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Abstract

Magnesium alloy Mg-4Y-3Nd was prepared by spark plasma sintering technique. The gas-atomized powder
was sintered at temperatures in the range of 400-500 °C and holding time up to 10 minutes. The effect of
sintering parameters, particularly sintering temperature and holding time, on the microstructure and corrosion
resistance was investigated. The effect of sintering on the microstructure was investigated by scanning
electron microscopy. Mechanical strength was investigated by microhardness measurements and corrosion
properties were studied by linear polarization method. The results show that the sintering conditions seem to
have only a minor effect on the final microhardness in the investigated temperature range. However, the
increase in the sintering temperature caused recrystallization and grain growth accompanied by dissolution
and reprecipitation of secondary phases particles. Due to these microstructural changes, the corrosion
resistance was improved.
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1. INTRODUCTION

Magnesium alloys are being used as a structural material, mainly as mechanically less strained components
in the construction of vehicles, electronics, sports equipment, etc. Nowadays, magnesium alloys are intensively
studied and being developed for medical applications, particularly due to their biodegradable properties.
However, biodegradable materials must fulfil many requirements. One of the crucial problems of magnesium-
based materials is the appropriate corrosion rate. The material must not decompose too fast and its mechanical
properties must be kept during the required time. It has been shown that pure magnesium exhibits poor
mechanical properties and too rapid degradation; therefore, magnesium alloys need to be used for such
application [1].

Alloying elements improve the mechanical properties especially through the formation of secondary phases,
by precipitation hardening and/or by solid solution strengthening. Moreover, some alloying elements, such as
aluminum [2] or rare-earth (RE) metals [3,4] are able to increase the corrosion resistance and slow down the
corrosion rate. Aluminum is an effective alloying element for improving both mechanical properties and
corrosion resistance. Aluminum oxides fill pores in porous magnesium hydroxide layer, improve its stability
and consequently decrease the corrosion rate [2]. The rare-earth metals are usually added in relatively small
amounts in a form of mischmetals, where one or two elements dominate. Adding RE into Mg alloy is a usual
way to enhance corrosion resistance. It was shown that yttrium can effectively decrease the corrosion rate,
especially if it is homogenously distributed [5]. Nevertheless, the mechanism which is behind the corrosion
resistance improvement is the same as in the Al-containing alloys - stabilization of the protective hydroxide
film [6].
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Magnesium-based parts of complicated shapes are usually produced only by casting, because of problems
with forming which are associated with a limited ductility of magnesium. Powder metallurgy is an alternative
manufacture method, which can produce the final product of complex shapes with minimum waste. Among the
powder consolidation techniques, Spark Plasma Sintering (SPS) method exhibits very high sintering rate,
which allows a decrease of holding time from hours to minutes [7]. Simultaneously, the application of elevated
temperature and pressure leads to high densification of compacts. Due to the short holding times, the powder
can be sintered without considerable grain growth and precipitation. In this report, we present the first results
of the effect of Spark plasma sintering on the microstructure and room temperature corrosion resistance of
magnesium alloy doped by yttrium and neodymium.

2, EXPERIMENTAL METHODS

Powder of magnesium alloy WN43 (Y - 4 wt%, Nd - 3 wt%) was prepared by gas-atomization at the Clausthal
University of Technology, Germany. This non-commercial alloy was designed based on the latest literature
review [8, 9] and is expected to have enhanced corrosion properties. Spark plasma sintering was carried out
in a device type 10-4, Thermal technology LLC. Sintering was performed at three temperatures - 400 °C, 450
°C, and 500 °C and holding time of 3 and 10 minutes. The temperature was measured by a thermocouple
placed in the graphite tooling in the vicinity of the sample. During the heating, the mechanical load was
increased to the value of 100 MPa and held during the sintering period. After the sintering, the load was
released and compact was rapidly cooled down.

The microstructure of the initial powder and sintering material was analyzed using a scanning electron
microscope (SEM) FEI Quanta 200F equipped with EDAX electron backscatter diffraction (EBSD) camera.
The phases composition was investigated by X-Ray diffraction (XRD) using a diffractometer D8 Discover with
CuKa source and NiKp radiation filter. Microhardness of the sintering material was studied by fully automated
system QNESS Q10 equipped with a Vickers indentor. Corrosion resistance was measured by the linear
polarization method in the 0.1 M NaCl solution at the room temperature. The tests were conducted using the
potentiostat AUTOLAB128N and three-electrode setup. The measurement was performed from —150 mV to
200 mV with respect to the open circuit potential (OCP) and a constant rate of 1 mV.s™'. Before each
measurement, OCP was recorded for 10 minutes. Additional rotation of 300 rpm was introduced to the samples
in order to gain better homogeneity. At least three tests were performed for each sample.

3. RESULTS AND DISCUSSION

3.1. Microstructure characterization

The gas-atomized powder particles exhibited a typical spherical shape with the particle size up to 100 um, see
Figure 1a). The investigation of the cross-section showed the cell-like structure composed of Mg cells
surrounded by the secondary phases, as shown in Figure 1b). The size of the cells strongly depends on the
size of the individual powder particle, therefore, on the cooling rate. XRD measurement revealed that in the
initial powder was only one secondary phase, which was identified as MgsNd. Yttrium was the most probably
dissolved in the magnesium matrix because even EDS investigation in SEM did not reveal the presence of
any Y-rich particles.

Subsequently, six samples were sintered from the as-received powder in the temperature range of 400 -
500 °C using holding time 3 and 10 min. According to the SEM investigation, relative density close to 100 %
was achieved in all compacts. The microstructure investigation using SEM and EBSD revealed that the effect
of sintering temperature was significant, the however effect of the holding time was almost negligible. The
distribution of the grain size of the sample sintered at 400 °C was bimodal. We can see large grains with the
size in a range of 50-80 ym, which are surrounded by fine ones having the size of 3-5 ym (Figure 2a) and 3a)).
The origin of this distribution lies in the recrystallization, which occurred preferably along original powder
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particles boundaries because the particles were partially deformed during the sintering. Increase in the
sintering temperature to 450 °C caused coarsening of the grains, especially the fine ones, see Figure 2b) and
3b). An additional increase of the sintering temperature up to 500 °C resulted in a further grain growth, which
led to the formation of even more uniform distribution of relatively coarse grains, see Figure 2¢). The average
grain size, calculated from EBSD data, for samples sintered at 500 °C for 3 and 10 min. was 17 ym and 15
pum, respectively. Nevertheless, the data scatter was estimated as 2 ym, therefore, the values are the same
within the statistical error.

Figure 1 a) The gas-atomized powder particles, (b) microstructure of the powder particles

One can see from the EBSD orientation maps a variation of orientation inside the large grains in samples
sintered at low temperature. This information suggests the presence of residual stress in these samples. It is
also apparent that the internal stress relaxes very quickly with the increasing sintering temperature. A similar
effect of sintering conditions was previously observed in the AE42 magnesium alloy [10].

SEM observation of secondary phase particles showed changes in their distribution and size with the
increasing sintering temperature. As can be seen from Figures 3, the increasing sintering temperature caused
the partial dissolution of the secondary phase particles. As indicate XRD measurement, the thermally unstable
MgsNd phase present in initial powder was probably dissolved due to the elevated temperature and new stable
phase of Mg41Nds was formed. However, this information needs to be confirmed by a precise identification of
secondary phases in the transmission electron microscope.
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Figure 2 EBSD orientation maps of samples sintered for 3 min at a) 400 °C, b) 450 °C, c)

500 °C, and sintered for 10 min at d) 400 °C, €) 450 °C and f) 500 °C A

a) 400 °C b) 500 °C
Figure 3 Difference in the phase distribution for different sintering temperature with holding time 3 min

3.2. Microhardness and linear polarization resistance

The sintering conditions seem to have an only minor effect on the final microhardness in the investigated
temperature range regardless of holding time, see Table 1. However, as shown above, the grain size
distribution with the increasing temperature changed significantly. Yttrium and neodymium, which are present
in the WN43 magnesium alloy, are the most effective rare earth elements for the improvement of the
mechanical properties by solid solution strengthening [11]. Because higher sintering temperature caused the
dissolution of secondary phase particles its strengthening effect probably balanced the negative effect of grain
growth and so decreasing volume of grain boundaries as well as decreasing of volume fraction of secondary
phases.

Table 1 Values of microhardness measurements

3 min of holding time 10 min of holding time
‘ SPS temperature 400 °C ‘ 450 °C ‘ 500 °C 400 °C ‘ 450 °C ‘ 500 °C
‘ HVos 7242 ‘ 7141 ‘ 7043 7142 ‘ 70+2 ‘ 70+2
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The corrosion resistance of the WN43 magnesium
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alloy was measured by the linear polarization method,
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particles [2] as well as internal residual stress [13] are
parameters that could have an effect on the severity
of corrosion attack. As shown, due to the increasing
sintering temperature, a magnitude of residual stress
decreases quickly. Additionally, higher temperature also caused grain growth accompanied by dissolution and
globularization of finer secondary phases particles which results in decreasing of the volume of primary defects
for corrosion nucleation. Because of the combination of these three aspects, the overall corrosion resistance
was improved. However, the highest value of R, was found in samples sintered at 500 °C for 10 min. Because
the grain size and volume fraction of the secondary phase particles were similar for both samples prepared at
500 °C, we assume that the decisive factor was internal residual stress. The magnitude of residual stress
should be the lowest, as was reported in a previous study [10]. However, deeper investigation in this regard is
still needed.

Figure 4 Evolution of the polarization resistance
on the sintering temperature

CONCLUSION

Magnesium alloy WN43 was processed by spark plasma sintering. Effect of the sintering parameters,
particularly sintering temperature and holding time, on the microstructure, mechanical properties and corrosion
resistance in NaCl solution was studied. It was found that variation of the sintering temperature as well as
holding time did not affect the microhardness of the compacts; however, the significant changes of the
microstructure were observed. The increasing sintering temperature caused grain growth, dissolution and
globularization of finer secondary phases particles and continuous decreasing of the residual stress. These
microstructural changes had a positive effect on the corrosion resistance and notable improvement of corrosion
resistance was achieved.
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