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Abstract. The work presented is related to determination of effective mechanical properties of a PRMMCs
(particle reinforced metal matrix composites) composite. Such composites, because of their specific wear
resistance (high-temperature work capability) and high strength properties compared to mass, are often used in
many devices in industry and agriculture. The mechanical properties of the PRMMCs can be determined based
on experimental research. However, since the volume fraction of the reinforcement and its geometry
significantly affect the resulting mechanical properties of the composite, determining them through experimental
research would require a lot of work and would involve high costs. So, there is a legitimate need to develop
alternative methods. In the literature, one can find analytical models enabling the determination of limit values of
such parameters as elastic moduli or Poisson’s ratio. The authors usually assume a uniform distribution of
reinforcement particles and do not take into account the effect of their size on the effective mechanical
properties. An alternative method of homogenizing the properties of heterogeneous materials may be an
approach based on the use of numerical methods. Therefore, the article presents a methodology for determining
the effective mechanical properties of PRMMCs using the finite element method (FEM). The developed method
enables determination of Young’s modulus, Poisson’s ratio and density of composite, taking into account the
impact of the random distribution of reinforcement particles, as well as their size and volume fraction. To verify
the proposed approach, effective mechanical properties have been determined for a frequently used material -
particle - reinforced aluminium matrix composite (PRAMCs). The results obtained were compared with the
literature data. The investigations show satisfactory compliance of the obtained results with both experimental
data and analytical solution.
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Introduction

Composite materials, because of their utility features (wear resistance, high-temperature ability)
and high strength properties compared to mass, are nowadays often used in the automotive [1-2],
aerospace [3-4] and agricultural industry [5-6]. These are anisotropic materials with a more or less
periodic structure [7-12].

Particle-reinforced metal matrix composites (PRMMCs) are among the often used structure
materials. Their strength and stiffness properties depend to a large extent on the microstructure and
properties of the matrix and reinforcement.

Many authors dealt with the study of the effective mechanical properties of such composites. In
papers [13-16], analytical formulas are given to determine the limit values of parameters, such as
elastic and buckling moduli or the Poisson’s ratio, taking into account the volume fraction of
reinforcement. In the solutions obtained, the authors assumed regular distribution of reinforcement
particles and did not take into account the influence of their size on effective mechanical properties.

In recent years, along with the development of numerical methods, the approaches based on FEM
(finite element method) are used (together with experimental research) for strength tests and modelling
of many physical phenomena, such as piezoelectricity, flow and friction phenomena [17-29].

FEM can also be used to determine the effective properties of composite materials. An important
advantage of using this method for investigating properties of composites is the fact that numerical
studies are less expensive and time-consuming than experimental ones. Most commercial FEA
software enables modelling of composite materials with reinforcements of any shape, size and spatial
distribution. Curious studies on the estimation of effective elastic properties and durability of particle-
reinforced composites using FEM can be found, for example, in [30-33].

Many authors, for example [30-33], model particle — reinforced metal matrix composites as a 2D
plane problem. Such simplification may cause errors in the results obtained. Therefore, the presented
work presents a methodology for determining the effective mechanical properties of PRMMCs using
three-dimensional models. The developed method enables determination of Young’s modulus,
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Poisson’s ratio and density of composites, taking into account the impact of random distribution of
reinforcement particles, as well as their size and volume fraction.

Materials and methods

The FEM approach was used to determine the effective Young’s moduli and Poisson’s ratios. The
selected 3D model of the composite microstructure is shown in Figure 1.

Fig. 1. Composite microstructure of particle diameter 0.05 mm and volume fraction 10 %

The matrix material is a cube with a =1mm on a side (grey colour in Figure 1) while the
reinforcement particles have a spherical shape. In the prepared models, the location of the spheres is
determined randomly in all directions. To determine the random location of individual spheres
representing the reinforcement material, a pseudo-random number generator (PRNG) built-in the Java
environment was used. First, the real number Ro is drawn: 0 <Ro<1. A uniform distribution of
probabilities is assumed when drawing the number Ro. The product of Ro and a is treated as the x;, y;
or z; coordinate specifying the centre of the ith reinforcement particle.

What is more, the spheres could not penetrate each other. To give the composite microstructure
nature as periodic as possible, when the sphere is partially positioned behind the matrix material, part
of the sphere protruding is transferred to the opposite wall of the cube. To obtain the assumed
distribution of reinforcement particles, it was necessary to develop a new program code, written in
Java language (algorithm of the program is given in Figure 2).

Declaration composite parameters
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Fig. 2. Algorithm of the program for generating 3D models of composite microstructures
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The program can generate automatically 3D models of composite microstructures with freely
defined particle size (7, — the radius of a sphere) and reinforcement volume fraction V,,.

One goal of the work was to determine the effect of the particle size and their volume fraction on
the fracture process. Therefore, 3Dmodels with different particle sizes r, and the volume fraction of
reinforcement V, were prepared.

The relationship between the side of the cube a [mm], the volume fraction of the reinforcement V,
(%), the sphere radius r, (mm) and the number of particles is given by the formula (1):

3a3Vp
n=
4007zr]f

(1)

Both the radius of the particle and the volume fraction of the reinforcement were selected in such
a way that they correspond to the real limits of the chosen composites PRMMCs. From the group of
composites PRMMCs, particle — reinforced aluminium matrix composites (PRAMCs) with SiC
reinforcement were selected for analysis.

The 3D models were then used in numerical calculations of FEM (made using the Comsol
Multiphysics software). The models of the composite are described using quadratic tetrahedral finite
elements, with increased densities at the interface surfaces of the matrix and reinforcement. The finite
element mesh and applied boundary conditions are shown in Figure 3. On the surfaces a, b, c,
symmetry boundary conditions were assumed. As regards the load boundary conditions, to the surface

113

opposite to the surface “a” a constant displacement u, = 0.00lmm was applied.
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Fig. 3. Division into finite elements and applied boundary conditions

Aluminium 7091 was chosen for the matrix material. As a reinforcement SiC (Silicon Carbide).
The mechanical-physical properties of the materials used are shown in Table 1.

Table 1
Mechanical-physical properties of materials used on the matrix and reinforcement [34-35]
. Young’s Poisson’s Density
Material modulus, GPa ratio [kg'm™]
Al. 7091 74.9 0.37 2720
SiC 458 0.17 3200

To determine the effective properties of the composite material, formulas (2-4) were used:

*  Young’s modulus (2) (Hooke’s law):
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=2 2)

e Poisson’s ratio (3) (change in the material volume)

v:—dv_8~‘,dvzsx+£v+g,, 3)
2 o

X

e density (4):
p=—= )

where o, — averaged stress on the surface to which the u, displacement was applied;
&y €y, €, — strains respectively on x, y, and z-direction;
m — total mass of the matrix and reinforcement.

Results and discussion

The parameters obtained from the FEM (o,, &, ¢,, ¢;, m) were implemented to the formulas (2-4),
and then the effective properties of the particle - reinforced composite were determined. Because the
location of the reinforcement particles was determined at random, for each composite configuration
(particle size, volume fraction), five numerical simulations were performed. The average values of
effective properties, together with the standard deviation (in round bracket), are shown in Table 2. The
effective mechanical-physical properties of the composites determined by the approximate solution
[16] (without taking into account the random location of the reinforcement particles and their size) and
the experiment [35] are also included in Table 2. The authors of [35] did not provide the size of the
reinforcement particles, therefore, two different radii of the reinforcement particle (typical for the SiC
material [34]) were assumed in the analyses performed.

Analysing the data presented in Table 2, one can notice a satisfactory correlation of the results
obtained with those available in the literature.

Table 2
Effective mechanical-physical properties of the composite reinforced
with SiC particles (PRAMC:s (SiC))

Property V,=10 % V,=20 %
r,=0.05,mm | r,=0.1, mm | r,=0.05, mm r, =0.1, mm
FEM (this paper) | 87.47(0.27) | 83.69(0.57) | 102.98(0.18) | 100.39(1.1)
E .Gpa Experiment [35] 87.6 105.5
Approx. sol. [16] 85.19 99.56
N FEM (this paper) 0.36(0) | 0.36(0) 035(0) | 0.350)
Approx. sol. [16] 0.36 0.35
p.kg-m | FEM (this paper) 2766.2(0) | 2751.8(0.8) | 2814.38(0.13) | 2799.6(0.98)]
’ Approx. sol. [16] 2768 2816

The standard deviation is given in round brackets

Also, when analysing the data presented in Table2, it can be seen that the effective Young’s
modulus depends on the size of the reinforcement particle — it increases as its radius decreases. Such
regularity was also noted in [36]. This may be because with smaller dimensions of the reinforcement,
the contact area of the reinforcement and the matrix increases, which makes the global deformation of
the composite smaller.

As for the Poisson’s ratio and density, the solutions obtained agree with the theoretical ones.
Theoretically, the density of the composite should not depend on the radius of the SiC particles.
However, it is noticeable that the relative density error increases as the radius of the reinforcement
particles increases (Fig. 4b). This phenomenon is related to the way the composite is modelled.
Namely, the number of particles calculated from formula (1) is rounded off to an integer. For larger
particle radius, a larger rounding error occurs.
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Fig. 4. Estimation of the accuracy of the results obtained: a — Young’s modulus; b — density

Conclusions

1. The paper presents a method enabling determination of effective properties of particle reinforced
metal matrix composites.

2. The developed method enables determination of Young’s modulus, Poisson’s ratio and density of
PRAMCs composite, taking into account the impact of the random three-dimensional distribution
of reinforcement particles, as well as their size and volume fraction.

3. Using the developed method, the effective properties of the PRAMCs composite reinforced with
SiC particles were determined and the obtained results were compared with the literature data.

4. Satisfactory compliance of the obtained solutions with literature solutions was found:

e the maximum and minimum error in the estimation of Young’s modulus was 4.84 %
(V,=20 %, r, =0.1mm) and 0.15 % (V, = 10 %, r, = 0.05 mm), respectively;

¢ the maximum and minimum error of density estimation was 0.58 % (V, =20 %, r, = 0.1mm)
and 0.06 % (V, = 10 %, r, = 0.05 mm), respectively;

® Poisson’s ratios determined using the developed method were identical to the literature ones.
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