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Abstract

Compacting pressure applied during the SPS method varies in the literature. This study evaluates the influence
of the applied compacting pressure on the microstructure and porosity of sintered materials. Using spark
plasma sintering (SPS), cold compacted magnesium powder (green compacts) was sintered to bulk
magnesium materials. The green magnesium compacts were prepared at room temperature using 100 MPa
of uniaxial pressure, which was applied for 60 s. Using SPS, the green compacts sintering was carried out at
400 °C for 10 min. Various compacting pressures were applied during sintering: 20, 40, 60, 80 and 100 MPa
to analyse the influence of the pressure. The resulting microstructure and porosity strongly depended on the
compacting pressure applied during SPS. An increase of the compacting pressure was shown to be beneficial
for material homogeneity, while this effect was pronounced up to 60 MPa, and only a slight effect on the
material porosity was observed above this pressure.
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1. INTRODUCTION

Even though the low corrosion resistance is a limitation for the broader use of magnesium in engineering
applications, it is used in industry for its excellent strength to weight ratio [1-3]. Casting magnesium has
considerable disadvantages as element segregation in the ingot during cooling is unavoidable, and some
elements and compounds are insoluble in magnesium, even in the liquid form [4,5]. Magnesium strengthening
can also be achieved by grain refinement, usually achieved by Severe Plastic Deformation (SPD) methods or
powder metallurgy. This method offers the possibility of producing new alloys and composites, which are
otherwise impossible to produce by conventional methods [6,7]. Due to favourable mechanical properties and
corrosion resistivity, magnesium alloys are mainly used in engineering practice. Unalloyed Mg can provide
benefits due to its purity highly demanded in the medical field.

Spark Plasma Sintering (SPS) allows fast consolidation of powder materials. This method effectively
consolidates powders in short times due to rapid heating while a compressive load is applied [8-10]. The spark
plasma sintering combines electrical energy with unidirectional mechanical pressure to convert powders into
compacted material of the required dimensions and density. Typical pressures used for compacting during the
SPS process range from 10 MPa to 100 MPa [11-13], even thou some extremes reach up to 1 GPa [3]. The
rapid heating is caused by Joule heating, which results from the electric current passing through the sintered
material. The high electrical resistivity of the powder causes heating within the material, and no additional
heating of the furnace is required [14]. Plastic flow significantly contributes to the pore closure, increasing the
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overall sintering rate. As a result, a high density of the compacts can be achieved in short times or at a lower
temperature than without applied current [15-17]. Typical sintering times for SPS methods are under 10 min
[18], whereas hot pressing methods require much longer sintering times of 60 or more minutes [19]. A
compacted material with good particle bonding and minimal metallic grain growth can be achieved. The main
factor in the acceleration of the metal sintering process is the effect of disruption or evaporation of the oxide
layer on the surface of powder [9,20].

In the literature, the pressure applied during SPS processing of pure magnesium varies from 30 MPa to 100
MPa. This study, therefore, focuses on the estimation of the influence of applied compacting pressure during
SPS when processing pure Mg.

2. EXPERIMENTAL PART

The magnesium powder with 27.6 um average particle size was used to prepare all experimental materials.
The measurement revealed homogenous particle size distribution with an average particle size with modus
32.9 ym and median 26.4 um. The chemical composition, size, and shape of the used powder particles were
verified using ZEISS EVO LS 10 scanning electron microscope (SEM) with an energy dispersion analyser
(EDS). The elemental analysis confirmed the declared purity of magnesium (Mg powder was supplied by
Goodfellow company, declared purity was 99.7 %). The purity refers to metallic inclusions; however, the
surface of the particles was oxidised for safety during transport. The powder particles were in the form of small
chips. Magnesium powder was inserted into a steel die between two steel pistons, and uniaxial pressure of
100 MPa was applied to produce cylindrical green compacts 20 mm in diameter and approximately 5 mm in
height. The amount of powder used for a single compact was 2.7 g. The green compacts (used for sintering)
were prepared at room temperature.

The green compacts were inserted into a graphite die between two graphite pistons. The die was placed in the
SPS chamber, which was closed and evacuated. After reaching a low vacuum of approximately 10 Pa, the
electric power supply started the heating (Joule heating). The pressure of 5 MPa was applied to the inserted
green compact during the chamber evacuation and temperature increase. The increase in temperature was
set to 50 °C-minl. After reaching 400 °C, additional compaction started at a 20 MPa-min-! rate up to the
selected pressure (20, 40, 60, 80 and 100 MPa). The heating at the selected pressure was set to 10 min. The
prepared experimental materials were cooled in the evacuated chamber.

The experimental materials were embedded in epoxy resin (metallographic specimen), ground and polished
using a Tegramin-25 automatic grinder/polisher. The composite grinding wheels with a grain size from 220 to
4000 were used for the metallographic specimens grinding. The polishing was performed on polishing cloths
with diamond pastes with a mean particle size of 3 ym and 1 ym. Isopropanol was used as a wetting agent
and rinse to minimise the oxidation of metallographic specimens during the metallographic preparation. The
metallographic evaluation was performed using SEM. The porosity was calculated from the dimensions and
mass of the individual sintered compacts. The microstructure evaluation by electron backscatter diffraction
(EBSD) was performed on polished and etched metallographic cross-cut sections of four selected SPS
samples using a Jeol JSM 7600F SEM. High angle grain boundaries were determined according to a
misorientation of 15°. The accelerating voltage was set to 20 kV for the best signal to noise ratio.

3. RESULTS AND DISCUSSION

The typical microstructure of the experimental material is shown in Figure 1. No metallic grain boundaries
within the powder particles can be seen on the etched metallographic specimens (Figure 1). The powder
particle boundaries are observable due to the presence of the oxide layer. The oxides are common on powder
particle boundaries of magnesium [21]. A thin uniform layer of magnesium oxide was present on the surface
of the powder particles even before the compaction because the manufacturer intentionally oxidised the
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powder particles for safer transportation. Some oxidation can be related to the preparation and etching of
metallographic specimens.

The SEM observation of etched metallographic specimens clearly shows the highest porosity of the
experimental material prepared at the lowest (20 MPa) compacting pressure (Figure 1a). It is the same level
of porosity as for the original green compact [22]; therefore, 20 MPa load during the SPS does not contribute
to the compaction of the green compact. With the increase of compacting pressure during SPS, the porosity
in experimental materials continually decreases to an apparent minimum of 5 % (for 80 MPa). This decrease
can be attributed mainly to the pore closure due to the combined effect of sintering temperature and sintering
pressure.

Figure 1 The etched (2% Nital) microstructure of sintered compacts; a) 20 MPa during SPS; b) 40 MPa
during SPS; b) 60 MPa during SPS; d) 80 MPa during SPS; e) 100 MPa during SPS

A higher temperature during sintering is connected with the higher plasticity of magnesium due to the activation
of more slip systems, allowing plastic deformation in the magnesium hcp structure [23,24] to occur. Also,
sufficient pressure has to be applied. Based on the obtained results, at least 40 MPa of compacting pressure
should be applied during the sintering of green compacts to decrease the porosity of the experimental
materials.

Compared to the microstructure of the experimental materials prepared at lower (below 60 MPa) pressures,
the microstructure of the experimental materials prepared at higher compaction pressures (at and above 80
MPa) consists of highly deformed powder particles. Besides the plastic deformation of magnesium, the used
pressure must be high enough to break the oxide layer created on the particle surface, resulting in accelerated
diffusion. The EBSD method revealed significant changes in the microstructure of the experimental materials.
Materials sintered at 40 MPa and 60 MPa revealed connected oxide layers on the powder particle boundaries
(dark areas - areas not indexed by EBSD containing high amount of oxygen). Increasing the pressure during
sintering led to powder particle connection (Figures 2c and d). The material sintered at the highest compacting
pressure (100 MPa) contains only small areas of closed porosity (Figure 2d). A similar microstructure was
found for magnesium material sintered at 390 °C under 90 MPa compacting pressure presented in [25].
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Figure 2 IPF of sintered materials; a) 40 MPa during SPS; b) 60 MPa during SPS; c) 80 MPa during SPS; d)
100 MPa during SPS

The original green compacts used for sintering contain many interconnected pores, which means that the
material contains only a limited amount of contact points between the powder particles. These pores remain
open during the sintering at low compacting pressure (bellow 40 MPa), resulting in highly porous experimental
materials. Thus, for low compacting pressures, the SPS technique has only minimal effect on the final porosity.
Due to the increased compacting pressure during sintering, the open porosity changed to a closed porosity,
and its amount decreased.

The density calculation from the dimensions and the weight of the experimental material also confirmed
porosity levels. The results are shown in Table 1.

Table 1 Calculated porosity of experimental materials (initial porosity of green
compacts was 24 %)

Compacting pz&sps{sre during SPS Porosity (%)
20 24 +1
40 12+1
60 8+1
80 5+1
100 6+1

4, CONCLUSION

The green magnesium compacts prepared at room temperature applying 100 MPa for 60 s were sintered using
the SPS method at 400 °C for 10 min with varying additional compacting pressures (20, 40, 60, 80 and 100
MPa). The compacting pressure during sintering significantly affected the resulting experimental material
properties.

. The microstructure of the prepared experimental materials strongly depends on the applied pressure
during sintering. With increasing compacting pressure, the porosity of the experimental materials
continually decreased from 24 % to approximately 5 %.
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) The compacting pressure of at least 80 MPa should be used to sufficiently bond magnesium powder
particles during SPS at 400 °C when sintering green compacts.
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