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ABSTRACT: A combined experimental and modeling research is performed to
study the anisotropic elastoplastic and damage responses of SiC particle-reinforced
Al composite sheets. To investigate the effects of the composite processing, two sets
of specimens cut from the heat-treated and as-rolled composite sheets are tested
under uniaxial loading. The dependence of the strength, plastic flow, and strain
ratios on the rolling angles are discussed in detail. To model the phenomena
observed in the experiments, a micromechanics-based damage framework is further
developed. The interfacial debonding and the rolling angle’s effects are integrated
into this model. Good consistency between the experimental results and the
analytical predications demonstrates the validity of the theoretical model.
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INTRODUCTION

P
ARTICLE-REINFORCED METAL-MATRIX COMPOSITE (PRMMC) sheets
have great potential as structural materials for aerospace, automotive,

thermal management, electronic, and recreational and infrastructure
industries due to their high structural efficiency, excellent wear resistance,
and attractive thermal and electrical characteristics (Miracle, 2005).
However, the adolescent knowledge of the mechanical behavior of
PRMMC sheets currently prohibits confident and widespread industrial
application. Anisotropy coming from the fabrication process and their
corresponding microstructure are important aspects among these properties
that need to be further investigated for PRMMC sheets (Kourkoulis and
Andrianopoulos, 2000; Kourkoulis, 2002; Prasad et al., 2002). Specifically,
Lee and Subramanian (1992, 1995), Kanetake et al. (1997), and Euh and
Kang (2005) investigated the effect of rolling process on the tensile
properties of PRMMCs and indicted that rolling was associated with
a considerable amount of damage to particles. Shamsul et al. (1998) carried
out a study of the relation of texture, microstructure and anisotropic
mechanical properties of 2124Al/SiCp composites. Cavaliere (2005)
conducted the effect of friction stir processing on tension and fatigue
properties of 2618 Al/Al2O3p sheets.

The present investigation is aimed at studying the combined anisotropic
elastoplastic and damage responses of SiCp/Al composite rolling sheets.
Experimentally, specimens are cut at various angles to the rolling direction
from PRMMC and matrix-only sheets with multiple thicknesses. Under
uniaxial tension, composite and matrix-only stress–strain curves are
determined by using a universal material testing machine. The dependence
of the strength, plastic flow, and strain ratios on composite processing (heat-
treated or as-rolled) and orientation angles are discussed in detail.
Furthermore, a micromechanics-based damage model is applied to simulate
the anisotropic behavior of PRMMC sheets, with consideration of particle
alignment and interfacial debonding due to the fabrication and the test
processes. The comparison between the experimental and simulation results
is made to demonstrate the elastoplastic deformation and microstructural
damage mechanisms of PRMMC sheets.

EXPERIMENTAL PROCEDURES

Materials

The material of the present study’s interest is a particle-reinforced metal
matrix composite consisting of an aluminum-A359 matrix and SiC
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particulates obtained from MC-21, Inc. The matrix alloy-A359 is a material
purposely developed by the manufacturer for use as a matrix alloy in
PRMMCs. The composite and matrix-only material were obtained as
several sheets of multiple thicknesses in an as-hot-rolled condition. The
composite’s fabrication involved an MC-21 proprietary powder metallurgi-
cal process in which SiC particles were stirred into molten aluminum. After
complete dispersion, the molten was then cast into flat molds to produce
rolling slabs approximately 100 thick. A conventional rolling mill hot rolled
the slabs at a temperature of 7508F to the desired thickness.

Specimen Design and Preparation

Several scanning electron microscope (SEM) digital images were
produced along with corresponding elemental maps using an X-ray mapping
procedure. Figure 1 shows the initial state of the composite. In this figure,
the big black regions are the SiC particles, which are randomly distributed
inside the matrix. The particle aspect ratio (�¼Dmax/Dmin, Dmax and Dmin

are the maximum and minimum diameters of the particles, respectively) was
measured from these images as around 2; and the volume fraction
(� ¼ Vparticle=Vtotal, Vparticle and Vtotal are the volumes of the total particles
and the whole material domain, respectively) was verified within a range of
17.4–22.9% with the average value of 20.4%. The alignment preference of
the particles along the rolling direction (the vertical direction in Figure 1)

(a) (b)

20.0µm

Figure 1. (a) SEM digital images of the initial state of the SiCp/Al composite; and (b) the
corresponding X-ray maps (the vertical direction is the rolling direction).
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can be observed clearly, which is caused by the mill pressure during the hot
rolling process.

The specimens were cut at various angles (08, 308, 458, 758, and 908) to the
rolling direction from the composite and matrix-only sheets as exemplified
in Figure 2. Two sets of composite specimens with various thicknesses (1.5
and 0.75mm) were used in the uniaxial tension tests while another set of
matrix-only A359 specimens (thickness is 3.0mm) was adopted for
comparison purpose.

The specimens were divided into two sets for both composite and matrix-
only materials. One set remained as receiving condition (as-rolled) while
the other set of the specimens went through a heat treatment process (T6)
recommended by the manufactory and used by other researchers for similar
materials (Lin et al., 1993). These specimens were solutionized at 5328C
(9908F) for 30min, quenched in cold water followed by an aging process
at 1548C (3108F) for 5 h. Special care was taken to avoid specimen warping
or cracking during the water bath quenching; and no visible damage
was detected among the specimens after the heat-treatment process.
After specimen preparation, we had 65 samples within the following
categories:

. Composite Specimens

(a) 15� 1.5mm thick in a heat-treated condition
(b) 15� 0.75mm thick in a heat-treated condition
(c) 15� 0.75mm thick in an as-rolled condition

30°

2.75

Rolling direction

1.00

1.00

0.25

0.50

0.500
5.75

All units are in inches

Figure 2. Specimen geometry, orientation angle, and the arrangement of strain gauges.
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. Matrix-Only Specimens
(a) 10� 3.0mm thick in a heat-treated condition
(b) 10� 3.0mm thick in an as-rolled condition

The following nomenclature illustrated in Figure 3 was designed and
adopted to efficiently label each individual specimen removed from the
composite sheets. The first letter signifies composite (C) or matrix-only
material (M). The first 2�3 digit numbers refer to the thickness of the
specimen (1.5, 0.75, and 3.0). The two letters following the first numbers
represent whether the sample underwent the aforementioned heat treatment
(HT) or not (AR). The Second set of numbers signifies the orientation
angle (0, 30, 45, 70, and 90). The final single digit number refers to the
trial number.

To measure the axial and transversal strains, two strain gauges (CEA-
13-125UW-350, Measurements Group, Inc.) were attached to each specimen
in both the axial and transverse direction (Figure 2). All the specimens were
subjected to uniaxial tension tests using a universal testing machine, and the
strain–stress points were recorded to perform the further analysis.

EXPERIMENTAL RESULTS AND DISCUSSION

Typical Results for Individual Samples

Figure 4(a) shows a typical stress–strain (�� ") curve plotted based on the
experiments. In the experimental investigations of anisotropic sheet metals,
the definition of yield stress can dramatically alter many results of interest.
For the present work, two definitions of yield stress are used: (1) the stress at
a 0.2% plastic strain offset denoted by �y�0.2, and (2) the stress at the
proportional limit denoted by �y�PL. On plotting the required linear
translations upon the stress–strain curves, both yield stress definitions can
be viewed graphically in Figure 4(a). The linear elastic limit is defined as the
point where the linear elastic strain ends and the stress–strain curve

Heat treated Trial 1

a = 30°

C1.5HT-30-1
Composite
material

1.5mm thicknes

Figure 3. Nomenclature of the specimens.
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Figure 4. (a) A typical stress–strain curve; and (b) typical strain ratios.
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becomes nonlinear. This is calculated by determining the point where a
specific variation develops between the slope governing the elastic region
and the continuous stress–strain curve. Because of the difficulty involved in
determining the exact point where the variation deviates from zero, a proof
strain of 5 mm similar to the one specified by Phillips et al. (1972) was used.

Figure 4(b) shows the transverse strain versus the axial strain separated
into the elastic and plastic portions. From this plot, two interesting
parameters can be determined and compared: Poisson’s ratio (v) and the
contraction ratio (�) each of which is the slope of the linear regression within
the respective regions. As for a uniaxial tension test, these two ratios are
defined as follows.

� ¼ �
"T
"A

within the elastic region ð1Þ

� ¼ �
"T
"A

within the plastic region ð2Þ

where "A and "T are the axial and transversal strains, respectively.
From Figure 4(b), the transition from the elastic to the plastic region
is clearly visible as the change in slope. Figure 4(b) clearly shows that
like the Poisson’s ratio, the contraction ratio is a constant for the
complete plastic region. The fact that � is greater than � illustrates that,
due to an axial loading, more transverse strain is induced in plastic region
than in elastic region.

Results and Discussion

The experimental results are shown in Tables 1–5. Overall speaking,
the results for the composite materials have larger deviations than that
for the matrix-only materials, demonstrating that the existence of the

Table 1. Experimental results for heat-treated 1.5mm composite specimens.

Orientation
angle E (GPa) m c

ry�PL

(MPa)
ry�0:2

(MPa) ru (MPa)

08 104.4� 13.9 0.30� 0.03 0.37� 0.02 217.6� 17.0 323.9� 6.6 381.7� 5.8
308 102.2� 4.7 0.29� 0.01 0.36� 0.01 199.0� 7.3 311.8� 4.6 379.7� 5.5
458 100.9� 6.9 0.28� 0.00 0.37� 0.03 213.8� 8.6 314.1� 3.7 374.7� 2.3
758 103.5� 5.9 0.27� 0.02 0.36� 0.00 193.0� 3.0 308.1� 0.9 366.7� 1.2
908 94.4� 9.8 0.24� 0.03 0.34� 0.03 220.3� 11.1 306.4� 1.6 365.5� 2.3
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Table 2. Experimental results for heat-treated 0.75mm
composite specimens.

Orientation
angle E (GPa) m c ry�PL(MPa) ry�0:2(MPa) ru (MPa)

08 104.9� 0.1 0.27� 0.01 0.39�0.01 180.0� 12.3 311.8� 1.1 369.2� 0.5
308 103.5� 6.1 0.29� 0.01 0.37�0.01 199.1� 9.7 313.1� 0.9 369.7� 2.8
458 109.4� 3.5 0.28� 0.03 0.37�0.01 207.4� 10.0 318.6� 4.4 371.5� 2.3
758 90.8� 3.4 0.27� 0.01 0.38�0.01 223.1� 7.2 316.7� 2.7 370.7� 2.7
908 91.7� 4.5 0.30� 0.01 0.39�0.00 217.5� 13.6 310.5� 2.8 360.1� 2.3

Table 4. Experimental results for heat-treated 3.0mm matrix-only specimens.

Orientation
angle E (GPa) m c ry�PL(MPa) ry�0:2(MPa)

08 77.0�0.1 0.30�0.00 0.34� 0.01 177.4� 1.5 283.7� 2.9
308 78.9�1.6 0.32�0.01 0.39� 0.00 176.2� 4.0 289.5� 3.0
458 78.2�0.3 0.31�0.00 0.36� 0.01 190.8� 12.4 286.9� 2.3
*758 80.9 0.33 0.37 186.4 291.8
908 78.3�3.7 0.31�0.00 0.42� 0.01 196.1� 19.1 293.6� 0.9

*Only one specimen survived.

Table 5. Experimental results for as-rolled 3.0mm matrix-only specimens.

Orientation
angle E (GPa) m c ry�PL(MPa) ry�0:2(MPa)

08 76.4� 1.0 0.31� 0.00 0.37� 0.01 67.0�0.4 131.0� 0.4
308 75.0� 0.9 0.29� 0.01 0.38� 0.01 67.1�2.1 124.2� 1.3
458 71.7� 1.8 0.32� 0.00 0.38� 0.00 74.7�0.6 126.1� 1.0
758 75.5� 0.4 0.30� 0.01 0.33� 0.01 70.9�4.6 124.8� 1.6
908 79.3� 2.7 0.34� 0.01 0.28� 0.00 62.2�1.0 125.3� 1.4

Table 3. Experimental results for as-rolled 0.75mm composite specimens.

Orientation
angle E (GPa) m c ry�PL(MPa) ry�0:2(MPa) ru (MPa)

08 107.3� 3.7 0.29� 0.01 0.45�0.01 108.3�5.7 194.0� 1.3 226.0� 2.5
308 104.3� 4.6 0.29� 0.00 0.43�0.00 116.0� 11.3 196.4� 2.3 229.1� 0.2
458 110.0� 1.9 0.29� 0.03 0.38�0.01 117.3� 15.2 199.4� 2.3 227.1� 0.9
758 105.2� 5.8 0.26� 0.01 0.37�0.01 126.1� 13.9 200.8� 1.1 224.8� 0.9
908 94.3� 2.0 0.27� 0.02 0.36�0.02 140.6�9.5 198.0� 4.9 221.4� 0.7
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microstructure of composites introduces more uncertainty, which leads to
more scattering on the experiments.

Figure 5 displays characteristic stress–strain curves for the four major
specimen types; composite heat-treated, composite as-rolled, matrix-only
heat treated, and matrix-only as-rolled for an orientation angle of 908.
As expected, heat-treated specimens display superior strength for both
composite and matrix-only specimens. An interesting observation is the
relative change resulting from the processing condition. The addition of
SiC particles increases the strength of the specimens in the as-rolled
condition more dramatically than their counterparts in the heat-treated
condition. The heat treatment procedure seems to affect the strength of the
matrix-only specimens more dramatically than the composite specimens do.
To investigate these observations further with respect to orientation angle,
the corresponding yield stresses and elastic modulus (Young’s modulus) are
averaged and plotted for comparison in Figure 6.

From Figure 6(a) and (c), anisotropy with respect to the yield stress
defined by the proportional limit and the elastic modulus of both composite
and matrix-only specimens becomes apparent although a direct relationship
is unclear. This is not the case for the yield stress defined by a 0.02%

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
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eA (%)
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 Matrix-only as-rolled

 Composite heat-treated

 Matrix-only heat-treated

Figure 5. Stress–strain curves for all four types of specimens for an orientation angle 908.
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Figure 6. Experimental results verse the orientation angles; (a) yield stress at the
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strain offset, Figure 6(b), in which data seems nearly independent of the
orientation angle. It can be concluded that when investigating the aniso-
tropic behavior of composite sheet metal, the definition of yield stress is
quite important.

It is the primary goal of aluminum PRMMCs to maintain the aluminum
matrix’s light weight while substantially increasing strength and stiffness.
From Figure 5, one can see a small increase in strength between the heat-
treated composite specimens and the matrix-only ones. When inspecting the
data with respect to orientation angle, the same conclusion is reached. In the
heat-treated specimens, a consistent 15% increase in averaged �y�PL is
displayed independently of the orientation angle and, it is interesting to note,
that the addition of SiC particles has apparently no effect on the specific
anisotropic behavior with respect to �y�PL. However, a more dramatic
increase in the elastic modulus is enthusiastically observed and unlike �y�PL,
the increase in Young’s modulus is dependent on the orientation angle.
For example, the greatest increase of over 40% is seen for the 458 specimens,
while the smallest, yet still impressive increase of near 20%, is seen where the
orientation angle is 908. This is a direct cause in the anisotropic behavior
with respect to the observed increases in E. It is also confirming to discern,
that except for expected scatter, there is little noticeable difference in E data
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Figure 6. Continued.
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with respect to thickness or heat treatment. It is of course well known that
heat treatment does not affect the elastic modulus; however, the little effect
of the thickness change suggests that the specimens were designed efficiently
to test the material and not the structure. At this point it was prudent to
study the anisotropic behavior of the material in question with respect to
plastic flow stress. Because of the plastically induced anisotropy from the
hot-rolling procedure, we would also expect some variation among these
parameters with respect to the orientation angle.

Again, anisotropic behavior is nearly indistinguishable among stresses
beyond the yield stress defined by the proportional limit, although a slightly
decreasing trend seems to emerge. However, �y�PL displays an increasing
trend with respect to the orientation angle with the strongest �y�PL exhibited
by the specimens of 908 in all specimen type except matrix-only in the
as-rolled condition where the direct relationship is unclear. It can be
concluded that the overall strength within the plastic region of the present
material decreases as the orientation angle increases, while the initial yield
stress defined by the proportional limit increases as the orientation angle
increases.

Of additional interest is the anisotropic behavior of the present PRMMC
with respect to the strain ratios defined in Equations (1) and (2). Figure 7
displays the average strain ratios within the elastic and plastic regions
comparatively. In determining v, the linear relationship between "A and "T
within the elastic region is expected. However, whether or not "A and "T
are linearly related within the plastic region, is an important question.
From many trials, a plot similar to the one seen in Figure 4(b) can be drawn
with impressive R2 values. For the purpose of the present work, we will
assume that a linear relationship between "A and "T exists within the entire
elastic-plastic region. It should be said that the exact point where the
characteristic curve goes from linear to nonlinear, which is the same point
where the change in slope becomes evident in the "A versus "T space, is not
easily determined and is dependent on the manner in which the researcher
analyzes each individual set of data. For consistency among the tested
specimens, all data points taken before the proportional limit are used in
determining linear properties; i.e., E and v, and all data points taken on or
after the proportional limit are used in determining the other properties; i.e.,
�. Another assumption, that heat treatment has little or no effect on the
strain ratios, can be verified by inspection of Tables 1–5.

This assumption holds well for v but it is important to note the apparent
exceptions for � seen in both the composite and matrix-only materials.
Although this unexplained phenomenon may warrant further study, it is not
investigated here and the aforementioned assumptions still hold. When
investigating Figure 7, the addition of SiC particles seems to have opposite
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affects on each strain ratio. Poisson’s ratio is definitely decreased and the
amount of decrease seems to be dependent on the orientation angle with
higher intensity as the orientation angle increases. The contraction ratio
seems to be slightly increased because of the addition of SiC particles
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Figure 7. Strain ratios for all specimen types; (a) Poisson’s ratio for elastic region;
and (b) contraction ratio for plastic region.
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although a totally different and unclear trend with respect to the orientation
angle exists.

MODELING AND SIMULATION

Theoretical Modeling

Modeling and simulation of damage behavior of heterogeneous composite
materials is an active research field (e.g., Ju et al., 2006; Voyiadjis and
Abu Al-Rub, 2006; Voyiadjis et al., 2007; Dorgan and Voyiadjis, 2006;
Abu Al-Rub and Voyiadjis, 2006; Lee and Ju, 2007; Rinaldi et al., 2007;
Ricci and Brunig, 2007; Flaceliere et al., 2007). Recently, Sun and
co-workers have developed a series of composites elastoplastic/damage
models based on micromechanics framework and homogenization proce-
dure (Sun et al., 2003, Sun and Ju, 2004; Liu and Sun, 2004, 2005; Liu et al.,
2004, 2005, 2006; Paulino et al., 2006). To explain the observed trends
discussed in the previous section, a micromechanical damage model is
proposed to predict the effective elastoplastic behavior and damage
evolution of metal-matrix composite sheets containing randomly located
and unidirectionally aligned spheroidal particles with interfacial debonding
based on our previous work. There are two significant changes of the
microstructure of composites induced by hot-rolling process. First, particles
tend to align in the rolling direction due to pressure introduced by the
rolling process (Figure 1); second, interfacial debonding was found
on the particle-matrix interface in the rolling direction and these debonding
did not appear to heal even after the solution treatment (Lee and
Subramanian, 1995).

In the proposed damage model, an equivalent inclusion treatment was
adopted. Namely, the debonded isotropic particles were substituted by
perfectly bonded particles with equivalent orthotropic properties. The lost of
the load-transfer ability in the debonding direction was simulated by the
decreased elastic modulus in that direction. If the original isotropic elastic
stiffness of the particles can be written as

C
ð1Þ
ijkl ¼ lð1Þ�ij�kl þ �ð1Þð�ik�jl þ �il�jkÞ ð3Þ

where l(1) and �(1) are the Lame constants of the particles. Further, the
corresponding equivalent orthotropic (anisotropic) stiffness tensor for the
debonded particles can be phrased as

C
ð2Þ
ijkl ¼ lð2ÞIK�ij�kl þ �ð2Þ

IJ ð�ik�jl þ �il�jkÞ ð4Þ
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where

lð2ÞIK ¼
lð1Þ

lð1Þ þ �ð1Þ
ðlð1Þ�þ �ð1Þ�I�KÞ

�ð2Þ
IJ ¼ �ð1Þ�I�J

ð5Þ

with

�I ¼
1, Debonding happens in I-th direction
0, No debonding happens in I-th direction

�
ð6Þ

and

� ¼ �1�2�3 ð7Þ

In the above equations, Mura’s (1987) tensorial indicial notation is followed
here, i.e., repeated lower-case indices are summed up from 1 to 3, whereas
upper-case indices take on the same numbers as the corresponding lower-
case ones but are not summed up.

By a similar ensemble average procedure proposed by Ju and Sun (Ju and
Sun, 2001; Sun and Ju, 2001), the overall constitutive relation of the
composite can be obtained. The effective stress �r and effective elastic strain
�ee shows a linear relation as

�r ¼ �C : �e e ð8Þ

Here, the effective elastic stiffness of composites �C can be determined as
(Ju and Chen, 1994)

�C ¼ Cð0Þ
� Iþ Y�1 � S

� ��1
h i

ð9Þ

with

Y ¼
X2
	¼1

�ð	Þ½Sþ ðCð	Þ
� Cð0Þ

Þ
�1

� Cð0Þ
�
�1

ð10Þ

In the above equations, C(0) is the elastic stiffness tensor of the matrix,
and C(1) and C(2) are the isotropic and equivalent orthotropic stiff-
ness tensors for the perfectly bonded and partially debonded
particles, respectively. In addition, �ð1Þ and �ð2Þ are the corresponding
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volume fractions. The fourth-rank interior Eshelby tensor S can be expressed
as (Ju and Sun, 1999)

Sijkl ¼ S
ð1Þ
IK 0ð Þ�ij�kl þ S

ð2Þ
IJ 0ð Þ �ik�jl þ �il�jk

� �
ð11Þ

with

S
ð1Þ
IK lð Þ ¼ �

v0
2ð1� v0Þ

JI lð Þ þ
1

4ð1� v0Þ

a2I
a2I � a2K

JI lð Þ þ
a2K

a2K � a2I
JK lð Þ

� �

S
ð2Þ
IJ lð Þ ¼ �

1

4
JI lð Þ þ JJ lð Þ½ � þ

1

4ð1� v0Þ

a2I
a2I � a2J

JI lð Þ þ
a2J

a2J � a2I
JJ lð Þ

� �
ð12Þ

and

JI lð Þ ¼

Z

3ðlÞ
a2I þ l

dl
I lð Þ �
aIffiffiffiffiffiffiffiffiffiffiffiffiffi
a2I þ l

p

 lð Þ � 
1 lð Þ
2 lð Þ
3 lð Þ½ �

1=3

JI lð Þ ¼

Z

3ðlÞ
a2I þ l

dl

ð13Þ

Here, v0 is Poisson’s ratio of the matrix; and aI (I¼ 1, 2, 3) are the radii of the
particle.

The plastic flow of composites is postulated to be associative. The
macroscopic plastic strain rate _�e p for PRMMCs takes the form:

_�e p ¼ _l
@ �F

@ �r
ð14Þ

where _l is the plastic consistency parameter. Moreover, �F is the
overall yield function of composites, which can be micromechanically
determined as

�F ¼ ð1� �ð1ÞÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�r : �T : �r

p
� Kð �e pÞ � 0 ð15Þ

Here, �e p represents the effective equivalent plastic strain, while the simple
isotropic hardening function Kð �e pÞ is proposed as

Kð �e pÞ ¼

ffiffiffi
2

3

r
�y þ hð �e pÞ

q
� �

ð16Þ
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where �y denotes the initial yield stress of matrix material, h and q signify the
linear and exponential isotropic hardening parameters. It is noted that the
current model does not take into account the kinematic hardening although
the extension should be straightforward. The explicit expression of the four-
rank tensor �T can be found in Sun et al.’s (2003) paper.

The debonding will increase proportional to the increase of the external
tensile loading. To simulate this evolutionary process using statistical
approach, Weibull’s (1951) probability function is adopted to depict the
volume fraction of debonded particles �ð2Þ (Zhao and Weng, 1996).

�ð2Þ

�
¼ 1� exp �

��ð1Þ
11

s

 !" #m

ð17Þ

The total volume fraction � is the summation of the volume fractions of
perfectly bonded particles �ð1Þ and debonded particles �ð2Þ. The Weibull
parameters s and m are connected to average interfacial strength
and debonding evolution rate. For example, when an intermediate rate of
m¼ 5 is selected, s will be determined as 1.09�cri with �cri is the critical
debonding strength.

It should be noted that all of the above equations are expressed in the
principal coordinates (Figure 8). To simulate the experimental results of
the samples with various rolling angles, the general tensor transformation
rule is applied.

�C 0
ijkl ¼ limljnlkollp �Cmnop ð18Þ

where lij ¼ e0i � ej; and e0i, ej are the base vectors of local and principal
Cartesian Coordinate systems, respectively (Figure 8).

Simulation Results

In the following simulations, the Young’s modulus and Poisson’s ratio of
the SiC particles are Ep¼ 483GPa and vp¼ 0.2, respectively. The Young’s
modulus and Poisson’s ratio of the matrix are obtained for the experimental
results of the matrix-only samples. The aspect ratio of the spheroidal
particles is approximated as �¼ 2 (Figure 9). The initial debonding
due to hot-rolling process is related with several factors, such as reduction
ratio, temperature, particles’ shape and distribution, etc. In this study,
a 20% of particles are assumed initially debonded from matrix to
compromise all of the above factors. Similar to this, the critical debonding
strength �cri is selected as 0.3�y. The plastic parameters of the matrix
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�y, h, and q are obtained by fitting the experimental results of the matrix-
only samples.

Figure 10 shows simulation results of the sample with 08 orientation
angle. It is shown in Figure 10(a) that the theoretical simulation compares
well with the experimental data in the entire range except the initial yield
region. This discrepancy is probably because in the theoretical model,
the effect of thermal residual stresses is ignored. Figure 10(b) shows the
simulation of strain ratio. It can be seen that the simulation predicates the
strain ratio well for the elastic region. With the increase of the total strain,
the predication becomes slightly higher than the experimental data.
Figure 11 shows the comparison for the result of 908 and good agreements
are also observed for other orientation angles. Figure 12 shows the
simulation of 0.2% offset yield stress �y�0:2 for various orientation angles.
In this figure, the simulation is very close to the experimental results. Both
experimental results and theoretical simulation indicate that �y�0:2 is not
much sensitive to the orientation angles. Figure 13 shows the plastic strain
corresponding to 350MPa stress for various orientation angles. It is clearly
shown that the plastic strain increase when the orientation angle changes

X3 

X2

X1

a1

a2

a3

Figure 8. Principal (xi) and local (x0i) coordinate systems.
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from 08 to 908 and the simulation results is able to catch this trend very well.
Both the experimental observation and the simulation results show that the
anisotropy of the hot-rolled composite sheet material can be more clearly
reflected by the strain hardening instead of the initial yield stress. It is
believed that the existence of spheroidal particles reinforces the particle-
aligned direction much than the transverse direction, which results in more
hardening when the uniaxial loading direction is consistent with the particle-
aligned direction (rolling direction).

R-Ratio defined as R ¼ d"pw=d"
p
t is a widely used parameter representing

the normal anisotropy of sheet materials. In the above equation, d"pw and d"pt
are the plastic strain increments in the width and thickness directions,
respectively. ASTM standards (ASTM, 1996) suggest a more practical
definition to obtain R-Ratio using uniaxial tension tests. Namely,

R ¼
"w
"t

ð19Þ

Here, "w and "t are the total strain in width and thickness directions,
respectively. For the sheet materials with very thin thickness, to measure the

x1

x2

x1′

x2′

Loading
direction 

Rolling
angle 

Rolling
direction

Figure 9. Sketch of a particle (for spheroidal particle a2¼ a3, and the aspect ratio of the
particle is defined as �¼ a1/a2).

Anisotropic Elastoplastic and Damage 265



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0

50

100

150

200

250

300

350

400 Orientation Angle = 0°

Em= 77 GPa, nm=0.3, Ep= 483 GPa,np= 0.2, a = 2, scri = 0.3 sy

sy= 177 MPa, h = 290 MPa, q = 0.16, fTotal = 20 %, fDamage = 20 %

Em= 77 GPa, nm=0.3, Ep= 483 GPa,np= 0.2, a = 2, scri = 0.3 sy

sy= 177 MPa, h = 290 MPa, q = 0.16, fTotal = 20 %, fDamage = 20 %

s 
(M

P
a)

Experimental data - composite
Experimental data - matrix only
Theoritical simulation

0.0

0.1

0.2

0.3

0.4

0.5

0.6 Orientation angle = 0°

−e
T

eA

Theoritical simulation

(a)

(b)

eA (%)

Experimental data

Figure 10. The comparison between theoretical simulation and experimental results
(orientation angle¼ 08); (a) Strain–stress curve; and (b) strain ratio.
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thickness strain directly is very difficult. Therefore, a constant volumetric
strain (incompressibility) is always assumed for metals to calculate the
thickness strain by measuring the longitude and transverse strains directly.
However, composites are usually compressible and the incompressibility
assumption is not longer hold. Therefore, the volumetric strain is computed
using the proposed debonding model and is shown in Figure 14 for various
orientation angles. It is shown that the relationship between volumetric
strain and the axial strain (longitude strain) can be approximated as linear
when the total strain is large enough (40.4% in Figure 14). Using the
volumetric strain provided in Figure 14 and the experimental data of
longitude and transverse strains measured from the experiments, the
thickness strain and the R-Ratio for various orientation angles are
calculated and shown in Figure 15. The proposed model can catch the
R-Ratio’s tend from the experiments with some overestimation, which is
possible due to the usage of the volumetric strain obtained from the
proposed model as an estimation to calculate the thickness strain for
the experiments. A direct measurement of either the thickness strain or the
volumetric strain is needed to obtain more accurate R-Ratio from
experimental approaches.
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Figure 14. The volumetric strain for various orientation angles.
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SUMMARY

The experimental research was undertaken to investigate the effective
strength and elastoplastic constitutive relation of SiC particle reinforced
aluminum matrix composites. Specifically, anisotropic behavior with respect
to multiple definitions of yield stress, elastic modulus, multiple strain ratios,
and composite processing (heat treated or as-rolled) was studied and
discussed in detail. A debonding model is proposed to catch the
experimental results and the overall elastoplastic curves are obtained. It is
shown from both experiments and theoretical prediction that the anisotropy
of the studied composite sheet material is much reflected by the strain
hardening than the initial yield stresses for various orientation angles.
The R-Ratios are obtained using the model-computed volumetric strain.
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