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Abstract

The influence of spark plasma sintering (SPS) temperature on microstructure, hardness and corrosion behavior of a high-energy ball milled
Mg-10wt% Al alloy was investigated in this work. The holding time and sintering pressure for SPS were kept constant while varying the
sintering temperature from 200 to 350°C. The grain size and microstructure were studied using X-ray diffraction analysis, scanning electron
microscopy, energy dispersive X-ray spectroscopy, and Archimedes’ based density measurement. Corrosion behavior was investigated using
potentiodynamic polarization tests. The nanocrystalline regime (grain size < 100nm) was maintained even after SPS up to 350°C. The
density of the alloy increased with increasing the SPS temperature. Vickers’ hardness and corrosion performance improved up to 300°C
followed by a decrease after SPS at 350 °C. Possible reasons for densification, strengthening, and corrosion behavior have been discussed in
the light of reduced porosity and microstructural changes.
© 2020 Published by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction

In this era of limited non-renewable resources, stronger,
durable and lightweight materials will aid in reducing ma-
terial consumption and necessity for production. Mg with a
density of ~1.7 g/cm?® has the potential to come up as a struc-
tural material with the highest strength-to-weight ratio. How-
ever, Mg still needs to compete with other structural materials
such as Fe-based and Al-based alloys for high strength and
corrosion resistance. The properties of the Mg alloys pro-
duced by conventional production methods such as casting
has been restricted due to constraints posed by limited grain
refinement and solid solubility of the desired alloying ele-
ments, and formation of intermetallic phases etc. [1]. Non-
conventional manufacturing technologies have the potential of
producing alloys exceeding the strength of alloys produced by
conventional methods [2-9], which open up avenues for cost
saving in automotive, aerospace, and several other industrial
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applications by developing lightweight materials with higher
achievable strength [1,10,11].

Non-conventional manufacturing techniques such as sputter
deposition [7,12] and rapid solidification [13,14] provide the
benefit of achieving high solid solubility of the alloying ele-
ments and, therefore, high corrosion resistance and strength.
However, engineering applications of these techniques are
limited because of challenges in upscaling the production.
Several processing techniques involving severe plastic defor-
mation (SPD) for material strengthening are equal-channel
angular pressing (or extrusion) [15—17], high pressure torsion,
[6,17-19] and surface mechanical attrition treatment [20-22].
SPD techniques produce alloys with fine grains (<1 pm)
[18,23], containing a significant fraction of grain boundaries
that hinder the movement of dislocations [15], and improves
the strength. Mechanical alloying or high-energy ball milling
(HEBM) [17,23,24] has been used for synthesizing a wide
range of materials including oxide dispersion strengthened
materials [25], ceramics [26,27], intermetallic compounds
[28-30], nanocomposites [31,32], high entropy alloys
[33-35] and nanocrystalline alloys [36-38]. HEBM has also
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been reported to be capable of inducing grain refinement
below 100nm as well as producing supersaturated solid solu-
tions [24,39,40]. Recent work on Fe [41-43] and Al [39,44]
based alloys have demonstrated that HEBM could improve
both corrosion resistance and strength. Grain refinement
below 100nm, extended solid solubility of alloying elements
and uniform dispersion of refined second phases were at-
tributed to improved corrosion resistance and mechanical
strength.

High-energy ball milled (HEBMed) alloys are often in the
powder form, which needs to be consolidated into fully dense
alloys for investigating their properties and furthering in engi-
neering applications. Most of the consolidation methods need
exposure to high temperatures. Grain growth and decomposi-
tion of a supersaturated solid solution to the thermodynam-
ically stable phases upon high temperature exposure is in-
evitable; however, the kinetics can be impeded by choosing
lower temperatures [24,45,46]. Therefore, consolidation meth-
ods requiring low temperature and short time are sought for
the consolidation of the HEBMed alloys.

Spark plasma sintering (SPS) [47], a widely used technique
in consolidating powder materials including metals, ceramics,
and composites [48,49], is reported to result in densification
in a shorter time and lower temperatures [49]. The process
of SPS involves the densification of powder materials by ap-
plying electric current in the range of 100 A/cm?; however,
only a fraction of it flows through the material. The elec-
tric current heats the material due to resistance offered by
the powder contacts and space between them [50]. It allows
a heating rate of up to about 1000K.min! as compared to
that of hot pressing, which offers 5-10K.min~' [51]. SPS
allows fast densification at lower temperatures in contrast to
conventional methods of sintering, resulting in the retention
of nanocrystalline structure and non-equilibrium alloys pro-
duced by HEBM, and associated properties [51,52]. The rapid
heating rates allow densification by minimizing any surface
diffusion of the materials during heating that is suggested to
hinder densification [51,53]. This process also helps in retain-
ing the refined grain size, which is obtained after significant
refinement achieved due to milling [54]. The grain growth
can be minimized by controlling the consolidation parame-
ters, e.g. time and temperatures. Therefore, there is merit in
optimizing the SPS process parameters to produce fully dense
nanocrystalline alloys with extended solid solubility. SPS has
been applied to commercial Mg alloys such as AE42 [55],
AZ31 [56,57], and AZ91 [58]. Recent work on HEBMed
Mg-Al alloy has shown improvement in the strength after
sintering [59]. Present work attempts to improve the consoli-
dation of HEBMed nanocrystalline Mg-10wt% Al alloy pow-
der using SPS, thereby aiming towards better mechanical and
corrosion properties. Variation in the microstructure, hardness,
density, and corrosion parameters after SPS at different tem-
peratures have been discussed. This study could assist and
form the basis for the selection of optimized SPS processing
parameters for future researchers in order to obtain desired
microstructures and mechanical properties for Mg—Al based
alloys.

2. Experimental
2.1. Material

The Mg (99.8%, 40-80 mesh) and Al (99.7%,
—50/4-100 mesh) powders were obtained from Fisher Scien-
tific. The powders in the weight ratio Mg/Al: 9/1 along with
1.5 wt% stearic acid as process controlling agent were placed
in the milling jars in an inert gas (high purity Ar atmosphere,
O, < 25ppm). The ball to powder weight ratio was 40:1,
and the ball milling speed was 280 rpm. The milling was per-
formed in tungsten carbide (WC) jar containing WC balls of
10mm in diameter. The milling time was 100h with a pause
time of 30min after every hour of milling, and finally, the jar
was opened in an Ar atmosphere. The milling process was the
same as described for the previous work on Mg—xAl alloys
[59].

2.2. Consolidation by spark plasma sintering (SPS)

The high-energy ball-milled Mg-10wt% Al alloy powder
was consolidated using Thermal Technology SPS 10-3
machine at various temperatures- 200, 250, 300, and 350°C-
under uniaxial pressure of 1GPa in WC die of 10mm di-
ameter. A graphite sheet was placed in between the powder,
die, and punches to avoid sticking along with ensuring
electrical conductivity. The heating rate for achieving the
SPS temperature was 50°C/min, the hold time for SPS was
5min, and a cooling rate of 999 °C/min was allowed after the
release of the pressure from punches. For comparison, the
milled alloy was also cold compacted using hydraulic press
under 3 GPa pressure at room temperature (25 °C) for 10min.

2.3. Characterization using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and energy-dispersive
X-ray spectroscopy (EDXS)

The spark plasma sintered samples were ground to 1200
grit SiC paper for XRD analysis and polished up to 0.05 pm
finish using diamond suspensions followed by colloidal sil-
ica+ alumina suspension for SEM/EDXS studies. After grind-
ing and polishing, the samples were ultrasonically cleaned for
5min with ethanol and also following each subsequent pol-
ishing step.

The spark plasma sintered (SPSed) alloy samples were an-
alyzed using a Rigaku X-ray diffractometer for phase and
grain size determination. The diffractometer had Cu-K, ra-
diation source (A=0.1541nm), which was used to perform
the XRD at a tube voltage of 40kV and a tube current of
44mA with a scan rate of 1°/min for the Mg-10 wt% Al
alloy SPSed at four temperatures. The grain size was calcu-
lated using Scherer’s equation [60] for three highest intensity
peaks after removing the instrumental broadening, which was
determined using annealed pure Mg powder.

The microstructure of SPSed alloys was performed using
a Tescan Lyra 3 FIB-FESEM system in backscattered elec-
tron (BSE) mode with an accelerating voltage of 20kV while
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maintaining a working distance of 9-10mm. EDXS was also
performed in the same instrument to analyze the composition
of different phases present in the microstructure.

2.4. Density

The experimental density of consolidated samples by cold
compaction (CC) and SPS was determined using Sartorius
Quintix65-1S semi-micro balance equipped with a YDKO03
density kit attached. The temperature of the deionized water
was measured and accounted for every density measurement,
and all the samples were ground up to 1200 grit size SiC
paper. The density measurements were repeated five times.

2.5. Hardness

The SPSed alloys were ground up to 1200 grit size SiC
before hardness measurements. Hardness was measured us-
ing Vickers microindenter (Buehler-Wilson Tukon 1202) by
applying 50 gf load with a dwell time of 10s, where ten mea-
surements were taken for each sample while maintaining the
distance between any two indents > 5 times of the indent
size.

2.6. Potentiodynamic polarization (PDP)

The corrosion behavior of Mg-10 wt% Al alloy SPSed at
the four temperatures was investigated by potentiodynamic
polarization (PDP) test using a VMP-300 potentiostat from
Biologic. All samples were ground up to 1200 grit SiC paper.
PDP tests were carried out in a conventional three-electrode
setup using a flat cell from Princeton Applied Research hav-
ing platinum mesh as a counter electrode. A standard calomel
electrode (SCE) was used as a reference, and sample un-
der study as a working electrode. All tests were performed
in 0.1 M NaCl solution exposed to air at room temperature
(25°C). The open circuit potential (OCP) of the samples was
monitored for 20 min before commencing the PDP tests. Po-
tential scans started from 250 mV below the OCP. The poten-
tial was increased with a scan rate of 1 mV/s until an anodic
current reached 10mA/cm?. PDP tests were performed at least
three times.

3. Results
3.1. X-Ray diffraction

X-ray diffraction scans for SPSed Mg-10 wt% Al are
shown in Fig. 1. A zoomed-in region has been shown in
Fig. 1b. Phase analysis suggested the presence of Mg and
Mg 7Al, phases. There are two major observations to no-
tice. Firstly, the peak intensity of the two phases was depen-
dent upon the SPS temperature. The peak intensity for Mg
increased whereas that for Mg;7Al;, intermetallic decreased
on increasing the SPS temperature. The decrease in area un-
der the peak suggests a decrease in the volume fraction of the
phase. Therefore, the decrease in the area under the Mg;7Al;;

(o) R _
‘ = Mg —— As milled
3 o Mg, Al |~ SPS-200 °’C
» ———— SPS-250°C
\1‘ SPS-300°C
) U‘ SPS- 350 °C
- [
g A \Eﬁl/ g, » \ DE g =
g fwMiAne e )\ o/a B\t sa n |
~ L
hoi A
2 b ;,J:]U Ndics. Jlaoote A A .
7] St
c I ’b \l .
L Vb A0 AN M|
= |
= I }V
VA o
o V[N A A200°C 4 A A
__*/p\JJj As milled .
T i T T T T T T
30 40 50 60 70 80

20 (degree)

As milled = Mg
——SPS-200°C| g Mg, Al
—— SPS-250°C

m | ——SPS-300°C

\ —— SPS-350°C

tu

'
'
'
'
= -

ey

Intensity (counts)

200 °C

As milled

35 ' 36 : 37
20 (degree)

Fig. 1. XRD scans for high-energy ball milled (HEBMed) Mg-10wt% Al
alloy with full scan in (a) showing presence of dual phase and zoomed-in
region in (b) showing the effect of spark plasma sintering (SPS) temperature
on the peak position and intensity for Mg and Mg;7Al;> phases. The arrows
indicate peak shift for Mg towards higher 26 values with increasing SPS
temperature.

phase peak, indicated by a decline in the intensity and narrow-
ing of peaks (Fig. 1), suggests a lowering of its volume frac-
tion. Secondly, the broadening of peaks for both the phases
decreased with an increase in the SPS temperature (Fig. 1a).
The decrease in peak broadening indicates an increase in the
crystallite size. The crystallite size for Mg-10 wt% Al alloy
after SPS, at temperatures between 200 and 350°C, has been
compared with that of a cold compacted sample (Fig. 2). The
average crystallite size of the alloy in as milled condition
was 44 + 10.3nm, which increased to 51.3 + 3.4nm after
SPS at 250°C. A rapid growth in crystallite size was ob-
served after SPS at 250°C. Crystallite size increased to 82.9
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Fig. 3. Lattice parameters “a” and “c” for HEBMed Mg-10wt% Al after cold
compaction and spark plasma sintering at different temperatures with 1 GPa
pressure. Lattice parameters for as milled Mg are also shown for comparison.

4 11.3nm after SPS at 350°C. Retaining the crystallite size
of Mg-10 wt% Al under 100nm even after SPS at 350°C is
remarkable.

Fig. 1b shows that the Mg peaks shifted towards higher
26 values, which refer to a decrease in the lattice parameter.
The lattice parameter variation of the SPSed Mg—10Al alloys
have been shown and compared with as-milled Mg and Mg-
10 wt% Al alloy in Fig. 3. Both ‘a’ and ‘c’ parameters for
as milled Mg-10wt% Al were smaller than those of as-milled
Mg. This decrease in lattice parameters indicated the forma-
tion of Mg-Al solid solution due to the ball milling. The solid
solubility of Al in ball milled Mg-10wt% Al alloy, using a
change in lattice parameter ’c’, was determined to be 4% [61].
Both the lattice parameters, ‘a’ and ‘c’, decreased further with
an increase in the SPS temperature (Fig. 3). The decrease in
both lattice parameters suggests a contraction of Mg lattice
due to the increase in the solid solubility of Al with increas-

(b)

(d)

Fig. 4. Microstructure of HEBMed Mg-10wt% Al alloy after cold compacted
condition (a), and after SPS at 200, 250, 300 and 350°C in (b), (c¢), (d) and
e) respectively. Typical bright regions and dark regions in b-e have been
marked with black and white arrows respectively.

ing SPS temperature [62]. An increase in Al solid solubility
in Mg with increasing temperature has been predicted using
PANDAT software [59].

3.2. SEM/EDXS

The microstructures of Mg-10wt% Al alloy samples stud-
ied using back-scattered electron (BSE) imaging are shown
in Fig. 4. The high magnification BSE images are presented
in insets. Fig. 4a presents microstructure for the alloy con-
solidated at room temperature, whereas Fig. 4b-e shows mi-
crostructures of the alloy sintered at different temperatures.
Porosity and interparticle boundaries were observed in the
samples after cold compaction (Fig. 4a) and SPS at 200°C
(Fig. 4b). Pores and interparticle boundaries were unnotice-
able in the samples produced by SPS at or above 250°C
(Fig. 4c-e).

The high magnification images (presented in the insets of
Fig. 4) indicate compositional homogeneity of the alloy af-
ter cold compaction, whereas a heterogeneous microstructure,
marked with bright and dark regions due to the compositional
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Fig. 5. Energy dispersive X-ray spectroscopy analysis area maps for Mg-10wt% Al after SPS at (a) 200°C, (b) 250°C, (c) 300°C, (d) 350°C.

contrast, has been observed in all SPSed samples. The SPS at
200°C instigated elemental diffusion leading to the emergence
of bright particles along with dark regions well distributed in
the matrix (Fig. 4b inset) and are indicated by arrows. Bright
and dark particles became more distinct and coarser with an
increase in the SPS temperature. The size of bright particles
was below 200nm until 300°C, which increased to 0.8 +
0.18 um at 350°C. With increasing SPS temperature, a de-
crease in the number density of bright and dark regions was
noticed, which indicated the coalescence of these phases lead-
ing to coarsening at the expense of neighboring particles.

The BSE images along with EDXS area maps, showing
the distribution of the elements, for the alloy SPSed at var-
ious temperatures, have been shown in Fig. 5. Mg and Al
were uniformly distributed after SPS at 200°C (Fig. 5a). The
dark and bright phases started appearing after SPS at 250°C
(Fig. 5b). The EDXS analysis performed on the two phases
and matrix revealed the bright phases to be Al rich while the
dark phases were Al lean. Size of the Al rich phase increased
with the SPS temperature.

3.3. Density

Fig. 6 shows the experimental density along with the theo-
retical density vs. SPS temperature plot for Mg-10wt% Al in
SPS processed and cold compacted condition. The theoretical
density obtained by the rule of the mixture is 1.802g/cm’.
The experimental density for the cold compacted alloy was
lower than the theoretical density, which was attributed to
the presence of pores (Fig. 6). The experimental density of
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Fig. 6. Measured density (using Archimedes principle) as a percent of theo-
retical density (from rule of mixture) for cold compacted and spark plasma
sintered Mg-10 wt% Al alloys.

the alloy increased with an increase in the SPS temperature,
which could be attributed to better densification. Densification
increases with increase in SPS temperatures [51,63]. Interest-
ingly, the experimental density of all SPS processed alloys
was significantly higher than the theoretical density which
could be attributed to the lattice contraction (Fig. 4) and the
formation of Mg;7Al, intermetallic having a higher density
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[64], which needs further investigation. Both of these factors
are not considered while calculating the theoretical density
using the rule of mixture. A precise calculation of the theoret-
ical density of the alloy was not possible due to uncertainty in
determining the volume fraction of intermetallic formed and
the solid solubility of Al.

3.4. Hardness

The hardness for the Mg-10wt% Al alloy processed via
SPS between 200 and 350°C has been plotted as a function
of grain size (Fig. 7). Hardness of Mg-10Al [65,66] and AZ
series alloys [2,58,67-71] produced by SPS and other tech-
niques reported in the literature has also been included in
Fig. 7. The hardness of the cold compacted alloy is also in-
cluded for comparison. The hardness of the alloy SPSed at
200°C was 200.9 + 12.5 HV, which is higher than the cold
compacted Mg-10 wt% Al (177.9 HV =+ 10.33). The hardness
of the alloy SPSed at 250°C increased significantly, followed
by a sluggish increase at 300°C and reaching 234.8 £ 6.1
HV. However, alloy sintered at 350°C has a lower hardness
(230.8 £ 9.0 HV) than that of 300°C.

The hardness of the alloys increased with an increase in
grain size, which is contrary to the Hall-Petch relationship
(Fig. 7). The hardness of the alloy, SPSed at various temper-
atures, was predicted using Hall-Petch relationship suggested
by Razavi et al. [70] (for Mg alloys processed by equal chan-
nel angular pressing) and shown in Fig. 7. The Hall-Petch
relationship given by Razavi et al. [70] for up to 2um and
above 2um are written as Eq. (1) and (2):
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Fig. 8. Potentiodynamic polarization curves for HEBMed Mg-10 wt% Al
alloy showing the effect of SPS temperature on the corrosion behavior.

oy = 124 + 20547 2

where o, is the yield stress, and d is the crystallite size in
the metal/alloy.

It can be seen that the hardness predicted by the Hall-
Petch relation, as suggested in the literature [70], decreases
with an increase in the SPS processing temperature (Fig. 7),
primarily due to increasing grain size. In contrast, the ex-
perimental hardness values, as well as grain size, increased
after SPS. This anomaly indicates the possibility of addi-
tional hardening mechanisms. The solubility of Al has been
reported to increase with increasing sintering temperatures,
and therefore solid solution strengthening increases with in-
creasing SPS temperature [59]. Moreover, age hardening has
been suggested to improve the strength of Mg alloy by precip-
itates formed due to phase transformation [72,73]. Similarly,
precipitates were observed after SPS processing (Section 3.2),
which are expected to contribute to precipitate strengthening
due to the Orowan mechanism [73]. Thus, these two addi-
tional mechanisms would have increased the hardness of the
alloy after SPS even though the grain size increased.

3.5. Potentiodynamic polarization (PDP) tests

The electrochemical behavior of the SPSed Mg-10wt%
Al was studied using PDP tests in 0.1M NaCl. Typical
potential vs. current density curves obtained from the PDP
of the alloy SPSed at various temperatures are presented in
Fig. 8. The cathodic current density for the cold compacted
alloy was higher than those of SPSed alloys. However, the
cathodic current density was not significantly affected by
the SPS temperature. The anodic current density remained
similar for the lower two temperatures and decreased a little
for 300°C, followed by a significant decrease for sample
processed at 350°C. The corrosion potential (Ecoy) VS.
corrosion current density (i.orr) Obtained from Tafel analysis
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has been shown in Fig. 9. The E.,, for the alloy increased
gradually with an increase in the SPS temperature from
200 to 300°C, followed by a significant increase for the
alloy SPSed at 350°C. Moreover, i decreased with an
increase in the SPS temperature from 232.2+ 98.3 jLA.cm™2
at 200°C to 20.24 10.2 pA.cm™2 at 350°C. The highest
E.orr and lowest iqo were observed for Mg-10wt% Al SPSed
at 350°C.

The error range for both E.o, and i., decreased with
increasing SPS temperatures, which could be attributed to
the change in the processing defects. Corrosion behavior of
SPSed Mg-10 wt% Al alloy can be correlated to the porosity
and interparticle boundaries, as discussed in Section 3.2. For
cold compaction and SPS at 200°C, the consolidation was
incomplete. Hence unjointed particle boundaries were present
which are expected to have a higher dissolution rate because
of sharp edges. Such incomplete consolidation would reveal
varying areas of open pores during sample preparation and
PDP tests, and therefore, a larger variation in the test results
is expected.

It is crucial to understand the individual corrosion reac-
tions involved to ascertain the changes in corrosion kinetics.
The corrosion of Mg under the neutral pH condition involves
dissociation of water molecule causing hydrogen evolution
and hydroxyl ion release, which further reacts with the an-
odic reaction product (bivalent Mg ion) to form Mg(OH), as
corrosion product [74,75]. The corrosion behavior in Mg al-
loys is affected by the stability and continuity of the surface
film [74]. The kinetics of cathodic reactions are influenced
by the presence of regions having potentials noble to that of
the Mg matrix. The cathodic kinetics does affect the anodic
reaction [76-80], dissolution of Mg, occurring at anodic Mg
matrix. Hence, it would be essential to consider the compo-
sition, size, and distribution of the cathodic particles in the
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Fig. 10. Corrosion current density vs yield strength for commercial magne-
sium alloys reported in [50] along with HEBMed Mg-10 wt% Al alloy SPS
processed at 300°C.

anodic matrix. The presence of cathodic regions would affect
the stable Mg(OH), film formation.

3.5.1. Microstructural effects on corrosion properties

The microstructure evolution during consolidation has af-
fected the corrosion behavior of the alloy, depending on the
SPS temperature. The grain size was 47.9 &+ 5.3nm (as per
Scherrer equation [60]) for the alloys SPSed at 200 °C. Some
studies [81,82] suggest that the finer grain size entails higher
grain boundary density and increased lattice defects, which
led to an increased surface reactivity and, therefore, a higher
corrosion rate. On the contrary, several studies [83] have re-
ported improved corrosion behavior with the grain refinement
[84]. This ambiguity in the understanding of the effect of
grain size has been attributed to the process route imple-
mented for achieving grain refinement [21,83]. Higher cor-
rosion current density for the alloy after cold compaction
(Fig. 8) can be attributed to the presence of unjointed in-
terparticle boundaries and pores, which would be dominating
over the influence of the grain boundary features.

The combined influence of a) coarsening of Al rich precip-
itates (Section 3.2, Figs. 4, 5), and b) decrease in the volume
fraction of Mgj7Al;, phase (Fig. 1b), resulted in no significant
change in cathodic current kinetics for different SPS temper-
atures. However, the influence of the Mg;;Al;, phase on the
anodic corrosion current would strongly depend upon their
size, distribution, and solubility of Al in the Mg matrix. [85].
It has been suggested that homogeneously distributed fine pre-
cipitates in nanocrystalline materials diminishes the microgal-
vanic interaction, and thus, helps in decreasing the corrosion
rate [84,86-88]. Additionally, an increase in the temperature
causes an increase in the solid solubility of Al in Mg as indi-
cated by the reduction in lattice parameters (Fig. 4). The alloy
SPSed at 350°C is expected to have the highest solid solu-
bility. Therefore, this increased solid solubility is expected to
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increase the corrosion resistance as noticed by Eco; and icor
for the alloy SPSed at 350°C (Fig. 9).

3.6. General discussion- comparison with commercial alloys

The commercial alloys of Mg have not yet made a good
position in structural materials. However, the HEBMed Mg—
Al alloy presented herein opens up a new opportunity for
research in improving the corrosion resistance and mechanical
properties of Mg alloys. The hardness and i, for some of
the commercial alloys has been plotted along with HEBMed
Mg-10wt% Al in Fig. 10. It can be seen that the hardness
of the Mg-10 wt% Al alloy is superior to commercial alloys
[89]. The corrosion current density for HEBMed Mg-10 wt%
Al after SPS at 350°C is comparable with that of commercial
alloys. Further research on optimizing the composition of this
alloy should lead to the development of high strength and
corrosion resistant Mg alloy.

4. Conclusions

Mg-10wt% Al alloy was produced by high-energy ball
milled and subsequent spark plasma sintering at four tem-
peratures (200, 250, 300, and 350°C). The phase analysis,
microstructure, hardness, density, and corrosion behavior of
the alloy after spark plasma sintering at four temperatures
were investigated. From this investigation, the following con-
clusions can be outlined:

a. Nanocrystalline Mg-10wt% Al alloy with a grain size of
44 £ 10.3nm was successfully produced by high-energy
ball milling.

b. The SPS was effective in consolidating the high-energy
ball milled alloy powder while retaining nanocrystalline
structure. The grain size of SPSed alloy was < 100nm
even after SPS at 350 °C. The density of the alloy increased
with an increase in SPS temperature and surpassed the
theoretical density, which was attributed to the combined
effect of the decrease in lattice parameters due to alloying
and formation intermetallic (Mg;7Al;;) exhibiting density
higher than the matrix.

c. The HEBMed alloy processed via SPS exhibited higher
hardness than that of cold compacted alloy with maximum
for the alloy SPSed at 300°C. The hardness of the alloy
processed at various SPS temperatures was higher than the
commercial Mg alloys.

d. The corrosion behavior of the alloys improved after SPS as
compared to the cold compacted alloy, and lowest corro-
sion current density was observed for SPS at 350°C. The
improvement in corrosion behavior was attributed to the
improved consolidation and increase in the solid solubility
of Al in Mg.

e. The hardness of the Mg-10wt% Al alloy produced via
high energy ball milling followed by spark plasma sin-
tering were significantly higher than the commercial Mg
alloys, whereas corrosion current density was comparable.

Further research on these alloys should lead to Mg alloys
with high strength and acceptable corrosion.
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