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aluminium matrix composites are carried out. The fiber/matrix interface damage is modeled as a finite
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1. Introduction

The purpose of this work is to analyze the damage evolution of
fiber-reinforced metal matrix composites taking into account the
microscale phase properties and the interaction between different
damage modes.

The micromechanisms of damage in fiber-reinforced compos-
ites (FRC) can be described as follows [1]. If a fiber-reinforced
composite with ductile matrix is subject to longitudinal tensile
loading, the main part of the load is born by the fibers, and they
tend to fail first. After weakest fibers fail, the load on remaining
intact fibers increases. That may cause the failure of other, first of
all, neighboring fibers. The cracks in the fibers cause higher stress
concentration in the matrix, what can lead to the matrix cracking.
However, if the fiber/matrix interface is weak, the crack will extend
and grow along the interface. In the case of ceramic and other brit-
tle matrix composites, the crack is formed initially in the matrix. If
intact fibers are available behind the crack front and they are con-
necting the crack faces, the crack bridging mechanism is operative.
In this case, the load is shared by the bridging fibers and crack tip,
and the stress intensity factor on the crack tip is reduced. A higher
amount of bringing fibers leads to the lower stress intensity factor
on the crack tip, and the resistance to crack growth increases with
increasing the crack length (R-curve behavior) [2,3]. The extension
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of a crack, bridged by intact fibers, leads to the debonding and pull
out of fibers that increase the fracture toughness of the material.

In order to model the damage and failure of fiber-reinforced
composites under mechanical loading, several approaches are used.
Among them, the analytical, shear-lag based models (used often
to analyze the load transfer and multiple cracking in composites)
[4-9], the fiber bundle model (FBM) and its generalization [10,11],
fracture mechanics-based models (which are applied quite often to
the analysis of fiber bridging) [12-14] and, finally, micromechanical
finite element models [[15-17], see also reviews in Refs. [1,18]] can
be listed. One of the challenges of modelling damage and fracture
in FRC is the necessity to take into account the interplay between
the multiple fracturing in fibers, interface damage and debonding
and the strongly nonlinear deformation behavior of the matrix.

In this work, we seek to apply the methods of the computa-
tional micromechanics to analyze the interaction between different
damage mechanisms, and the effect of the phase and interface
properties on the damage evolution in fiber-reinforced aluminium
composites.

2. Finite element model generation and damage modelling

In order to automate the generation of three-dimensional
(3D) micromechanical finite element models of composites,
we developed a special program code “Meso3DFiber” [1]. The
program, based on the approach to the automatic generation
of 3D microstructural models of materials described in Refs.
[1,19-21], is written in Compaq Visual Fortran. The program gen-
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Fig. 1. Examples of the 3D unit cell models: a unit cell with 20 fibers with randomly varied radii (a) and the cell with removed damageable layers (b).

erates interactively a command file for the commercial software
MSC/PATRAN. After the file is played with PATRAN, one obtains a
3D microstructural (unit cell) model of the composite with pre-
defined parameters of its microstructure. The program allows to
vary fiber sizes, the type of fiber arrangement (regular, random and
clustered), volume content and amount of fibers. The finite ele-
ment meshes were generated by sweeping the corresponding 2D
meshes on the surface of the unit cell. The program is described in
more details elsewhere [1,23].

The simulations were done with ABAQUS/Standard. The follow-
ing properties of the phases were used in the simulations. The SiC
fibers behaved as elastic isotropic damageable solids, with Young’s
modulus Ep =485 GPa, and Poisson’s ratio 0.165. The Al matrix was
modeled as isotropic elasto-plastic damageable solid, with Young’s
modulus Ey =73 GPa, and Poisson’s ratio 0.345. The stress-strain
curve for the Al matrix was taken from Refs. [19-21] in the form of
the Ludwik hardening law: oy = oyn + hep), where oy is the actual
flow stress, oyn=205MPa the initial yield stress, and &y is the
accumulated equivalent plastic strain, h and n are the hardening
coefficient and the hardening exponent, h=457 MPa, n=0.20. The
damage evolution in both fibers and in the interface layer was sim-
ulated, using the ABAQUS subroutine User Defined Field, described
in Refs. [19-21,29].

According to Feih et al. [25], fiber failure is often triggered by
fiber surface flaws, which are randomly located and are of ran-
dom sizes. Gonzalez and LLorca [17] proposed to simulate the fiber
fracture in composites by placing damageable (cohesive/interface)
elements along the fiber length and creating therefore potential
fracture planes in the model. The random arrangement of the
potential failure planes in this case reflects the statistical variabil-
ity of the fiber properties. Following the idea by Gonzilez and
LLorca, we introduced damageable planes (layers) in several sec-
tions of fibers, and modeled the fiber cracking. The locations of
the damageable layers in the fibers were determined using ran-
dom number generator (uniform distribution). These layers have
the same mechanical properties as the fibers (except that they are
damageable). The damage evolution in these layers was modeled
using the finite element weakening method [18,24]. The failure
condition of fibers (in the damageable layers) was the maximum
principal stress, 1500 MPa. Fig. 1 shows an example of a multifiber
unit cell with 20 fibers of randomly varied radii, with and without
the damageable layers.

In order to simulate the interface cracking of composites, the
model of interface as a “third (interphase) material layer” was

employed. The idea of the interphase layer model is based on the
following reasoning. The surfaces of fibers are usually rather rough,
and that influences both the interface debonding process and the
frictional sliding. The interface regions in many composites con-
tain interphases, which influence the debonding process as well
[26,27]. Thus, the interface debonding does not occur as a two-
dimensional opening of two contacting plane surfaces, but is rather
a three-dimensional process in some layer between the homoge-
neous fiber and matrix materials. In order to take into account the
non-planeliness (but rather fractal or three-dimensional nature) of
the debonding surfaces and the debonding process, the interface
damage and debonding are modeled as the damage evolution in a
thin layer between two materials (fiber and matrix). This idea was
also employed by Tursun et al. [28], who utilized the layer model to
analyze damage processes in interfaces of Al/SiC particle reinforced
composites. Fig. 2 shows an example of a multifiber unit cell with
three fibers with interphase layer (yellow).
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Fig. 2. Example: a unit cell with three fibers and interphase (yellow) layers. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
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Fig. 3. Unit cell with a matrix crack and bridging fibers [1,23].

3. Numerical analysis of the effect of matrix cracks on fiber
fracture

If a large crack or notch available in the matrix extends into
the region with intact fibers, the matrix crack interacts with the
fibers and influences their failures. In this section, we investigate
the effect of cracks in the matrix on the fiber fracture. A number
of three-dimensional multifiber unit cells with 20 fibers and vol-
ume content of fibers 25% have been generated automatically with
the use of the program “Meso3DFiber” and the commercial code
MSC/PATRAN. The fibers in the unit cells were placed randomly
in X- and Y-directions. The cells were subject to a uniaxial tensile
displacement loading, 0.1 of the cell size, along the axis of fibers (Z-
axis). Further, three versions of the unit cells were generated, with
introduced matrix cracks (notches). The cracks were oriented hori-
zontally, normal to the fiber axis and loading vector. The lengths of
the cracks were taken 16% ((1/6) of the cell size), 41% ((5/12) of the
cell size), 66% ((8/12) of the cell size). The crack opening was taken
1/12 of the cell size (0.8 mm). Fig. 3 shows the general appearance
of a cell with a matrix crack. At this stage of the work, the very
strong fiber/matrix interface bonding was assumed, and only the
effect of the matrix cracks on the fiber fracture was studied.

Fig. 4 shows the von Mises stress distribution in the fibers (in the
unit cell with the matrix cracks) before and after the fiber cracking.
The stresses are slightly lower in the regions of fibers adjacent to the
matrix, which is attributed to the effect of the higher Poisson ratio
in the matrix. After the fiber cracking, the stresses are rather low
in the fiber regions close to the cracks, but increase with distance
from the cracks (apparently, due to the load transfer via the shear
stresses along the interface).

Fig. 5 shows the von Mises strain distribution in the matrix after
the fiber failure. It is of interest to observe the shear bands, which
tend to form in the matrix, connecting the regions of high stress
concentration near the fiber cracks.

Figs. 6 and 7 give the stress-strain curves of the models and the
damage (fraction of damaged elements in the damageable sections
ofthe fibers) versus strain curves. One can see that the fiber cracking
begins much earlier in the composites with the matrix cracks, than
in non-cracked composites (apparently, due to the higher load in
the bridging fibers, than in the fibers embedded in the matrix).
The fiber failure leads to the much greater loss of stiffness in the
composites with cracked matrix, than in non-cracked composites.

Now, let us consider the reverse effect: the effect of the fiber
fractures on the damage initiation in the matrix. The composite
(with cracks in fibers, modeled as layers with finite elements with

Fig. 4. von Mises stress distribution in the fibers before (a) and after (b) the fiber
cracking. The cyclic distribution of the stresses along the circular boundary of fiber
sections is due to the discrete (triangular finite elements) representation of the
circular fiber sections.
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Fig. 5. von Mises strain distributions in the matrix after the fiber failure [1].

reduced stiffness) with the initially undamaged matrix is loaded,
until the matrix crackling begins. The void growth in aluminium
matrix was modeled with the use of the Rice-Tracey damage cri-
terion [30], implemented in the ABAQUS subroutine User Defined
Field [21,22,29]. Fig. 8 shows the distribution of damaged areas in
the matrix relative to the fibers (top view). It is of interest that the
damage initiates in the matrix not between closely located fibers,
but rather in random cites. However, at later stages of damage
evolution (right picture) the cracks grow between closely located
fibers.

4. Numerical simulations of interface damage and its
interaction with matrix cracks and fiber fractures

Let us consider the interaction between all three damage modes
in composites: matrix cracks, interface damage and fiber fracture.
In order to model the interface damage, the model of interface as a
“third layer” was used [26]. The interface layer was assumed to be
a homogeneous isotropic material, with Young’s modulus 273 MPa
(i.e., the mean value of the Young’s moduli of fiber and matrix)
and Poisson’s ratio of the matrix. The thickness of the layer was
taken 0.2 mm. Following Tursun et al. [28], we chose the maxi-
mum principal stress criterion for the interface damage (therefore,
assuming rather brittle interface). Two values of the critical stress
were taken: 2000 MPa (i.e., strong, but still damageable interface)

(a)

No matrix crack

4005 = Matrix Crack=1/6 Cell Size
200 4 —== Matrix Crack= 5/12 Cell Size
¢ — Matrix Crack =8/12 Cell Size
0+ 4 : .
0 0.01 0.02 0.03 0.04

Strain

Fig. 6. Stress-strain curves for the unit cells with and without the matrix cracks.

and 1000 MPa (weak interface). While the interface layer is con-
sidered as a homogeneous material in the first approximation, the
model can be further improved if the graded material model is used
to represent the interface layer, with properties to be determined
from the inverse analysis [1].

Unit cells (with 15 fibers and 25% fiber volume content) were
generated, and tested (with different strengths of interface lay-
ers). The unit cells without matrix cracks as well as with the cracks
(notches) of 0.3 (short crack) and 0.58 of the cell size (long crack)

1.2
1 -
08 - -/ No matrix crack
)
8 55 ~O- Matrix crack=1/6 of
E ’ cell size
= -+ Matrix crack=5/12 of
0.4 4 cell siz
—— Matrix crack=8/12 of
0.2 4 cell siz3
0 A 2 T T T T
0.002 0.004 0.006 0.008 0.01 0.012

Strain

Fig. 7. Damage (fraction of damaged elements in the damageable sections of the
fibers) versus strain curves for the unit cells with and without the matrix cracks [1].

Fig. 8. Damage evolution (void growth) in the matrix triggered by the fiber fractures (top view).
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Fig. 10. von Mises stresses in the unit cell with the matrix crack and the interface
layer before (a) and after (b) the fiber failure.

Strain

Fig. 11. Damage-strain curves for fibers and interface damage for the strong (failure
stress 2000 MPa) and weak (failure stress 1000 MPa) interfaces [1]. The unit cell with
the longer matrix crack (0.58 of the cell size) is considered.

were analyzed. The fiber arrangement in the cells with and without
matrix cracks was the same.

Fig. 9 shows von Mises stress distribution in stresses in the inter-
face layer in the vicinity of the cracked fibers. Fig. 10 shows von
Mises stress distribution in the fibers and in the interface layer
before and after the fiber cracking (the case of the longer matrix
crack, and of the strong damageable interface). The section in the
unit cell corresponds to 0.276 of the cell size. One can see that the
fiber cracking leads to the high stress concentration at the interfaces
of the composite in the vicinity of the fiber cracks.

It is seen that the fiber failed not in the sections along the
matrix crack, but rather in the pre-defined damageable layers.
This reflects the fact that we assumed that the fiber cracking is
controlled first of all by the heterogeneities/weak sites in fibers,
and only in the second place by the stress distribution in the
material (see Section 2). A further improvement of this model
could be assuming all the layers/planes along the fiber length to
be damageable, with different failure conditions and probabili-
ties.

Fig. 11 shows the damage (fraction of failed elements) in fibers
and in the interface plotted versus the applied strain, for the case of
strong and weak interfaces, and the cracked matrix (long crack). In
the case of the strong interface, the interface damage growth starts
at a somewhat higher strain than the fiber cracking, and begins in
the vicinity of the fiber cracks. Apparently, the interface damage
growth is triggered by the fiber cracking. In the case of the weaker
interface, the interface damage is not triggered by the fiber crack-
ing, but precedes the fiber cracking: while in the unit cells with
the stronger interfaces the interface damage begins only after the
fibers fail (at the strain 0.005), in the unit cells with weak inter-
faces the interface damage begins at the strain 0.003. Feih et al. [31]
observed experimentally the formation of interface cracks before
the fragmentation of fibers in the unidirectional composites with
weak interface.

One should note that the results shown in Fig. 11 are relevant
only for the initial stage of the interface crack formation. The inter-
action between a long interface and long matrix crack is beyond the
limits of this study.

5. Conclusions

Computational simulations of the deformation and damage
evolutionin fiber-reinforced aluminium matrix composites are pre-
sented. New techniques of modelling of fiber fracturing and the
interface damage are proposed and employed: the finite element
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weakening in the layers (sections) of the fibers, randomly placed
along the fiber length (for the modelling of fiber cracking), and
the element weakening in the interphase layer between the fibers
and matrix (for the modelling of the interface damage). Using
these new methods and the developed techniques of the automatic
generation of 3D microstructural models of composites, we inves-
tigated numerically the effect of the matrix cracks and the interface
strength on the fiber failure.
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