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Abstract

The coefficient of thermal expansion (CTE) is one of the most important physical properties
of metal matrix composites (MMCs). The expansion behavior is correlated to the microstruc-
ture, the deformation of the matrix, and the internal stress conditions. During the present
study the instantaneous CTE of Al-based metal matrix composites reinforced with 70 vol. %
SiC particles is analytically computed in order to explain abnormalities in the thermal expan-
sion behavior obtained experimentally. The numerical modeling was carried out from room
temperature (RT) to 500°C using finite element analysis (FEA) combining the effects of mi-
croscopic voids and phase contiguity. The FEA are based on a two-dimensional unit cell
model. The used unit cell models consider the composites as a continuous rigid phase infil-
trated with the ductile Al matrix. The obtained thermal expansion behavior is strongly influ-
enced by the presence of voids and a comparison of instantaneous CTE with the experimental
results shows a good agreement.
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1 Introduction

MMCs have emerged as a class of materials suitable
for advanced structural, aerospace, automotive, elec-
tric, thermal management, and wear resistant applica-
tions. Al-based MMCs exhibit significant improve-
ment in physical and mechanical properties, such as in
strength, Young’s modulus, fatigue resistance,
tribiological properties, high-temperature mechanical
properties and low thermal expansion compared with
the unreinforced matrix [1-4].

Particle reinforced metals (PRMs) with high rein-
forcement volume fractions (> 50 vol. %) are used for
thermal management applications such as electronic
packaging, partly because of their excellent thermo-
physical properties, tailorable thermal expansion re-
sponse and low density. In general, the thermal expan-
sion behavior of a composite is the result of several
material parameters: the type of constituents and the
microstructure of the matrix architecture, the rein-
forcement volume fraction, their arrangement within
the matrix, the internal stresses between the compo-
nents due to their CTE mismatch, the thermal history,
the volume fraction of porosity and the strength of the
bonding between the reinforcement and matrix [5-6].

MMCs produced by liquid-state processing where the
ceramic phase is infiltrated with molten metal usually
exhibit a certain degree of porosity after solidification
[7]. In the cases where the ceramic content is high,
such porosity resulting from incomplete infiltration is
expected at the particle contact areas and the sharp
concave corners of the ceramic phase. Shen [8-9] has
shown using finite element modeling that the thermal
expansion is strongly influenced by the presence of
voids in composites with a continuous ceramic phase.
For composites with high reinforcement volume frac-
tions, the definition of continuity of the metallic ma-
trix becomes difficult. The ceramic can become a con-
tinuous phase as a result of specific processing meth-
ods employed. With the continuing development of
high-ceramic content composites, the effects of phase
contiguity as well as of microscopic voids in the mate-
rial are expected to play a significant role. The pres-
ence of microscopic voids has recently been shown to
strongly affect the CTE of the composites [8].

Several experimental studies have been carried out to
investigate the CTE of MMC:s reinforced with isolated
particles [10-13]. Many theoretical models such as
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Turner’s, Kerner’s, and Schapery’s have been devel-
oped to understand the thermal expansion behavior of
this kind of MMCs [11-16]. Though these models can
be used to predict the dependence of the CTE of
PRMs on the reinforcement content, they do not take
into account the case for which the reinforcing parti-
cles are interconnected or the presence/effects of voids
generated during the processing of the composites.

Finite element method (FEM) has been used exten-
sively to simulate the thermal and mechanical behav-
ior of MMCs [17-23]. The thermal expansion behav-
iour of MMCs has been also studied numerically
based on the micromechanical approach using FEM
[8-9, 24-26]. Two-dimensional (2-D) unit cell models
for numerical modeling of thermal expansion behavior
of MMCs with high reinforcement of volume fractions
based on FEA was thoroughly studied in [8]. Re-
cently, Karadeniz and Kumlutas [17] presented repre-
sentative unit cell models to study the effective coeffi-
cient of thermal expansion of fibre reinforced compos-
ites by micromechanical modeling using the FEM.
The results of various finite element solutions for dif-
ferent types of composites were compared with the
results of various analytical models and with the
available experimental data. Chawla et al. [24] pre-
sented FEM results using the actual microstructure of
aluminum reinforced with isolated SiC particles to
simulate its thermal behavior. The results indicated
that orientation of SiC particles changes the internal
stress in the composite yielding anisotropic thermal
behavior. In general most of the models employ a
“unit cell” configuration, where one particle of simple
shape is embedded in a continuous metallic matrix
shell [17-22, 25-26].

During the present study the unit cell models are ap-
plied to analytically determine the influence of voids
and interconnectivity of particles on the instantaneous
CTE behavior of Al-based PRMs with high rein-
forcement volume fractions. In a previous experimen-
tal study of the CTE [5-6] of Al-based PRMs with 70
vol.% of interconnected and isolated SiC particles, it
was proposed that the abnormalities shown by the
instantaneous CTE at T > 250°C can be explained by
filling and re-opening of voids during thermal cycling.

2 Materials and experimental results
2.1 Studied materials
PRMs reinforced with 70 vol. % of SiC particles using

Tab. 1 Overview of the investigated Al/SiC, MMCs [6]

MMC designation Matrix Reinforcement |Fabrication Manufacturer Matrix
process condition

Al99.5/81C/70, (C1) Al99.5 SiCy, 70 vol. %, |Gas pressure  |Electrovac GmbH,

AISi7Mg/SiC/70, (C2) |AlSi7TMg 3-100pm infiltration Klosterneuburg, Austria As cast
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Al99.5 (C1) and AlSi7Mg (C2) matrices were pro-
duced by gas pressure infiltration of trimodal SiC par-
ticles performs [6]. The PRMs were investigated in as
cast condition. Tab. 1 lists the designation of MMCs,
the ingredients, their compositions, fabrication proc-
esses as well as matrix condition. The microstructures
of C1 and C2 are presented in Fig. 1 and Fig. 2. A
scanning electron micrograph (SEM) of composite C2
is shown in Fig. 3, where the a-Al-phase has been
removed by deep etching. “Si-bridges” between the
SiC particles forming an interconnected “SiC—Si net-
work” can be observed [7]. Such Si bridges do not
exist in composite C1.

2.2 Experimental results

The CTE measurements were carried out from 20°C to
500°C using a thermo-mechanical analysis equipment
(TMA 2940 CE, Thermal Instruments, USA). The
specimens were machined into rectangular bars with
size of 4 x 4 x 15 mm’, the top and the bottom of
which were ground and polished to guarantee plane—
parallel surfaces for measurement. The thermal expan-
sion of the samples was measured by a linear position
transducer during heating and cooling with rates of
3K/min under nitrogen atmosphere (100 ml/min). The
specimen temperature was measured using a thermo-
couple, positioned close to the specimen [5].

Fig. 4 and Fig. 5 show the temperature dependence of
the instantaneous CTEs of composites C1 and C2,
respectively [6]. At lower temperatures (up to 200°C)
the CTEs for the two composites vary almost linearly
with the temperature. The AlSi7Mg alloy matrix ex-
pands less than the A199.5 matrix and leads to a MMC
with a generally smaller thermal expansion. A maxi-
mum in the CTE curves of the composites could be
observed in the range between 200°C to 400°C. The
composites yield a similar thermal behavior up to
400°C. Beyond 400°C the composite C1 shows an
increase of the instantaneous CTE, whereas the CTE
of composite C2 becomes constant. Only results from
the 2™ thermal cycle will be used for comparison,
because the first heating in the experiment starts from
an unknown residual stress situation.

Fig. 1 Microstructure of composite C1
(A199.5/SiC/70,)
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Fig. 2 Microstructure of composite C2
(AISi7Mg/SiC/70,)

Fig. 3 The SEM micrograph of composite C2 reveal-
ing the ‘“Si-bridges” between the SiC particles form-
ing a percolating “SiC—Si” network [7].
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Fig. 4 The CTEs versus temperature of composite C1
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Fig. 5 The CTEs versus temperature of composite C2
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3 Numerical modeling

The instantaneous of physical CTE at temperature T is
calculated by following relationship:

1 dL
CTE(T)=—— 1
(M Tt (1
where L is the length of the sample as a function of T
which was determined from thermal expansion dis-

placement.

Two unit-cell models that feature a 2-D periodic ar-
rangement of a discretely distributed phase of matrix
embedded within the SiC contiguity and SiC-Si net-
work as shown in Fig. 6 are proposed. Fig. 6a shows a
model of SiC contiguity for modeling of composite
Cl. This represents the small SiC particles surround-
ing and contacting with the big particles in the micro-
structure of composite C1. The SiC-Si network of
composite C2 shown in Fig. 3 is represented by the
“Si-bridges” connecting the SiC particles shown in
Fig. 6b. Only one quadrant of the unit cell was used
for calculations due to symmetry of the geometry.

The Al alloy was considered as a strain hardening
elasto-plastic solid with temperature dependent mate-
rial parameters. The SiC particles and Si bridges were
treated as isotropic thermo-elastic solids. The material
properties for all ingredients of the investigated com-
posites used for modeling are listed in Tab. 2. The
interfaces between Al, Si and SiC were assumed to be
perfectly bonded. The volume fraction of voids in
modeling was 0.25 vol. %. The boundary conditions
are specified taking into account the symmetry of the
system. The bottom and left edge of the unit cell quad-
rant were constrained to have zero displacements in
the y and x directions, respectively, while the top and
right edge allow for a uniform displacement (symme-
try boundary condition). The expansion displacement
at the right and top edges were used to calculate the
CTE. A zero stress condition of all the constituents is
chosen for the initial material condition at 20°C. Nei-
ther relaxations of Al matrix at elevated temperature
nor bonding or debonding at the interfaces are taken
into account.

Meshing of unit cells was performed using Altair Hy-
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permesh (Altair Hyperwork), and then imported into
the finite element software Abaqus for FEM analysis.
A generalized plane strain formulation is used, which
is an extension of the plane strain framework. This is
done by imposing a constant normal strain perpen-
dicular to the xy-plane on the plane strain state. Al-
though the generalized plane strain model represents
fibrous structures extending in z-direction it is applied
to the given 2-D arrangement. It gives a more compli-
ant response than the plane strain model, which nor-
mally results in a stiffer response than a full three-
dimensional analysis [8]. The 6-noded triangular ele-
ments that were labelled CPEG6 in Abaqus with re-
duced integration were used for meshing of both the
matrix and the reinforcing particles. Both unit cell
models are meshed using 4490 elements with 9164
nodes. The unit cells were subjected to a uniform tem-
perature change from 20°C to 500°C.

(a) SiC Contiguity y
—'—r 7J_ Yo ]
SiC
| 70 vol.%
— @y

Void
_I I_ 1 X
X0
(b) SiC-Si Network y
Yo
m Si SiC
70 vol.%

L

Fig. 6 Two-dimensional phase arrangements with
a microscopic void: unit cell model (a) for C1 and
unit cell model (b) for C2

Xo

4 Numerical results

The CTE curves during cooling and heating using

Tab. 2 The temperature-dependent elastic moduli E (GPa), Poisson ratio v, yield stresses 6, (MPa) and CTE
(ppm/K) of A199.5 and AlSi7Mg matrix, SiC and Si reinforcement used for finite element modeling [6, 8, 27-28]

T A199.5 AISi7Mg T5 siC Si
COl' g | v |[ctE]on| BE | v |ctE] o] E | v |[ctE] BE | v |CtE
50 | 692033226330/ 744033213606 450 | 018 | 278 | 163 [ 022 | 25
100 | 67.6 | 033 [ 242 | 320 | 712 | 033 | 229 | 60.4 | 450 [ 0.18 | 3.09 | 162 | 022 | 3.0
200 | 64.0 | 033257 ] 240 | 673 ] 033 | 25.1 | 60.2 | 450 | 0.18 | 4.16 | 161 | 0.22 | 3.4
300 | 59.8 | 034 | 27.7 | 145 | 627 | 034 | 27.6 | 57.5 | 450 | 0.18 | 4.62 | 160 | 0.22 | 3.6
400 | 549 | 036 | 304 | 105 | 584 | 036 | 27.5 | 23.1 | 450 | 0.18 | 4.89 | 156 | 022 | 38
500 | 49.9 | 038 | 317 | 9.0 | 544 | 038|253 | 160 | 450 | 0.18 | 5.00 | 157 [ 0.22 | 4.0
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model (a) with and without void for composite C1 are
shown in Fig. 7. The CTE curves during cooling and
heating using model (b) with and without void for
composite C2 are shown in Fig. 8. The comparison of
CTE curves during heating of composite C1 and C2 is
shown in Fig. 9. The experimental results of the 2™
cycle are included in Fig. 7-9 for comparison. The
calculated instantaneous CTE during cooling for C1
with void (see Fig. 7) is higher than the experimental
one for temperatures down to 300 °C. From 300 °C
down to 200 °C both the experimental and calculated
results are in good agreement and below 200°C, the
modeling results are up to 1 ppm/K higher than the
experimental ones. On the other hand, the calculated
CTE during cooling for C2 is higher over the whole
investigated temperature range (see Fig. 8).

The relative thermal expansions of composite C1 and
C2 during three thermal cycles are shown in Fig. 10
and Fig. 11, respectively. Three parameters are used to
characterize these curves. The first parameter Ag‘ is
defined as the largest vertical difference between the
heating and cooling curves and is used to quantify the
hysteresis of the cycle. The second parameter &°, usu-
ally referred to as cyclic strain, gives an information
equivalent to that provided by the linear CTE obtained
from fittings over the whole temperature range. The
third parameter ¢, characterizes the residual strain of
thermal cycling.

The contour plots of von Mises stress at 500°C during
heating for the composite C1 and C2 are shown in Fig.
12 and Fig. 14, respectively. It can be observed that
the void closes during the heating of both composites.
The contour plot of von Mises stress at 20°C during
cooling for the composite C1 and C2 are observed in
Fig. 13 and Fig. 15, respectively. Here, the void has
partially reopened during cooling, but does not reach
its original shape. The void closure and re-opening
can be observed clearly in Fig. 16. Fig. 17 shows the
maximal principal stresses of composite C1 and C2
during heating at 500°C, respectively. Compressive
stresses are observed in Al matrix.

16

= heating in the model (a) with microscopic void
—-— cooling in the model (a) with microscopic void
—— heating in the model (a) without microscopic void
cooling in the model (a) without microscopic void
¢ 2" heating in experiment
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1 1 Il
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1
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Fig. 7 The CTE versus temperature of composite C1
using model (a) with and without void compared with
experimental results.
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Fig. 9 The comparison of modelled and experimental
CTE curves during heating of composite C1 and C2.
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Void closes
during heating

Void re-opens
during cooling

=, Mizes [Pa]
(Bvg: T5%)

+2 3646407 +6:5428+06

Fig. 12 Von Mises stress at 500°C during heating Fig. 13 Von Mises stress at 20°C during cooling
of composite C1. of composite Cl1.

Void re-opens
during cooling

Void closes
during heating

2, Mizesm [Pa]
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+1.283e+09
+1.1l66e+03
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+7.007e+08
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+3.515e+08
+2.351le+08
+1.1687e+08
+2.27le+06

Fig. 14 Von Mises stress at 500°C during heating Fig. 15 Von Mises stress at 20°C during cooling
of composite C2. of composite C2.

(a) - Von Mises stresses of composite C1 during heating and cooling
100 —> 200°C ——> 300°C

Fig. 16 Void closure and re-opening during heating and cooling of both composites
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b)

The stress in
Al matrix are
compressive
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J34ze+0d
L739e+08
. 136e+09
.329e+08
7.025e+07
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.689e+09

5 Discussion of the results

The numerical results of instantaneous CTE for the
model with void show a better agreement with the
experiments than without void (see Fig.7-9). The CTE
of both composites increases almost linearly with the
temperature up to 200°C for the investigated models
and experiments (region I). In case of the void-
containing models the maximum in the CTE curve
drops in the transition temperature region (region II)
following the experimental results. Fig. 12 to Fig. 16
showed the void closure and re-opening during heat-
ing and cooling. Von Mises stresses as observed in the
Si and SiC particles as well as in the metal matrix are
highest close to the SiC particles. This shows that the
drop of CTE in region II of both composites is caused
by the filling of voids and confirms the hypothesis
proposed in [6]. In region III of Fig. 7 the composite
C1 increases again indicating that the void has filled
completely producing again elastic straining of the
constituents [6]. The simulations show a slightly
higher CTE than the experiments for temperatures >
400°C. The matrix of composite C2 experiences disso-
lution of Si [7] within region II, which reduces the
thermal expansion (Fig. 5).

The difference in the curves related to cooling may
originate from experimental uncertainties but can be
explained plausibly by assuming the opening of more
pores during cooling than existed before the thermal
cycle. Model (a) with void shows a good agreement
with the experimental results during heating for com-
posite C1. Model (b) is suitable for modeling of com-
posite C2 during heating. The maximum difference of
CTE between the first heating cycle of both models
compared and the experiments is less than 1ppm/K
which is in the range of the experimental scatter.

The largest difference between the heating and cooling
AL/L, curves is quantified by the hysteresis in the
thermal strain response as presented in [14-15]. The
hysteresis parameter of composite C1 and C2 using
the models with void is indicated in Fig. 10 and Fig.
11. The decrease in instantaneous CTE values from
250°C to 400°C leads to a residual strain and hystere-
sis in thermal cycling curves as describes in [29].
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S, Max. Principal
(hvg: 758 [Pa]
.078e+09
1581e+0%
.084e+09

6 Conclusions

The coefficient of thermal expansion of a SiC particles
reinforced Al-based metal matrix was studied by
means of numerical unit cell models between 20°C
and 500°C. The unit cell models with SiC contiguity
and SiC-Si network with and without microscopic
voids of Al-based MMCs reinforced with 70 vol. %
SiC particles showed that the thermal expansion is
strongly influenced by the presence of voids. The nu-
merical results using the unit cell model with void
show a good agreement with the experimental results.
The closure of voids by plastic flow of the matrix re-
duces the CTE at temperatures > 250°C. For T >
400°C, the CTE of the composite C1 increases again
and that of the composite C2 remains nearly constant.
The difference in composite C1 and C2 is essentially
reduced to the different matrix alloys: the CTE of
AlSi7 is smaller than that of pure aluminum and de-
creases above 400°C due to dissolution of Si [6]. The
Si bridges increase the volume fraction of the rein-
forcement by less than 2%. Model of C1 represents a
composite with two components, whereas the geomet-
rical similar model of C2 refers to three components.
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