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Metal failure is often initiated by strain localization in narrow bands. In metal matrix
composites, the occurrence and the consequences of this phenomenon are influenced by the
material microstructure. This dependency has been numerically investigated by considering
periodic and quasi-periodic arrangement of ceramic fibers in a metal matrix, with reinforce-
ment content varying between 10% and 50% in volume. The constitutive response of the
metal has been simulated by the widely used GTN (Gurson-Tvergaard-Needleman) continuum
damage-plasticity model with evolution law based on local porosity. The onset of failure for the
composite has been identified with the critical growth of micro voids that induce softening at
the macro scale. An extensive study has been performed in order to distinguish the effects of
the material microstructure, the role of the imperfections and the influence of the simulation
details. The main results of this investigation are summarized in this paper.
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1. Introduction

Metal ceramic composites are exploited in several industrial sectors (e.g.,
aerospace, automotive, biomedical, energy) for the peculiar characteristics in-
duced by this coupling: high specific strength and stiffness; lightweight; good
wear, thermal, corrosion and fracture resistance [1–5]. The overall characteris-
tics of these material systems depend on several micromechanical features, and
can be strongly influenced by local imperfections. Significant consequences may
for instance arise from the residual porosity left in the metal matrix by the
composite fabrication process [6].
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The macroscopic damage resulting from the growth and coalescence of micro
voids under external actions can be estimated by means of numerical simula-
tions based on the so-called GTN constitutive law introduced by Gurson [7]
and improved by Tvergaard [8] and Needleman [9]. This failure model has
been experimentally validated for several ductile metals exploited in demanding
industrial contexts [10, 11]. The main results of an investigation concerning fiber
reinforced metal matrix composites are summarized in this contribution.

2. Model problem

Regular and quasi-regular packing of cylindrical ceramic fibers embedded
in a metal matrix has been considered, varying the reinforcement content be-
tween 10% and 50% in volume. The overall response of the resulting composites
has been recovered by numerical homogenization on the representative volume
elements (RVEs) shown for instance in Fig. 1. Uniaxial (on the macroscopic
scale) material extension in the direction transversal to the fiber axis has been
simulated in plane strain conditions. Computations have been carried out by
a popular finite element code [12], accounting for both material and geometric
non-linearity. Different discretized models of the problem domains have been
taken into account, implementing regular (radial-circumferential) and random
mesh subdivision. Periodic displacement distribution [13] has been enforced by
means of linear constraint equations linking the degrees of freedom on the bound-
ary of the RVE.

Fig. 1. The assumed RVEs and the domain discretization for 40% ceramic volume content.

The effective material response has been evaluated for different volume ratio
of the constituents, here supposed to be aluminum (Al) and silicon carbide
(SiC). Linear elastic constitutive law, isotropic in the considered plane, has
been assumed for SiC, characterized by the elastic modulus 420 GPa and by
0.25 lateral contraction coefficient. The metal response to external actions has
been described instead by the phenomenological GTN damage-plasticity model.
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In GTN formulation, the yield function Φ is defined as:

(2.1) Φ � � q
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where p and q represent the mean stress and the equivalent deviatoric (Mises)
stress, respectively, while f� indicates the effective porosity. This latter quantity
is associated to the volume fraction f of the micro voids in the metal by the
relationships:
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Plastic strains control the evolution (growth and nucleation) of the void
content according to the rate expression:
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where vp and ep represent, respectively, the plastic amount of the volumetric
strain and of the equivalent strain conjugate to q. The cumulated equivalent
plastic strain ep governs also the hardening behavior of the metal through the
exponential rule:

(2.4) σy � σy0

�
1� Eep

σy0


n

.

Several symbols introduced with relations (2.1)–(2.4) represent model pa-
rameters. In particular: the elastic modulus E � 72.4 GPa and the lateral
contraction coefficient (here assumed equal to 0.33) describe the elastic re-
sponse of the metal matrix within the domain defined by the initial yield stress
σy0 � 240 MPa and by the hardening exponent n � 0.1; the critical and final
porosity values (fc and ff , respectively) limit the void coalescence range; fN
modulates the nucleation rate of new voids; εN and SN represent, respectively,
the mean value and the standard deviation of the statistical (Gaussian) distri-
bution of residual strains resulting from the production process. The value fu
represents the upper bound for the effective porosity f�, in correspondence of
which the stress carrying capacity of the material is annihilated; fu depends on
parameters q1, q2 and q3 as shown by (2.2), derived from the condition Φ � 0
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when stress invariants p and q are null. The assumed values of the nine mate-
rial constants related to porosity in GTN model reported in Table 1, have been
selected from literature data (e.g., [9–11] and references therein). The initial
volume fraction of voids in the metal matrix, f0, is also indicated.

Table 1. Assumed values of the constitutive parameters governing the evolution of micro voids.

q1 q2 q3 f0 fc ff fN εN SN

1.5 1.0 2.25 0.01 0.1 0.2 0.04 0.3 0.1

3. Selected results

The graphs drawn in Fig. 2 represent the effective response of the considered
composite materials, recovered by numerical homogenization for 10% and 40%
ceramic content. The curves visualize the relationship between the macroscopic
stress and the corresponding strain in the stretched direction. The graphs evi-
dence that the overall material strength is not affected by the volume fraction
of the reinforcement, while ductility is significantly reduced for higher ceramic
content. The post-peak decay is influenced either by the regularity of the fiber
distribution and by the finite element discretization, with anticipated softening
threshold in the more realistic hypothesis of uneven microstructure.

Fig. 2. Macroscopic response of the investigated composites with 10% (left) and 40% (right)
ceramic content.

The observed features of the macroscopic material response reflect local de-
tails. In particular, strains are intensified in correspondence of the fibers, which
promote the formation of localization bands in the metal matrix.
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The distribution of the plastic strains cumulated in the matrix at the onset
of softening is visualized in Fig. 3 and Fig. 4. In the case of periodic fiber arrays,
strain localization lines are straight and develop: almost freely in the metal for
low ceramic content; along preferential directions for larger diameters. Uneven
reinforcement distribution enhances the inelastic effects, further emphasized in
the case of high ceramic content. In the most severe conditions, high plastic

Fig. 3. Plastic strain distribution in the metal matrix for 10% ceramic content at 3.9%
macroscopic strain: regular fiber arrangement on the left, uneven on the right.

Fig. 4. Plastic strain distribution in the metal matrix for 40% ceramic content at 1.6%
macroscopic strain: regular fiber arrangement on the left, uneven on the right.

Fig. 5. Void volume fraction distribution in the metal matrix for uneven
fiber arrangement: 10% ceramic content at 3.9% macroscopic strain on
the left; 40% ceramic content at 1.6% macroscopic strain on the right.
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strain lines break into segments of varying direction, provoke the growth and
nucleation of voids around the interface with the inclusions as shown in Fig. 5,
and promote debonding.

4. Closing remarks

The connection between microstructural details and the overall response of
metal matrix composites has been numerically investigated, considering ideal
regular arrays of embedded elastic ceramic fibers and a more realistic uneven
distribution of the reinforcement. The presence and the evolution under external
actions of micro voids in the matrix has been described by a widely used con-
tinuum damage-plasticity model characterized by the contribution of the local
porosity. The simulations evidence an apparent reduction of the material ductil-
ity with the increase of the volume fraction of the reinforcement. Concentration
of micro voids at the interface with the fibers, inducing possible debonding phe-
nomena, has been also detected for high ceramic content.
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