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Abstract

This research is concerned with the application of micromechanical finite element analysis
to investigate the deformation behaviour of particulate-reinforced metal matrix composites
(PRMMCs). A three-dimensional unit cell from simple cubic packing as an idealisation of real
composites with randomly distributed reinforcing particles in the matrix has been carried out. In
the present project, the particulate in the unit cell is assumed rigid and spherical for simplicity. The
cubic cell established has been employed for modelling the deformation of AA6061/SiCp at 15%
and 20% volume fractions under the uniaxial tensile load. The nominal stress-strain relationship
obtained from analysis has shown that the inclusion of a reinforcing phase improves both the
stiffness and the strength of PRMMCs, as compared to the unreinforced material. The contour
plots of the Mises stress and the equivalent plastic strain fields within the unit cell obtained from

the present modelling have shown good agreements with results obtained by other researchers.

Keywords : Micromechanical FEA / Simple Cubic Unit Cell Model /7 AA6061/SiCp /
Rigid and Spherical Particles
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1. Introduction

The finite element (FE) modelling techniques through the use of unit cell approach are
customarily employed to investigate the microscopic deformation of PRMMCs, see Weissenbek et
al. [1] and Banks-Sills et al. [2], for example. They attract the rapid increasing attention from
materials scientists in order to achieve a better understanding of the behaviour of these composites.
Owing to the fact that the distribution of particles within PRMMC:s is three-dimensional in nature,
idealisations of the particle arrangements in the matrix of such composites tend to give rise to a
wide variety of unit cells. Consequently, the study on the packing systems of crystals has been
found to be of great assistance. Many packing systems can be typically transplanted over from
crystals in a straightforward manner, such as simple cubic, body-centred cubic, face-centred
cubic and close-packed hexagonal packing (Nye [3]). However, only the simple cubic unit cell,
which is actually known as the topologically simplest model established from Voronoi tessellation,

will be used in the current exploration.

The unit cell developed for modelling the behaviour of PRMMCs will be verified by the
deformation of AA6061/SiCp under uniaxial tension. The responses of the model will be vali-

dated against available published experimental data in the literature.

2. The Simple Cubic Unit Cell Model for Particulate-Reinforced
Composites

In a real particulate-reinforced composite, particles are randomly dispersed in the matrix.
As a result, this kind of composites might be approximated to behave isotropically in three dimen-
sions [1]. The mechanical behaviour of the composite, in addition, is dependent on the physical
properties, volume fractions and packing geometry of the constituent phase, and on the condition

of the interfaces between these two phases.

For studying the structure of crystals, a range of typical idealised packing systems for
composites reinforced by particles has been suggested. In these crystal packings, a large number of
geometric symmetries obviously exist. It is clear that different patterns of the unit cells may be

introduced by making different use of symmetries.

2.1 Voronoi Tessellation for Simple Cubic Packing System and Its Unit Cell

According to Ahuja and Schachter [4], Voronoi tessellation scheme can be employed to
tessellate packing arrangements of such composites. A cell obtained from this scheme can be

described as a domain enclosed by planes each of which is perpendicular to the segment connect—
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ing the centre of the grain particle and that of a neighbouring grain particle and passes through the
middle point of the segment. In any a packing system, in addition, if a repetitive Voronoi cell
recovers all the other cells under translational symmetry transformations, the cell can be used as
the unit cell for this packing [5]. A major advantage of the development of unit cell by the
application of Voronoi tessellations is that only a single particle, especially in case of simple

shapes such as cylindrical, spherical and rectangular parallelepiped, will be contained in each cell.

To give an obvious visualisation, graphical illustration of the simple cubic unit cell with
spherical particle has been shown in Fig. 1. A Voronoi cell for such the packing of particulate—
reinforced composites appears to be a cube, in which its faces are bounded by three pairs of

parallel and opposite planes in each direction of the rectangular coordinate system, i.e.
X=xb, y=xb, and z=1b (1)

where b is defined as a half-length of each couple cell sides.

/
particle f a

Fig. 1 A three-dimensional Voronoi unit cell for simple cubic packing of a PRMMC

Assuming particles are all of spherical shape with radius a, for a specific reinforcement
volume fraction of the composite concerned, the dimension of the unit cell model in terms of b can
be expressed as:

N

Vi = )
T em°

(2)
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3. Modelling the Deformation of an Al-Alloy/SiC Particulate under
Uniaxial Tension

3.1 Available Experimental Data

The composite involved in the current study is an Al-SiC PRMMC. The matrix is AA6061 -
T6, and the reinforcement SiC particles. Tensile stress—strain curves obtained experimentally at
room temperature for three volume fractions, 0% (i.e. unreinforced), 15%, and 20%, have been
presented by McDanels [6]. Also, some essential mechanical properties of the matrix alloy for

computations are taken from Meijer et al. [7].

3.2 The FE Mesh and Boundary Conditions

For the FE modelling in this work, a single cube cell is taken from the bulk composite
under investigation. Because of the symmetry in this cell, only one-eighth of the cubic cell is
analysed, as shown in Fig. 2. The 3-D FE mesh, employed to model the unit cell, is composed of
8-noded linear brick elements with 2x2x2 Guassian quadrature in each element. With the rigid
particle approximation, it is clear that the FE discretisation is required only in the matrix. When
the PRMMC deforms, the localised triaxial stresses and plastic strain concentrations, several times
of their nominal values, build up within the matrix, especially at the vicinity of the reinforcement-
matrix interfaces [8]-[9]. Thus, the size of elements generated around these critical regions must

be refined appropriately, in order that satisfactory prediction can be obtained.

With reference to Fig. 2 and based on the analysis of Agarwal and Broutman [10], the
boundary conditions which must be prescribed to the current unit cell subjected to a uniaxial
tension in the z-direction can be summarised as follows. By symmetry consideration of the unit
cell, the macroscopic shear stresses; T, , Ty, and T, on all the faces of the cubic cell ABCDEFGH
must be zero. Accordingly, the faces ABFE, EFGH and BCGF of the cube remain parallel to their
original positions after deformation while the faces ABCD, ADHE and DCGH are constrained
from normal displacement. To satisfy the perfect bonding, there must be no movement in all

directions of the surface arch 1IJK.
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Fig. 2 The simple cubic cell employed in the present FE analyses

3.3 Computational Implementation and Solution Procedures

For analyses of these problems, a commercially available FE package ABAQUS [11] is
used. In accordance with the uniaxial tension experiments conducted by McDanels [6], the tensile
load applied on the top surface of the unit cell is prescribed by the boundary displacement up to a
nominal strain of 5%. To obtain the elastic-plastic nominal stress-strain responses of the chosen
PRMMC for two different reinforcement volume fractions: 15% and 20%, the nominal stress and
strain values have to be calculated at each time-intervals. The nominal stresses are obtained by
dividing the resultant force on the top boundary of the unit cell by the top surface area. In the mean
time, the nominal strains can be computed directly from the prescribed displacement; i.e., the

displacement of the top surface boundary divided by the original length of the unit cell.

4. Results and Discussion

The modelling results from the FE micromechanical analyses through using simple cubic
unit cell to investigate the deformation behaviour of such above the PRMMC are presented and

discussed in the following subsection.

4.1 The Predicted Stress-Strain Behaviour

Fig. 3 shows the predicted nominal stress-strain curves together with the experimental
PRMMC material’s data from McDanels [6] at reinforcement volume fractions of 15% and 20%,
up to a nominal strain of 5%. Also shown in the same figure are the experimental and the predicted
stress—strain curves for the unreinforced matrix material. It can be seen that the inclusion of a
reinforcing phase improves both stiffness and strength of the composite, as compared to the

unreinforced material. Due to rigid reinforcement assumption, the stress level for AA6061/SiCp
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containing 15% volume fraction of reinforcement, predicted from such the cubic cell model, tends
to over predict. For strain in excess of 4%, however, the prediction is in reasonable agreement

with the experimental data.

450

Nominal Stress (MN/m ?2)

AA6061-T6 (unreinforced); 3-D SCUC; 8n Ele. ®  AA6061-T6 (unreinforced); Experiment
— — — -AABO61/SICp/15; 3-D SCUC; 8n Ele. B AA6061/SICp/15; Experiment

504 |------. AABOBL/SICp/20; 3-D SCUC; 8n Ele. A AAB0B1/SICp/20; Experiment

0 T T T T T
0 1 2 3 4 5 6

Nominal Strain (%)

Fig. 3 Nominal stress against nominal strain curves for AA6061/SiCp

containing 15% and 20% reinforcement volume fraction

It can also be seen from Fig. 3 that this assumption does not affect the prediction made for
the PRMMC with 20% reinforcement volume fraction, when the strain level is greater than 0.8%.
In addition, the trend of increasing discrepancy arises in this curve, as compared with the experi-
ment, at higher levels of strain. McDanels [6] reported that for this material, damage in the form
of void nucleation and growth occurred early during tensile deformation. Since material damage is
not taken into account in the present FE analysis, the difference in the predicted and experimental

stress—strain curves of the form shown in Fig. 3 is then expected.

4.2 Stress and Strain Fields Local to the Reinforcement

As realised that stresses and plastic strains around the reinforcement of the PRMMC are
crucial for determining both the subsequent deformation behaviour and the development of dam-
age. It is therefore important to examine the nature of the stress and plastic strain fields. Fig. 4
shows the contour plot of von Mises stress, at 5% nominal strain, for the PRMMC concerned with
15% volume fraction of reinforcement. It can be seen that a highly Mises stressed zone predicted
is observed in most regions within the matrix part of the model. The high stresses bring about the
increase in the overall strength and stiffness of the composite and their maximum magnitude in
tension also has significant implications in terms of damage initiation and propagation in the

material due to interface debonding for example [12]-[13].
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Fig. 4 Contour plot of the von Mises stress at 5% nominal strain, for AA6061/SiCp

at 15% reinforcement volume fraction

Another important feature of the contour is that along the matrix-reinforcement interface,
there is a gradual increase of the Mises stress level from the bottom of the cell reaching its
maximum a short distance afterwards. The circumferential band of the maximum Mises stress
covers a fairly wide interfacial area. In addition, high Mises stress is also found as isolated small
patches in the matrix above the top of the particle close to the interface. From the Mises stress
contour plot within the cubic representative cell of the composite obtained here, it is obvious that
high stresses are very localised in regions around the interface and the Mises stress is approxi-
mately uniform and close to the nominal value. It is believed that the high Mises stresses local to
the interface result from the constrained plastic flow. Moreover, it is interesting to note that the
side-wall constraint imposed on the unit cell by the symmetry requirement may cause high tensile

stresses outside the interfacial surface between matrix and reinforcement.

Fig. 5 Contour plot of the equivalent plastic strain at 5% nominal strain, for AA6061/SiCp

at 15% reinforcement volume fraction
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Fig. 5 shows the contour plot of the equivalent plastic strain for the same above material,
at 5% nominal strain. From the contour plot, high equivalent plastic strain zones are observed in
a region above the top of the particle around the top surface of the unit cell and also in a
circumferential band halfway through the meridian around the interface. The highest level of
predicted equivalent plastic strain is found on the interface at two locations, as shown in Fig. 5.
The high levels of equivalent plastic strain are mainly due to the constraints introduced by the rigid
reinforcement. They have significant implications in terms of damage in the PRMMC material

[14].

The results obtained above are clearly related to the likelihood of damage in the form of
void nucleation in the matrix or initiation and growth of interfacial debonding under the high Mises
stress. The high equivalent plastic strain enhances the growth rate of existing voids. Consequently,
the region in circumferential direction around the reinforcement-matrix interface is a critical site
for damage initiation. This is confirmed by the uniaxial tensile tests conducted by Whitehouse et
al. [14] on an Al-SiC MMC material reinforced with different types of reinforcement. They have
revealed that for PRMMCs voiding occurs around the reinforcement-matrix interface and initiates

near the sharp corners of reinforcements.

Comparing the present prediction of the distribution of the Mises stresses and the equiva-
lent plastic strains with those of other researchers, such as Christman et al. [15] and Llorca et al.
[8], good agreements have been obtained. This validates the predictions made in this project and

the FE models adopted.

5. Conclusions

In this project, a unit cell for the simple cubic packing as an idealisation of real composites
with randomly distributed reinforcing particles in the matrix has been developed under the as-
sumption of reinforcing particles being rigid and spherical. The cubic unit cell established has been
applied to modelling of the deformation of an AA6061/SiCp PRMMC at two volume fractions:
15% and 20% under the uniaxial tensile load. For simplicity, however, a number of justified
assumptions for relevant factors of particles have been made in such modelling analyses. Due to
the symmetries in the simple cubic cell, only one-eighth of the cell needs to be involved in the
analysis, discretised by 8-noded linear brick elements with 2x2x2 points Guassian quadrature.

The commercial code ABAQUS [11] has been used.

The predictions in form of the nominal stress-strain relationship have revealed that the
inclusion of a reinforcing phase improves both the stiffness and the strength of PRMMCs, as

compared to the unreinforced matrix material. Further, as expected, the increases in stiffness and
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strength depend directly on the volume fraction of reinforcement. Due to the rigid reinforcement
assumption adopted, the predicted results tend to be over estimate the stiffness and strength of the
PRMMC and the discrepancy gradually increases with the increase of strains, as compared with

experimental data.

The contour plots of the Mises stress and the equivalent plastic strain fields within the
PRMMC material during the deformation obtained from the present FE modelling using a cubic
cell show good agreements with numerical and experimental results obtained by other researchers.

The validity of the FE model employed is demonstrated.
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