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Abstract

Al-Si compacts and Al-Si/B4C composites were fabricated by conventional cold pressing +
sintering and spark plasma sintering techniques. The effects of powder metallurgy techniques
on density, microstructural properties, hardness, and transverse rupture strength were investi-
gated. The advantages of spark plasma sintering, which is one of the fast sintering techniques,
over conventional sintering were discussed. Green densities and sintered densities were found
to decrease with increasing B4C addition. The relative density values of the samples produced
with spark plasma sintering are over 96 %. B4C particles were clustered at the grain bound-
aries of the master alloy and/or in the intergranular pores. An increase of approximately 40 %
was determined in the hardness values of the spark plasma sintering samples compared to the
cold pressing+sintering samples. Transverse rupture strength was increased in spark plasma

sintering samples containing 5 and 10 wt.% B4C.
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1. Introduction

Composites, classified as advanced engineering
materials, are attractive materials for modern produc-
tion technologies due to their advantages, such as high
specific strength and high mechanical properties [1-3].
Aluminum and alloy as matrix materials are of great
interest in producing metal matrix composites due to
their superior properties such as lightness, high spe-
cific strength, and good ductility [4, 5]. In this con-
text, hypereutectic Al-Si alloys have grasped the at-
tention of researchers due to their properties, such as
high wear resistance, high strength, and low density
recently [6-9].

Al-based composites with different chemical com-
positions are nowadays produced using various pow-
der metallurgy (P/M) techniques [10]. Cold pressing
and sintering (CS) is the most widely used conven-
tional P/M technique [11]. In the conventional P/M
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technique, sintering is a complementary process per-
formed in heat treatment furnaces after the powders
are compressed. While acceptable densities can be ob-
tained with this P/M technique, the process is not
economical in terms of time and energy. Therefore,
energy-saving sintering techniques with reduced sin-
tering times, such as hot press and spark plasma sin-
tering (SPS), have gained importance in recent years.
In addition, parts with higher densities can be pro-
duced with these techniques [12, 13].

SPS, which is a powder compaction and sintering
technique, attracts attention with its fast heating and
low sintering temperature. Another interesting advan-
tage of this method is that grain coarsening (growth)
does not occur during the sintering process due to the
high heating rate [14-17]. In the SPS technique, tem-
perature and compression are applied simultaneously.
Prepared powders are charged into graphite dies, and
the powders are heated by passing the applied pulsed
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Table 1. Spectral analysis results (wt.%) and powder size distribution of hypereutectic Al-Si powders

Al Si Cu Mg Lubr. Amidwax

Production method: Remainder 15.36 3.155 0.58 1.5

Alumix 231®

Gas atomization

Powder size distribution

D5o D1o D90

75 ~ 22 ~ 190

Table 2. Conventional P/M and SPS process parameters

Sintering Sintering Sintering Heating Sintering Eliminate
Conventional P/M pressure temperature time rate atmosphere  the lubricant
(Cold pressing + sintering) (MPa) (°C) (min) (°Cmin™1)
620 555 60 5 N» 400°C
for 20 min
Spark plasma sintering 50 450 5 100 Vacuum

Table 3. Specimen codes and applied processes

;%i;r;enn Materials Sintering Smtermg(gecr;lperature Smt(zﬁ;rillgl)tlme
CS-555 Alumix 231® Conventional 555 60
5-CS-555 Alumix 231® + 5 wt.% B4C Conventional 555 60
10-CS-555 Alumix 231® + 10 wt.% B4C Conventional 555 60
15-CS-555 Alumix 231® + 15 wt.%B4C Conventional 555 60
SPS-450 Alumix 231® Spark Plasma 450 5
5-SPS-450 Alumix 231® + 5 wt.% B,C Spark Plasma 450 5
10-SPS-450 Alumix 231® + 10 wt.% B4C Spark Plasma 450 5
15-SPS-450 Alumix 231® + 15 wt.% B4C Spark Plasma 450 5

direct current over the powders. The formation of arc
points between the powder particles during the pro-
cess facilitates sintering. As a result, homogeneously
sintered samples with improved mechanical properties
are produced [18-20].

In the present work, hypereutectic Al-Si alloy pow-
ders were chosen as the matrix material. Boron car-
bide particles in the B4C composition were used as
reinforcement. Al-Si compacts and Al-Si/B4C com-
posites were fabricated by conventional P/M (cold
pressing+sintering) and SPS techniques. The effects
of P/M techniques on density, microstructural prop-
erties, hardness, and transverse rupture strength were
investigated. The advantages of SPS, which is one of
the fast sintering techniques, over conventional sinter-
ing are discussed.

2. Materials and methods

Al-Si compacts and Al-Si/B4C composites were
fabricated using CS and SPS techniques. Hypereu-

tectic Al-Si powders (Ecka Alumix 231®) were used
as metal matrix. Spectral analysis results and pow-
der size distribution of hypereutectic Al-Si powders
are given in Table 1. B4C particles with a density
of 2.52gcm™3 and (Dsg) 10 um average particle size
were used as reinforcement in the fabrication of com-
posites.

For the production of Al-Si/B4C composites, the
reinforcing element was added to the matrix material
at the rate of 5, 10, and 15 wt.%. Prepared powders
were mixed in a triaxial mixer for 45 min to obtain
a homogeneous mixture. Conventional P/M and SPS
process parameters are given in Table 2. For SPS, 25¢g
powder was charged to the die, and a preload of 1 MPa
was applied. Table 3 illustrates the specimen notations
of the samples.

The densities of green, CS, and SPS samples
were measured by Archimedes’ technique according to
ASTM B962-08. The densities were reported as % of
the relative density (% RD) proportional to the the-
oretical density value. The theoretical densities were
calculated by the rule of mixtures using material com-
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Fig. 1. Density variation with wt.% B4C particle ratio and
sintering technique.

position. Samples were subjected to standard metallo-
graphic processes for microstructure analysis. Keller’s
etching was used for etching the samples. An optical
microscope (Leica DMI 5000 M) and scanning electron
microscope (SEM) (Jeol JSM 6060 LV) were used for
microstructure analysis. Hardness tests of the samples
were performed using the Brinell hardness method
with 31.5 kgf load and 2.5 mm ball diameter. Three-
point bending tests were carried out on the samples
according to the ASTM-B528-16. The tests were per-
formed at a feed rate of 1 mm min~!. Also, the trans-
verse rupture strength (TRS) values of the samples
were calculated using the BlueHill program.

3. Results and discussion
3.1. Density

The change in density of the samples according to
the B4C particle ratio and P/M technique is given in
Fig. 1. The green densities and sintered densities of
the samples decreased with increasing B,C addition.
This decrease is attributed to the pores between the
matrix powder grains with B,C particles and between
the clustered B4C particles.

The remarkable result in the graph given in Fig. 1
is that the density values of the samples produced with
CS are lower than the green density values. Studies on
hypereutectic Al-Si alloys mention the existence of a
liquid phase [21-24]. It has been reported in the lit-
erature that the liquid phase begins to form at about
500-525°C [24-28]. Since no pressure is applied during
sintering in the traditional sintering technique, the lig-
uid phase formed is collected locally and causes sud-
den dimensional changes. It has been reported that
large pores are formed in the microstructure due to a
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Fig. 2. SEM micrographs of samples: (a) Green Al-Si and
(b) CS-555.

rapid condensation period and solidification of the lig-
uid phase during the cooling process [22, 24, 29]. These
events occurring in the microstructure during cooling
caused lower densities to be obtained by conventional
sintering. When the micrographs in Fig. 2 are exam-
ined, it is seen that pores are formed in the master
alloy grains and elemental Al grains in both the green
Al-Si sample and the CS-555 sample. While pores in
green samples are formed due to conventional P/M
process mechanics, the formation of pores in the CS
sample is attributed both to the nature of the P/M
technique and to the liquid phase caused by Al-Si,
Al-Cu, and Al-Mg eutectics [23, 26, 30].

SPS is a pressure sintering technique. It is a tech-
nique performed at lower temperatures than conven-
tional sintering. The formation of sparks at the contact
points or gaps between the powders charged to the
die in SPS causes instantaneous local high tempera-
tures. With the sudden regional temperature increase,
evaporation and melting take place on the surfaces of
the powder grains. Neck regions are formed around
the contact area of the grains where melting occurs
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Fig. 3. Optical micrograph of no etching SPS-450 sample
(light dark particles in the master alloy are primary Si
particles).
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Fig. 4. Optical micrograph of the green hypereutectic Al-Si
alloy.

[31]. In addition, micro-spaces between powder grains
and/or B4C clusters are eliminated and/or minimized
by the effect of applied pressure. Moreover, the high
electrical discharge that occurs at the powder grain
contact points during SPS creates a cleaning effect on
the surfaces of the powder grains, increasing grain-
border diffusion [19]. Thanks to these advantages pro-
vided by the SPS technique, high-density values were
obtained in this study. An optical micrograph of the
no etching SPS-450 sample is given in Fig 3. When the
micrograph is examined, it is seen that the amount of
porosity is quite low, and the porosity size is small
(pores are indicated by arrows, and the amount of
porosity is about 0.92 %).

3.2. Microstructure

In Fig. 4, an optical micrograph of green hypereu-

tectic Al-Si alloy is given. The microstructure consists
of master alloy (Al-, Si-, Cu- and Mg-rich), elemental
Al, and primary Si particles (grayish in color in the
master alloy grains). It was observed that the pores
in the microstructure were concentrated around the
master alloy grains.

Optical micrographs of hypereutectic Al-Si com-
pacts and hypereutectic Al-Si/B4C composites pro-
duced with CS and SPS are given in Fig. 5. Since the
CS process was carried out at 555 °C, more pores were
formed in the microstructure than SPS with the effect
of the liquid phase formed. In addition, the pressure
applied in the SPS caused the closure of the microp-
ores and thus an increase in the density.

When the micrographs of Figs. 5a—d were exam-
ined, it was determined that B4C particles clustered
at the grain boundaries of the master alloy and/or in
the intergranular spaces. In addition, it is seen that
the interfacial bond between the master alloy grains
and between the master alloy grains and B4C parti-
cles is not formed and/or partially formed. The high
surface tension of B4C ceramic particles and the poor
wettability of the B4C particles of the liquid phase
formed at sintering temperatures can be said to be
the reason for this negativity. It was determined that
the amount and size of the pores increased with in-
creasing wt.% B4C addition. The increase in porosity
with increasing B4C addition is attributed to incom-
patibility between matrix grains and B4C particles.
The incompatibility between the matrix grains and
the B4C particles prevents the formation of a contin-
uous and effective interface. Micrographs of the SPS
samples given in Figs. 5e-h gave similar images. Due
to the advantages of the SPS technique, microstruc-
tures with less porosity were obtained in the samples
produced with the SPS technique. However, with in-
creasing wt.% B4C amount, the porosity increased in
SPS samples as well. With increasing wt.% B4C, B,C
clusters were formed, which caused the pores to be-
come larger and the number of pores to increase. In
addition, when the micrographs given in Figs. ba—h
are examined, it is seen that the B4C particle size also
affects the size of the pores. Namely, as the B4C par-
ticle size increased, larger pores were formed in the
regions where these particles were found.

SEM images of 15-CS-555 and 15-SPS-450 samples
are given in Fig. 6. The presence of large pores is evi-
dent in the micrograph of the 15-CS-555 sample for the
regions of B4C particles. In addition, after sintering,
bonding problems are seen between the master alloy
grains and/or between the master alloy/elemental Al
grains. In the 15-SPS-450 sample, better bonds were
formed between the grains. In addition, it can be said
that a good interface is formed between the B4C par-
ticles and the matrix grains compared to the 15-CS-
-555 sample. Obtaining a more homogeneous and ac-
ceptable microstructure in the 15-SPS-450 sample is
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related to the process parameters, especially the ap-
plied pressure. The pressure applied during the pro-
cess reduced the size of the pores between both the
matrix grains and the matrix grains/B4C. This effect
causes the closure of the pores and/or the reduction
of the size of the pores. In addition, with the effect
of applied pressure, the diffusion mechanism becomes
more effective, and a good interface is formed.

3.3. Hardness

The change in hardness with the B4C particle ra-
tio of the samples produced with CS and SPS is given
in Fig. 7. Consistent with the density data, SPS sam-
ples yielded higher hardness values. Compared to CS
samples, the hardness values of SPS samples are ap-
proximately 40 % higher. The good bonding between

Fig. 5a—f. Optical micrographs of hypereutectic Al-Si compacts and Al-Si/B4C composites produced with CS and SPS:
(a) CS-555, (b) 5-CS-555, (c) 10-CS-555, (d) 15-CS-555, (e) SPS-450, (f) 5-SPS-450.
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Fig. 5g,h. Optical micrographs of hypereutectic Al-Si compacts and Al-Si/B4C composites produced with CS and SPS:
(g) 10-SPS-450, and (h) 15-SPS-450.

Fig. 6. SEM micrographs: (a) 15-CS-555 and (b) 15-SPS-
-450.

the powder grains and the low amount of pores in the
SPS samples caused the density and hardness values
to be higher than those of the CS samples. Increasing
B4C addition caused a decrease in the hardness value
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Fig. 7. The effects of wt.% B4C particle ratio on hardness
in samples produced with CS and SPS.

of the samples. Nevertheless, the decrease in hardness
was limited to ~5%. An increase in hardness can
be expected with increasing B4,C addition. However,
B4C addition to the microstructure causes porosity
between the matrix grains and B4C and/or B4C clus-
ters. The increased porosity in the microstructure with
the addition of B4C is the reason for the decrease in
hardness. An increase of approximately 3 % was de-
tected only in the 5-CS-555 sample. This result can
be explained as the addition of 5 wt.% B4C particles
has a greater effect on hardness than the porosity.

3.4. Three-point bending test

The TRS values of the samples according to the
wt.% of the B4C particle ratio and the P/M tech-
nique are given in Fig. 8. Very high TRS values were
determined in SPS samples compared to CS samples.
This is attributed to the porosity in the microstruc-
ture, the bonding between the matrix grains, and the
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Fig. 8. Variation of TRS with wt.% B4C particle ratio in
samples produced with CS and SPS.

interface between the matrix grains/B,C particles. In
accordance with the hardness, an increase of approx-
imately 14 % was observed in the TRS value of the
5-CS-555 sample. The increased porosity with the in-
creasing B4 C particle addition caused a decrease in the
TRS values of the 10-CS-555 and 15-CS-555 samples.

When the TRS values of the samples produced
with the SPS technique were examined, it was deter-
mined that the TRS values increased with the addi-
tion of 5 and 10 wt.% B4C. An increase of approxi-
mately 32 % was detected in the 5-SPS-450 sample,
and a further 14 % increase was determined in the 10-
-SPS-450 sample. In addition to the matrix reinforcing
feature of B4C particles, preventing the movement of
grain boundaries and thus restricting the plastic flow
of the matrix are reasons for these increases. Increas-
ing the amount of B4C by weight from 5 to 10 % fur-
ther strengthened this effect, reducing the distance be-
tween particles. However, the increase in the 10-SPS-
-450 sample was less than the increase in the 5-SPS-
-450 sample. This was attributed to an increase in the
number and size of B4C clusters with increasing wt.%
B4C content. The increase in the number and size of
B4C clusters also resulted in an increase in the size and
number of pores. Increasing the wt.% B4C amount to
15 % caused a decrease of approximately 17 % in TRS
value compared to the 10-SPS-450 sample. As can be
seen in the micrograph in Fig. 5h, with the addition
of 15 wt.% B4C, the densely observed B4C clusters
and coarse porosity in the microstructure caused a
decrease in TRS in this sample.

4. Conclusions

The results of this study are summarized below:

— Green densities and sintered densities were de-
creased with increasing B4C particle addition.

— The relative density values of the samples pro-
duced with SPS are over 96 %. The highest relative
density value of 99.08 % was obtained in the hypereu-
tectic Al-Si sample, which did not contain B4C.

— An increase of approximately 40 % was deter-
mined in the hardness values of the SPS samples com-
pared to the CS samples.

— Increasing B,C addition caused a decrease in the
hardness value of the samples. This decrease in hard-
ness is restricted to ~ 5 %.

— TRS values were increased in SPS samples con-
taining 5 and 10 wt.% B4C particles. On the other
hand, in SPS samples containing 15 wt.% B4C parti-
cles, a decrease of approximately 17 % was determined
in TRS values compared to the 10-SPS-450 sample.
However, over 150 % increase was determined in TRS
values of SPS samples compared to CS samples.

— When B4C added hypereutectic Al-Si alloys are
produced with the SPS technique, there is no improve-
ment in hardness value. However, a significant increase
in TRS values (approximately min 29 % to max 46 %)
is observed. Therefore, hypereutectic Al-Si/B4C com-
posites produced by the SPS technique can be used in
parts exposed to compression stress.

— As a result, P/M samples produced by the SPS
technique showed better microstructures and mecha-
nical properties than the CS technique. In addition,
the fact that the sintering temperature and holding
time in the SPS technique are much lower than those
in the CS technique, so it offers significant advantages
in terms of energy and time savings.
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