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Effects of solid lubricants on properties of AI-Si-SiC composite powder
produced by gas atomization technique
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Aluminum matrix to improve green and sintering properties. EBS (ethylene bis stearamide), aluminum
composites stearate, zinc stearate and paraffin wax were used for investigation. Sintering under

ultra high purity nitrogen gas 99.9999% was carried out to produce high density material.
SEM-EDS and XRD were carried to characterize this powder. SiC particles in this
powder prohibit to achieve optimum sintering properties of Al-Si-SiC due to their
resistance during compaction which leads to form pores and lower sintering density.
And ethylene bis stearamide (EBS) seems to be suitable solid lubricant for this powder by
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1. Introduction

Aluminum matrix composites have been investigated
by researchers especially due to their lightweight properties
for automotive or aerospace applications [1-4]. SiC
particle reinforced aluminum matrix was investigated to
optimize their wear and mechanical properties. Mechanical
alloying is commonly used to produce Al-SiC composite
involving cold welding, fracturing and rewelding of
powder. Mechanical alloying is able to disperse SiC
particles on aluminum matrix, but based on microscopic
studies from this method, SiC particles will be located on
grain boundary. Inability of SiC particles to wet on
aluminum matrix is a result of high resistance and
hardness of SiC particles compared to Aluminum matrix.
As aresult, there will be pore in between SiC particles
and Aluminum matrix which leads to lower density
and mechanical properties [1-7].

Presureless sintering of aluminum powder is considered
as low cost processing compare to extrusion. Sintering
of aluminum alloy powder was successfully investigated
by G.B. Scaffer et al. and many other researchers. Nitrogen
gas seems to be sufficient sintering atmosphere for
aluminum powder because of possibility to support
pore filling mechanism during sintering [8-9]. So, in this

giving lower ejection force, flowability and higher sintering density for 93.5%.

research, conventional sintering based process was
carried out.

To produce compacted powder, solid lubricants are
usually added into aluminum powder to improved their
compactibility and sinterability. Solid lubricants are
able to reduce the friction between metal powders and die
walls during compaction and ejection, and to minimize
tool wear. Possibility to form residual products which
able to impede diffusion process during sintering, for this
reason, lubricants should be removed prior to sintering
process [10-12]. L. X. Liu et al and N. Showaiter et al.
investigated effects of paraffin wax, lithium stearate
and ethylene bistearamide (EBS) in aluminum alloys.
According to their results, paraffin wax was found as a
suitable lubricant for Al-Mg-Si-Cu alloy powder with
acceptable green density and sintering density [8,11].

Al-Si-SiC composite powder contains ceramic material
which has very high mechanical properties and melting
temperature. In order to have high green density after
compaction, this composite powder needs to be pressed
at such high pressure. Compaction dies will wear easily
if used at such high pressure. Lubrications play important
role in this aspect to improve wearability of compaction dies.
This research is very important because there are not many
reports doing investigation in this matter. And higher
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difference of melting temperature between aluminum and
SiC leads to inability to wet each other at sintering
temperature of aluminum around 550-600°C [13-15].
Atomization technique was done in this research in order
to have better wettability between aluminum and SiC.
High pressure flowing gas will be able to molten aluminum
stick on SiC particles with no or less voids between them.

Ethylene bis stearamide (EBS), aluminum stearate,
zinc stearate and paraffin wax were rarely found to be
investigated in aluminum powder. In this research,
investigation was on effect of EBS, paraffin wax, aluminum
stearate and zinc stearate lubricants on sintering properties
of Al-Si-SiC powder.

2. Experimental

Gas atomized Al-Si-SiC powder was prepared for
this research. This powder has chemical composition of
Al-9Si-0.5Mg-0.2Cu and 20% volume fraction of SiC
(12 um) and theoretical density of this powder is 2.72 g-cn>.
This powder was made by using 80 atm pressure and
7 0 0 °C melting temperature under ultra high purity
nitrogen gas atmosphere at gas atomizing machine in
Powder Technology Research Group, Korea Institute of
Materials Science.

Aluminum stearate, zinc stearate, ethylene bis
tearamide (EBS) and paraffin wax were prepared. The
compositions of solid lubricant in powder vary from
0.5-1.5 wt%. Mixing process was done with using turbula
mixer for 30 min. To observe morphology of this Al-Si-
SiC powder, optical microscopy was carried out. Particle
size analyzer with dry method also was carried out to
investigate particle size distribution of this powder.
For thermal properties characterization, thermogravimetry
analysis and differential scanning calorimetry (DSC-TGA)
were done simultaneously. The process was under ultra
high purity nitrogen gas atmosphere with temperature
range from 20-800°C.

In this work, the flowability of powders was measured
using Carney flow meter which has 2.54 mm orifice.
The procedures for the measurement of flow time were as
follows: by blocking the bottom opening of the flow meter,
a 50 g sample was poured into it. The powder was then
released from the flow meter and the time taken for all
the powder to flow out was recorded as the flow time.

Standard cylindrical specimens (8 mm diameter
and 8 mm height) were compacted at room temperature
and at different pressures using an instrumented floating
die (D2) and a laboratory (100 T) hydraulic press. No die-
wall lubrication was used in these experiments. The ejection
behavior of the different mixes was evaluated by continuously
recording the force during ejection using a load cell under
the hydraulic cylinder and a position sensor fixed to the die.
Typical ejection curves present the variation of the ejection
shearing stress as a function of the displacement inside the
die. The ejection shearing stress corresponds to the ejection
force divided by the surface of the compact in contact
with the die walls. The effects of the springs were
subtracted from the curves before analysis.
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Sintering was carried out under ultra high purity
nitrogen gas at 555°C for 1 h. Before reaching sintering
temperature, compacted powder was delubricated at
400°C for 30 min. Sintering density was done with using
Archimedes method.

3. Results and discussion

This powder has irregular morphology as shown by
Figure 1(a). This morphology is usually expected from
powder made by gas atomizing process due to high
pressure gas flows on molten metal. Molten aluminum
will stick on SiC particles when high pressure gas flows.
With high rapid cooling, SiC particles are able to infuse
themselves on Aluminum grain which form intragranular
SiC. Average of particle size after gas atomizing process
is expected to be larger because of possibility of non
homogenous air pressure and cooling when molten metal
falls down. To be able to obtain certain size of particle,
meshing was done. And the curve shows that average
particle after 140 meshing is around 100 um. Figure 1(a).
shows that SiC particles are inside aluminum particles
called intragranular SiC. Using gas atomizing to produce
this powder with expectation to have better wettability
between Al and SiC. Wetting behavior of powder is
crucial to obtain high sintering density of materials, and
this is related to pore filling mechanism during sintering.
Due to high different of melting point between Al and SiC,
it requires higher sintering temperature. Because separate
form of Al and SiC, wetting angle of SiC particles on
pure Al are at 8 >140° on 1000°C which is unacceptable
for sintering of aluminum [9]. Gas atomizing technique
seems to be suitable alternative to reduce wetting angle
for SiC on Aluminum powder

For ejection force measurement, compaction pressure
was at 620, 700 and 800 MPa. Figure 2 shows ejection force
for Zn stearate, paraffin wax, Al stearate and ethylene bis
stearamide (EBS) with 0.5, 1 and 1.5 wt%. For all solid
lubricants, ejection force decreased with increasing content
of solid lubricant and higher compaction pressure will give
higher ejection force. This is expected, higher amount of
lubricants will ease ejection process of compacted
powder from the die, due to less friction with the die wall.

Lubrication is done to minimize friction between
two interacting surfaces in relative motion. Friction
occurs because a solid surface never microscopically
smooth. Even the best machined surface has peaks
and valleys called roughness. When two such surfaces
come into contact, it is only the peaks on the surfaces
that make actual contact. These contacts support the
normal load and deform plastically and get cold
welded. Depending upon the magnitude of the normal
load more and more high spots or peaks come into
contact and the 'real area' of contact increases in
contrast to the 'apparent area', which is the geometrical
area of the surfaces in contact. This phenomenon is
called adhesion. Friction is believed to be caused by
this adhesion. When two such surfaces have to be
moved in relation to each other, some force will be
required to sheer these contacts. This force is called
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frictional force [10-13]. Among other solid lubricants,
aluminum stearate gave lowest ejection force and

by gas atomization technique

with the die wall.

followed by EBS. This is related to low friction force
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between compacted materials with Al stearate lubricant
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Figure 1. (2) Microstructure of Al-Si-SiC powder and (b) particle size distribution of Al-Si-SiC after meshed

at 140 meshing number.
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Figure 2. Effect of solid lubricants on ejection force starting with (a) EBS, (b) Aluminum Stearate, (c) Zinc

Stearate and (d) Paraffin Wax
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On Figure 3 shows that green density increased with
increasing content of lubricant and compaction pressure.
Al stearate gave better green density on 620 and 700 MPa
compare to other lubricants, but at 800 MPa, all lubricants
gave similar green density for up to 95% relative. This
indicates that lubricants improved compactibility of
powder. The effect of lubricants on interparticle behavior
at high compaction pressure gives similar results with
similar green density. But at lower compaction pressure,
the effects of lubricants give different results. zinc stearate
and paraffin wax give similar trend in green density,
but aluminum stearate and EBS show higher green
density. This indicates aluminum stearate and EBS
give better effect on interparticle bonding during
compaction process due to their adhesion behavior
between particles.

The flowability characteristic of a powder is directly
related to both the physical properties of the material
itself, as well as the specific processing conditions in
the handling system. The effect of lubricant type and
concentration on powder flowability is an important
aspect to consider. Inadequate flow may cause difficulties
in filling the die and induce part to part dimensional
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changes. Different approaches might be considered to
optimize the flowability of the powder. A flow agent
might be added to the powder. Binder treatment or
particle agglomeration is also alternative. In these cases,
the flow agent or binder should have minimal negative
impacts on the other powder characteristics and specimen
properties. It is well known that problems may occur
when a liquid binder is introduced into the powder mix.
The most common problem is the reduction of powder
flowability, or even worse, the complete loss of free
flowing properties.

On Table 1, it shows flowing behavior of powder
with Carney flow meter. Zinc stearate and paraffin wax
seem not to give an effect of flowing behavior of Al-
Si-SiC powder with showing random results between
high and low content of lubricants. Aluminum Stearate
seems to reduce flowability of powder with higher time
needed to flow a 50 g of powder and it did not flow at
1.5wt% content. EBS seems to have reasonable results
with higher content of lubricant improves flowability
of the powder. It is assumed that this is because of reduced
adhesion between the solid lubricant and aluminum
particles.
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Figure 3. Effect of lubricants on green density starting with a) EBS, b) Aluminum Stearate, ¢) Zinc Stearate and

d) Paraffin Wax.

J. Met. Mater. Miner. 30(3). 2020



Effects of solid lubricants on properties of Al-Si-SiC composite powder produced

59

by gas atomization technique

Table 1. Effect of flowability of Al-Si-SiC powder with EBS lubricant.

No. Sample Content of Lubricant (wt%)  Fluidity (min:sec)
1 Al-Si-SiC+ EBS 1.5 2:10
2 1.0 2:11
3 0.5 2:15
4 Al-Si-SiC + Al stearate 1.5 Not Flowing
5 1.0 2:36
6 0.5 2:29
7 Al-Si-SiC + Zn stearate 1.5 2:09
8 1.0 2:05
9 0.5 2:09
10 Al-Si-SiC + paraffin wax 1.5 2:16
11 1.0 2:19
12 0.5 2:17
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Figure 4. Thermogravimetry and differential scanning calorimetry curve to estimate delubrication and sintering
temperature with different types of solid lubricants at 1 wt% of (a) EBS, (b) aluminum stearate, (c) zinc stearate,

and (d) paraffin wax.

Figure 4 (a-d) show thermogravimetry (black line)
and differential scanning calorimetry (blue line) curve of
powder with different lubricant. From all thermogravimetry
curves, it seems it has slightly different of delubricating
temperature with each other. EBS and paraffin wax have
similar thermogravimetry curve with delubrication starting
at 300-400°C, and this is related to their melting point.
Aluminum and zinc stearate have slow and higher

delubrication process with more that 400°C delubrication
temperature. Slow curve of thermogravimetry is assumed
that removing lubricant prior to sintering will be longer
and higher to be able to avoid resistant during delubrication.
From all thermogravimetry curve after 400°C goes up,
this indicates there is gaining mass in sample. This is
assumed to be a reaction between magnesium-aluminum
oxide to form spinel and nitrogen gas-aluminum to

J. Met. Mater. Miner. 30(3). 2020



60 RUDIANTO, H. et al.

form AIN [16]. Differential scanning calorimetry of
powders are similar, this means lubricants does not
effect on thermal behavior of Al-Si-SiC powder.

According to DSC-TGA curve at Figure 4, endothermic
peak of this powder is at 575°C. This endothermic peak
is assumed to be eutectic point of this powder. At 575°C,
the powder starts to melt and form liquid phase. Liquid
phase sintering seems to be appropriate technique as
proved by researchers to obtain high density of aluminum
powder by disrupting oxide layer on aluminum to ease
densification. But high content of liquid phase will
have opposite effect by formation particle coarseing
which leads to lower sintering density called Ostwald
ripening phenomena [5,12]. So, sintering was carried out
at 555°C for 1 h and before reaching sintering temperature,
compacted powders were delubricated at 400°C for 1 h
under ultra high purity nitrogen gas.
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Figure 5. Sintering density of Al-Si-SiC with 400°C
for 1 h delubricating temperature and sintered at 555°C
for 1 h.

Figure 5 shows sintering density of compacted powders
with different lubricants. From curve, sintering density
increased with higher amount of lubricants. And EBS
gave highest sintering density for about 93.5% relative.
Some researchers reported that metallic stearates which
are widely used in ferrous alloys, will leave decomposition
products if the temperature below 420°C and are generally
not used for P/M aluminum alloys. That is the reason
why aluminum stearate and zinc stearate gave lower
sintering density at this case [8,10]. EBS which is also
commonly added on a commercial powder premix

Alumix 231 for 1.5wt% shows good compactibility
and sinterability [13].

In general, optimum sintering density especially
for aluminum silicon based powder could reach up to
more than 98% relative. Lower optimum sintering
density in this composite powder possibly could be
from the voids around SiC particles which are very
hard to fill because of low wettability between Al and
SiC. Optimization of chemical compositions are also
the possibility, because certain amount of magnesium
and tin could increase the sintering density of this
composite powder [8,9,15].

On Figure 6, it shows microstructures of sintered
Al-Si-SiC powder. SiC particles seem to homogenously
dispersed throughout the surface and have good
wettability with aluminum. And there are some sintering
precipitates on and inside grain boundary. From sintering
density curve, it indicates that this sintered material
contains pores as it shown by SEM pictures. High content
of oxide can be a reason for this condition. Oxide layer
is preventing of aluminum particles to wet each other
on lower sintering temperature due to high melting
point of oxide. Depending on chemical compositions of
aluminum alloy powder, sintering temperature of
aluminum alloys is usually ranged between 500 to 600°C.

To investigate intermetallic and chemical distribution,
alongside with SEM-EDS was as well carried out.
There are several selected points (from 1 to 6) which
indicate different chemical compositions as shown by
Table 2. Based on chemical compositions, this powder
has potential to form sintering precipitates. For chemical
distribution, it shows aluminum, copper, magnesium and
silicon carbide are homogenously dispersed. Magnesium
and oxygen have higher concentrates on grain boundary
and somewhere close to pore. This indicates that during
sintering, magnesium starts to react to form spinel
MgAlL,O4 and decompose itself to grain boundary [17].
So, based on EDS point analysis data, it shows that no. 5
have high content of magnesium and oxygen. EDS point
no. 3 seems to be o aluminum and point no. 2 and 4 with
high content of iron seem to be AlFe precipitates. No. 6
is supposed to be SiC particle. AlCuMg, CuAl,, Mg,Si,
AlFe and AlSiMg are possible sintering precipitates
from this powder. XRD was carried out to find these
precipitates as shown by Figure 8. o aluminum as matrix
seems to have strongest intensity from this powder
followed by silicon and silicon carbide. CuAl, and
Mg, Si are found and expected from sintering.

Table 2. EDS point analysis of sintered Al-Si-SiC powder.

Spectrum Al (wt%)  Si (wt%) Mg (wt%) Cu (Wt%) C (Wwt%) O (wt%)  Fe (Wt%)
6 62.75 20.87 0.3 3.92 443 2.54
2 62.75 14.54 0.98 3.08 1.01 18.65
3 92.84 0.75 0.28 3.12 2.84 4.37
4 52.88 27.15 0.1 1.05 30.84 18.82
5 44.45 31.1 1.3 2.29 5.75 14.83
6 0.28 68.19 31.53
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Figure 8. XRD analysis of sintered Al-Si-SiC powder.

4. Conclusions

Al-Si-SiC powder was successfully made by gas
atomizing process. Intragranular SiC was found inside
aluminum matrix. Optical microscopy showed better
wettability between SiC particle and aluminum matrix.
Ejection force increased with increasing compaction
pressure and low lubricant content. Higher content of
lubricant gave lower ejection force and this indicates
there is adhesion reaction between lubricant and die
wall. Green density increased with increasing content
of lubricant and compaction pressure. Ethylene bistearamide
(EBS) with composition of 1.5wt% was found as suitable
lubricant for this powder with having good flowability,
ejection force and green density.

Sintering has successfully homogenized this powder
by showing sintering precipitates on grain boundary
and inside grain. SEM-EDS and XRD characterized
sintering precipitates and chemical compositions after
sintering. o Al, Si, SiC CuAl, and Mg,Si seem to be
dominant precipitates from this powder. And optimum
sintering density was achieved at 93.5% relative, by
this number, there should be further research to improve
sintering density.
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