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1 Introduction  

Metal-matrix composites (MMCs) are materials with 
great potential in applications for many industries, 
e.g. automotive, electronics, aviation, and aerospace, 
due to their excellent properties, such as high 
damping capacity, high specific strength, low 
thermal expansion coefficient, and low weight [1].  
 
A common method used for fabrication of MMCs is 
the pressure infiltration process [2-8], which consists 
of injecting molten metal into a preform under an 
external pressure. However, experimental 
investigations in literature report that the fabrication 
process is a delicate matter, which often results in 
incomplete infiltration [1, 9-10]. 
 
Numerical modeling can be a theoretical tool to 
provide very useful information on the general 
behavior of the infiltration process and potentially 
reduce the experimental work related to obtaining 
optimized process parameters. Previous published 
numerical studies on the pressure infiltration process 
are at present very limited. The few existing studies 
primarily focus on the global propagation of the 
fully and non-fully saturated regions by considering 
the mass balance equation together with Darcy’s law 
[11-16]. The drawback of these porous 
media/permeability approaches is the disability of 
capturing one of the key fabrication errors which is 
the unintended porosities at the end of the process. 
 
This paper presents a numerical method that 
simulates the flow through the porous corridors of 
the preform, which in theory enables the prediction 
of unintended porosities at the end of the process. 

However, the obstacle for this new approach is that 
the size of the preform in this process is usually of 
the order of 5-10cm in each direction, while the size 
of the reinforcement (fibers or spherical particles) is 
of the order 10-100μm and that combination leads to 
a very calculation-heavy numerical model, since the 
control volume in the mesh at least needs to be at the 
same length scale as the reinforcement. Therefore, 
the objective of this paper is to evaluate the potential 
for this numerical approach to predict unintended 
porosities in metal matrix composites with special 
emphasis on fiber vs. domain sizes.   
 
In the first part of the paper, the three-dimensional 
Computational Fluid Dynamics (CFD) model is 
presented together with a description of the preform. 
In the second part the infiltration results are reported 
and compared with porous media/permeability 
approach based results from literature. Finally, the 
pros and cons for this CFD approach are discussed.  
 

2 Numerical Model 

2.1 Governing Equations 

The flow of the molten metal during the infiltration 
of the preform is a highly non-linear problem. The 
two main physical phenomena in this process are the 
flow and solidification of the molten metal. In this 
study the flow of the molten metal is of focus, thus 
isothermal calculations are conducted. In addition, 
the molten metal is considered as an incompressible 
Newtonian fluid.  
 
The global Newtonian flow is captured by solving 
the mass continuity equation given in Eqn. 1 
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together with the momentum equations given in 
Eqn. 2. 
 

∇𝒖 = 0                               (1) 
 

𝜌 �
𝜕𝒖
𝜕𝑡

+ 𝒖 ∙ ∇𝒖� = −∇𝑝 + 𝜇∇2𝒖           (2) 
 
where 𝑢 is the velocity of the molten metal, 𝜌 is the 
density, 𝑡 is the time, and 𝑝 is the pressure. Note that 
no gravitational force, surface tension or pore 
pressure are considered in this study. 
 

2.2 CFD solver 

The commercial software FLOW-3D is used to 
calculate the incompressible Newtonian flow of the 
molten metal [17]. FLOW-3D is a CFD software 
capable of analyzing various physical flow 
processes. In this study, the software solves Eqn. 1 
and 2 by the usage of the Finite Volume Method 
(FVM). The pressure and velocity fields are found 
on a staggered grid by the Generalized Minimum 
Residual Solver (GMRES). In addition, the software 
utilizes an explicit Volume Of Fluid (VOF) 
algorithm to track the free surface of the molten 
metal. 
 

2.3 Description of the CFD model 

The material properties, the geometry of the mold, 
and the boundary conditions utilized in this study are 
adopted from [11] in order to carry out a comparison 
with results from where the porous 
media/permeability approach is utilized. The molten 
metal is considered to be an aluminum alloy A380 
with a dynamic viscosity of 0.0012 Pa·s and a 
density of 2.46×103 kg/m3, while the material of the 
fibers is assumed to be ceramic. These are common 
materials used to produce metal matrix composites 
by an infiltration process. The geometry of the mold 
is a cylinder with a diameter of 10 cm and a height 
of 3 cm, see Fig. 1. Inside the mold a porous 
preform is placed (description follows in section 
2.4). At the top of the cylinder, a circular inlet is 
positioned with a diameter of 15mm which allows 
the molten metal to flow into the mold and penetrate 
the porous preform. The boundary condition at the 
inlet is a pressure of 0.8MPa. Furthermore, a no-slip 
(zero velocity) boundary condition is used at the 
wall of the mold and surface of the fibrous preform. 

Finally, two symmetry boundary conditions are used 
between the red and grey/blue part of the domain, 
shown in Fig. 1, which enables only one fourth of 
the preform to be simulated thereby reducing the 
calculation time.  
 

 
Fig. 1. Schematic view of preform and inlet. The red 

subdomain represents the part of the geometry simulated 
by the numerical model. 

 

2.4 Geometric Model of Porous Preform 

The geometry and size of the porous preform are the 
same as the mold’s. The porous structure is 
generated based on the following three assumptions: 
 
1. The preform consists of many fiber layers 
positioned in a staggered manner. 
 
2. The shape of each fiber layer is similar to a net, 
which is represented by a number of orthogonal 
straight fibers. 
 
3. The cross-section of the individual fibers is 
squared. 
 
The steps involved in processing the geometrical 
information of the porous preform are: generating 
one fiber layer, generating the whole preform, and 
importing the preform into FLOW-3D. Each of the 
steps is detailed described in the next three sections. 
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2.4.1 Generating one fiber layer 
 
One fiber layer consists of many fiber units. In Fig. 
2, a 3-dimentional image of one fiber unit is shown. 
This fiber unit is generated with a MATLAB code. 
First, a Boolean matrix with entries of 0 and 1 is 
conducted. In this matrix, “0” represents the fraction 
of air, and “1” represents for the fraction of fiber. 
Then, the function STLWRITE [18] is called to 
generate the Stereo Lithography (STL) file based on 
the Boolean matrix. The total length of the fiber unit 
is five times the thickness of the cross-section. 

 

 
Fig. 2. 3-D image of one unit in the fiber layer 

 
Afterwards, the fiber unit is copied and distributed in 
order to generate the fiber layer seen in Fig. 3. 
Finally, an STL file of one fiber layer is created. 
 

 
Fig. 3. Schematic view of one fiber layer in the preform 

 
 

2.4.2 Generating the whole preform 
 
The next step is to position a number of fiber layers 
in a staggered manner in order to conduct a preform 
which allows for a realistic propagation of the 
molten aluminum.  
 
Every second fiber layer is fixed and every other 
second fiber layer is randomly inserted, see Fig. 4. 
The distance between two fixed fiber layers is four 
times the fiber diameter. Thus, the space between 
adjacent fiber unit nodes in the neighbouring fiber 
layer is a cube with a side length of four times the 
fiber diameter. This cube can be divided into 64 
small cubes, as the yellow region in Fig. 4 shows. 
The fiber unit node of the random fiber layer is 
positioned in the center of one of the small cubes 
randomly. 
 
 

 
 
 

 
Fig. 4. The placement of the fiber layers 

 
Thus, a fibrous preform which consists of 
unstructured fiber layers is obtained, see Fig. 5, and 
the volume fraction of the fibers is approximately 
22%.  
 

Fixed Fiber Layer 

Random Fiber Layer 

Potential Positions 



 
Fig. 5. Schematic view of geometric model of the preform 
 
 
2.4.3 Importing the preform into FLOW-3D 
 
After the STL file of the preform is created, it is 
imported into FLOW-3D and trimmed in order to 
have the same size as the cylindrical mold, see Fig. 
6. Note that in this preliminary study, the lengths of 
all sides of the control volumes are set equal to the 
fiber diameter in order to decrease the computational 
load, even though a finer mesh might give more 
accurate results.  
 

 
Fig. 6. Computational domain in the CFD model 

 

3 Results and discussion 

3.1 Flow pattern 

In Figs. 7(a) and 8(a), the flow propagation of the 
molten metal is shown in the case of a fiber diameter 
size of 300 µm and 200 µm, respectively. In the 
figures, the molten metal is represented with red and 
the porous preform with grey.   
 

 

 
(a) 

 
(b) 

 
Fig. 7. Flow propagation of molten aluminum in porous 
preform with 300 µm fibers. (a) ¼ of preform; (b) at the 

symmetry boundary.  

  

Inlet 
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(a) 

 
(b) 

 
Fig. 8. Flow propagation of molten aluminum in porous 
preform with 200 µm fibers. (a) ¼ of preform; (b) at the 

symmetry boundary.  

 

The observed infiltration pattern is very similar to 
the one documented in [11] where the experimental 
validated porous media/permeability approach is 
utilized. This fact indicates that the presented CFD 
approach captures the physics involved in the 
problem correctly. In addition, the simulated flow 
condition at the symmetry boundary in Figs. 7(b) 
and 8(b) illustrates that with this approach it is 
possible to capture local porosities during the 

infiltration process. Thus, the numerical model 
predicts areas of the preform where the risk of 
unintended porosities is increased. Potentially, this 
information could be used to analyze the process 
parameters in order to obtain the flow pattern with 
the lowest risk of unintended porosities. Ideally, the 
numerical model would predict unfilled areas of the 
preform at the end of the infiltration process, but in 
order to obtain such results one would have to 
include a thermal calculation. However, that 
addition has not been considered in this preliminary 
study.  
 

3.2 Filling time 

In Fig. 9 the relationship between the filling time 
and filling fraction is shown for the simulations 
where the fiber diameters 300 µm and 200 µm are 
utilized. 
 

 
Fig. 9. The relationship between filling time and filling 

fraction 
 
Both relationships are relatively linear, but the final 
filling time increases from 0.112 for the 300µm-
fiber-diameter preform to 0.131s for the 200µm-
fiber-diameter preform. The increasing final filling 
time is an effect of the decreasing permeability when 
decreasing the size of the fiber diameters in the 
preform.  
 
In Fig. 10, the relationship between filling time and 
fiber diameter is shown. Each of the dots represents 
a simulation and the curve is a best fit function. Note 
that due to calculation time, the simulations with a 
fiber diameter of 100 and 50 µm are carried out with 



a half and a quarter of the initial diameter and height 
of the preform, respectively. Afterwards, the two 
simulations’ filling time for the initial size of the 
preform is found by extrapolation, assuming that 
their relationship between the filling time and filling 
fraction are also linear. It is the extrapolated filling 
times which are documented for the 100 and 50µm-
fiber-diameter preform in Fig. 10. The best fit 
function illustrates that the filling time increases in 
an exponential-like manner when decreasing the 
fiber diameter.  

 

 
Fig. 10. Relationship between fiber diameter and filling 

time 

 

The filling time reported in [11] was 20s for a 3µm-
fiber-diameter preform and that differs from the 
simulated filling time of 0.8s found by the best fit 
function, see Fig. 10. The difference could be an 
artifact of the numerical generated preform. One 
might obtain a simulated filling time which is in 
better agreement with the experimentally measured 
filling time if the numerical preform is conducted 
differently, e.g. introducing inclined fiber layers.     

 

3.3 Calculation time 

The number of control volumes increases rapidly 
when decreasing the fiber diameter as seen in Fig. 
11. Consequently, the calculation time increases 
rapidly too.  

 
Fig. 11. The relationship between number of control 

volumes and fiber diameter. 
 
 
The calculation times of the simulation with the 
300µm-fiber-diameter and 200µm-fiber-diameter 
preform were approximately 2 and 6 days, 
respectively. A simulation with a 3µm-fiber-
diameter preform is therefore not feasible to carry 
out within a reasonable time frame unless a super 
computer is utilized. This limitation restricts the 
CFD approach from being used to simulate the 
infiltration process of preforms where the size of the 
reinforcement is much less than 200µm. However, 
some metal matrix composites are produced with 
spherical particles that have a diameter of the order 
of 100 µm and in such case this numerical approach 
would be able to analyze the infiltration process if 
the preform is confined to a quarter of the size of the 
preform used in this study.   
 

4 Conclusions 

In this paper it was shown that a CFD approach has 
a great potential to simulate the infiltration process 
and predict unintended porosities in metal matrix 
composites. Several cases of an infiltration process 
with an artificially generated fibrous preform are 
simulated using this approach. 

 
First of all, the simulated flow pattern using this 
CFD approach is in good agreement with a similar 
case from literature using a porous 
media/permeability approach. It shows the capability 
of the CFD approach to capture local porosities 
during the infiltration process.  
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Secondly, the relationship between filling time and 
fiber diameter of the preform is studied. The final 
filling time increases when decreasing the size of the 
fiber diameter in the preform. The filling time with a 
3µm-fiber-diameter preform is 0.8s by extrapolation 
according to the best fit function based on the 
simulation results with lager fiber-diameter preform.  
 
Finally, it is not feasible to carry out a simulation 
with a 3µm-fiber-diameter preform at present due to 
the huge amount of control volumes. However, this 
CFD approach can be used to simulate the 
infiltration process producing some Metal Matrix 
Composites with spherical particles which have a 
diameter of the order of 100µm. 
 
Of interest in future work is to include a thermal 
calculation in the CFD approach and try to obtain 
the volume fraction of air in the end of the 
infiltration process. Moreover, experimental 
infiltration tests should be carried out to be 
compared with the numerical simulation results. 
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