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Abstract

In the present study, hypereutectic Al-Si alloy compacts and Al-Si/B4C composites were
produced by conventional, microwave, and spark plasma sintering techniques. The effects of
sintering techniques and B4C particle addition on microstructural properties, density, hard-
ness, and electrical conductivity were investigated. The microstructures were examined with an
optical microscope. Densities were measured using the Archimedes technique. Electrical resis-
tance measurements were made using the four-point probe measurement technique. Elemental
Al grains, master alloy grains, and primary Si particles were determined in the microstruc-
tures of all samples. The addition of 15 wt.% B4C caused the porosity rate to increase in
the samples. Samples produced with the SPS technique gave ≈ 80 % higher hardness values
than samples produced with CS and MWS. Compared to the samples produced with CS and
MWS, the samples produced with SPS gave higher electrical conductivity values. Electrical
conductivities were decreased as the weight percentage of B4C increased in all samples.
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1. Introduction

Composite materials, whose most important ad-
vantages are their light weight and high mechanical
properties, are used in aerospace, military, automo-
biles, etc. Advanced engineering materials are widely
used in industries [1–4]. The high specific strength of
composite materials has increased the interest in com-
posite materials [5–7]. Composites with high specific
strength can be produced using aluminum alloys as
matrix materials. Hypereutectic Al-Si alloys have re-
cently been preferred as matrix materials due to their
high wear resistance and strength [8–11].
Composite materials are produced using different

powder metallurgy (P/M) techniques. P/M technique
in general: The process consists of powder production,
mixing the powders produced, and pressing and sinter-
ing the powders. Cold pressing and sintering (conven-
tional sintering (CS)) are the most generally known
P/M techniques [12, 13]. Sintering is a heat treatment
process that causes particles to bond, resulting in high
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density, increased strength, and improved properties
[14–16]. Recent research on composite material pro-
duction has focused on sintering techniques that save
energy and time. Microwave sintering (MWS), spark
plasma sintering (SPS), laser sintering, and induction
sintering are energy and time-saving sintering tech-
niques [6, 17, 18]. SPS is a powder compression and
sintering technique. Among the advantages of SPS are
a high heating rate, low sintering temperature, short
sintering time, and no need for pre-compression. MWS
offers the opportunity to perform sintering in shorter
times than CS with the advantage of a high heating
rate. With suitable sintering techniques, matrix mate-
rials, and reinforcement elements, end-product com-
posite materials that can meet specific needs at a high
rate can be designed and produced with energy and
time savings [9, 19].
While composite material production produces

materials with high specific strength, the electrical
conductivity of the matrix material is compromised.
Electrical conductivity provides a lot of information
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Ta b l e 1. Chemical composition of Alumix� 231 (wt.%) and pressing-sintering conditions

Al Si Cu Mg Lubr. Amidwax

Nominal target: Remainder 14–16 2.4–2.8 0.5–0.8 1.5
Experimental: Remainder 15.10 2.75 0.60

Alumix� 231
Compacting pressure: 620 MPa Sintering atmosphere: N2
Sintering temperature: 550–560◦C Dewaxing: 380–420◦C
Sintering time: approx. 60 min

about the chemical purity and mechanical properties
of the material. Electrical conductivity helps predict
other properties, such as thermal conductivity, that
are more difficult to determine [19, 20]. Electrical
conductivity is very sensitive to the microstructure
of metallic materials. While alloying element atoms,
crystal structure defects, and reinforcing ceramic par-
ticles increase the mechanical strength of metals, they
negatively affect electrical conductivity [19–21].
Suppose composites with high mechanical proper-

ties can be produced without compromising electrical
conductivity and/or with minimal compromise, mate-
rials with high specific strength and good electrical
conductivity that will meet performance expectations
can be obtained. This study investigated the effects
of the production method and B4C particle addition
on the microstructural properties, densities, hardness,
and electrical conductivity properties of samples pro-
duced with different P/M techniques. Hypereutectic
Al-Si alloy powders were chosen as matrix materials
due to their good mechanical and thermo-physical
properties, such as high specific strength, low ther-
mal expansion coefficients, high thermal conductivity,
and good wear and corrosion resistance [22–24]. Boron
carbide particles in the B4C composition, an attractive
reinforcement element with superior properties such as
high hardness, wear resistance, and low density, were
used as reinforcement elements [25, 26]. Hypereutec-
tic Al/Si alloy compacts and Al-Si/B4C composites
were produced using CS, MWS, and SPS techniques.
These three sintering techniques with different pro-
duction parameters were compared. The advantages
of SPS and MWS, which are rapid sintering tech-
niques, over each other are discussed. The advantages
of SPS and MWS over CS were examined by consid-
ering the microstructure, density, hardness, and elec-
trical conductivity properties. In addition, the effects
of % B4C used in composite production on microstruc-
ture, density, hardness, and electrical conductivity are
discussed.

2. Materials and methods

In this experimental study, hypereutectic Al-Si
compacts and 5–15 wt.% B4C reinforced hypereutectic

Al-Si matrix composites were produced by CS, MWS,
and SPS techniques. A pre-alloyed mixture of hyper-
eutectic Al-Si powders produced by ECKA Granu-
late Velden GmbH with the trademark Alumix� 231
was used as the matrix material. The average sizes
(D50) of Alumix� 231 powders and B4C particles are
∼ 75 and ∼ 10 µm, respectively. The chemical compo-
sition and recommended pressing-sintering conditions
of Alumix� 231 are given in Table 1.
5 and 15% B4C by weight were added to Alumix�

231 powders to produce particle-reinforced compos-
ite materials. The prepared powders were blended
for 45minutes in a triaxial mixer, Turbula T2F
brand/model device. Powders prepared for CS and
MWS processes were cold pressed by applying
620MPa pressure with a 200-ton capacity, a unidi-
rectional hydraulic press. The lubricant elimination
process was applied to the pressed samples and those
prepared for SPS to remove the lubricant contained in
Alumix� 231. This process was completed by holding
time for 20 min at 400◦C.
CS process was carried out using a tube furnace

in an N2 atmosphere at a heating rate of 5◦Cmin−1

and at a temperature of 555◦C. The holding time at
the sintering temperature was 60min, and the sam-
ples were cooled in air. The MWS process was con-
ducted in a Synotherm brand atmosphere-protected
laboratory-type microwave oven with a heating rate of
10◦Cmin−1. The samples were sintered at a sintering
temperature of 555◦C and held for 15 min at this tem-
perature. Studies conducted on Alumix� 231 stated
that the sintered density increased with increasing sin-
tering temperature up to 560◦C. It has been stated
that sintering at temperatures above 560◦C causes loss
of density. They attributed the decrease in sintered
density to the increasing liquid phase volume, the liq-
uid phase regions coalescing to form large pools, and
these liquid pools forming pores during cooling [27–
29]. Therefore, the sintering temperature of 555◦C was
chosen for the CS and MWS processes.
For SPS, 25 g of powder was charged into the mold,

and a preload of 1MPa was applied. The powders were
sintered at 450◦C for 5 min by applying 50MPa pres-
sure. The SPS process was carried out in a vacuum
environment at a heating rate of 100◦Cmin−1. Table 2
illustrates the specimen notations of the samples.
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Ta b l e 2. The specimen notations of the samples

Specimen notation Materials Sintering Sintering temperature (◦C) Sintering time (min)

CS-555/60 Alumix� 231 Conventional 555 60
5-CS-555/60 Alumix� 231 +5 wt.%B4C Conventional 555 60
15-CS-555/60 Alumix� 231 +15 wt.%B4C Conventional 555 60
MWS-555/15 Alumix� 231 Microwave 555 15
5-MWS-555/15 Alumix� 231 + 5 wt.%B4C Microwave 555 15
15-MWS-555/15 Alumix� 231 + 15 wt.%B4C Microwave 555 15
SPS-450/5 Alumix� 231 Spark plasma 450 5
5-SPS-450/5 Alumix� 231 + 5 wt.%B4C Spark plasma 450 5
15-SPS-450/5 Alumix� 231 + 15 wt.%B4C Spark plasma 450 5

The samples were subjected to standard metal-
lographic grinding and polishing processes for mi-
crostructural analysis. Keller’s reagent was used to
etch the samples. The microstructures of the prepared
samples were imaged and analyzed with an optical mi-
croscope. The phases formed after sintering processes
were determined by X-ray diffraction (XRD) analysis
(Bruker D8 Advance, Cu-Kα (λ = 1.54056 Å)).
The densities of the sintered samples were mea-

sured by the Archimedes technique by the ASTM
B962-08 standard. Densities are reported as relative
density in proportion to the theoretical density value.
Theoretical density was calculated according to the
mixture rule using the material composition.
Macro hardness tests of the samples were per-

formed using the Brinell hardness method (Emcotest
Duravision). Hardness measurements were performed
with a load of 31.5 kgf and a hardened steel indenter
ball with a diameter of 2.5mm. Ten measurements
were carried out on each sample. The arithmetic av-
erages of the measurement results were used.
Electrical resistance measurements were made at

room temperature (300 K) to determine the electri-
cal conductivity of the samples. Electrical resistance
measurements were carried out using the four-point
probe measurement technique. The four-point probe
technique is a method used for low-level DC resis-
tance measurement. It has high precision and con-
tains less measurement error. In this technique, two
probes are used to apply current to the material, and
the other two are used to measure the voltage of
the material. Measurements were made with a Keith-
ley 2450 SourceMeter brand/model measuring device.
Data were analyzed with Kickstart software version
2.10.1. Six current (I) and voltage (V ) measurements
were taken from each sample. The arithmetic aver-
ages of the data obtained were calculated. Then, re-
spectively, the resistivity (ρ) and conductivity (σ) val-
ues were calculated for each sample using Eqs. (1) and
(2):

ρ =
V

I
· wh
L

, (1)

Fig. 1. Optical microscope micrograph of green Alumix�
231.

σ =
1
ρ
, (2)

where V is the voltage between the points where the
probes contact the sample (V), I is the current be-
tween the probes (A), w is the sample width (m), h is
the height (m), L is the distance between the points
where the probes contact the sample (m).

3. Results and discussion

3.1. Material and microstructure
characterization

Commercial hypereutectic Al-Si powders and hy-
pereutectic Al-Si/B4C mixture powders were cold
pressed unidirectionally with 620MPa pressure. Cold-
pressed samples were sintered using CS and MWS
techniques. In addition, commercial hypereutectic Al-
Si and Al-Si/B4C mixture powders were sintered with
the spark plasma technique, and compact samples
were produced. Figure 1 shows the optical micro-
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Fig. 2. The XRD patterns of SPS-450/5.

scope micrograph of green Alumix� 231. Alumix� 231
is a P/M powder consisting of elemental aluminum
and original master alloy (Al-Si-Cu-Mg) powders. The
light-colored areas in the micrograph in Fig. 1 are
grains formed by elemental Al powders containing low
amounts of Si, Cu, and Mg. The dark regions contain-
ing grayish coarse particles and fine bright particles
are the original master alloy Al-Si-Cu-Mg composi-
tion. It is stated in the literature that grayish coarse
particles are primary Si particles, and fine bright par-
ticles are Cu-rich secondary phases [10, 22, 30]. It has
been stated in the literature that structures rich in
Cu content have θ (CuAl2) and γ (Al2CuMg) sec-
ondary phases and that the Mg element exists as the
β (Mg2Si) secondary phase in the microstructure [7,
27, 31–33]. The phases formed in the sintered sam-
ple microstructure were determined by XRD analysis.
The XRD graph of the SPS-450/5 sample is given in
Fig. 2. By the literature, Al, Si phases and Cu-rich θ
(CuAl2), γ (Al2CuMg), and Mg-rich β (Mg2Si) sec-
ondary phases were determined by XRD analysis.
Optical micrographs of the samples are given in

Fig. 3. It was determined from the micrographs that
elemental Al grains, master alloy grains, and primary
Si particles were formed in the microstructures of all
samples, depending on the matrix material. Alumix�

231 is a pre-alloyed mixture powder consisting of a
mixture of pure aluminum powders and Al-Si-Cu-Mg
alloy powders. Si is an alloying element in the Al-Si-
Cu-Mg master alloy powder. Si particles are formed as
particles in the master alloy powder grains by sintering
and are called primary Si.
CS and MWS samples gave porosity values close

to each other. The porosity rates of CS-555/60, 5-CS-
555/60, and 15-CS-555/60 samples were calculated as
11.95, 12.88, and 15.29%, respectively. The porosity
rates of MWS-555/15, 5-MWS-555/15, and 15-MWS-
555/15 samples were calculated as 13.7, 13.81, and
15.06, respectively. The advantage of the MWS tech-

nique over the CS technique is that the heating rate
is high, the holding time is short, and energy sav-
ing is achieved. However, approximately 12% more
porosity was determined in the microstructure of the
compacts produced from pure Alumix� 231 with the
MWS (MWS-555/15) technique compared to the sam-
ple produced with the CS (CS-555/60) technique.
In the MWS process, the holding time at the sin-

tering temperature was very short, causing a lack
of coalescence between the grains and causing more
porosity in the MWS-555/15 sample. The addition
of 5 wt.% B4C did not cause a significant change in
the porosity ratio of the samples produced by CS and
MWS techniques. Porosity rates of 11.95 and 13.7 %
were determined in the microstructures of CS-555/60
and MWS-555/15 samples. In microwave sintering,
heat is generated internally within the material rather
than from external sources; hence, there is an inverse
heating profile [34]. Unlike conventional heating, mi-
crowave heating converts electromagnetic energy to
thermal energy rather than heat transfer. Since the
material is heated by energy conversion, heating is
very rapid, and volumetric heating occurs. However,
for microwave sintering to occur, the material must
have the ability to absorb electromagnetic waves. In
materials that can absorb electromagnetic waves, elec-
tromagnetic energy is converted into thermal energy.
Since metals are opaque, they reflect electromagnetic
waves from the material surface. Pressed powder metal
parts provide partial penetration because they have a
porous structure. This partial penetration of electro-
magnetic waves allows pressed powder metal samples
to be sintered using the microwave technique [35–37].
Therefore, it is thought that in the sintering of powder
metal parts with the microwave technique, a porous
microstructure like conventional sintering is formed
since not all microwave energy is converted into heat
energy.
The pores formed in the microstructure after sin-

tering the mixture powders prepared with the addi-
tion of 5 wt.% B4C by CS or MWS techniques are the
places where B4Cs are located. In other words, B4C
particles added to Alumix� 231 as a strengthener are
located within the pores in the microstructure. There-
fore, adding 5 wt.% B4C did not cause a significant
change in the porosity rate. The addition of 15 wt.%
B4C caused an increase in the porosity rate in the
samples. The porosity rates of the samples produced
by sintering the mixture powders prepared by adding
15 wt.% B4C with CS and MWS increased by ≈27%
and ≈ 10%, respectively. The high surface tension of
B4Cs settled between elemental Al and/or master Al
grains seen in Alumix� 231 micrographs caused poros-
ity in these regions.
The samples with the lowest porosity rate are the

samples produced with SPS (Fig. 3). Porosity rates in
SPS-450/5, 5-SPS-450/5, and 15-SPS-450/5 samples
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were calculated as 1.54, 2.79, and 4.81%, respectively.
SPS is a pressure sintering technique. This study car-
ried out the SPS process at 450◦C, 50MPa pressure,
and 5min sintering time. In SPS, sparks formed at the
contact points or gaps between the powders charged
to the mold cause instantaneous regional high tem-
peratures and, therefore, evaporation and melting on

the surfaces of the powder grains. The pressure ap-
plied during sintering eliminates and/orminimizes mi-
crospaces between powder grains and/or B4C clusters
[18, 38, 39].
When the micrographs of the SPS-450/5, 5-SPS-

450/5, and 15-SPS-450/5 samples given in Fig. 3
are examined, it is seen that the amount of poros-

Fig. 3a–f. Optical micrographs of samples: (a) CS-555/60, (b) 5-CS-555/60, (c) 15-CS-555/60, (d) MWS-555/15, (e)
5-MWS-555/15, (f) 15-MWS-555/15.
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Fig. 3g–j. Optical micrographs of samples: (g) SPS-450/5, (i) 5-SPS-450/5, and (j) 5-SPS-450/5 (E: elemental Al grains;
M: master alloy grains).

ity is quite low, and the existing pore size is smaller
than other sintering techniques. The pores in the mi-
crostructure of the 15-SPS-450/5 sample have larger
sizes than other SPS samples. The agglomeration of
B4C particles can be said to be the reason for the for-
mation of large pores. Moreover, the pre-compression
pressure applied in the SPS technique and the sinter-
ing pressure applied during sintering (50MPa in this
study) directly affect the mechanical arrangement of
the powder particles. The applied pressure rearranges
the powder particles, deforms them, and increases
their compressibility. The Alumix� 231 powders were
produced by inert gas atomization, are nearly spheri-
cal, and have an average powder size of about 75 µm.
B4C particles have irregular geometry (sharp corners),
and the average particle size is < 10 µm. Therefore,
Alumix� 231 powder particles with spherical geome-
try have good flow properties and compressibility. It
can be said that B4C particles have worse flow prop-
erties and compressibility. Under the sintering pres-
sure applied during SPS, Alumix� 231 powders, which
have good flow and compressibility, can easily roll
on each other, deform, and compress. Meanwhile, the
hard B4C particles, which have poor flow and com-

pressibility and cannot be deformed, agglomerate due
to their strong cohesive (tensile) properties caused by
their small size. The agglomerated B4C particles are
pushed towards the matrix grain boundaries by the
Alumix� 231 powders, which have high flow and com-
pressibility properties. The increase in porosity with
the addition of 15 wt.% B4C is attributed to the in-
compatibility between the matrix grains and B4C par-
ticles and the lack of a continuous and effective inter-
face [18, 40]. The high matrix/particle size ratio (ap-
proximately 7.5) and the high surface energy of B4C
ceramic particles caused more agglomeration of B4C
particles in compacts containing 15 wt.% B4C in all
sintering techniques.

3.2. Density and hardness

Sample densities were measured using the Archi-
medes technique according to the ASTM B962-08
standard. Densities are reported as relative density.
The hardness values of the samples were measured us-
ing the Brinell hardness type. The density and hard-
ness of the samples are given in Fig. 4. In the sam-
ples produced with different sintering techniques, with



M. Ozer / Kovove Mater. 62 2024 303–312 309

Fig. 4. Density and hardness changes in samples sintered
with different techniques.

the addition of B4C particles, an increase in porosity
was determined, as seen in Fig. 3, and a decrease in
density, as seen in Fig. 4. This decrease in densities
is attributed to the pores between the matrix pow-
der grains and B4C and/or B4C particles [7, 18, 40].
5 wt.% B4C added to the samples did not cause a sig-
nificant decrease in density. In the samples to which
5 wt.% B4C was added, the highest density decrease
was determined in the SPS sample, with a decrease
of approximately 1.26%. The pores in the microstruc-
ture of pure Alumix� 231 samples produced with the
CS and MWS technique provide the spaces where B4C
particles will be positioned. However, the porosity rate
in the pure Alumix� 231 sample produced with the
SPS technique is approximately 1.5%, and the addi-
tion of 5 wt.% B4C caused more porosity in this sam-
ple than in the CS and MWS-coded samples. If the mi-
crographs in Fig. 3 are examined: In samples with B4C
particle addition, it is seen that the size and volume
ratio of the pores formed between the particle/matrix
increases with the increasing B4C particle ratio. When
the density values of samples produced with different
sintering techniques are compared, it can be seen in
Fig. 4 that the samples produced with SPS give the
highest density values. Densities over 95% were ob-
tained in samples produced with SPS. Compared to
CS and MWS, low temperature (450◦C) and sinter-
ing time (5 min) were applied in the SPS technique.
Despite applying low temperature (450◦C) and time
(5 min) in sintering, compacts with low porosity and
high density were obtained with the SPS technique.
In the SPS technique, 50MPa pressure is applied dur-
ing sintering, and local melting occurs due to sparks.
The applied pressure and local melting cause particle

arrangement, neck formation between particles, accel-
eration and/or increase of atomic diffusion, formation
of a good interface between grains, and a denser mi-
crostructure. Samples produced with CS and MWS
techniques gave similar density values.
When the hardness data in Fig. 4 is examined,

CS and MWS samples give hardness values that are
close to each other and have similar tendencies, in
line with the density data. In these samples, adding
5 wt.% B4C did not cause a significant change in hard-
ness. Although the added hard B4C ceramic particles
were expected to increase the hardness, the presence
of these particles in the pores in the microstructure
caused a low increase of 7.5 % in the hardness of the
sample coded 5-CS-555/60. No change was observed in
the hardness of the sample coded 5-MWS-555/15. Due
to the increase in pore sizes and volume ratio caused
by adding 15 wt.% B4C, the hardness of the samples
coded 15-CS-555/60 and 15-MWS-555/15 decreased
by 17 and 25%, respectively. The fact that samples
produced with CS and MWS techniques give hardness
and density values close to each other is an important
advantage offered by MWS samples produced by hold-
ing 15min at the high heating rate and sintering tem-
perature in terms of time and energy saving. Samples
produced with the SPS technique gave ≈ 80% higher
hardness values than samples produced with CS and
MWS. wt.% B4C caused a ≈ 5% increase in hardness,
and the addition of 15 wt.% B4C caused a ≈ 3.5 % de-
crease in hardness compared to the sample coded SPS-
450/5. The decrease in hardness in the sample coded
15-SPS-450/5 is related to the correlation between the
pore volume ratio and size and the hardness of B4C
particles. Ozer et al. [18, 40] stated that the increase
in pore size and/or pore amount with the addition of
B4C caused this decrease in hardness.

3.3. Electrical conductivity

I-V measurements of the samples were made at
room temperature (300K). The electrical conductivity
values of the samples are given as % IACS (Interna-
tional Annealed Copper Standard) in Fig. 5. The elec-
trical resistance (ρ) and electrical conductivity (σ) of
the samples were calculated using Eqs. (1) and (2).
Electrical conductivity data calculated as Sm−1 was
converted to % IACS. Samples produced with SPS
exhibited higher electrical conductivity than samples
produced with CS and MWS (Fig. 5). The reason for
the higher electrical conductivity in samples produced
with SPS is the high density and low porosity. Sam-
ples produced with CS and MWS gave similar electri-
cal conductivity values due to the close porosity ratio.
Porosity in samples produced with MWS is approx-
imately 2 % higher than in CS-coded samples, and
electrical conductivity is approximately 4 % poorer.
Electrical conductivities decreased as the weight per-
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Fig. 5. Electrical conductivity plot of the samples at room
temperature.

centage of B4C increased in all samples. The fact that
B4C is a semiconductor and the porosity it causes in
the microstructure can be the reason for this decrease
in electrical conductivity [19].
The decrease in electrical conductivity is lower in

SPS-coded samples. Since the porosity rate caused by
B4C in the microstructure is less, the decrease in elec-
trical conductivity in these samples was limited to
≈4.7%. The decrease in electrical conductivity with
the addition of B4C is approximately 11.7%, 61.7 %,
26 %, and 71%, respectively, in samples coded 5-CS-
555/60, 15-CS-555/60, 5-MWS-555/15, and 15-MWS-
555/15.
In general, the electrical conductivity of pure met-

als tends to decrease when mixed with other ele-
ments [41]. With increasing B4C weight percentage,
the proportion of voids formed at the particle/matrix
interface and between semiconductor B4C particles
also increases. These holes serve as electron scatter-
ing sources and reduce the speed and free path length
of electrons [19, 42, 43]. In addition, the energy of
electrons colliding with B4C particles decreases due to
their scattering. The increase in B4C particles per unit
volume makes these effects evident [19]. It can be said
that this is another reason for the decrease in elec-
trical conductivity in composites containing 15 wt.%
B4C. All these negative effects caused by the increase
in the weight percentage of B4C in the matrix caused
the electrical conductivity of the samples to decrease.
Electrons move by colliding with crystal defects and
secondary phases (particles) in the microstructure.
These collisions negatively affect the mobility of elec-
trons. As a result, electron drift speed and electrical
conductivity decrease.

4. Conclusions

The results of this experimental study are summa-
rized below:
– The microstructures of all samples consist of ele-

mental Al grains, master alloy grains, and primary Si
particles. CS and MWS samples gave porosity values
close to each other. The superiority of the MWS tech-
nique over the CS technique is its high heating rate,
short holding time, and energy saving.
– Samples produced with CS and MWS techniques

gave similar density values. The samples with the
highest density are those produced with SPS.
– The addition of 5 wt.% B4C did not cause a sig-

nificant change in hardness. The addition of 15 wt.%
B4C caused a decrease in the hardness of samples pro-
duced with CS and MWS. Samples produced with the
SPS technique gave approximately 80% higher hard-
ness values.
– Samples produced with SPS gave higher electri-

cal conductivity values than samples produced with
CS and MWS. Electrical conductivities decreased as
the weight percentage of B4C increased in all samples.
– P/M samples produced with the SPS technique

exhibited better microstructures than MWS and CS
samples and provided very good data regarding den-
sity, hardness, and electrical conductivity. For this rea-
son, P/M compact samples with good electrical con-
ductivity and mechanical properties can be produced
using the SPS technique. The fact that sintering tem-
perature and holding time parameters are much lower
in the SPS technique compared to MWS and CS tech-
niques offers significant advantages in terms of energy
and time-saving.
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