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In this study, the effects of reinforcement volume ratios (RVR) on composite structure and thermal
conductivity were examined in AI-MgO reinforced metal matrix composites (MMCs) of 5%, 10% and
15% RVR produced by melt stirring. In the production of composites, EN AW 1050A aluminum alloy
was used as the matrix material and MgO powders with particle size of —105 pm were used as the
reinforcement material. For every composite specimen was produced at 500 rev/min stirring speed, at
750 °C liquid matrix temperature and 4 minutes stirring time. Composite samples were cooled under
normal atmosphere. Then, microstructures of the samples were determined and evaluated by using
Scanning Electron Microscope (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) analysis. In
general, it was observed that the reinforcement exhibited a homogeneous distribution. Furthermore, it
was determined that the increase in the RVR increased porosity. From the Scanning Electron Microscope
images, a thermal Ansys model was generated to determine effective thermal conductivity. Effective
thermal conductivity of AI-MgO composites increased with the decrease in reinforcement volume ratio.

© 2012

Keywords: metal-matrix composites, melt stirring, microstructure, porosity, thermal conductivity

1. Introduction

Development of technology and increasing demands
of industry have lead to an increase in research and
development studies on the production of composites
with different properties in recent years. This increase is
attributed to the high strength of composite materials with
low specific weight. Additionally, due to the possibility
of their production in different combinations with desired
strength levels and their high fatigue resistance, toughness,
high temperature strength as well as high oxidation and
wear resistances contributed in the increased utilization of
composites’.

There are many different composite materials and
production types which are further growing. Metal Matrix
Composites (MMCs) is one of these composite materials.
All engineering materials can be used as matrix for the
production of MMCs. Aluminium, magnesium and their
alloys are the most commonly used matrix materials in the
production of MMCs due to their lightness and ductility.
Materials like SiC, SiO, , AL,O, and MgO are generally
preferred as reinforcement elements. In the production of
MMCs, different methods such as casting, melt stirring,
powder metallurgy, in-situ and infiltration are used.
Melt stirring method has a good potential in all-purpose
applications as it is a low cost MMCs production method?. To
obtain a successful reinforcement process in the production
of MMCs, the most important and effective criterion is the
selection of the appropriate method and material as reported
by the literature. Furthermore, in MMCs production with
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melt stirring method, increased Reinforcement Volume Ratio
(RVR) and decreased particle size resulted more difficult
production process and increased porosity and particle
agglomeration®*.

Many studies have been conducted on the distribution
of reinforcement elements inside the composites and their
effect on microstructure, porosity, hardness, abrasion
behavior and rupture strength as well as the effect of
stirring time and speed®'S. In this study, the effect of RVR
on composite microstructure and thermal properties were
examined in 5%, 10% and 15% MgO reinforced composites
produced by melt stirring method.

There are various studies investigating the effects of RVR
on mechanical and thermal properties in composites'”!%.
Thermal conductivity of composite materials has recently
emerged as an important research topic. Several techniques
have been developed recently for conductivity measurements.
The flash technique has been widely used for determining
thermal properties at wide ranges of temperatures'*?. In
this technique, which is also employed in this study, the
front surface of a small sample is subjected to a very short
burst of high intensity radiant energy. Numerical techniques
have also been used in literature which calculates these
properties* 3, but the main change of principle in the
numerical analysis carried out in this study is the use of real
Scanning Electron Microscope (SEM) images.

Microstructure has also significant importance on
thermal conductivity behavior. Thermal conductivity
can be kept under control by means of microstructural
modification***. This can be performed by modeling
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studies using real microstructure images. However, for the
application of Finite Element (FE), the individual intrinsic
thermal conductivity values of the phases (k :effective
thermal conductivity) need to be calculated. In this study,
finite element method is used to investigate the effect of RVR
on thermal conductivity in Al-MgO composites produced
by melt stirring.

2. Experimental Study

Commercially pure aluminum alloy (EN AW 1050A)
and Magnesia (MgO) with particle size of —105 um were
used respectively as liquid matrix and reinforcement
elements in the production of composite specimens.
The chemical compositions of matrix material Al and
reinforcement element MgO are given in Table 1.

For the production of composite specimens; matrix
material Al was put in the crucible in Figure 1, melting
process was started and continued until the temperature of
liquid matrix increased to 750 °C. Stirring apparatus was
immersed in liquid metal and stirring was started. Stirring
speed was gradually increased until 500 rev/min and MgO
powder determined on the basis of RVR was added in
liquid metal by a funnel during stirring process. After the
addition of reinforcement element MgO in liquid matrix Al,
the mixture was stirred about 4 minutes at 500 rev/min in
order to allow homogenous distribution of MgO particles
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in the mixture. Subsequent to the completion of stirring, the
crucible was taken out of the furnace, the liquid melt was
poured in steel containers of 30 mm diameter was allowed
to cool down at room temperature. Same processes were
applied separately for each RVR.

Then, to examine microstructures and porosity of
composite materials, SEM, EDS and optical microscope
images were taken. Besides, porosity of the composites
was determined by Buoyancy method which is based on
Archimedes principle. Finally, the numerical model was
set up by transforming the real SEM images. From these
images, a thermal Ansys model was generated to determine
effective thermal conductivity.

3. Results and Discussion

3.1. Microstructure properties and the effect of
RVR on MgO particle distribution

SEM images of composite specimens with 5% MgO,
10% MgO and 15% MgO RVR produced by melt-stirring
are given in Figure 2.

The SEM images indicate that generally, increased RVR
in the specimens result improved homogeneous distribution
of MgO particles. The white particles in microstructure
images are MgO reinforcement elements. It is seen that
reinforcement element was not disributed homogeneously

i
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Figure 1. Melt stirring test apparatus (For the production of composite specimens).

Table 1. Chemical composition of matrix material Al and reinforcement element Magnesia.

EN AW 1050A Al % Fe% Cu% Mn% Mg% Ti% Zn% Si% Remainder
99.5 0.40 0.05 0.05 0.05 0.05 0.07 0.25 0.03
Magnesia MgO % Fe% Si02% Ca0 %
98.0 0.6 1.0 0.4
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Figure 2. The microstructures of composite samples produced depending on the RVR of a) 5% MgO b) 10% MgO c) 15% MgO.

in 5% MgO reinforced specimen (Figure 2a). This is
possibly attributed to the partial agglomeration of the MgO
particles and their exposure to sweeping during stirring in
the low RVR. While the least homogeneous distribution of
particles was recorded in 5% MgO reinforced specimen;
homogeneity further improved in 10% MgO reinforced
specimen (Figure 2b). and reached almost to that of the
desired level in 15% MgO reinforced specimen (Figure 2c).

According to results; the liquid Al temperature of 750 °C
was suitable and stirring speed of 500 rev/min and stirring
time of 4 minutes were sufficient. Besides, the addition of
MgO with the particle size of =105 um into the Al matrix
by melt stirring method was suitable and the composite
specimens can be produced successfully.

To examine the behaviour in every part of the mould
and to determine the level of homogeneity of reinforcement
distribution, one piece of 10% MgO reinforced specimen
was removed from the mould, polished with 1200 mesh
emery paper and optical microscopic images from the top,
central and bottom parts were taken. These images were
given in Figure 3. Similar findings were also reported by
Calin-Pul-Citak-Seker?.

As seen from the images in Figure 3, the reinforcement
element MgO was generally distributed homogeneously.
However, a slight increase in the reinforcement ratio towards
the bottom parts is observed in the images. This situation
can be clarified by precipitation of reinforcement during the
cooling of liquid mixture due to its higher specific gravity
than that of the matrix material Al

3.2. The effect of RVR on the porosity structure

According to theoretical and experimental calculations
results, porosity value is 3.99% in 5% MgO reinforced
composite while porosity value is 4.16% in 10% MgO
reinforced composite. The most porous structures are seen
on the 15% MgO reinforced sample (4.42%). These values
were given in Figure 4.

This also supports increasing amount of porosity on
the SEM images depending on the RVR (Figure 5). Similar
results were specified by Calin-Pul-Citak-Seker?.

EDS analyses were performed for the chemical
identification of the reinforcement element MgO and matrix
element Al in the composite specimens and the results of
these analyses are given in Figures 6a and b.

‘When the microstructure in Figure 6 is examined, some
amount of pores are seen in the composites which are formed

Figure 3. The regional microstructures of 10 % MgO reinforced
sample a) Top b) Central c) Lower.
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Figure 4. RVR and porosity value relationship of composite
samples.

at the matrix-reinforcement interface. The amount of pores
can probably be decreased by increased stirring time. In the
production of such MMCs, porosity can occur due to the
difficulty in the wetting of the ceramic-based reinforcement
elements by the matrix material Al. Similar findings were
also reported by Calin-Citak, Acilar®?.
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3.3. The effect of RVR on effective thermal
conductivity
A geometric model of the sample surface was developed
for simulation of real micro structure images shown in

Figures 2a-c. Images having different reinforcement volume
ratios (RVR) were selected for the modeling study and were
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converted into a numerical model via a drawing tool for
engineers (Mechanical Desktop). The reinforcement and
matrix phases of boundaries were defined by conforming to
the real image as much as possible to differentiate these two
phases clearly. By the definition of the actual contacts, key
points were identified for the transformation of the image
to a numeric model. These key points were used to form the
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Figure 5. Porosities of composites which were produced depending on the RVR of a) 5% MgO b) 10% MgO ¢) 15% MgO.
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Figure 6. EDS Analyses of the composite taken from three different zones a) Analysis of Zone 1 b) Analysis of Zone 2.
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lines and the lines were used to form the areas. Consequently,
the nodes were formed using the ANSYS (Finite Element
Code). One by one reinforcement and matrix areas were
meshed and the mesh form and the nodes, formed mesh later,
in an enlarged image are shown in Figure 8a, 9a and 10a.

By the definition of the thermal conductivity of matrix
and reinforcement phase, the problem was reduced to a heat
transfer problem of a combined material, which is based
on the heat transfer in a two-dimensional (2D) steady-state
condition. Therefore, the solution was carried out under
desired boundary conditions. In the solution, the Fourier
heat transfer law (Equation 1) was applied in one direction,
and a constant wall temperature and isolation surfaces was
accepted as a boundary condition (see Figure 7)

dT

qx=—k$ (1

Insulation

B U

qx

S Soeess™=™

/

Insulation

Figure 7. Thermal boundary conditions in Finite Element Model.
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where; ¢ is the total heat (W), T, on the inlet surface
temperature (K), T on the outlet surface temperature (K),
k the thermal conductivity of material (W/m.K) and x the
distance of heat flow.

Then, effective thermal conductivity values of the
composite materials were determined by Equation 1
with obtained from numeric results. Heat flux values
(¢,) have been obtained with help of numerical analysis
and Equation 1. Effective thermal conductivity values of
composite materials have been calculated by averaging and
these values have been given Table 2. Similar results have
been obtained in literature®*.

As the volumetric ratios used in the analytical models
are determined from the digital images of the micrographs
of composites, variations in the calculated thermal
conductivities are observed depending on the RVR of
composites.

The results, obtained from numerical analyses for
different reinforcement ratios, showed how heat flow
occurred in composite materials to addition it is given
materials of effective thermal conductivity values. Finite
element mesh of around of reinforcement materials as
it can be seen from Figure 7a, 8a and 9a are created
more intense according to matrix. The magnitudes of the
thermal flux in an enlarged image examined numerically
are shown in Figure 8b, 9b and 10b. When we investigate
Figure 8b, 9b and 10b, it is clear that thermal flux is low
in dark coloured part and it is high in light coloured part.
Increased MgO reinforcement resulted decreased thermal
conductivity of composites. The thermal resistance values
at the ceramic particles are very high due to the very low
thermal conductivity of reinforcement particle with respect
to that of matrix. Depending on this, the magnitude of the
thermal flux is greater in the Al matrix while it is much
lower in MgO particles. This situation is directly related to
the conductivity coefficients.

- -
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Figure 8. a) A piece of the transformed b) Enlarged vectoral illustration of numerical model in 5% MgO thermal flux in 5% MgO.

Table 2. The effective thermal conductivity values obtained from numerical analysis from SEM images with different RVR.

Reinforcement volume ratio (%) Al MgO A;\;gi)% Al + 10% MgO Al + 15% MgO
Effective thermal conductivity(W/m.K) 210* 30* 194,92 178,35 141,99

*The values are obtained from literature.



1062 Calin et al.

Materials Research

(a)
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Figure 9. a) A piece of the transformed b) Enlarged vectoral illustration of numerical model in 10% MgO thermal flux in 10% MgO.

(a)

4. Conclusion

The main results obtained from this study are
summarized below:

In the MMC:s production by the melt stirring method, the
MgO with the particle size of —105 um was homogeneously
distributed inside the liquid Al at all RVR. In this case, the
particle size of the composite used in the production of MgO
can be said to be appropriate.

There is a little difficulty in wetting because of increasing
the amount of MgO reinforcement in liquid matrix.

It can be stated that 750 °C liquid Al temperature,
500 rev/min, the mixing speed and mixing time of 4 minutes
were sufficient in experiments. However, to obtain more
homogeneous distribution of reinforcement within the
matrix MgO and to improve the wetting these values can
be increased.

Depending on the increasing MgO reinforcement ratio,
the porosities increased in the composites. Increasing the

(b)
Figure 10. a) A piece of the transformed b) Enlarged vectoral illustration of numerical model in 15% MgO thermal flux in 15% MgO.

porosities in high volume reinforcement may be benefit
to reducing the effective thermal conductivity of Al-MgO
composites.

To say how much decrease porosity rate within
composite structure, experiment parameters like the liquid
Al temperature, stirring speed, stirring time are changed, In
the RVR, wide range of experiments can be made and this
may be evaluated as a separate study.

The effective thermal conductivity of Al-MgO
composites increases while the RVR decreases. The
magnitude of the thermal flux is greater in the Al matrix
while it is much lower with respect to this value in MgO
particles
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