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Spark plasma sintering (SPS) technology was used to determine the appropriate conditions for SPS sinter-
ing of commercially pure magnesium as well as the magnesium alloy AZ31. It was found that the sintering
temperatures of 585 °C and 552 °C were the most suitable sintering temperatures for the magnesium and
the AZ31 alloy, respectively. Magnesium matrix and AZ31 alloy matrix composites reinforced with SiC

particles were then successfully fabricated by the SPS method at sintering temperatures of 585°C and
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552 °C, respectively. A uniform distribution of SiC particles was observed along the boundary between
matrix particles. The mechanical properties, i.e. hardness and tensile strength increased with increasing
SiC content up to 10 wt%. However, when the SiC content was larger than 10 wt%, the tensile strength
decreased due to the agglomeration of SiC particles. The agglomeration of SiC particles was found to lead
to the degradation of the interfacial bonding strength between matrix and reinforcement.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium and its alloys are of interest because of their low
density, 1.74 g/cm?3, and high specific strength as compared to other
structural metals. These properties are important in automotive
and aerospace applications in order to reduce fuel consumption
and to reduce green house emission [1]. Magnesium and its alloys
also possess several other benefits including tensile strength val-
ues comparable to those of with aluminum alloys, high damping
capacity, machinability, a low production energy requirement in
comparison with aluminum [2]. The main limitations of magne-
sium and its alloys are their low ductility and rapid loss of strength
at high temperatures which limits their use in conventional and
critical engineering applications as a structural material.

Enhancement in mechanical properties of magnesium could
be obtained by incorporation of temperature-stable reinforce-
ments in the magnesium matrix. Since magnesium composites
have several advantages compared to monolithic magnesium and
its alloys, numerous studies have been conducted on magnesium
based composites [3-11]. Hassan et al. [10] studied microstruc-
ture and mechanical properties of the magnesium reinforced with
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Y,0s3. Habibnejad et al. [1] investigated mechanical properties of
the magnesium composites reinforced with Al,03 nanoparticles.
Paramsothy et al. [12] synthesized the AZ31 composites reinforced
with Al,03; to obtain improved mechanical properties of com-
posites. Deng et al. [13] improved microstructure and mechanical
properties of AZ91 composites through the addition of submicron
size silicon carbide particles. Silicon carbide (SiC) is particularly
attractive as a reinforcing phase due to high hardness which
improves the room and elevated temperature mechanical proper-
ties as well as wear resistance [14].

Magnesium based composites have been produced by variety
of methods; stir casting, disintegrated metal deposition, melt infil-
tration, powder metallurgy, etc. Many previous research programs
have shown that powder metallurgy technique is an important
and useful processing route for fabrication of composites. Pow-
der metallurgy is an advanced metal forming technology used for
producing high quality structural components with near net shape
[15], and a number of researchers have used the powder metallurgy
technique for fabricating magnesium based composites. Wong and
Gupta [2] synthesized magnesium composites with copper partic-
ulates by using a powder metallurgy technique which involved
microwave assisted two-directional sintering. Fukuda et al. [16]
fabricated magnesium alloy AZ61 composites which were rein-
forced with carbon nanotube using powder metallurgy based upon
wet processing. Powder metallurgy can become an even better fab-
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rication method if sintering were faster, cleaner and less prone
to porosity and defects [17]. Spark plasma sintering (SPS) is a
promising technique that is aimed at fulfilling the above mentioned
conditions.

Spark plasma sintering (SPS), also known as a pulse electric
current sintering, is an advanced process which can significantly
improve the quality of sintered samples. The main advantages of
SPS are that a high temperature is generated locally, the heating
rate is rapid. In SPS process, pulse electrical current flows directly
in the sintered materials and graphite mold and generate plasma
in a gap or at the contact point between particles. A very high heat-
ing efficiency is offered and a high quality sintered specimen is
easily obtained at a lower sintering temperature and in a shorter
time than the conventional process [18]. Zadra et al. [19] fabricated
aluminium bulk materials by spark plasma sintering and found
that mechanical properties and fracture morphology of the sintered
aluminium prepared by SPS process were very similar to those of
pure annealed wrought aluminium. Kondoh et al. [20] fabricated
pure titanium matrix composites reinforced with multi wall car-
bon nanotubes by SPS method. The composite materials showed
an extremely high tensile strength and a good elongation at room
temperature. Song et al. [21] also fabricated magnesium based com-
posites by SPS and revealed that SPS played important role in the
improvement of hydrogen storage properties of these magnesium
based composites. However, no research work on microstructure
and mechanical properties of magnesium and its alloy based com-
posites reinforced with silicon carbide fabricated by using SPS
technology has been reported.

In a previous paper [22], the applicability and effectiveness
of SPS for fabricating magnesium and its alloys have been con-
firmed. Magnesium and its alloys when sintered by an SPS method
exhibited a fine microstructure and excellent mechanical prop-
erties compared to those sintered by a conventional pressureless
sintering method. In the present study, the magnesium and AZ31
magnesium alloy matrix composites reinforced with SiC particles
were fabricated by an SPS method, and the effects of sintering
temperature and SiC content on microstructure and mechanical
properties were evaluated.

2. Experimental procedures
2.1. Materials and sintering process

Relatively coarse pure magnesium (Mg) powders with average particle size of
180 wm and magnesium alloy AZ31 powders with particle size ranging from 10 to
200 pm were used as matrix materials. Silicon carbide (SiC) particles with particle
size ranging from 0.5 to 25 wm were used as a reinforcement phase. The weight
fraction of SiC particles was in the range of 5-15 wt%. The chemical compositions of
these powders are shown in Tables 1 and 2.

Prior to fabrication of the composites, suitable sintering temperatures for Mg
and AZ31 alloy were determined. At first, the Mg powder was poured into a 30 mm
diameter graphite die and then pre-pressed with a pressure of 10 MPa. After pre-
pressing, the die was put into the chamber of SPS machine and then sintered at
temperatures ranged from 455 °C to 585 °C with a pressure of 60 MPa. The heating
rate was 25°C/min and the holding time of 5 min. At sintering temperatures lower
than 525°C for Mg and 455 °C for AZ31 alloy, the porosity was high. On the other
hand, when the sintering temperatures were higher than 585 °C and 552 °C for Mg
and AZ31 alloy, respectively, porosity was greatly reduced during the SPS process.
Accordingly, the adopted sintering temperature ranges were from 525°C to 585°C
and from 455°C to 552 °C for Mg and AZ31 alloy, respectively. The maximum sin-
tering temperatures of 585°C and 552 °C were lower than the melting temperature
of magnesium (650 °C). However, the local temperature in the contact area of par-
ticles would be higher as compared as to the overall nominal temperature since the
sintering temperature was measured using thermocouple not inside the die but on
the graphite die surface.

In case of the composites, the Mg powders and the SiC particulates were mixed
by using a rotating ball milling machine under a rotating speed of 84rpm for 6 h
without using any balls or process agents to avoid heat generation during mixing.
The mixed powders were then subjected to the same sintering process described
above. The same sintering process was also adopted for AZ31 alloy composite. In
the present study, a Mg composite with SiC particles and the AZ31 alloy compos-
ite with SiC particles are denoted as Mg-SiC composite and AZ31-SiC composite,

respectively. The final product was disc-shaped, 30 mm in diameter and 7mm
thick.

2.2. Characterization

The bulk density of the sintered sample was determined by Archimedes’s prin-
ciple using an electronic balancer with accuracy of +£0.0001 g. Optical microscopy
was used to determine for grain morphology, and scanning electron microscopy
(SEM) was used to observe the distribution of SiC particles in the sintered compos-
ite samples. Prior to observation, the surface of the sample was ground with emery
papers up to 1500 grit and then polished with diamond paste up to 0.25 wm. An
acetic glycol solution was used as an etching solution to reveal grain boundaries of
the sintered samples.

2.3. Mechanical tests

The hardness and tensile strengths of sintered samples were determined to
obtain an assessment of their mechanical properties. The hardness of the speci-
men was determined by using a Vickers Hardness Tester with an indenting load of
0.4903 N and a holding time of 20s. Tensile test specimens with gauge part width
of 2mm, thickness of 3mm and length of 3 mm were machined from the disc-
shape sintered samples by using an EDM machine. The tensile test was performed
at crosshead speed of 0.5 mm/min. Subsequently, fracture surfaces were observed
by using an SEM.

3. Results and discussion
3.1. Monolithic Mg and AZ31 alloy

3.1.1. Microstructure

Microstructures of Mg sintered at temperatures ranged from
525 to 585°C are shown in Fig. 1. As seen from the figure, the
sintered samples were well sintered without pores, while the ini-
tial particle boundaries could be observed. This suggested that the
oxides still existed along the particle boundaries as they initially
existed on the powder surface. However, these particle boundary
oxides were tended to disappear with increasing sintering temper-
ature. As reported by Xu et al. [23], the particle boundaries of SPS
sintered aluminum alloy became less because of rupture of oxide
film during spark plasma sintering process due to high pressure
and high temperature in the contacting areas between particles.

Microstructures of AZ31 alloy sintered at temperatures ranged
from 455 °Cto 552 °Care shownin Fig. 2. The sintered samples were
well sintered and no pores were detected. The particle boundary
oxides could be also observed and tended to disappear with increas-
ing sintering temperature. From the figure, it was found that grain
boundaries could be clearly observed compared to the sintered Mg
samples and that the grain size tended to increase with increasing
sintering temperature. The difference of grain boundary appear-
ance between Mg and AZ31 alloy will be due to the difference of
chemical composition of grain boundary.

3.1.2. Relative density

Relationship between relative density and sintering tempera-
ture for Mg and AZ31 alloy sintered by the SPS method is shown
in Fig. 3. It could be seen from the figure that relative density was
almost constant regardless of sintering temperature. Almost full
density was attained at sintering temperatures higher than 525°C
for Mg and nearly full density over 98% was attained at whole sin-
tering temperatures for AZ31 alloy. From these results, it can be
concluded that SPS is an effective technique for densification of
magnesium and its alloys.

3.1.3. Hardness

Relationship between Vickers hardness and sintering tempera-
ture for Mg and AZ31 alloy sintered by the SPS method is shown
in Fig. 4. The values of Vickers hardness for both the sintered Mg
and AZ31 alloy were almost constant regardless of sintering tem-
perature. Hardness of sintered materials may depend on volume
fraction of porosity (relative density) and grain size. As shown in
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Fig. 2. Microstructures of the AZ31 alloy samples sintered at (a) 455 °C, (b) 525°C and (c) 552 °C by SPS.
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Table 1
Chemical composition of the Mg and AZ31 powders.

Material Mg (%) Al (%) Ca (%) Cu (%) Fe (%) Mn (%) Si (%) Zn (%) Other (%)
Mg 99.9 0.005 0.001 0.001 0.003 0.01 0.02 0.003 0.043
AZ31 95.4 2.96 - 0.0019 - 0.35 0.0127 0.98 0.3016
Table 2
Chemical composition of the silicon carbide powder.
Material SiC (%) C(%) SiO; (%) Fe (%) Al (%)
SiC 97.3 0.05 1.32 1.15 0.005
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Fig. 3. Relationship between relative density and sintering temperature for the Mg
and AZ31 alloy sintered by SPS.

700
600 |- A A
500 -
400 °

300

Hardness, H, (MPa)

200 |- | ®Me

A AZ31 alloy

100 I 1 I
400 450 500 550 600

Sintering Temperature (°C)

Fig. 4. Relationship between hardness and sintering temperature for the Mg and
AZ31 alloy sintered by SPS.

Fig. 3, the relative density was almost constant regardless of sinter-
ing temperature. Variation of grain size with sintering temperature
was not significant and within the factor of two, while it increased
with increasing sintering temperature, as seen from Figs. 1 and 2.
Consequently, the hardness was almost constant regardless of sin-
tering temperature for both the Mg and AZ31 alloy samples.

3.1.4. Tensile strength

Relationship between tensile strength and sintering tempera-
ture for the Mg and AZ31 alloy sintered by SPS is shown in Fig. 5.
Tensile strength was significantly improved with increasing sin-
tering temperature for both the Mg and AZ31 alloy samples. The

Sintering temperature (°C)

Fig. 5. Relationship between tensile strength and sintering temperature for the Mg
and AZ31 alloy sintered by SPS.

highest tensile strength of 120 MPa for sintered Mg samples was
obtained at a sintering temperature of 585 °C, while that of 160 MPa
for the sintered AZ31 alloy samples was obtained at a sintering
temperature of 552 °C. The reason why the highest tensile strength
for Mg sample was obtained at 585 °C, which was higher than the
temperature achieving full density (552 °C), would be as follows:
even after achieving full density, tensile strength would depend
on the nature of powder boundary. Much strong bonding between
powders would be achieved with increasing sintering tempera-
ture, where breakdown of oxide film along the powder boundary
would become easier and then fraction of metal-to-metal bonding
interface would be increased.

Fractographs of the Mg samples sintered by SPS at different
sintering temperatures are shown in Fig. 6. As seen from the fig-
ure, fracture facets corresponding to the Mg powders were found
at lower temperature (525°C), while overall feature of fracture
surface was ductile fracture. The facets were disappeared when
sintering temperature became high up to 585°C and the fracture
surface looked ductile fracture which was found in bulk materials.

Fractographs of the AZ31 alloy sintered by SPS at different sin-
tering temperatures are shown in Fig. 7. As seen from the figure,
some fracture facets corresponding to the AZ31 powders were
observed when the sintering temperature was low (455 °C). When
the sintering temperature became high, ductile fracture surface
without the powder-like facets was observed, as seen in Fig. 7c.

From the fracture surface observations, it was speculated that
when the sintering temperature was low, some powder boundaries
were weak due to oxide film remained on the powder surface and
then influenced fracture behavior, while the oxide film and pow-
der boundary almost disappeared and did not influence fracture
behavior when the sintering temperature became high.
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Fig. 6. Fracture surface morphology of the Mg samples sintered by SPS at different sintering temperatures: (a) 525°C, (b) 552 °C and (c) 585 °C.

It is generally known that tensile strength is in proportion
to hardness for structural materials. The hardness of the present
sintered materials was almost constant regardless of sintering
temperature, while the tensile strength increased with increasing

sintering temperature, as seen from Figs. 4 and 5. This may result
from that the oxide film on powder surface significantly influences
fracture behavior, while it does not much influence plastic deforma-
tion due to indentation. Approximate relationship between tensile

Fig. 7. Fracture surface morphology of the AZ31 alloy samples sintered by SPS at different sintering temperatures: (a) 455°C, (b) 525°C and (c) 552°C.
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Fig. 8. SEM micrographs of the Mg-SiC composites with (a) 5 wt%SiC, (b) 10 wt%SiC, (c) 15 wt%SiC and the AZ31-SiC composites with (d) 5 wt%SiC, (e) 10 wt%SiC, (f) 15 wt%SiC.

Loading direction of SPS is vertical.

strength and hardness for structural materials has been proposed
as: og =HV/3 [24]. The present sintered materials almost satisfied
this relationship at high sintering temperature, while the tensile
strength of the sample sintered at lower sintering temperature was
rather low compared to that estimated from one third of hardness.
Therefore, the present Mg and AZ31 alloy sintered at 585°C and
552 °C, respectively, were considered to be high quality materials
with full density and no influence of oxide film.

3.2. Mg-SiC and AZ31-SiC composites

From the foregoing results and discussion, the appropriate sin-
tering temperatures for Mg and AZ31 alloy were determined as
585°C and 552 °C, respectively. Based on this result, Mg-SiC and
AZ31-SiC composites were sintered at 585°C and 552 °C, respec-
tively, by using SPS process. Observation of microstructure, density
measurement, hardness test and tensile test of the sintered com-
posites were carried out.

3.2.1. Microstructure

Examples of SEM microstructure observations of the Mg-SiC
composites and the AZ31-SiC composites sintered at 585°C and
552 °C, respectively, are shown in Fig. 8. As seen from the figure, SiC
particles were almost uniformly distributed along the boundary of
the magnesium and AZ31 alloy powders when the SiC content was
less than 10 wt%. An SEM micrograph of SiC-Mg interface for the
Mg-SiC composite with 10 wt% of SiC content is shown in Fig. 9. No
void and only intimate contact were observed at interface between
Mg and SiC particles. From energy dispersive spectroscopy (EDS)
analysis, formation of reaction products such as MgO or MgSi;
was not observed at the interface, which could degrade mechani-
cal properties of the Mg-based composites [25]. When increasing
the content of SiC particles up to 15 wt%, inhomogeneous agglom-
erations of SiC particles were detected for both the composites,
while those in the Mg-SiC composite were more significant com-
pared to those in the AZ31-SiC composite. The agglomerations of
reinforcement particles might result from the inadequate ratio of
surface area between matrix alloy powders and SiC particles [26].

Zhang et al. [27] have reported for aluminium matrix composites
that agglomerations of SiC particles were not electrically conduc-
tive during SPS process and then inhibited the generation of spark
plasma phenomenon between SiC and matrix aluminum, which
would result in the weak interfacial bonding between matrix and
reinforcement.

3.2.2. Relative density

Relationship between relative density and content of SiC particle
for the Mg-SiC and the AZ31-SiC composites is shown in Fig. 10.
As seen from the figure, the Mg-SiC composite was almost fully
dense up to the SiC content of 10 wt%. However, relative density of
the Mg-SiC composites reduced to 95% when the SiC content fur-
ther increased up to 15 wt%. This would result from the significant
agglomerations of SiC powders, as mentioned in the previous sec-
tion. On the other hand, the AZ31-SiC composite was almost fully
dense regardless of SiC content up to 15 wt%.

Fig. 9. An SEM micrograph of SiC-Mg interface for the Mg-SiC composite with
10 wt% of SiC content.
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3.2.3. Hardness

Relationship between hardness and content of SiC particle is
shown in Fig. 11. As seen from the figure, hardness significantly
increased with increasing content of SiC particle for both the com-
posites. Ugandhar et al. [28] also showed the increase in hardness
with increasing SiC content for Mg-SiC composite synthesized by
using a disintegrated melt deposition technique followed by hot
extrusion. The hardness obtained by their experiments was about
550 MPa for the SiC content of 15 wt%. This value was lower than
the hardness of 700 MPa obtained in the present study, which might
also indicate the superiority of SPS process. The higher constraint
of localized matrix deformation due to the increased content of
SiC particle would contribute to the increase in hardness of the
composite [28].

3.2.4. Tensile strength

Relationship between tensile strength and SiC content for the
Mg-SiC and the AZ31-SiC composites is shown in Fig. 12. As seen
from the figure, tensile strength of both the composites increased
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Fig. 11. Relationship between hardness and SiC content.
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Fig. 12. Relationship between tensile strength and SiC content for the Mg-SiC and
AZ31-SiC composites.

Table 3
Comparison of tensile strength of Mg-based composites.

Process Material Tensile strength (MPa) Increment rate (%) Ref.

PLS? + extrusion +aging Mg 190 [6]
Mg-10SiC (particle sized 15-38 um) 120-135 Reduced

DMDP +extrusion (13:1) Mg 200 - [17]
Mg-10.3SiC 195 Reduced
Mg-16.0SiC 181 Reduced
Mg-21.3SiC 176 Reduced

Melt stir technique +extrusion (13:1) Mg 196 - [4]
Mg-30SiC* 258 32

DMDP +extrusion (20.25:1) Mg 207 - [18]
Mg-4.8SiC 219 5.8
Mg-10.2SiC 221 6.8
Mg-15.4SiC 207 0

DMDP +extrusion (13:1)+aging Mg 207 - [15]
Mg-4.8SiC 233 12.6
Mg-15.4SiC 213 29

PLS? +extrusion (25:1) Mg 169 - [19]
Mg-1.0Sicd 182 7.7
Mg-0.5SiC4-0.5A1,05¢ 197 16.6
Mg-0.3SiC4-0.7SiCd 206 219

Stir casting AZ91 Similar or lower than pure Mg [20]

AZ91-0.5-5SiC

2 Pressureless sintering.

b Disintegrated melt deposition.
¢ Volume percentage.

4 No-sized reinforcement.
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Fig. 14. Fracture surface morphology of the AZ31-SiC composites with different SiC contents: (a) 5wt%, (b) 10 wt% and (c) 15 wt%.
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with increasing SiC content. This may be due to presence of harder
SiC particles, which restrict plastic deformation of the matrix. With
increasing volume fraction of SiC particle, more load was trans-
ferred for plastic deformation due to constraint by SiC particles,
which also resulted in a higher tensile strength of the composite
[29]. When the SiC content increased to 10 wt% and about 8 wt%
for the Mg-SiC and the AZ31-SiC composites, respectively, tensile
strength attained the maximum value and then decreased with fur-
ther increase in SiC content. The reduction of tensile strength at
higher contents of SiC particle would be induced by the agglomer-
ation of SiC particles at higher contents of SiC particles, as shown
in Fig. 8.

It was found from Fig. 12 that improvement of tensile strength
by addition of SiC particles was about 27% and 6.3% for the Mg-
based composite and the Mg alloy based composite, respectively.
Several research works on Mg-based composite with SiC particles
have been reported [13,14,25,28,30-32], while their fabricating
processes have been various. Table 3 shows the summary of ten-
sile strengths of Mg-based composites reported. As seen from
the table, the most successful case for improving tensile strength
with addition of SiC particles and with post-process of extru-
sion was 32% of improvement [27] which comparable to 27% of
improvement for the present Mg-based composite, which could
be achieved without post-processing in the present study. The
other cases showed degradation of strength or less than 20% of
improvement. Therefore, SPS would be a useful process for fab-
ricating Mg-based and Mg alloy based composites with SiC particle
reinforcement.

Results of fracture surface observations for the Mg-SiC and the
AZ31-SiC composites are shown in Figs. 13 and 14, respectively. As
seen from the figures, fracture surface morphology looked almost
similar at the SiC contents lower than 10 wt% for both the com-
posites. However, SiC particle clusters were often found on the
fracture surface when the SiC content increased to 15 wt%, as seen
in Figs. 13 and 14(c). Therefore, the decrease of tensile strength
would be induced by the significant agglomeration of SiC particles
at higher SiC contents.

Tensile strength of both the composites initially increased and
then decreased with increasing SiC content, while hardness mono-
tonically increased with increasing SiC content. This difference of
variation between tensile strength and hardness would result from
that tensile strength responds to fracture resistance, while hard-
ness responds to plastic deformation resistance, as mentioned in
Section 3.1.4.

4. Conclusions

Spark plasma sintering (SPS) technique was successfully applied
for fabricating magnesium (Mg) matrix and AZ31 alloy matrix
composites with SiC reinforcement particles. To obtain basic infor-
mation about sintering behavior of Mg and AZ31 alloy, SPS sintering
of Mg and AZ31 alloy was also carried out. Main conclusions
obtained are summarized as follows.

(1) Mg and AZ31 alloy were sintered by the SPS technique to find
a suitable sintering temperature for SPS sintering. Almost full
dense samples could be obtained in the ranges from 525°C
to 585°C and from 455°C to 552°C for Mg and AZ31 alloy,
respectively. Hardness values of the samples were almost con-
stant regardless of sintering temperature in the present range
of sintering temperature. On the other hand, tensile strength
increased with increasing sintering temperature and the max-
imum values of 120 MPa for Mg and 160 MPa for AZ31 alloy
were obtained at 585°C and 552°C, respectively. Different
trend between hardness and tensile strength would result from

that hardness responds to plastic deformation, while tensile
strength responds to fracture resistance.

(2) Mg matrix and AZ31 alloy matrix composites reinforced with
SiC particles were successfully fabricated by using the SPS
technique at sintering temperatures of 585°C and 552°C,
respectively. SiC particles were uniformly distributed along
the matrix particle boundary when the SiC content was lower
than 10 wt%. Agglomeration of SiC particles was often observed
when the SiC content was larger than 10wt%. Hardness of
both the composites monotonically increased with increasing
SiC content. Tensile strength of both the composites ini-
tially increased with increasing SiC content and then attained
the maximum values (140 MPa and 170 MPa for Mg-SiC and
AZ31-SiC composites, respectively) at the SiC content of
around 10 wt%. When the SiC content increased further, ten-
sile strength decreased. This decrease of tensile strength would
result from agglomeration of SiC particle at higher SiC content.
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