vanish when �	�e. Also, the magnitudes of the tangential
traction-displacement relation are independent of the sign and
hence, the behavior is the same for both positive and negative �t1
and �t2 separations. If the normal displacement is negative in
compression, stiff penalty springs with high stiffness are intro-
duced between the node-pairs at the interface to prevent penetra-
tion. From the above traction-displacement relations, it can be
seen that the cohesive zone parameters ��max, �c, �e, and �� that
define the shape of the curve.

3 Cohesive Element Implementation and Validation
The cohesive model is implemented as three-dimensional cohe-

sive elements within the FE software ABAQUS �21� using the
User defined Element �UEL� subroutines �19,20�. The 3D cohe-
sive elements have 16 nodes with a quadratic displacement for-
mulation. These elements are written for the theory of small dis-
placement and are compatible with the regular continuum 20 node

Fig. 2 „a… Traction displacement relation „Tn−�n… of the bilin-
ear cohesive zone model for normal direction with �t1=�t2=0,
„b… traction displacement relation „Tt−�t… for tangential direc-
tion with �n=0

Fig. 3 „a… 3D model of a two-fiber model with

ment surfaces with the local coordinate system
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brick elements in ABAQUS. The element is comprised of two
cohesive surfaces of 8 nodes each. In the initial unloaded state, the
nodes of the two surfaces share the same coordinates. With the
application of external load, the surfaces move and separate from
one another as the adjacent solid elements deform. The relative
normal and tangential tractions for the 3D cohesive elements are
calculated at the element integration points according to the trac-
tion separation law defined by the bilinear model. The element has
nine integration points corresponding to that of a standard
QUAD-8 element. Figure 3�a� shows a two fiber 3D composite
model with the cohesive elements at the interface. The interface
element with the two cohesive surfaces is shown in Fig. 3�b�. The
two surfaces share the same coordinates initially, but have been
plotted with a separation for clarity. The fiber and matrix have
been meshed using 20 node brick elements. Following the proce-
dure of Segurado �20� and Scheider �19�, the virtual work for a
cohesive element is given by

��el
=	

S

T . ��u�dS �7�

where T is the cohesive traction acting on the separation �u� over
the area dS. The interface element has 48 degrees of freedom in
the global coordinate system, whose displacements at the nodes
will be represented by a 48
1 column vector ue as

ue = �ux
1,uy

1,uz
1,ux

2,uy
2,uz

2, . . . ,ux
16,uy

16,uz
16�T �8�

The relative displacement jump between the paired nodes of the
element surfaces in the global coordinate system will be given by
a column vector, �ue as


�ue�
24
1

= ��1�
24
48�ue

+

ue
− = � �I�

24
24

, �− I�
24
24

��ue
+

ue
− �9�

The ��1� matrix comprises of two identity matrices �I24
24� and
�−I24
24� to compute the displacement jump between the paired
node sets 
ue

+� and 
ue
−� on opposite sides of the cohesive springs.

The 
ue
+� corresponds to the displacement components of the co-

hesive surface consisting of nodes 9–16, as shown in Fig. 3�b�,
while 
ue

−� denotes the degrees of freedom for the other surface
comprising of nodes 1–8. A local coordinate system for the cohe-
sive element is defined using the natural element coordinates �

arallel fibers „b… cohesive interface finite ele-
p
Transactions of the ASME

2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Downloaded F
and  with 0���1,0��1. The shape function for the node
pair is then given by �i�� ,� �i=1,8�. The relative displacement
jump between the element faces at any point �� ,� can be inter-
polated as a function of the relative displacement jump between
paired nodes as

�u��,� = ��ux��,�
�uy��,�
�uz��,�

� = �2��,��ue �10�

where �2 is 3
24 matrix given as

�2��,� = ��1I3
3��2I3
3� ¯ ��7I3
3��8I3
3� �11�

Equations �10� and �9� result in

�u��,� = �2�1ue = �ue �12�

where � is the 3
48 matrix to compute the relative opening at
any point in the element. The current normal and tangential direc-
tions are computed in the local coordinate system with the coor-
dinates � and . Since the element is for the theory of small
displacement, the reference surface for the coordinate system is
defined by the 8 nodes of the cohesive surface that are part of the
fiber. If the global coordinates of the 8 nodes that constitute the
reference surface, xe�x ,y ,z� are represented by a 24
1 vector, the
coordinates of a point in the reference surface, xL�� ,� in the local
coordinate system can be obtained as

xL��,� = �2��,�xe �13�

The local coordinate system in the current configuration can be

obtained from the three perpendicular vectors, n̄ , t1̄ , t2̄ �Fig. 3�b��
of unit modulus expressed as

n̄ =
1

� �xL

��



�xL

�
� �

�xL

��



�xL

�
�, t1 =

1

� �xL

��
� �

�xL

��
�, t2 = n̄ 
 t1

�14�

where n̄ is normal to the surface and t1̄ and t2̄ are tangential to the
surface. The rotation matrix, R to transform the global coordinate
system �x, y, and z� to the local coordinate system �� and � is a
3
3 matrix given by

R = �n̄T

t1
T

t2
T � �15�

The tangent stiffness matrix and the force vector of the interface
element can now be expressed in terms of the global coordinate
system. The global tangent stiffness for the interface element in
this case will be of the form of a 48
48 matrix given by

Kel =	
−1

1 	
−1

1

�TRT �Tloc

��uloc
R�Jd�d �16�

where Kel is the element stiffness matrix in global coordinates.
Tloc stands for the 3
1 vector that provides the normal and tan-
gential tractions �Tn ,Tt1 ,Tt2�, given by Eqs. �4� and �5�, in the
current local coordinates while uloc is a 3
1 vector that gives the
relative displacement between the cohesive surfaces ��n ,�t1 ,�t2�
in the current local coordinates. J is the Jacobian of the transfor-
mation between the local coordinates �� and � and the global
coordinates �x, y, and z� for the current configuration. The nodal
forces for the interface element will be given by a 48
1 vector

represented as
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fel =	
−1

1 	
−1

1

�TRTTlocJd�d �17�

The UEL is written as an external subroutine and is invoked by
ABAQUS to obtain the stiffness matrix and force matrix for the
interface elements. The parameters associated with the cohesive
element definition in ABAQUS are the number of nodes for the
element and their connectivity, the cohesive zone parameters as-
sociated with the element and the solution dependent state vari-
ables required for the element.

Validation of the interface cohesive element is done by compar-
ing the results of the 3D ABAQUS models with the equivalent 2D
VCFEM model, developed by Ghosh et al. �10,11,22–24� to ana-
lyze large microstructural regions with arbitrary dispersions,
shapes and sizes of heterogeneities, as in micrographs of compos-
ite materials, using an assumed stress hybrid finite element formu-
lation. A composite microstructural model consisting of two cir-
cular fibers with equal radii r of 1.75 �m is modeled in 3D using
ABAQUS in such a way that the fibers are parallel with one
another and aligned along the z direction as shown in Fig. 3�a�.
The length and width of the model are constructed to be 14 and
7 �m, respectively while the thickness of the model is assigned a
value of 1.5 �m. The matrix material is epoxy with Young’s
modulus, E=3.67126 GPa and Poisson’s ratio, �=0.328 while the
fiber material is steel with E=210 GPa and �=0.3. The same con-
stituent elastic moduli are used throughout this paper. A corre-
sponding two fiber model with the same dimensions and material
properties is modeled in two dimensions for VCFEM analysis.
Plane strain boundary conditions with �zz=0 is imposed for both
the 3D and the 2D models. The FEA model is constrained so that

Fig. 4 Comparison of 3D Abaqus model and 2D VCFEM model
for „a… �xx distribution along the length of the two-fiber model;
„b… macroscopic stress–strain „�̄xx− �̄xx… plots for applied
uniaxial displacement corresponding to �̄xx=3.2e−03
the bottom face and the left face are constrained in the y-direction
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and x-direction, respectively. Periodic boundary conditions are
imposed on the top face such that the face remains straight and all
the nodes lying on the face have equal displacement in the
y-direction. Equivalent boundary conditions are prescribed on the
edges of the corresponding 2D VCFEM model.

The 3D model is initially validated for continuous interfaces
meaning that there is no damage due to interfacial debonding in
the microstructure. This is achieved by specifying a high value
��106� for the peak stress value, �max in the bilinear model re-
sulting in a very steep slope for hardening. A uniaxial displace-
ment corresponding to �̄xx=1 is applied along the positive
x-direction for both the 3D and 2D models. The distribution of the
various stress components are compared for the 3D and 2D mod-
els and are found to exhibit the same values for both the cases.
Figure 4�a� shows the comparison of the values of �xx plotted
along a line drawn through the length of the model passing though
the center of the fibers for the 3D ABAQUS model and the 2D
VCFEM model. It is observed from Fig. 4�a� that both the models
have matching plots for the stress distribution. The model is also
checked for applied biaxial displacements in the x and
y-directions and the results for the 3D model are found to match
satisfactorily with the 2D model.

The 3D model is next applied for the two-fiber model with an
interface defined by the bilinear cohesive law. For the previously
defined matrix and fiber material properties, the cohesive interface
parameters are assigned to the interface elements for both the 3D
and 2D models and compared for prescribed boundary value prob-
lems. The parameters for the cohesive zone law for the interface
elements are maximum stress, �max=0.0025 GPa, critical dis-

−5

Fig. 5 Effect of fiber separation on the distr
stress; and „c… maximum principal stress for
to �̄xx=1 and for a fiber radii, r=1.75 �m
placement jump �c=5.1
10 , displacement jump for failure �e

100 / Vol. 128, JANUARY 2006
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=6.2
10−4 and the weight for the tangential displacement jump
�=0.707. For the FEA boundary conditions described previously,
a uniaxial displacement corresponding to �̄xx=3.2e−03 is applied
in the positive x-direction to the 3D ABAQUS and 2D VCFEM
models. The comparison of the macroscopic stress strain ��̄xx

− �̄xx� plots for the 3D and the 2D models have been depicted in
Fig. 4�b�. The macroscopic stresses and strains are obtained by
volume averaging of the microscopic stresses and strains. The
macroscopic stress �̄ij is the volume averaged stress obtained by
integrating the stress over the microstructural model �26,27� as

�̄ij =
1

Y	
Y

�ij�Y�dY �18�

The corresponding macroscopic strain �̄ij is the volume averaged
strain, expressed as

�̄ij =
1

Y	
Y

�ij�Y�dY +
1

2Y	
�Yint

��ui�nj + �uj�ni�dS �19�

Here �ui� denotes the jump of the displacement components across
the interface with an outward normal ni. The interface Y int is ex-
pressed as a region between the matrix and inclusion boundaries.
It can be inferred from Fig. 4�b� that both the 2D and 3D models
exhibit equivalent �̄xx− �̄xx distribution. Within a small error, the
stress distribution pattern observed for the 3D and 2D models for
all the components of stresses along with the extent of damage are
found to be the same. A similar study is also done for a biaxial

¯

tion of „a… hydrostatic stress; „b… Von Mises
applied uniaxial displacement corresponding
ibu
an
case where displacements corresponding to �xx=3.2e−03 and
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�yy =3.2e−03 are applied in the x and y-directions, respectively. In
this case too, the debonding pattern is found to be equivalent for
the 3D ABAQUS and the 2D VCFEM models and the stress dis-
tribution patterns are also in good agreement with one another.

Thus the results of the 3D model are in agreement with that of
a 2D model for specific plane strain boundary value problems.
The element has been checked for both a continuous interface and
an interface defined by the bilinear cohesive law.

4 Effect of Relative Fiber Spacing and Volume
Fraction on Matrix Stress

A two-fiber model of the steel-epoxy composite with unidirec-
tional fibers is tested and the effect of the relative fiber spacing
and volume fraction on the stress distribution pattern in the matrix
is studied. As mentioned earlier, the only propagating mode of
failure considered in the study is interfacial debonding. However,
the distribution of the hydrostatic, Von Mises and the maximum
principal stresses in the otherwise undamaged matrix are given for
information. Again, the matrix has a potential failure mode due to
cavitation and one due to a shearing mode, precipitated by the
hydrostatic and Von Mises stresses, respectively. The maximum
principal stress is reported since this component may affect the
direction of growth of an initial cavitation. The critical region of
study is the highly stressed matrix region lying between the two
fibers.

We first consider different 3D realizations of the two-fiber
model with equal radii such that the fibers are both aligned along
the z-direction. For a given fiber volume fraction, the fiber spacing
is varied and 3D models are constructed for analysis. The fiber

Fig. 6 Effect of fiber separation on the distr
stress; and „c… maximum principal stress for a
�̄xx=1 and �̄yy=1 and for a fiber radii, r=1.75 �
volume fraction is then increased by increasing the fiber radii and
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another set of 3D models are created with varying the spacing
between the fibers. One such representation is shown in Fig. 3�a�.
To impose plane strain conditions ��zz=0� on all the 3D, the front
and back faces are constrained in the z-direction. The FEA bound-
ary conditions include the bottom face and the left face being
constrained in the y- and x-directions, respectively. Periodic
boundary conditions are imposed such that the top face remains
straight during deformation. A continuous interface is assumed
between the fiber and matrix to study the stress states in the matrix
prior to the onset of debonding. All the 3D models are subjected
to two different sets of loading conditions, one with a uniaxial
displacement applied in the positive x-direction, resulting in �̄xx
=1, and the other with a biaxial displacement, corresponding to
�xx=1 and �̄yy =1 in the x and y directions, respectively.

Figures 5�a�–5�c� show the distribution of the hydrostatic, Von
Mises and maximum principal stresses for different fiber spacing.
The radii of the fibers in this case are 1.75 �m and the fiber
volume fraction is 20%. The plots are obtained by computing the
stress values along a line drawn parallel to the x-axis from points
A to B as shown in Fig. 3�a�. The plots are generated for the
various fiber spacing for the given fiber radii and the distances are
normalized in order to compare the stress distributions. For a
given plot, the normalized distance at a given point in the line AB
�Fig. 3�a�� is obtained by dividing the distance of that point from
the point A with the total distance of separation AB and will have
values ranging between 0 and 1, respectively. From Fig. 5�a�, it is
observed that the maximum value for the hydrostatic stresses oc-
curs at the fiber matrix interface and the value tends to decrease
slowly away from the interface. The same trend is observed irre-

tion of „a… hydrostatic stress; „b… Von Mises
pplied biaxial displacement corresponding to
ibu
n a
spective of the fiber spacing. This is attributed to the high value of
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�yy at the interface, resulting in higher values for the hydrostatic
stress at the interface. The Von Mises stress �Fig. 5�b�� shows an
opposite trend from that of the hydrostatic stress. The maximum
value occurs away from the fiber matrix interface near the middle
of the separation. The minimum value is observed at the interface
for all the fiber spacings considered. In the case of maximum
principal stresses, it is seen from Fig. 5�c� that for large fiber
spacing, the maximum principal stress tends to have a small dip in
its value at the middle of the separation. There is no noticeable
change in the value of the maximum principal stress as the fibers
approach each other.

The second set of results corresponds to the biaxial displace-
ments applied in the x and y-directions. Figures 6�a�–6�c� show
the distribution of the hydrostatic, Von Mises and maximum prin-
cipal stresses for normalized separation distances considered for
study for a fiber volume fraction of 20% and fiber radii of
1.75 �m. The hydrostatic stresses �Fig. 6�a�� are almost constant
at larger spacing between the fibers. As the fibers come closer,
there is a small dip in the hydrostatic stress values away from the
interfaces near the middle of the separation. The maximum value
is at the interface. The Von Mises stresses �Fig. 6�b�� show a
decreasing trend in values away from the interfaces when there is
a large distance of separation. But, as the fibers come close to
each other, the maximum value of Von Mises stress is seen at the
middle of the separation between the two fibers and the minimum
value is at the fiber matrix interfaces. The maximum principal
stresses �Fig. 6�c�� show the same trend as that of the uniaxial
loading case by having a constant value for small spacing between
the two fibers. For larger fiber spacing, there is a dip in the value
away from the fiber matrix interfaces.

Another common observation in both the loading cases is that,
as the spacing between the two fibers decreases, there is an in-
crease in the magnitude of stresses. Also, there is no change in the
stress distribution trend when there is an increase or decrease of
fiber volume fraction. An increase or decrease in the fiber radii
only results in a change in the magnitude of stresses and does not
affect the distribution trend for quantities plotted. Figures 7�a� and
7�b� depict the distribution of hydrostatic and Von Mises stresses
for one such case, where the relative fiber radii are 3 �m and the
fiber volume fraction is 50%. The distribution in Figs. 7�a� and
7�b� for hydrostatic and Von Mises stresses depict the same trend
as that of Figs. 5�a� and 5�b�, and the variation is only in the
magnitude of the stress values. It should be noted that the obser-
vations for the specific boundary value problems considered here
may not be true in general.

5 Effects of Fiber Orientation on Debonding Initiation
and Progression

This section is aimed at studying the effects of local fiber mis-
alignment and orientation on the initiation and propagation of
damage due to interfacial debonding in a two-fiber 3D composite
model. The problems considered give an idea of local behavior
due to the interaction between fibers in the composite microstruc-
ture. Initially, a two-fiber 3D composite model with fibers of equal
radii is considered for study and the following metrics are used to
quantify the effects of fiber orientations on the nature of interfa-
cial damage.

5.1 Macroscopic Stress–Strain Behavior. The definitions of
the macroscopic stresses and strains are given in Sec. 3 of this
paper. For a specified boundary value problem, the macroscopic
stress–strain plots are computed for different fiber orientations and
compared against each other. It is of significance to see if the
macroscopic stress–strain plots can differentiate the various orien-
tations modeled at the microstructural level.

5.2 Macroscopic Stress–Strain for Debonding Initiation.
This is defined as the externally applied value of the macroscopic

stresses and strains at which debonding initiates at the interface.
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5.3 Fraction of Damaged Interface. The fraction of the
damaged interface is defined as the ratio of the area of the inter-
face that is damaged to the total interface area. The ratio can be
evaluated for different fiber orientations and compared against one
another.

Some of these metrics may be susceptible to experimental ob-
servation. In conjunction with the modeling results, this can lead
to further understanding of these complex failure mechanisms and
their impact on composite behavior. The parameters defined above
are used in quantifying the damage for three different fiber orien-
tation scenarios involving the two-fiber model. In the first case,
one end of each of the fibers is placed on the x-axis and the fibers
are oriented in the xz plane as shown in Fig. 8�a�. Figure 8�b�
shows the top view of the 3D model showing the angle of orien-
tation ��° � between the two fibers. Different realizations of this
case are generated by varying this orientation angle. The fiber
volume fraction for the first case is kept at 20% and the fiber radii
are 1.75 �m in each case. The block dimensions of the model
shown in Fig. 8 are 14 �m
7 �m
7 �m, respectively. In the
second case, the fiber ends are placed on the y-axis and oriented
parallel to the xz plane as shown in Fig. 9�b�. The corresponding
top view of the two-fiber model showing the angle of orientation
��° � between the fibers is depicted in Fig. 9�a�. By varying the
orientation angle, �°, different 3D models are generated such that
the fiber volume fraction for all the models is kept at 10%. The
high degree of fiber orientation, coupled with a certain minimum
distance considered between the fiber surface and the boundary of
the model, impose a restriction on the fiber volume fraction of
these models �10%� being less than the first set of models �20%�.
The fiber radii for all the models have a value of 1.75 �m and the
y-distance between the two fiber centers is 7 �m. The block di-
mensions of the model shown in Fig. 9 are 14 �m
14 �m

Fig. 7 Effect of fiber separation on the distribution of „a… hy-
drostatic stress; „b… Von Mises stress for an applied uniaxial
displacement corresponding to �̄xx=1 for a fiber radii, r=3 �m

7 �m, respectively. The third case differs from the second case
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in that, for a specified angle of orientation, �°, the fibers are
moved towards each other along the y-axis. The fiber volume
fraction and radii are the same as that of the previous case. For all
the 3D models, the FEA boundary conditions consist of the three
faces lying in the yz plane, xz plane, and xy plane to be con-
strained in the x, y, and z-directions, respectively. A uniaxial dis-
placement that corresponds to �̄xx=3.0e−03 is applied along the
x-direction to the face perpendicular to the x-axis. The displace-
ment is applied in small equal increments. Additional boundary
conditions are imposed on the other two free faces so that the
edges remain straight during deformation. The properties of the
materials and the cohesive zone parameters used in the analysis
are as defined in Sec. 3 of the paper. The damage occurs at the
inside of these two–fiber models, at the fiber-matrix interfaces.
For a given integration point, damage is said to have occurred
when the displacement jump, � exceeds the �e value of the cohe-
sive zone model �i.e., at complete debonding�. The displacement
jump, � is determined at each of the integration points and by
comparing these values against the �e value, the debonding loca-
tions at the interface can be recorded. Figure 9�b� shows the de-
bonding response of a two-fiber model with an angle of orienta-

Fig. 8 „a… Three-dimensional two-fiber RVE with fibers placed
alongside each other and oriented with respect to one another;
„b… top view of the RVE defining the fiber orientation and the
orientation angle �°
tion of 52 deg, subjected to load and boundary conditions stated
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above. The grey-shaded regions in the figure represent areas of the
fiber–matrix interface that have undergone debonding. An uneven
nature of debonding progression on either side of the fiber is ob-
served in Fig. 9�b�.

Figures 10�a�–10�c� depict the effect of the fiber orientation as
defined by Fig. 8�b� on the metrics considered to represent the
interfacial damage only. As mentioned earlier, no cavitation or
shear failure is assumed in matrix. From Fig. 10�a�, it is observed
that the macroscopic stress–strain plots show the same trend for
the increasing angles of orientation and there is negligible differ-
ence between the plots. Hence, the macroscopic plot may not be
able to distinguish varied fiber orientations within a specified fiber
volume fraction. The variation of macroscopic strain, �̄xx for dam-
age initiation with the orientation angle is shown in Fig. 10�b�.
Though the strain values lie within a narrow range, the macro-
scopic strain required for damage to initiate decreases with the
increase in the orientation angle. This means that a misalignment
of fibers in the matrix, under the present boundary conditions, can
quicken the initiation of the damage due to interfacial debonding.
Figure 10�c� compares the fraction of damaged interface for vari-
ous orientation angles. It is seen that the fraction of damaged area
is minimum for fibers aligned parallel with each other. The area
tends to increase with increase in the orientation angle. There is a
sharp jump in the rate of interfacial damage when the orientation
angle increases from 5 deg to 10 deg.

Figures 11�a�–11�c� show the effect of the fiber orientation as
defined by Figure 9�a� on the parameters used to represent the

Fig. 9 Two-fiber RVE with one fiber placed above the other
fiber and oriented with respect to each other: „a… top view de-
fining the fiber orientation and the angle �°; „b… gray-shaded
region of interfacial debonding at the end of loading
interfacial damage. In this case also, the macroscopic stress–strain
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Fig. 10 Effect of fiber orientation on „a… macroscopic stress–strain „�̄xx− �̄xx… plots for
applied �̄xx=3.0e−03; „b… macroscopic strain, �̄xx for debonding initiation; „c… fraction of

damaged interface
Fig. 11 Effect of fiber orientation on „a… macroscopic stress–strain „�̄xx− �̄xx… plots for
applied �̄xx=3.0e−03; „b… macroscopic strain, �̄xx for debonding initiation; „c… fraction of

damaged interface
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plots �Fig. 11�a�� show the same trend for the increasing angles of
orientation and there is little difference between the plots. Figure
11�b� depicts the variation of macroscopic strain, �̄xx for damage
initiation with the orientation angle. The trend in this case is op-
posite to that of the previous case. With an increase in the orien-
tation angle, the strain required for debonding to initiate increases.
This means that the misalignment of the fibers may prove to be
advantageous as the onset of damage is delayed. The comparison
of the fraction of damaged area for the various fiber orientations
with increasing strain is depicted in Fig. 11�c�. In this case, the
rate of interfacial damage is highest for fibers placed one above
the other and aligned parallel with each other. With increase in
orientation angle, the fraction of interfacial damage reduces and
has the minimum value for the highest orientation angle consid-
ered �52 deg�.

Extending the study using the second definition of the orienta-
tion angle, a fixed angle of 48 deg as defined by Fig. 9 is specified
between the fibers. The fibers are brought closer by decreasing the
center to center distance along the y-axis and the metrics for dam-
age quantification are computed. This data is shown in Fig. 12.
The macroscopic stress–strain curves �Fig. 12�a�� for the three
center to center distances considered do not show any variation
and they depict the same trend. The macroscopic strain required
for damage initiation reduces when the fibers are brought close
together as shown in Fig. 12�b�. The fraction of damaged interface
�Fig. 12�c�� also depicts an increase when they are brought close
together. This means that though misalignment may result in de-
layed damage initiation and reduced interfacial damage, the dis-
tance of separation between the fibers also plays a crucial role in

Fig. 12 Effect of the center to center distance
„�̄xx− �̄xx… plots for applied �̄xx=3.0e−03; „b… m
„c… fraction of damaged interface, for a specifi
triggering the onset of damage.
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6 Conclusions
A 3D cohesive interface element is developed in ABAQUS in

this paper to simulate damage due to interfacial debonding in
composite microstructures. The element is made of 16 nodes with
a quadratic interpolation. The 3D element is validated by compar-
ing with the results of 2D VCFEM for selected boundary value
problems. The element is then used to model the fiber–matrix
interface for a two fiber 3D microstructure and the evolution of
damage due to interfacial debonding is analyzed. The effect of the
relative fiber spacing and volume fraction on the matrix stress
distribution pattern is studied for selected problems. Not surpris-
ingly, the fiber spacing plays an important role in the stress dis-
tribution pattern in the matrix. The study examines the likely re-
gions of failure initiation with the consideration of debonding
mode alone. If the two fibers are parallel and a J1 failure criterion
is assumed, failure will initiate at the fiber matrix interface, while
a failure criterion based on the Von Mises stress would indicate
initiation of a shear mode of failure in the matrix region midway
between the two fibers.

A study to understand the effect of the fiber orientation on the
initiation and progression of interfacial debonding is also done
with a 3D two-fiber model. The damage is quantified using a set
of metrics that included the macroscopic stress–strain plot, mac-
roscopic strain for damage initiation and the fraction of damaged
interface area. The macroscopic stress–strain plot may not be able
to distinguish different fiber orientations for a specific fiber vol-
ume fraction. All of these studies assume particular constituent
properties and neglect matrix-only failures. The study also shows

tween fibers on „a… macroscopic stress–strain
roscopic strain, �̄xx for debonding initiation;
orientation angle of 48 deg
be
ac

ed
the potential effects of fiber orientation and spacing. Two different
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architectures are considered—fibers in the same plane and parallel
planes—and in the former case, the parallel arrangement is found
to be the most effective in delaying debonding initiation and also
the area of interface damaged is found to be a minimum. How-
ever, for the latter architecture, an increase in orientation angle
results in significant slowdown of damage initiation and propaga-
tion. This means that certain combinations of spacing and align-
ment of fibers in composite layers may delay the onset of damage
due to interfacial debonding than a regular unidirectional arrange-
ment. Similar models can be used to assess effects of misalign-
ment error and the corresponding need to control microstructural
morphology.

All of the inferences regarding failure modes are based upon
the prescribed boundary conditions employed in this study and
only consider the interaction effect of two fibers, rather than the
multitude that could occur in a practical composite. We have also
assumed that debonding is the only propagating failure mode.
However, the trends observed and analysis technique employed
can be valuable for more exhaustive studies of the effects of fiber
spacing and misalignment.
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