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Compaction Behavior of Aluminum Matrix Composites Reinforced with nano/micro Scale SiC Particulates
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Abstract: The compressibility behavior of particulate reinforced aluminum matrix composite powders was
examined under uniaxial cold compaction. The effect of SiC volume fraction (up to 20%) with varying particle size
(ranging from 50 nm to 40 pum) on the plastic deformation capacity of aluminum matrix was analyzed by using
linear compaction equations. It was found that with increasing the volume fraction or decreasing the particle size of
reinforcement, the densification coefficient decreases that means the less ability of material to deformation.
Particularly, nano scaled inclusions impose higher influence on yield pressure of composite compacts. It was also
shown that the effect of reinforcement size ratio on densification coefficient is more profound up to 10 vol.%. This
article addresses the mechanisms involve in the densification of aluminum matrix nano-micro composites by using

linear and non linear compaction equations.
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1. Introduction

Metal Matrix Composites (MMC) are important
engineered materials and discontinuously reinforced
aluminium (DRA) alloy matrix composites are the
most extensively researched and developed amongst
them [1-3]. Particularly SiC reinforced Al alloy
matrix has been attracting attention mainly due to
their good attributes such as high specific strength
and stiffness, excellent wear resistance, low
coefficient of thermal expansion and high thermal
conductivity [4,5]. Currently, new development and
research are focusing on the developing metal matrix
nanocomposites (MMNCs) with  outstanding
mechanical properties such as high yield and tensile
strength, good creep resistance and enhanced
ductility [6-8].

The powder metallurgy (PM) method is
commonly employed means by which the metal
matrix composites fabricated [9]. This route offers
some major advantages including the ability to have
complex shapes, reduction of production time and
cost, the possibility of using high volume fraction of
the reinforcement, homogeneous distribution of the
reinforcement in the matrix without undesirable
diffusive process and good dimensional tolerance

[10-12]. In PM techniques, the matrix and
reinforcement  particulates are blended and
consolidated by various methods, e.g. hot

deformation to fabricate almost full density products.
Nevertheless, the compressibility of composite
powders is remarkably lower than that of
unreinforced matrixes. This effect is more noticeable
with increasing reinforcement content, which often
produces insufficient strength to support secondary

http://www.americanscience.org

753

processing like sintering, machining or extrusion
[13]. Also, Ceramic powders show a tendency for
agglomeration due to van der waals attraction [14],
specially In the case of composite powders composed
of ultra-fine particulates. Thus, it is important for
optimizing properties, because clustering induces non
uniform stress distribution in the materials, leading to
degraded mechanical properties [15]. Hence, it would
be very useful to determine the effects of particle size
and volume fraction on the consolidation behavior of
nano-micro scaled composites.

It is apparent that compaction is an important
step which strongly influences the final properties of
compacts. A glance through open literature reveals
that considerable effort has been devoted to the
development of empirical and theoretical compaction
equations to describe the  density-pressure
relationships for the compaction of powders. Since
the first compaction equation published by Walker
[16], more than 20 different compaction equations
have been proposed [17]. For instance, the modified
Heckel [18], Panelli-Filho [19] and Ge [17] equations
are the most commonly ones, that used today. These
equations are expressed as follows:

1
Ln( )=K{P+B Heckel (1)
-D
Log[ Ln( )= K,Log(P) + B, Ge (2)
1-D
1 R
Ln( )= K3\/; + By Panelli-Filho (3)
-D
Where:
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K, K, Kj;: Powders ability to densify by plastic
deformation (Slope of the curves). K parameter is
inversely related to the ability of the material to
deform plastically.

B, B,, Bj: Coefficients that represent the density of
powders in the beginning of the compaction, D:
Relative density of the compacted material and P:
applied pressure.

It is worth to mention that owing to the
complexity in densification of mixed powders,
investigation on compaction behavior has been
mainly focused on monolithic powders, but it has
been extended to composite powders recently [23].
Lange et al. [24] studied the densification behavior of
mixed aluminum and steel powders under cold
compaction. Gurson and McCabe [25] examined the
yield function for mixed metal powders by using data
from triaxial compression test. Kim et al. [26]
proposed a densification model for mixed copper and
tungsten powders under cold isostatic pressing and
die compaction. The analysis of consolidation
behavior of AI-SiC composite powders under
monotonic and cyclic load by using Heckel equation
has recently reported by simchi et al. [5]. Kim et al.
[27] employed a hyperbolic cap model with the
constraint factors proposed by Stordkers et al. [28] to
investigate the densification behavior of Al alloy
powder mixed with zirconia inclusions.

So far, it is known that the densification of

composite powders is similar to that of unreinforced
metals, but they exhibit lower densification rate due
to stress partitioning effect.
The objective of present research is to elucidate the
effects of nano-micro sized reinforcement at different
volume fractions on the consolidation behavior of Al-
SiC composites. Based on experimental results and in
accompanying with linear compaction equations, the
densification mechanisms of Al-SiC composites were
investigated.

2. Experimental procedure

Nitrogen gas atomized Al powder with mean
particle diameter of 40 pm was used as the matrix
material. Commercial available SiC powders with the
average particle size of 0.05, 1, and 40 um were used
as the reinforcement. Fig. 1 shows the morphology of
Al and SiC particles taken by electron microscopy.
The Al and nanoscaled SiC particles have nearly
spherical shape whilst the microscaled SiC is angular
type.

Different batches of Al-SiC composite blends
with varying volume fractions of 5, 10 and 20% were
prepared. A Turbula T2C mixer (Basel, Switzerland)
was employed for 30 min to prepare the blends. To
prevent the problem of static charge induced
agglomeration, wet mixing using a polar solvent (n-
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butanol) was afforded [9]. The composite mixtures
were then dried at 100 °C in a small electric vacuum
oven. The tap density of powders was determined
according to the ISO Standard 3953; 1993.

) Si (50 nm)

Figure 1. Morphology of starting materials taken by
SEM (a, b) and TEM (c).

The prepared powder blends were then
compacted in a cylindrical die with diameter of 15
mm. Die wall lubrication was afforded using
polytetrafluoroethylene (PTFE) spray. In each run, 3
g powder was poured inside the die, taped and
uniaxially compacted by using an AMSLER
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tensile/compression test instrument. The compacting
pressure was varied between 10 to 400 MPa. The
punch crosshead speed was 0.12 mm s”'. Monolithic
Al powder was also examined as the reference
sample.

After ejection of compacts from the die, the
density was measured by volumetric method. The
method was employed through measuring the weight
and dimensions of the compacts by using an accurate
balance (+0.1 mg) and a micrometer (£0.1 mm). Note
that the specimens were green and unsintered, so that
water displacement method is hard to be employed
for green parts. Different runs were repeated for at
least three times to verify the reproducibility of the
attained data. Meanwhile, when the compaction
pressure was low (for example <50 MPa) and a
powder compact could not be attained, the in-die
density was measured according to the mass and
volume of the powder inside the die. Note that at
such a low compaction pressure, the spring back is
fairly low, thereby the difference between the in-die
density and the out-die density is negligible.

3. Results and Discussion
3.1. Compressibility curves

In order to highlight the role of nanoscaled
particulate reinforcement on the compressibility
response of Al matrix composite, the void fraction of
compacts at different compaction pressures is
calculated and results are shown in Fig. 2 the
corresponding curve of unreinforced Al powder is
included in the graph for comparison. As can be seen,
the curves indicate the typical powder void fraction
behavior for metallic powders, i.e. the void fraction
decreases with increasing the compaction pressure
with a decelerating rate. This means that different
mechanisms can occur during compaction process.
As received Aluminium powder is ductile so
possesses good compressibility, But When the hard
ceramic nanosized particles were added, two
important changes in the curves can be highlighted.
First, a high densification rate of the composite
powders at low pressure region (<50MPa) compared
to the gas atomized Al matrix powder. This effect is
more profound as the volume fraction of inclusion
increases. Second, the densification rate of composite
compacts at high pressures is lower than that of the
gas atomized elemental powder. This behavior can be
attributed to the detrimental effect of the formation of
ceramic clusters and networks on the plastic
deformation ability of metal matrix. Also it can be
observed that by increasing the volume fraction of
reinforcement from 10 to 20%, the densification
curves, reach almost to a plateau at relatively
moderate compacting pressures.
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Figure 2. Void fraction of Al-SiC composite powders
(the size ratio of 0.00125) as a function of
compaction pressure at various SiC volume fractions.

Fig. 3 shows the effect of reinforcement particle
size on the consolidation behavior of AI-SiC
composites at volume fraction of 10 and 20 percent.
In order to highlight the role of particle size, the ratio
of the average size of reinforcement particles to the
mean diameter of the matrix particles are designated
as the ‘size ratio’. The following statements can be
enumerated:

1. With decreasing the reinforcement particle size
from 40 pm to 50 nm, the densification rate increases
at low pressure region. It is seen that the composite
powder contained finer particulates, is densified with
a higher rate.

2. At high compaction pressures (>200MPa) and by
decreasing the inclusion particle size, the
densification rate decreases sharply, especially in the
case of composite compacts containing nanoscale
SiC particles.

3. With decreasing the inclusion particle size from 40
to 1 um, the deleterious effect of size ratio on
densification response of Al matrix is remarkable
(Fig. 3a), but at higher volume fractions (20 vol.-%),
the density level of compacts is decreased almost
with a constant rate (Fig. 3b). It is known that the
consolidation mechanism of metal powders in a rigid
die is usually considered in four stages including
sliding and particle rearrangement, plastic
deformation of ductile powders, fragmentation of
brittle solids, and elastic deformation of bulk
compacted powders [18]. Although these stags may
occur concurrently according to the powder
characteristics and pressure level, at the early stage of
the densification process at low pressures, particles
sliding, deformationless restacking or rearrangement,
and breaking down the bridges (formed during die
filling) and agglomerates of the primary particles are
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the dominant mechanisms [18,29].
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Figure 3. Effect of size ratio on densification of (a)
Al-10% SiC and (b) Al-20%SiC composite powders.

When applied pressure increases, the movement
of the particles is restricted and the energy applied to
the powder compact is spent generally through the
process of deformation and friction losses [29]. This
regime is often referred to as stage II. Particle
interlocking generates plastic deformation, which is
first localized at the contact areas between particles
[30]. Therefore, at higher pressures, plastic
deformation of ductile powders becomes the
predominant densification mechanism. Experimental
results in this work indicated that the densification
behavior of examined mixed powders show the same
features as metal powders (Fig. 3). As it is seen, gas
atomized aluminium powder possesses good
compressibility so that uniaxial compaction at 400
MPa led to a green density as high as 97%
theoretical. When ceramic particles were added, the
density-pressure curve is somewhat similar to the
unreinforced Al, but the densification rate is lower.
Note that both SiC volume fraction and size
influenced the densification of the Al matrix,
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although to varying degree dependent on the applied
pressure level. Effect of these parameters on the
plastic deformation response of Al can be evaluated
as below.

3.2. Analysis of compaction behavior using linear
compaction equations

The estimate of the powder plastic deformation
capacity during the densification process by
compaction equations is useful to evaluate the results
[5]. In order to clarify the role of reinforcement
particle size and volume fraction on the
compressibility behavior of Al-SiC composites, the
Panelli-Filho and Ge equations were selected among
the most widely used ones, because the good
agreement was obtained when the experimental data
were fitted by these equations. In Fig. 4, the effect of
volume fraction of nanosized reinforcement on the
compaction response of Al matrix by using Ge
equation is illustrated. (The results were calculated
by the best fit — linear method). According to the
results of Fig. 4, the monolithic Al powder has the
highest K wvalue, indicating the higher plastic
deformation capacity. Also it can be seen that the
addition of extremely small nanometric particulates,
decreased the K value significantly, that means the
less ability of material to deformation.
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Figure 4. Effect of the volume fraction of nanometric
SiC particulates on the plastic deformation capacity
of Aluminum matrix by using Ge equation.

In Fig. 5 we attempt to clarify the role of
inclusion particle size on the plastic deformation
ability of Al-10%SiC composites by using Panelli-
Filho equation. It is seen that the plastic deformation
capacity of composite compacts is depended on the
size ratio of the reinforcement to matrix particles. It
is evident that, by decreasing the size ratio from 1 to
0.00125, the densification coefficient, considerably
decreased.
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Figure 5. Effect of reinforcement size ratio on the
plastic deformation capacity of Al-10 vol.%SiC
composite powders by using Panelli-Filho equation.

The experimental data was evaluated according
to Eq. 2 and Eq. 3 by linear regression analysis to
determine the plastic deformation capacity of
materials. The results of calculations are shown in
Table 1.

It is visible that, in most cases these equations
give correlation coefficients close to unity for the
compaction of composite powders. According to the
calculated results presented in Table I, one can notice
that the reinforcement size ratio and volume fraction,
remarkably influence the plastic deformation
response of composite powders. This effect is more
significant in the case of composite powders
containing nanometric particulates, especially at high
volume fractions.

The bilateral effects of reinforcement volume
fraction and size ratio on deformation ability of
composite compacts can be evaluated by Fig. 6. This
figure illustrates the densification coefficient of each
equation (K, for Panelli-Filho and K, for Ge) as a
function of SiC volume fraction and particle size. As
Fig. 6 shows, the detrimental influence of
reinforcement size ratio is more remarkable up to 10
vol.-% reinforcement.

In other words, when finer reinforcement
particles are used (size ratio of 0.025 and 0.00125),
the densification coefficient decreased significantly.
This effect is more noticeable up to 10 vol.-%, but
with increasing the volume fraction of inclusions, the
reducing rate of densification coefficient, is almost
similar for various particle size ratios. It is apparent
that by decreasing the reinforcement particle size, the
ceramic particulates tend promote the formation of
clusters. Thus it is difficult for the Aluminum matrix
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to deform and fill the voids between the
reinforcement clusters. This effect is more
pronounced when nanometric reinforcement was
used. In this circumstance, matrix particles are
surrounded by extremely small SiC particles.
Consequently, it seems that up to 10 vol.-%
reinforcement, the clustering of inclusions plays
significant role, but at higher volume fractions, the
presence of percolation network of hard inclusions
that supports a part of applied pressure elastically,
restricts the plastic deformation capacity of materials
significantly [31]. This outcome is in consistent
agreement with the results of modelling performed by
Kim et al [27].

Table 1. Calculated results of linear regression
analysis on the compaction of composite powders.

Ge Panelli Filho
Sic Content K K

(MPa™) R (MPa™) R
0 Vol.% 0.43 0.99 0.16 0.99
5%SiC,50nm 0.31 0.99 0.10 0.99
10%8SiC,50nm 0.21 0.99 0.06 0.96
20%SiC,50nm 0.08 0.98 0.02 0.95
5%8SiC,1pm 0.34 0.99 0.11 0.99
10%SiC,1lym 0.25 0.99 0.08 0.99
20%SiC,1lum 0.18 0.99 0.05 0.98
5%SiC,40pum 0.40 0.99 0.14 0.99
10%SiC,40pm 0.37 0.99 0.13 0.99
20%SiC,40um 0.33 0.99 0.10 0.99

Note: R= Correlation Coefficient, K= Densification

Coefficient

In order to get an insight about the deformation
capacity of composite compacts, we call P, (P,=1/K)
as yield pressure, since a material with higher K-
value achieves higher density at a constant applied
pressure.

Fig. 7 shows that, the addition of
reinforcement particles increases the yield pressure
required for the plastic deformation of composite
powder, leading to a decrease in densification rate.
For instance when 10 and 20 vol.-% nanometric SiC
particles are used, the yield pressure is about 3 and 8
times more than that of unreinforced Aluminum,
respectively. In spite of general good agreement
between experimental data and calculations, some
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limitations arise in the application of linear equations.
For instance it is seen that with decreasing the SiC
particle size to nanosize and increasing the volume
fraction, deviations from linear slope increases.

4. Conclusion

Densification behavior of aluminum
matrix powder reinforced with nano-micro sized SiC
particulates during cold compaction was investigated.
Experimental results were obtained for mixed Al-SiC
powders under uniaxial die compaction. It was shown
that the compressibility behavior of nano-micro
composite powders exhibit the same features as the
typical metal powder compaction. The densification
is obtained through two major mechanisms, Particle
rearrangement and plastic deformation. It was found
that with decreasing the reinforcement particle size,
the densification rate in the first stage of compaction,
increases but its decreases in second stage. This
effect is very noticeable in the case of composite
compacts containing nanometric SiC particles,
particularly at higher volume fractions. Linear
compaction equations were used to determine the
densification mechanisms of composite compacts.
Results revealed that the addition of reinforcement
particles increases the yield pressure required for the
plastic deformation of composite powders. Also it
can be deemed that up to 10 vol.-% reinforcement,
the detrimental effect of inclusion clustering on
densification plays significant role, but at higher
volume fractions, presence of the percolation network
of hard inclusions that supports a part of applied
pressure elastically, restricts the plastic deformation
capacity of compacts.
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Figure 6. Densification coefficient of Al-SiC
composite powder as a function of SiC particle size
and volume fraction using Panelli-Filho (a)
and Ge (b) equations.
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Figure 7. Yield pressure of Al-SiC composite powder
as a function of reinforcement particle size and
volume fraction by using Panelli-Filho equation.
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