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Abstract:

In this study, the influences of different sintering techniques and B,C particle addition
on microstructural properties, density, hardness and abrasive wear were investigated. The
wear experiments were carried out in accordance with ASTM standard G99 using a pin-on-
disk apparatus under dry test conditions. Compact samples produced with conventional and
microwave sintering gave density and hardness values close to each other. In compacts
produced with the spark plasma sintering technique, the porosity rate is the lowest, and the
hardness is the highest. In samples produced with different sintering techniques, the addition
of B,C particles caused an increase in porosity and decreased density and hardness. The
lowest wear resistance in all samples was determined in samples produced by conventional
sintering. The lowest volume loss, that is, the highest wear resistance, was obtained in the
samples produced with spark plasma sintering. In general, adding B,C negatively affected the
wear performance in all samples.
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1. Introduction

Composite materials, which are widely used especially in the aerospace, military, and
automobile industries and are classified as advanced engineering materials, have become a
necessity for modern production technology [1-4]. The most important advantage of
composite materials is that they are lightweight and have high mechanical properties [5-7].
Especially their high specific strength makes composite materials attractive engineering
materials [7-9]. Composite materials can have these properties by choosing the appropriate
matrix material and reinforcement element. Using aluminum alloys as matrix materials,
composites with high specific strength can be produced. While the use of hypereutectic Al-Si
alloys has increased in recent years as matrix materials due to their properties, such as high
wear resistance and strength, the number of research on these Al alloys has also increased
[10-13].

Composite materials are produced using different powder metallurgy (P/M)
techniques. Cold pressing and sintering are one of the most common P/M techniques known
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[14,15]. However, sintering techniques that save energy and time have gained importance in
recent years. New sintering technologies promise rapid heating, low energy costs, and new
microstructures. New sintering techniques include microwave, plasma, and induction sources.
Sintering techniques have effects on the characteristics and mechanical properties of P/M
compacts. By improving mechanical properties, wear resistance can be increased [8,16, 17].
In this study, the influences of different sintering techniques and B4C particle addition on
microstructural properties, density, hardness, and wear performance were investigated. Due to
their remarkable properties, hypereutectic Al-Si alloy powders were chosen as matrix material
and boron carbide particles in B4C composition were used as reinforcement. Hypereutectic
Al/Si alloy compacts, and Al-Si/B4,C composites were produced using cold
pressing+conventional sintering and cold pressing+microwave sintering and spark plasma
sintering techniques. The advantages of spark plasma sintering (SPS) and microwave
sintering (MWS), which are fast sintering techniques compared to conventional sintering (CS)
are discussed.

2. Materials and Experimental Procedures
2.1. Material

Al-Si compacts and B4C-reinforced hypereutectic Al-Si matrix composites were
produced by CS, MWS, and SPS techniques. Hypereutectic Al-Si (ECKA Granulate Velden
GmbH) powders, whose trade name is Alumix 231®, were used as the metal matrix material.
The average size of Alumix 231° alloy powders produced by the gas atomization method is
Dsp ~75pum, Dy ~22 um and Dgy ~190 um. B4C particles with an average grain size of 10 pm
(Dso) were used as reinforcement elements in the matrix material. The chemical composition
and recommended pressing-sintering conditions of Alumix 231°, whose sintered density is
2.67 g/lem’, are given in Table 1.

Tab. I Chemical composition of Alumix 231® (wt.%) and pressing-sintering conditions.

Al Si Cu Mg Lubr. Amidwax

Alumix

231® Nominal target Balance 14-16 24-2.8 0.5-0.8 1.5

Experimental Balance 15.4 3.05 0.57
Compacting: Compacting Pressure 620 MPa Green density: 2.48 g/cm’
Dewaxing 380-420 °C
Sintering temperature ~ 550-560 °C Sintered density: 2.67 g/cm’
Sintering:
Sintering time approx. 60 min
Atmosphere N,

2.2. Method

2.2.1. Mixing and pressing of powders

For the production of particle-reinforced composite material, a B,C reinforcement
element was added to the matrix material at a rate of 10% by weight. The prepared powder
mixtures were blended in a triaxial mixer for 45 min. Powders prepared for CS and MWS
processes were cold pressed by applying 620 MPa pressure with a unidirectional hydraulic
press at room temperature. The lubricant removal process was applied to the pressed samples
and those prepared for SPS. This process was completed by holding time for 20 min at 400
°C.
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2.2.2. Sintering processes

CS process was carried out in N, atmosphere at a heating rate of 5 °C.min™" and a
temperature of 555 °C, using a Protherm brand tube furnace. The holding time at the sintering
temperature was 60 min, and the samples were cooled in air. MWS process was carried out in
a Synotherm brand atmosphere-protected laboratory-type microwave oven with a heating rate
of 10 °C.min"". The samples were sintered at a sintering temperature of 555 °C and without
holding time at this temperature. For SPS, 25 g of powder was charged into the mold, and a
preload of 1 MPa was applied. The powders were sintered at 450 °C for 5 min by applying 50
MPa pressing pressure. Sintering was carried out in a vacuum environment at a heating rate of
100 °C.min"". Table II illustrates the specimen notations of the samples.

Tab. II The specimen notations of the samples.

Sintering Sintering time

Specimen Materials Sintering temperature e

©C) (min)
CS-555/60 Alumix 231° Conventional 555 60
10-CS-555/60  Alumix 231° +10wt.%B,C  Conventional 555 60
MWS-555/0 Alumix 231° Microwave 555 0
10-MWS-555/0  Alumix 231°® +10wt.%B,C Microwave 555 0
SPS-450/5 Alumix 231°¢ Spark Plasma 450 5
10-SPS-450/5  Alumix 231® +10wt.%B,C  Spark Plasma 450 5

2.2.3. Microstructural analysis

For microstructural analysis, the samples were subjected to standard metallographic
grinding processes. Keller's etcher was used for etching the samples. The microstructures of
the prepared samples were imaged and analyzed by optical microscope and scanning electron
microscope (SEM).

2.2.4. Density measurement

The densities of green and sintered samples obtained by pressing and sintering
processes were measured with the Archimedes' technique according to ASTM B962-08
standard. Densities are reported as relative density (rd%) in proportion to the theoretical
density value. Theoretical density was calculated according to the mixture rule using the
material composition.

2.2.5. Hardness measurements and pin-on-disc wear experiments

Macro hardness tests of the samples were performed 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 2.5 mm. Ten measurements were
carried out on each sample. The arithmetic averages of the measurement results were used.

The wear experiments were performed in accordance with ASTM standard G99 using
a pin-on-disk apparatus under dry test conditions. Al samples in @10x25 mm diameter were
used as a pin and 60 HRC hardness 52100 steel as counter-face during the wear experiments.
The wear experiments were carried out at 1 h sliding time under three different loads of 5, 10,
and 15 N at a speed of 1 m.s". The applied load on the specimen was recorded during the
wear test to calculate the friction coefficient. The friction coefficient was calculated using
Equation (1).



272 M. Ozer et al.,/Science of Sintering, 56(2024)269-283

ey

-l e

The coefficient of frictionis  u =

F and P, respectively, symbolize the frictional force and the normal load on the specimen.
Equation (2) explains how to calculate volume loss from the weight loss.

Weight Loss (g)
Density (g/mm3)

(@)

Volume Loss (mm’) =

Equation (3) was used to define the specific wear rate.

Volume Loss (mm?)
Sliding Distance (m) x Load (N)

Specific Wear rate (mm’/Nm) = 3)

After the wear experiments, the worn surfaces were analyzed using field emission
scanning electron microscopy (FESEM) and element dispersion spectroscopy (EDS), and
surface damages were examined. Analyzes were carried out with a Zeiss brand and Supra
40VP model FESEM device.

3. Results and Discussion
3.1. Material and Microstructure Characterization

Fig. 1. Optical microscope micrograph of green Alumix 231°,

Powder mixtures prepared for producing Al-Si compacts and B,C-reinforced
hypereutectic Al-Si matrix composites were unidirectionally cold pressed by applying a
pressure of 620 MPa. Cold-pressed samples were sintered with CS and MWS techniques.
Additionally, Al-Si powders and Al-Si/B,C mixture powders were sintered using the spark
plasma technique, and compact samples were produced. Fig. 1 shows the optical microscope
micrograph of green Alumix 231°. The microstructure consists of two light and dark-colored
regions. The light-colored region is grains formed by elemental Al powders containing low
amounts of Si, Cu, and Mg. The dark-colored areas are the original master alloy consisting of
the Al-Si-Cu-Mg component. Therefore, Alumix 231° is a pre-alloyed mixture of P/M
powder consisting of a mixture of elemental aluminum and original master alloy (Al-Si-Cu-
Mg) powders. In the dark areas formed by the original master alloy powders, there are grayish
large particles and finely distributed white particles of different sizes. It has been stated in the
literature that grayish coarse particles are primary-Si particles grown from the master alloy
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powder [4,12,18]. In addition, fine, white shiny particles are secondary phases rich in Cu. It
can be said that these Cu-rich secondary phases are distributed in the form of precipitates. It
has been stated in the literature that structures rich in Cu content have 6 (CuAl,) and y
(Al,CuMg) secondary phases and that the Mg element exists as the  (Mg,Si) secondary
phase in the microstructure [9,18-22].
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Fig. 2. SEM micrographs of samples (a) CS-555/60, (b) 10-CS-55/60, (c) MWS-555/0, (d)
10-MWS-555/0, (e) SPS-450/5, (f) 10-SPS-450/5.

SEM micrographs of the samples are given in Fig. 2. It was determined from the
micrographs that similar structures (elemental Al, master alloy, primary Si) were formed in all
samples depending on the matrix material. From the micrographs, it was determined that the
porosity rate was highest in the sample produced with the MWS technique. However,
considering the total volume of each sample, CS and MWS samples gave porosity values
close to each other. The porosity rates of CS-555/60 and 10-CS-555/60 samples were
calculated as 9.52% and 11.29%, respectively. The porosity rates of MWS-555/0 and 10-
MWS-555/0 samples were calculated as 10.8% and 11.92%, respectively.

The samples with the lowest porosity rate is produced with SPS (Fig. 2e and f). SPS
is a pressure sintering technique. In this study, the SPS process was carried out at 450 °C,
50 MPa pressure, and 5 min sintering time was carried out. In SPS, sparks formed at the
contact points or gaps between the powders charged to the mold cause instantaneous regional
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high temperatures and, therefore, evaporation and melting on the surfaces of the powder
grains. The pressure applied during sintering eliminates and/or minimizes microspaces
between powder grains and/or B,C clusters [23-25]. When the micrographs of SPS-450/5 and
10-SPS-450/5 samples given in Figs 2e and f are examined, it is seen that the amount of
porosity is relatively low and the existing pore size is smaller than other sintering techniques
(porosity ratio ~0.93%).

In addition, the intergranular coalescence problem seen in CS and MWS techniques
was not detected in samples produced with SPS. However, in the sample produced with SPS,
the porosity rate increased with the addition of B,C (Fig. 2f). The porosity rate in the 10-SPS-
450/5 sample is =2.35%. It was determined from micrographs that B,C particles were found
between elemental Al and/or master alloy grains and/or in pores in the composite samples
produced by adding boron carbide. It can be seen from the micrographs that the interfacial
bond between the matrix grains and the reinforcing B,C particles is not formed and/or is
partially formed. The high surface stresses of the ceramic particles used as reinforcement can
be explained as the reason for this negativity. Therefore, it can be said that porosity increased
with the addition of B,4C in all samples. The increase in porosity with the addition of B4C is
attributed to the incompatibility between the matrix grains and B,C particles and the lack of a
continuous and effective interface [24]. It is seen that the porosity amount in the samples
sintered with CS and MWS is close to each other. The without holding time at the sintering in
MWS is the superiority of this sintering technique over the CS technique.

3.2. Density and hardness analysis

The densities of the sintered samples were measured with Archimedes' technique by
the ASTM B962-08 standard. Densities are reported as relative density. The hardness values
of the samples were measured in Brinell hardness type. The density and hardness values of
the samples are given in Fig. 3. In samples produced with different sintering techniques, an
increase in porosity and a decrease in density were determined with the addition of B,C
particles. However, with the addition of B,C, this decrease in intensities was limited to ~2%.
This decrease in densities is attributed to the pores between the matrix powder grains and the
B,C and/or B,C particles. If the micrographs in Fig. 2 are examined, micropores formed
between B,C particles and the matrix will be seen in the samples with B,C particle addition.
When the density values of samples produced with different sintering techniques are
compared, it can be seen in Fig. 3 that the samples produced with SPS give the highest
density values. Samples produced with CS and MWS techniques gave similar density values.
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Fig. 3. Density and hardness changes in samples sintered with different techniques.
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When the hardness data in Fig. 3 is examined, it is seen that CS and MWS samples
give hardness values close to each other, consistent with the density data. CS-555/60 and
MWS-555/0 gave hardness values of 51 HB and 48 HB, respectively. Samples 10-CS-555/60
and 10-MWS-55/0 also have hardness values of 45 HB and 43 HB, respectively. The values
are close to each other regarding numerical data, and when CS and MWS samples are
compared, the difference in hardness between them is =5%. Considering the effects of the
hardness value of a metallic material on other mechanical properties, a difference of ~5% in
hardness values can have a significant impact value. However, it is an undeniable fact that
MWS samples produced without holding time at the sintering temperature (0 min) offer a
significant advantage in terms of saving time and energy. SPS samples, on the other hand, are
the samples with the highest values in hardness data as well as density data due to the
advantages of the production process. The addition of 10 wt% B4C caused a decrease in
hardness. Ozer et al. [24] stated that the increase in pore sizes and/or pore amount with the
addition of B4C caused this decrease in hardness.

3.3. Analysis of wear test results

The volume loss results of the Al-15Si-2,5 Cu-0.5Mg alloy sintered with different
methods with and without B4C reinforcement are given in Fig. 4. For both B,C reinforced and
unreinforced Al alloy, the highest volume loss and, thus, the lowest wear resistance were
observed in the samples produced with CS. The lowest volume loss, i.e., the highest wear
resistance, occurred in compact samples produced with SPS. The hardness values of
unreinforced CS-555/60, MWS-555/0, SPS-450/5 samples are 51 HB, 48 HB and 84 HB,
respectively. The hardness values of B,C reinforced Al alloy are 45 HB, 43 HB and 80 HB, in
the same order. Hardness is one of the most critical parameters affecting the tribological
properties of the material [26-29]. However, wear test results also showed that hardness alone
is not sufficient to increase wear resistance. Especially in P/M materials, the sintering process
can affect all mechanical properties of the material [30-34]. Volume loss graphs also show
that even if hardness values are close to each other, they can exhibit different wear behaviors.
Although the hardness values of CS and MWS samples, both with and without B,C
reinforcement, were close to each other, the MWS method provided better wear resistance. In
particular, B,C reinforced MWS samples lost volume almost as much as SPS samples under 5
N and 10 N loads. This situation shows the importance of sintering in P/M materials.
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Fig. 4. Wear test volume loss results of samples (a) Unreinforced and b) B4C reinforced.
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Specific wear rate (SWR) results of B4C reinforced and unreinforced samples sintered
with different methods are given in Fig. 5. SWR is an important tribological indicator that
covers all wear parameters, such as applied load and sliding distance. SWR results are also
similar to volume loss results. Among all wear test parameters, the highest wear rate was
determined as approximately 23 mm*/Nm in sample 10B,C-CS-555/60 under 5 N load. The
lowest wear rate, approximately 5 mm*/Nm, occurred in the SPS-450/5 sample under 10 N
and 15 N loads. When the effect of 10 wt% B,C reinforcement on the wear performance of
Alumix 231° P/M compacts is examined, it is seen that the wear rates increase in three
different sintering processes. According to the wear test results, the highest wear resistance
was obtained by sintering with spark plasma. Then, the microwave sintering process and the
worst wear resistance were obtained in conventional sintered samples.
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Fig. 5. SWR of Alumix 231® samples (a) Unreinforced and b) B,C reinforced.

Fig. 6 shows the coefficient of friction (CoF) values recorded during the wear
experiments. The numbers on the right side of the chart, in accordance with their colors, give
the average CoF values for all test samples. Although there were some increases and
decreases in CoF values, a generally smooth graph was obtained. B,C reinforced, and
unreinforced SPS Al alloy exhibited the lowest average CoF values. Al alloys produced with
the SPS technique exhibited the most successful performance regarding volume loss and
SWR values. No significant change was found in terms of CoF values among other sintering
techniques.
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Fig. 6. CoF values during wear experiments.
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If the general evaluation of the wear test results of the samples is made, the samples
with the best wear performance are the samples produced with the SPS technique. Samples
sintered with CS and MWS techniques were close to each other and exhibited lower wear
performances than the SPS technique. These results are compatible with relative density and
hardness values. The formation of a strong and gap-free interfacial bond between the matrix
grains of SPS samples with high density and hardness values (Fig. 2e and b) enabled high
wear performances to be obtained in these samples. The pores and bond deficiencies between
the grains determined in the microstructures of the samples sintered with CS and MWS
techniques (Fig. 2a-d) caused lower wear performances in these samples. The wear
performances of CS, MWS and SPS samples were negatively affected by the addition of B,C
(except for the SPS-450-5 sample, which was subjected to the wear test with 15 N). It is
explained in the 2.2 Material and Microstructure Characterization section that B,C particles
are located at the matrix grain boundaries and/or pores and that a strong interfacial bond is
partially formed or/or not formed between the matrix grains and B4C particles. It was stated
that porosity increased with the addition of B4C in all samples. In addition, the partial
agglomeration of B4C particles prevented these particles from forming a strong interfacial
bond with the matrix. As a result of all these negativities, the addition of B,C negatively
affected the wear performance of the samples.
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In order to characterize the wear conditions and surface deformation effects, the worn surface
FESEM images of the samples are given in Figs 7 and 8. When the worn surface FESEM
images were examined, it was seen that there was post-wear oxidation in the structure. It is
known that the oxide layer acts as a lubricant during wear and has a positive effect on wear
behavior [35-38]. Depending on the sintering techniques, different worn surface images were
formed on the samples after wear. It is observed that there are different wear errors, such as
wear debris, adhesion, smearing, delimination, and ruptures after wear.

S
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Fig. 8. FESEM images of the samples (a and b) 10-MWS-555/0, (c and d) SPS-450/5, (e and
) 10-SPS-450/5.

Fig. 9 shows the worn surface FESEM image of the samples and the element
distribution graph taken from the FESEM image. In addition to the elements in the chemical
composition of Alumix 231°, Fe and O elements were determined by EDS analysis. The O
element showed its presence due to oxides formed on the exposed surface by corrosion.
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Fig. 9. Worn surface FESEM images of samples and element distribution rates (a) CS-550/60,
(b) 10-CS-550/60, (c¢) MWS-550/0, (d) 10-MWS-550/0, (e) SPS-450/5, (f) 10-SPS-450/5.

4. Conclusion

The results of this experimental study are summarized below.

e In CS and MWS samples, B,C particles are clustered at matrix grain boundaries and/or
intergranular pores. In addition, interfacial bonding was partially formed between the
matrix grains and between the matrix grains/B4C particles. In SPS samples, a less porous
and continuous interface was formed between the matrix grains and matrix grains/B,C
particles.

e While samples produced with CS and MWS techniques gave similar density values,
samples produced with SPS gave the highest density values. A decrease in density was
determined with the addition of B,4C particles in samples produced with different sintering
techniques. However, this decrease in densities was limited to =~2%.

e Compact samples produced with CS and MWS gave hardness values close to each other.
When CS and MWS samples are compared, the difference in hardness between them is
~5%. SPS samples gave the highest hardness values. An approximately 40% increase in
the hardness values of SPS samples was determined compared to CS and MWS samples.
The addition of 10 wt% B4C caused a decrease in hardness. While this decrease in



280 M. Ozer et al.,/Science of Sintering, 56(2024)269-283

hardness is approximately 11% in CS and MWS samples, it is approximately 5% in SPS
samples.

e For 10 wt% B,C reinforced and unreinforced samples, the highest volume loss and, thus,
the lowest wear resistance were determined in the samples produced with CS. The lowest
volume loss, that is, the highest wear resistance, was obtained in the samples produced
with SPS. In general, the addition of B,C negatively affected the wear performance in all
samples. B,C reinforced, and unreinforced SPS samples exhibited the lowest average CoF
values. While CS and MWS samples gave higher CoF values than SPS samples, no
significant change was found in terms of CoF values when CS and MWS samples were
compared.

¢ Depending on the sintering techniques, different worn surface images were formed on the
samples after wear. Different wear errors, such as wear debris, adhesion, smearing,
delimination and ruptures were determined after wear. In addition to the elements in the
chemical composition of Alumix 231°, Fe and O elements were determined on worn
surfaces.

e P/M samples produced with the SPS technique exhibited better microstructures than MWS
and CS samples. Therefore, SPS samples provided very good data in terms of density,
hardness, and wear performance. MWS and CS samples gave close values in terms of
density and hardness values. However, MWS samples exhibited higher wear performance.
Therefore, the fact that the sintering temperature and holding time parameters in the SPS
technique are much lower than in the MWS and CS techniques offers significant
advantages in terms of energy and time savings. The MWS technique is also superior to
the CS technique when the same parameters are taken into account.
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Cadicemax: Y 060j cmyouju ucnumusanu ¢y ymuyaju pasiuyumux mexHuKa CUHmeposaroa u
dooasara B,C uecmuya na MuxpoCcmpykmypHa c8ojcmed, 2ycmumny, mepoohy u abpasueHo

xabare

e. Excnepumenmu xabarwa cy useedenu y cxnaoy ca ASTM cmanoapoom G99

Kopuuihersem nuH-oH-OUCK anapama y Yclosuma cygoe ucnumuearsa. HMcnpecosanu y3zopyu
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Npou3Be0eHy KOHBEHYUOHATHUM U MUKPOMALACHUM CUHINEPOBAIbeM O0dlu Cy 8peOHOCmU
eycmune u mepoohe Onucke jeOHa Opyeoj. YV ysopyuma npouzBeoeHuM mMexHUKOM
CUHMEPOBArbA Y NIA3MU, CTMONA NOPO3HOCU je Hajuudca, a mepooha najeehia. V yzopyuma
NPOU3BEOEHUM PAZTUYUMUM MEeXHUKAMa cunmeposarsa, doodasare B,C yecmuya uzassano je
nogefiare noposHocmu u cmarere 2ycmute u mepoohe. Hajruusica omnopnocm na xabarve
KOO ceux ysopaka ymephena je K00 Y30paKka NpousBedeHux - KOHGEHYUOHATHUM
cunmeposarwem. Hajmaru cybumax 3anpemune, oOHocHO Hajeéefia omnoprnocm Ha xabarve,
Odobujen je y yzopyuma npousgedeHum cunmeposarwem y niasmu. I enepaino, dooasare B,C
He2amusHo je ymuyanio Ha nepihopmance xabara y ceum y3opyuma.

Kuwyune peuu: Cunmeposarwe, xabarve, komnosum, Al nezypa.
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