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Abstract. On the macrolevel, metal matrix composites (MMCs) resemble a homogeneous material.
However, on the microlevel they have an inhomogeneous microstructure. This paper will show how
heterogeneities affect the effective macroscopic properties of the material, i.e. the effective properties.
This investigation is done using computational homogenization techniques. Finite element (FE) sim-
ulations were conducted in ABAQUS in combination with MATLAB, using material parameters for
aluminum alloy AA2124 and silicon carbide SiC to develop a representative volume element (RVE)
of the MMC AMC217xe.

Introduction

Metal matrix composites (MMCs) are the result of reinforcing light-weight metals with particles, typi-
cally of ceramic origin. These composites possess excellent properties such as high strength-to-weight
and high modulus-to-weight ratio. Additionally, they have an excellent fatigue and corrosion resis-
tance, properties which make these MMCs particularly interesting for the industry. It is well known
that the properties of these new materials are not only determined by the properties of their single
components but also their configuration in the material microstructure where parameters such as the
quantity of reinforcement material (characterized by the volume fraction) plays an important role in
the final performance and properties of these materials. Therefore, when it comes to the understanding
and studying how the microstructure and its heterogeneities affect the material on the macrolevel, a
multiscale problem has to be investigated. It is also motivated by the large differences between charac-
teristic dimensions. The dimension (L) of the macroscopic geometry (see Figure 1), where the material
appears to be homogeneous, is considerably larger than the length scale of the microstructure char-
acterized by the dimension of the size of a representative testing specimen on the microscopic level.
This has to be representative of the entire material (d) [1] and the dimensions of its heterogenities (l),
which in case of the MMC is typically approximately the size of the particles (see Figure 1). Thus,
in order to face this multilevel problem, different approaches can be followed. A brute force classical
finite element discretization of the whole macroscopic body including the microstructure is generally
too expensive. In many practical cases, phenomenological macro scale models based on extensive
intensifications of dependencies between the material parameters and the material structure and the
loading conditions are used, which do not explicitly take the microstructure into account [2]. In the last
50 years [1], many analytical methods have been developed, with the drawback that in most cases they
are restricted to certain (typically elliptical) inclusion shapes [1, 3]. The interaction between particles
and matrix is not fully captured or sometimes such analyses are simply not accurate enough. The use
of a multiscale constitutive modeling approach seems to be the appropriate option. In this approach
the microstructure is considered on the macrolevel by a representative volume element (RVE) of the
microstructure attached to each Gauß point on the macrolevel. Thus, it is not necessary to define a
phenomenological constitutive law on the macrolevel, but rather to discretize both scales.

The micro-macro level transition known as homogenization allows for the description of the ma-
terial response on the macrolevel by effective material parameters obtained from the solution of the
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boundary value problem and the appropriate averaging techniques [1]. Details about homogenization
are explained in the section “Multi Scale Problem and Computational Homogenization” of this paper.

The method in which a microscopic boundary value problem has to be solved at each Gauß point
of the macroscopic boundary value problem is known as FE2 [4]. Even though with this method the
microstructure and its effects on the macroscopic material behavior can be fully captured, a large
drawback is the extremely high computational cost, especially for large scale problems [5].

In this work, an approach combining the benefits of the different approaches already mentioned
is presented. The development of an RVE of the MMC microstructure is also necessary in this ap-
proach but contrary to the FE2-method, the FE-computation of the RVE on each Gauß point will
not be necessary. Instead, the microscopic boundary value problem will be previously solved using
periodic boundary conditions, and the effective plastic material properties will be obtained by the
computational homogenization of the RVE, as explained in the third section of this paper. In the sec-
ond section, a basic knowledge about elastic-plasticity and a modified Johnson-Cook plasticity model
used to model the metal matrix of the RVE is given. The determination of the elastic-plastic material
parameters for the aluminum alloy AA2124 required for the adapted Johnson-Cook model is achieved
through an optimization iterative process using experimental data, which is described in section 5.
In the following section, the development of the RVE used to determine the effective elastic-plastic
material parameter of the MMC and their dependency on the geometrical characteristics of the MMC
(such as volume fraction) and the elastic-plastic properties of the metal matrix, is determined. Finally,
in the last section, the implementation of the material model in ABAQUS is presented and illustrative
numerical examples demonstrate the performance of the method.

Elasto-Plasticity

Metal matrix composites show similar characteristics as metallic materials which is obvious due to
the high volume fraction of metal contained in their matrix. In continuum mechanics, in the case of
small deformations, a linear elastic material behavior can be assumed. However, at high load levels a
number of nonlinearities may be encountered, which in case of aluminium alloys, like e.g. AA2124,
plasticity appears to be the most important. Thus, after subjecting the elastic-plastic material above
a critical yield stress σY , an irreversible plastic strain εp occurs. The basic assumption in the elastic-
plastic material behavior is the additive decomposition of the elastic and plastic strains, which is also
assumed to be valid for small strains.

ε = εe + εp (1)

For infinitesimal deformations of a continuum body, it is valid to neglect the second order terms of
the finite strain tensor, therefore the linearized strain tensor ε is given by

ε =
1

2
(∇uT +∇u), (2)

where the u represent the displacement vector. The constitutive laws are derived from the Helmholtz
free energy W . It is assumed that the free energy function is composed additively of an elastic and a
plastic dissipation potential:

W (ε, α) = W e(ε) +W p(α) (3)

W e(ε) =
1

2
εe : Cεe =

1

2
(ε− εp) : C(ε− εp), (4)

where C = Cijkl represents the fourth order elasticity tensor and : denotes the double contraction of
two tensors. AssumingC to be the elasticity tensor of an isotropic material, it can be expressed in terms
of the Kronecker delta δij and the Lamé constants λ and µ which are characteristic of the material [6].

Cijkl = λδijδkl + µ(δikδjl + δilδjk) (5)
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The constitutive elastic material law results from the derivate ofW with respect to the total strain ε

σ =
∂W (ε, α)

∂ε
=

∂W e(ε)

∂ε
= C : (ε− εp). (6)

Relation (6) with the help of (5) can be expressed in terms of the Lamé constants, as

σ = λtr(εe)1+ 2µεe. (7)

For engineering applications, it is more common to use Young’s modulus E and the Poisson’s ratio ν,
which are related to the Lamé’s constants by the following relations [1].

E =
µ(2µ+ 3λ)

µ+ λ
(8)

ν =
λ

2(µ+ λ)
t (9)

The derivative of the plastic potential with respect to the internal hardening variable α, which
represents the equivalent plastic strain, leads to a definition of the quantity q known as a stress-like
variable conjugated to alpha work.

q = −∂W (ε, α)

∂α
= −∂W p(α)

∂α
(10)

In order to define an elastic limit above which the material becomes plastic, a yield criterion f(σ, q) ≤
0 has to be defined. Following the typical convention, f(σ, q) = 0 defines the yield surface in stress
space. Plastic deformation only occurs for f(σ, q) = 0 which also defines the elastic limit, i.e. the set
of maximal permissible stresses. f(σ, q) < 0 defines the area inside the yield surface and f(σ, q) > 0
outside it which represents no admissible stresses.

One of the most common characteristic of metals is their high plastic incompressibility. In metal
plasticity theory it is often assumed that the plastic flow is insensitive to hydrostatic pressure. It mo-
tivates the introduction of the deviatoric part s of the stress tensor σ and the deviatoric part e of the
strain tensor ε given by equations (11) and (12), where tr(·) represents the trace of the respective
tensor.

s = σ − 1

3
tr(σ)1 (11)

e = ε− 1

3
tr(ε)1 (12)

Assuming C to be the elasticity tensor of an isotropic material, the correlation between deviatoric
stress tensor and the deviatoric strain tensor is given by

s = 2µ(e− ep). (13)

In this work the yield criterion used for all of the simulations is an adaptation of the one proposed by
Johnson and Cook in 1983 [7], assuming there is no rate dependency and no temperature influence.
Thus, the yield function f reads

f(s, α) =∥ s ∥ −
√

2

3
(σY +Kαn). (14)

σY , K and n are material constants known as initial yield stress, hardening modulus and hardening
exponent, respectively. To complete the description of the model at hand, it remains to define the
evolution laws for the plastic strain εp and the equivalent plastic strain α given by (15) and (16). γ
has to be greater or equal to zero to properly represent the irreversibility inherent in the response of
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the model. Also, γ and f have to satisfy the Khun-Tucker complementary condition to describe the
loading and unloading cases.

ε̇p = γ
∂f

∂s
= γ

s

∥s∥
flow rule (15)

α̇ = γ
∂f

∂α
evolution equation (16)

γ ≥ 0; f(s, α) ≤ 0; γf = 0 Kuhn-Tucker condition (17)
γḟ(s, α) = 0 for f(s, α) consistency condition (18)

Finally, along with the previously mentioned equations, their implementation into a return mapping
computational algorithm is required. Such a computational algorithm consists basically of two steps,
the first one being an elastic predictor step, and the second one a plastic corrector step. The previ-
ous equations and their computational implementations complete the set of equations and algorithms
required to solve the plasticity problem (for more details see [8]).

Multi Scale Problem and Computational Homogenization

Modeling metal matrix composites (MMCs), as well as many other composite materials using macro
mechanical models where a homogeneous microstructure is assumed, seems, in many cases, not to be
sufficient to appropriately simulate the mechanical material response. This is because the macroscopic
stress-strain response, especially in the case of MMC, is strongly related to their complex microstruc-
ture. Thus, to properly predict their material response, a multi scale problem has to be faced. Therefore,
in order to solve this multiscale problem, two different boundary value problems (BVP) have to be
solved. On the macrolevel, the material is viewed as a homogeneous continuum composed of contin-
uous material points. On the other hand, on the microlevel the microstructure and its heterogeneities
are captured in a representative volume element (RVE) which is attached to a material point on the
macro level (see Figure 1).

On the microlevel, the BVP can generally be given by differential equations and constitutive equa-
tions (19), which is characterized by the local material properties (e.g. stiffness C(x)). The solution
of the microlevel BVP is given by microquantities which depend on the position xmicro within the
RVE. Using appropriate averaging techniques effective material properties,(e.g. C∗ ) which describe
the material behavior on the macrolevel, can be derived.

The effective quantities and history variables allow the solution of the BVP on the macrolevel.
In the framework of numerical analysis, this procedure is known as computational homogenization,
[1] (see Figure 1). Note that, after the homogenization, the effective micro quantities only represent
the mechanical state of the microstructure at only one material point on the macrolevel, which means
that the macro quantities for the BVP on the macrolevel still depend on the macroposition xmacro (see
Figure 1).

div σ(x) = 0

σ(x) = C(x) : (ε(x)− εp(x))

ε(x) =
1

2
(∇u(x) +∇u(x)T )

ε(x) = εe(x) + εp(x)

ε̇p(x) = γ
∂f(σ(x), α(x))

∂s
u(x) = u∗

(19)
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Fig. 1: Homogenization scheme.

In the literature, different homogenization methods can be found, most of which are based on de-
veloped analitycal solutions. These methods are well understood in the case of linear elasticity and
are restricted to certain inclusion shapes; furthermore, the interaction between inclusion as well as
many other parameters related to the microstructure are not fully captured, [3]. Complex geometries
and nonlinear constitutive relations motivate the use of computational homogenization approaches.
The RVE is based on a realistic microstructure with explicitly modeled microstructural constituents
which will be discretizated providing the geometry for the micro boundary value problem. The con-
sidered micro BVP will be solved using the finite element method (FEM). The mechanical state of the
macroscopic material point is defined by the macro effective quantities ⟨σ⟩ and ⟨ε⟩ resulting from the
volumetric averages of the micro stress σ(x) and strain ε(x), i.e.

⟨σ⟩ = 1

V

∫
V

σ(x) dV =
1

V

∫
∂V

t⊗ x dA (20)

⟨ε⟩ = 1

V

∫
V

ε(x) dV =
1

2V

∫
∂V

(u⊗ n+ n⊗ u) dA (21)

where V represents the volume of the RVE, ∂V is the boundary that encloses V , t is the stress vector
and n is the outward directed normal vector. An important decision to make when formulating the
micro boundary value problem is the kind of boundary conditions that should be applied. The micro-
and macroscopic stresses and strains have to satisfy the energetic Hill condition also known as Hill-
Mandel-condition [9] given by

⟨σ : ε̇⟩ = ⟨σ⟩ : ⟨ε̇⟩, (22)
where the dot indicates the time derivative. This means that the energy of heterogeneous volume has to
be equivalent to the energy of the homogeneous (effective) material, which at the same time represents
a point on the macro level. Using the Hill-Mandel condition the boundary conditions on the RVE can
be specified. The first possibility are uniform tractions:

t = σ0n on ∂V, (23)

where the stress boundary condition on ∂V defined by t can be determined by the Cauchy theorem
for a given constant stress tensor σ0n. From (20) one obtains

⟨σ⟩ = σ0. (24)
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The second possibility is linear displacements: In this case the linear displacements u of the boundary
points can be generated by defining a constant strain tensorε0 for the boundary of the RVE.

u = ε0x on ∂V (25)

Using these linear displacementes u in equation (21) yields

⟨ε⟩ = ε0. (26)

Two important facts about these two kinds of boundary conditions have to be mentioned. The stress
boundary conditions (24) represent the case without constraining the deformation of the edges, since
each boundary point can move freely, which results in being a too compliant condition. On the other
hand, the displacement boundary conditions describe the most rigid constraint, since the displacement
is prescribed for all boundary points [1]. It can be shown [1] that these two types of boundary condi-
tions represent rigorous bounds for the effective material response. In order to obtain an intermediate
material response periodic boundary conditions are frequently applied. It should be mentioned that
they are also in agreement with the Hill-Mandel condition.

Periodic Boundary Conditions (PBC)

Fig. 2: Periodic boundary conditions.

Moreover, for materials with periodic microstructures or with a certain degree of regularity like MMC
(Figure 3), it makes sense to expect a periodically deformed state in which the structure must be
produced by repetitively copying one of the deformed RVEs, as can be seen in Figure 2. In order
to achieve such an objective, the appropriate conditions that take into account the periodicity of the
arrangement must be formulated. Thus, for respective points in opposite edges one point has emerge
from the other by pure translation [10]. This means that the displacements at two opposite points of
the RVE sides differ from one another by only a constant. The periodicity conditions for the shifts are
therefore:

u+
11 + u−

11 = v11

u+
12 + u−

12 = v12

u+
21 + u−

21 = v21

u+
22 + u−

22 = v22.

(27)
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The meaning of the constants vij are the displacements of the RVE corners, where the first subindex i
indicates if the nodes are located in the verticals or horizontal edges and also to what dummy nodeDi

they are connected to, the second subindex j indicates the degree of freedom. These constants vij are
directly related to the effective macroscopic deformation. Assuming that the RVE is a perfect square
with an edge length equal to l, the macroscopic strain ⟨ε⟩ is given by

⟨ε⟩ = 1

2l

[
2v11 v12 + v21

v12 + v21 2v22

]
. (28)

Furthermore, the stress state is identical at two opposite points of the RVE, but the sign of the external
normal vector differs on those two points. Thus, the periodicity conditions for the stress vector are:

t+11 = −t−11
t+12 = −t−12
t+21 = −t−21
t+22 = −t−22.

(29)

When implementing the periodic boundary conditions using the constraint equations described above
in ABAQUS Standard, so called ”dummy nodes” are introduced to implement the periodicity condi-
tions. The dummy nodes are nodes that are not attached to any part of the model, and they are repre-
sented by a reference point with arbitrary coordinates. As can be seen in Figure 2, the dummy nodes
are represented by the black points D1 and D2. In this way the equations (27) could be interpreted as
the coupling of the displacements on two nodes of opposite sides of the RVE to the displacements of
the dummy node. This is another advantage of using periodic boundary conditions, because it allows
to apply displacements over all the edges of the RVE by just giving displacements vij to the dummy
nodes that satisfy equation (28) for a given ⟨ε⟩. It can also be demonstrated that the reaction forces
Rij of the dummy nodes are the components of the equivalent macro stress tensor by introducing (29)
in (20) and being aware of the equilibrium of the system.

⟨σ⟩ = 1

A

[
R11 R12

R21 R22

]
. (30)

For a 3D case the expressions for the macro quantities ⟨σ⟩ and ⟨ε⟩ are:

⟨ε⟩ = 1

2l

 2v011 v012 + v021 v013 + v031
v021 + v012 2v022 v023 + v032
v031 + v013 v032 + v023 2v033

 (31)

⟨σ⟩ = 1

A

 R11 R12 R13

R21 R22 R23

R31 R32 R33

 . (32)

Details on how to realise the multi point constraints (MPCs), for example cases of nodes positioned
on corners and edges of a 3D RVE, can be found in ABAQUS user manual [11].

Parameter Identification of the Elasto-Plastic Matrix Material

Simulated in this work is the material response of MMC AMC217xe, composed of the metal matrix
made of AA2124 and SiC hard particles (Figure 3). The elastic-plastic model chosen to simulate
the material behavior of metal matrix within the MMC was the Johnson-Cook model given by the
equation (14). This model depends on the material parameters EAl, σY Al, nAl and KAl. Some values
for these parameters can be found in the literature, [12].Unfortunately, most of the parameter values
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were obtained from simple tensile tests. Thus, it cannot be expected that those parameter values are
appropriate for our simulation, due to the different behavior of the material when inside an MMC
with a complex internal geometry. Therefore, the optimal values for the plastic material parameters
are obtained by an iterative process coupling MATLAB and ABAQUS, where in each iteration the
experimental data (stress-strain diagram) of a real tensile test on MMCs (AMC217xe) is compared to
the results of the RVE tensile test simulation.

Fig. 3: AMC-217xe microstructure.

Before the simulations are carried out, a development of a realistic geometry of the representative
volume element is necessary. The first step in this development process is the crucial decision of the
size of the RVE. In order to give an answer to these problems, 10 different sizes of RVE are created
based on micrographs of AMC217xe (see Figure 3). Beginning with the full size of the micrograph
(1000× 1000 pixels) and then sequentially cutting out smaller sections of the micrograph (100 pixels
less each time) until the last RVE with the size of 100 × 100 is created. The FE discretization of the
RVE geometry with triangular shape elements is achieved using the open source software package
OOF2, see [13], using as input post-processed black and white micrographs (see Figure 4).

Fig. 4: Image post-processing and RVE geometry scheme.

Once the geometries for the different sizes of RVEs had been created, they are subjected to a tensile
test simulations using PBC and the same strain tensor ⟨ε⟩. Then the equation (33) is used to compare
the normalized equivalent macro stresses in the pull direction (subindex 2) of the tensile test of each
simulation to a reference value.

⟨σ22⟩Normalized =
∥⟨σ22⟩l∥

∥⟨σ22⟩1000∥
(33)

The value ⟨σ22⟩was computed using (30), l representing the size of the RVE in pixels, and ∥⟨σ22⟩1000∥
(reference equivalent macro stress value) being the component ∥⟨σ22⟩∥ of the stress tensor result of
the RVE simulation with the largest size of 1000 × 1000 pixels.
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The results of these simulations are shown in Figure 5. As can be seen, the value ⟨σ22⟩ of the differ-
ent simulations starts to converge to the same value as the size of the RVE is increased, which means
in other words that above 700 pixels, the RVE becomes actually representative for the microstructure.
Computing the virtual volume fraction based on the number of white and black pixels and comparing
it to the experimental value of the SiC volume fraction, which in this case is ϕExp_data ≈ 17%, is a
simple approach to shed some light on the grade of representativeness of the RVE; furthermore it is
clear that the condition “experimental volume fraction equals the pixel-based one” is necessary but
not sufficient to demonstrate the representativeness of the RVE. It should be mentioned that for these
simulations the set of material parameters for the elastic-plastic model for the metal matrix and the
elastic model used to simulate the hard particles, were directly taken from the literature. Furthermore,
from now on the term volume fraction ϕ will be referring to the volume fraction of the reinforcement
material, in this case silicon carbide SiC.

Fig. 5: Diagram of the ⟨σ22⟩Normalized for the different RVE sizes.

Once the appropriate geometry of the RVE had been found, we were able to perform the optimiza-
tion process based on the minimization of the objective function given by:

Fobj(EAl, σY Al, KAl, nAL) =
∥⟨σ22⟩exp − ⟨σ22⟩sim∥

∥⟨σ22⟩exp∥
(34)

Here, the ⟨σ22⟩exp represents the value of the stress obtained from the experimental stress-strain curve
and ⟨σ22⟩sim is the equivalent macro stress computed from the results of the simulation. The results
of the iterative optimization process are plotted in Figure 6 and the optimal value of the material
parameters EAl, σY Al, nAl andKAl can be seen in Table 1. For those and the next simulations the hard
particles were simulated as a hard elastic material with material parameters ESiC = 410.47GPa and
νSiC = 0.16 , taken from the literature [14].

Table 1: Johnson-Cook model paramters for AA2124.
EAl[GPa] σY Al[MPa] KAl [MPa] nAl [-]
77.3 177.5 387.2 0.34
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Fig. 6: RVE FE simulation results for different iterations of the fitting process.

Tensile Test Experiment

A simplified RVE geometry with only one circular inclusion is created in order to study whether it is
possible to simulate the material answer given by an RVE with a realistic microstructure (see Figure
8) by only fitting the volume fraction ϕ of the simplified RVE geometry to the proper value. The
volume fraction variation of the RVE with the simplified geometry is obtained by the modification of
its inclusion radius r (see Figure 7).

Furthermore, the simplified microstructure is introduced to motivate the studies in the next sec-
tion RVE and Material Model Development. Of course, real microstructures can be used, however,
no experimental data are available and the focus of the present investigation is more on the qualita-
tive dependence of the elastic-plastic parameters of the composite on the volume fraction, and not
so much on the details, which are certainly influenced by the specific microstructure of a material.
Unfortunately, no micrographs for different volume fractions are available for the material considered
in this investigation. A unique reconstruction of the microstructure from the volume fraction alone is
of course not possible, thus the focus was on the simplified microstructure with a single sphere.

Fig. 7: RVE with only one circular particle of
variable radius r.

Fig. 8: RVE with realistic microstructure ge-
ometry.
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Both configurations were subjected to a uniaxial tensile load simulated using periodic boundary
conditions for the RVE and the materials parameters of table 1. The radius of the particle of the sim-
plified configuration was iterated until the material answer matched the material answer of the RVE
with the exactly resolved microstructure.
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Fig. 9: Equal material response of real mi-
crostructure geometries by optimizing the
volume fraction ϕ of simple RVE geometries.

Fig. 10: VonMises-stress field of the uniaxial
tensile test simulations of the two RVE con-
figurations.

Trying to approximate the material answer of a realistic complex microstructure with simple ge-
ometry composed by only one particle is a daring assumption. The idea behind this decision came
from following analytical homogenization schemes which are also based on simple RVE geometries,
see the work of Eshelby (1957) [3], along with previous works [15] which suggest the volume fraction
to be the decisive parameter when predicting of the macroscopic stress-strain response of MMC, as
well as demonstrating that increasing the number of self-similar particles while keeping the volume
fraction constant does not affect the macro stresses. In Figures 9 and 10 it can be seen that it is possible
to obtain the same material response of an RVE with a real MMC geometry (ϕexperimental = 17%) by
setting the appropriate volume fraction (ϕequivalent = 26.54%) of an RVE with a simplified geometry.

RVE and Material Model Development

As mentioned before, the main objective of this work is the development of a phenomenological
macroscale model in order to simulate the metal matrix composite as a homogeneous material. The
model is based on a Johnson-Cook’s plasticity model in which the elastic material parameters Young’s
modulusEMMC(ϕ), Poisson ratio νMMC(ϕ) and the plasticmaterial parameters yield stressσY MMC(ϕ),
hardening modulus KMMC(ϕ) and hardening exponent nMMC(ϕ) depend on the volume fraction ϕ.
The first step is the generation of the virtual data, and to generate the RVE with a simple geometry
in order to decrease the computational time as much as possible. The RVE is made of an aluminum
alloy AA2124 matrix (blue) and a spherical shaped silicon carbide particle (yellow). Again, the matrix
was simulated as an elastic-plastic material using the values of the table 1 and the SiC particle was
simulated as a perfect elastic material with the material parameters previously mentioned.
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Fig. 11: 3D RVE geom. (right), and transversal cut of the RVE (left).

In a next step, the virtual reference data (stress-strain curves) were created by uniaxial tensile
simulations on RVEs with different volume fractions from ϕ = 0% to ϕ = 35%, using periodical
boundary conditions for a given ⟨ε22⟩ = 0.05 which mimics the tensile test conditions. The resulting
stress-strain curves for these simulations computed from the micro stress field using (32) are shown
in Figure 12. It shows that increasing the volume fraction of the hard inclusion particles primarily
influences the plastic behavior. Higher content of hard particles leads to a more pronounced hardening.

Fig. 12: Virtual reference data result of uniaxial tensile simulation on RVEs with different volume
fractions.

In order to establish the equations which describe the dependency between the material parameters
EMMC , νMMC , σY MMC ,KMMC , nMMC and ϕ it is necessary to find the right set of elastic and plastic
material parameters for each of different volume fractions, that allow the homogenous RVE (made of a
homogeneous material) to replicate the material answer of the RVE with the heterogeneous geometry.
For this aim, an automatic iterative procedure that couples ABAQUS and MATLAB was developed
(see Figure 13), where the optimal value for the elastic and plastic material parameters was found by
minimizing the objective function.
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Fobj(ϕ(r)) =
∥⟨σ22⟩V RD − ⟨σ22⟩sim∥

∥⟨σ22⟩V RD∥
. (35)

Fig. 13: Parameter optimization procedure.

The optimization tool of MATLAB used for the minimization of the objective function was fmin-
con, specialized in finding minimums of constrained nonlinear multivariable functions [17]. In order
to obtain meaningful parameter values, fmincon requires the specification of upper and lower limits.
In case of the Young’s modulus for instance, the rule of mixtures given by the equations (36) [16]
was used. It provides theoretical upper and lower bounds for the properties of a composite material
made of continuous and unidirectional fibers. As in this work the SiC inclusions are being simulated
as spherical shape particles, it is to be expected that the optimal values for EMMC should lie in the
zone limited by the upper and lower bounds given by the rule of mixtures.

EUB
MMC = ϕESiC + (1− ϕ)EAl upper bound

ELB
MMC =

(
ϕ

ESiC

+
1− ϕ

EAL

)−1

lower bound
(36)

Once the optimal value for each elastic and plastic material parameter was set for each of the
seven simulations (Virtual Reference Data VRD), a polynomial interpolation of the values obtained
for EMMC , νMMC , σY MMC , KMMC , nMMC has proven to be the most simple and accurate way of
producing the equations that describe their dependency on the volume fraction. Figure 14 shows plots
of the optimal values from the VRD simulations as well as the respective polynomial interpolations
(37) for the different material parameters. It is important to mention that simulations to find the op-
timal values for the material parameter sets with volume fraction ϕ > 35% could not be performed.
Reason for this are the geometrical limitation and problems while generating a high quality mesh for
the RVE. Moreover, for volume fractions over 50% the meaning of matrix loses its sense. Further-
more, volume fractions for MMC typically do not exceed 30%. Even though it can be seen that the
equations (37) are able to predict meaningful parameter values for volume fractions that exceed 35%.
For example the Young’s modulusEMMC , the values predicted by the functionEMMC(ϕ) lie between
the upper and lower bounds given by the rule of mixtures, as expected. Also, in the case of the elastic
parameters EMMC and νMMC the polynomial interpolations were extended until ϕ = 100 %, where
both parameters reach the value of the elastic modeled reinforcement material ESiC and νSiC . In case
of plastic parameters, such an extension does not have sense, since the reinforcement was assumed to
be a 100 % elastic, as was mentioned before.
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EMMC(ϕ) = E1ϕ
2 + E2ϕ+ E3

νMMC(ϕ) = ν1ϕ
3 + ν2ϕ

2 + ν3ϕ+ ν4

σY MMC(ϕ) = σY 1ϕ
2 + σY 2ϕ+ σY 3

KMMC(ϕ) = K1ϕ
3 +K2ϕ

2 +K3ϕ+K4

nMMC(ϕ) = n1ϕ
2 + n2ϕ+ n3

(37)

Fig. 14: Elastic - plastic optimal material parameter from VRT simulations (circles) and interpolation
(solid line).
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Table 2. Coefficients for interpolations of the material parameters (37).
Coeff. Ei [GPa] νi [-] σY i [MPa] Ki [GPa] ni [-]
1 228.1 0.23 123.9 16.23 -0.095
2 106.4 -0.295 68.94 -3.4 0.340
3 77.3 -0.105 177.5 808.3 0.089
4 - 0.329 - 387.1 -

Material Model Implementation and Numerical Examples

The material model introduced in the previous section was implemented in the finite element commer-
cial software ABAQUS through the programming of the elastic - plastic optimal material parameter
equations (37) into an ABAQUS-plug-in (see Figure 15). This plug-in automatizes the creation of
a new material (MMC Aluminum - SiC) based on the elastic parameters and the plastic parameters
required for the Johnson-Cook plasticity model by just introducing the desired volume fraction ϕ.

Fig. 15: Screen - shot of the running ABAQUS-plug-in ”Materiales v1.0” and a part of its implemen-
tation code.

The next numerical example was inspired by the production of functionally graded materials
(FGMs) which are currently receiving a great degree of interest due to their special properties. In
this group of advanced multifunctional composites, the volume fraction varies smoothly within the
material. This is achieved by applying a centrifugal force to a mixture of molten metal and dispersed
material, such as ceramic powder or intermetallic compounds, leading to the formation of a desired
composition gradient [18] (see Figure 16).

108 Physical Modeling for Virtual Manufacturing Systems and Processes



Fig. 16: Typical microstructure of the Al-SiC FGM fabricated by the centrifugal method [18].

A bending test simulation was performed using the geometry shown in Figure 17(a) which rep-
resents a beam made of an Al-SiC MMC with a gradient in its composition along the vertical axis
(volume fraction from 5% to 20%).

(a) (b)

Fig. 17: Pin and beam geomtry (a). Von Mises stress field of the beam under load (b).

Fig. 18: Reaction forces vs. the vertical displacement of the pin for four different beam configurations.

Figure 18 shows the reaction force of the pinwith respect to the displacement, results of the beading
test simulations using four different materials for the beam. The higher reaction forces were obtained
by simulating the beam as an MMC with a uniform volume fraction of 20%. On the other hand the
lowest stresses correspond to the case of a beam of less concentration of reinforcement equal to 5%.
Between them lying almost over the other there is the reaction force - displacement curve resulting in
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simulating the beam with a concentration gradient as shown in Figure 17(a) and as beam with and uni-
form volume fraction equal to 12.5% equal to the volume average of the concentration in the previous
case. The good agreement between these two last curves and their position in between the curves of
highest and lowest volume fraction indicates that the model is working properly predicting meaningful
elastic-plastic material parameters for the simulation of the MMC as a homogeneous material.

Summary

In this project, models for the effective properties of aluminum - SiC metal matrix composite us-
ing computation homogenization techniques have been presented. A different approach to shed some
light on the representativeness of an RVE has been defined, based on the computation of the volume
fraction with the number of white and black pixels in AMC217xe micrographs. The geometrical set-
tings for the realistic RVE were obtained from micrographs using image post-processing techniques,
MATLAB and an open source FE software (OOF2). Periodical boundary conditions used in all the
RVE simulations of this work were successfully implemented in ABAQUS. Optimal elastic-plastic
parameter values for the aluminum alloy AA2124 Johnson-Cook plasticity model were found. These
elastic-plastic parameters and realistic RVE geometries allow the MMC material behavior to be ac-
curately reproduced. The effective response of the composite directly results from the material laws
of the constituents and the RVE geometry. The approximation of the material answer of a realistic
complex microstructure with a simple geometry composed of only one particle has been shown pos-
sible by setting the appropriate volume fraction on the simple RVE configuration. In order to simulate
the MMC as a homogenous elastic-plastic material, equations to describe the dependency between the
effective elastic-plastic material parameters and the volume fraction ϕwere established. Theses model
equations allow the easy and correct reproduction of the MMCmaterial response. The material model
was satisfactorily implemented in user-friendly ABAQUS-plug-in named Materiales v1.0.
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