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In the present study, hybrid magnesium based composites reinforced with an equivalent of
5 vol.% of micron and nano-sized Al2O3 particulates were synthesized using powder
metallurgy technique incorporating an innovative microwave assisted rapid sintering
technique. Microstructural characterization revealed near equiaxed grain morphology and
the presence of minimal porosity in all the samples. Mechanical characterization studies
revealed that the coupled addition of micron and nano-sized particulate reinforcements in
magnesium matrix leads to a significant increase in hardness, elastic modulus, 0.2% yield
strength, ultimate tensile strength and a decrease in ductility when compared to pure
magnesium. Tensile testing results further revealed an increase in elastic modulus and
ductility with no apparent change in the 0.2% yield strength and ultimate tensile strength of
the hybrid composites upon the addition of nano-sized alumina particulates from 0.5 to
0.75 volume percent. With an increase in nano-sized alumina particulates from 0.75 to 1%,
the overall mechanical properties of the hybrid composites were enhanced with an
increase being observed in the elastic modulus, 0.2% yield strength and ductility of the
composites. An attempt is made in this study to investigate the feasibility of the processing
methodology and to study the effects of the addition of particulate reinforcements of
different sizes on the microstructure, physical and mechanical properties of magnesium.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The increasing demand for high performance materials
in ever increasing challenging applications has led to
intensive research on the development of new and novel
composite materials. Magnesium is gaining importance
as matrix material as its density is about 35% lower than
aluminum and hence it has tremendous potential to re-
place aluminum in weight-critical applications [1–5]. In
order to realize the best properties from the matrix and
reinforcement, it is essential that processing methodol-
ogy should be innovatively designed [1, 6]. Metal ma-
trix composites are commonly manufactured either by
solid-phase, liquid-phase or two-phase synthesis routes
[1–3, 6]. Solid-phase processing routes remain favor-
able for the applications which require finer microstruc-
tural features and higher strength levels. Among the
various solid-state processing techniques, powder met-
allurgy is commonly used for the synthesis of particu-
late reinforced composites. One of the most important
steps in powder-based synthesis methods is that of sin-
tering. Sintering assists in improving density, reducing
porosity and development of metal-metal bond between
metallic powder and metal-ceramic bonds between ma-
trix and ceramic reinforcement [1, 7].

Sintering of metal based materials is usually car-
ried out using induction or resistance heating [7–9].
Recently, a new method of sintering metal-based ma-
terials using microwaves has been proposed [10, 11].
In conventional sintering, the heat is transferred to the
powder compact from the outside to inside whereas
in microwave sintering, heat transfer takes place from
inside to outside. As a result, core of compact is less
dense in the case of conventional sintering while the sur-
face remains less dense in the case of pure microwave
sintering [12]. The rapid heating rate and lower sin-
tering time, however, remains some of the most at-
tractive features of microwave sintering as it assists in
minimizing microstructural coarsening [10, 11]. Mi-
crowave assisted sintering used in this present study
combines the features of conventional and microwave
sintering and allows the sintering in both inside-to-
outside and outside-to-inside direction. As a result of
this feature, it can also be termed as 2-directional
sintering.

A review of existing literature revealed that no at-
tempt has been made so far to synthesize magne-
sium based composites using the powder-based method
that include 2-directional microwave assisted hybrid
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Figure 1 Schematic diagram of experimental setup used in this study.

sintering involving radiant heat and microwaves un-
der ambient atmospheric conditions. Literature survey
also revealed that while various research attempts have
been made to reinforce magnesium with one type of re-
inforcement such as ceramics [1–3, 13] or metallics
[14–16], only limited studies have been conducted
to reinforce magnesium with two types of reinforce-
ments [17–19]. The synthesis approach used for hy-
brid composites so far, was liquid-based infiltration
technique and the reinforcement length scale was in
micrometer range. In all these attempts, researchers
reported an improvement in tensile properties. Lit-
erature survey further revealed that no attempt is
made to synthesize magnesium based composites us-
ing same type of reinforcement but with two different
length scales, using powder approach and using rapid
(2-directional) microwave-assisted hybrid sintering
technique.

Accordingly, the aim of this study was to develop hy-
brid magnesium based composites utilizing microwave
assisted 2-directional hybrid sintering approach. The
sintered compacts were extruded and subsequently
characterized in terms of physical, thermal and me-
chanical properties. Emphasis was placed to correlate
the variation in properties with the relative amount of
particulates of different length scales and at the same
time to compare them with the properties of conven-
tional Mg-based composites.

2. Experimental procedures
2.1. Materials
In this study, magnesium powder of 98.5% purity with
a size range of 60–300 µm was used as the matrix mate-
rial. Alumina powder of 0.3 µm and 50 nm in size were
used as the reinforcements. The relative proportions of
submicron and nano-sized Al2O3 were varied from 4
to 4.5% and 0.5 to 1% by volume, respectively. The
overall volume fraction of reinforcements in all the for-
mulations synthesized was fixed at 5 volume percent.

2.2. Processing
The hybrid magnesium matrix composites were synthe-
sized using the powder metallurgy technique. The syn-

thesis process involved blending pure magnesium pow-
der with the submicron and nano-sized Al2O3 powder
in a RETSCH PM-400 mechanical alloying machine at
200 rpm for 30 min. No balls or process control agent
was used during blending step. The blended powder
mixture was compacted at a pressure of 97 bar (50-tons)
to billets (40-mm height, 35-mm diameter) using a 100-
ton press. The compacted billets were sintered using
an innovative hybrid microwave assisted 2-directional
sintering technique. The billets were heated for 25 min
to a temperature near the melting point of magnesium
in a 900W, 2.45 GHz SHARP microwave oven. The
schematic diagram of the experimental setup is shown
in Fig. 1. The pure magnesium powder compact was
compacted at the same pressure as the composite for-
mulations and sintered for 25 min for benchmarking
purpose.

The sintered billets of pure magnesium and its com-
posite formulations were hot extruded at a temperature
of 350◦C with an extrusion ratio of 25:1 on a 150-ton
hydraulic press using colloidal graphite as lubricant.
The billets were soaked at 400◦C for 1 h in a constant
temperature furnace before extrusion. Final diameter of
the rods obtained after extrusion was 7-mm.

2.3. Density measurements
The densities of the extruded samples were deter-
mined using Archimedes principle [20]. The samples
were weighed in air and when immersed in distilled
water using an A&D ER-182A electronic balance
with an accuracy of ± 0.0001 g. Theoretical den-
sities of the samples were calculated assuming they
are fully-dense and there is no Mg/Al2O3 interfacial
reaction.

2.4. Microstructural characterization
Microstructural characterization studies were con-
ducted on polished specimens of pure magnesium and
its composite formulations to investigate primarily the
presence of porosity and morphological characteristics
of the grains. The grain size and grain morphology
were determined by image analysis of representative
micrographs taken using an OLYMPUS metallographic
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TABL E I Results of density and porosity measurements

Reinforcement
(vol.%)

Materials 50-nm 0.3-µm
Theoretical density
(ρ) (g/cm3)

Experimental density
(ρ) (g/cm3)

Porosity
(%)

Mg − − 1.740 1.738 ± 0.001 0.07
Mg/Al2O3 0.5 4.5 1.851 1.840 ± 0.003 0.58
Mg/Al2O3 0.75 4.25 1.851 1.837 ± 0.005 0.75
Mg/ A12O3 1.0 4.0 1.851 1.831 ± 0.005 1.04

TABL E I I Results of grain size study and CTE measurements

Reinforcement
(vol.%)

Materials 50-nm 0.3-µm
Grain size
(µm) Aspect ratio

CTE
× 10−6/◦C

Mg − − 36 ± 4 1.68 ± 0.45 28.6 ± 0.8
Mg/Al2O3 0.5 4.5 24 ± 8 2.26 ± 0.91 27.2 ± 1.2
Mg/Al2O3 0.75 4.25 27 ± 9 1.83 ± 0.51 25.7 ± 0.6
Mg/Al2O3 1.0 4.0 31 ± 7 1.65 ± 0.42 25.8 ± 0.8

microscope using the Scion Image Analyzer soft-
ware. The microstructure of the samples was deter-
mined using JEOL JSM-5600LV scanning electron
microscope.

2.5. Coefficient of thermal expansion
The coefficients of thermal expansion of extruded mag-
nesium and hybrid composite formulations were deter-
mined using an automated SETARAM TMA 92–16.18
thermo-mechanical analyzer. Displacement of the sam-
ples as a function of temperature (50–400◦C) was mea-
sured using an alumina probe under argon atmosphere.
SETARAM software was used to determine the CTE
values for the samples.

2.6. X-ray diffraction studies
X-ray diffraction analysis was carried out on the
polished samples of extruded monolithic Mg and
Mg/Al2O3 using an automated Shimadzu LAB-X
XRD-6000 diffractometer. The samples were exposed
to Cu Kα radiation (λ = 1.54056 Å) at a scanning
speed of 2 deg/min. The Bragg angle and the values of
the interplanar spacing (d) obtained were subsequently
matched with the standard values for Mg, Al2O3 and
related phases.

2.7. Mechanical behavior
Microhardness measurements were made on the
polished samples of extruded monolithic Mg and
Mg/Al2O3 hybrid formulations using a Matsuzawa
MXT 50 automatic digital microhardness tester. The
microhardness test was performed using a Vickers
indenter under a test load of 25 gf and a dwell
time of 15 s in accordance with the ASTM standard
E3 84–99.

The tensile properties of the extruded Mg and hybrid
composites were determined in accordance with ASTM
standards E8M-01. The tensile tests were conducted

on round tension test specimens of 5-mm in diameter
and 25-mm gauge length using an automated servohy-
draulic testing machine (MTS 810) with a crosshead
speed set at 0.254 mm/min. The tensile fractured spec-
imens were investigated using scanning electron micro-
scope to understand the fracture behavior of the mono-
lithic and hybrid composite samples.

3. Results and discussion
3.1. Synthesis of Mg and Mg/Al2O3 hybrid

composites
The synthesis of hybrid magnesium composites con-
taining reinforcement of two different sizes was suc-
cessfully achieved using two-directional microwave as-
sisted sintering followed by hot extrusion. The results
of macrostructural characterization on the extruded Mg
and Mg/Al2O3 samples revealed the absence of macro
defects. The outer surface was smooth and free of cir-
cumferential cracks. The results of density and poros-
ity measurements indicate that near dense monolithic
and composite formulations can be achieved using the
fabrication methodology used in the present study (see
Table I).

3.2. Microstructure
Microstructural characterization of the extruded Mg
and Mg/Al2O3 composites revealed near equiaxed grain
shape and the presence of submicron size Al2O3 at both
intergranular and intragranular locations (see Fig. 2).
Grain size analysis of the composite samples revealed
a reduction in the average grain size of the matrix
with the greatest reduction observed in samples con-
taining the largest volume percent of submicron size
Al2O3 (see Table II). The average grain size increased
with a reduction in volume percentage of submicron
size Al2O3 indicating a superior ability of submicron
rather than nano-size Al2O3 particulates to inhibit grain
growth. When compared to monolithic magnesium,
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Figure 2 Representative SEM micrographs showing the microstructures of: (a) Mg/4.5% (0.3-µm A12O3)/0.5% (50-nm A12O3), (b) Mg/4.25%
(0.3-µm A12O3)/0.75% (50-nm A12O3), (c) Mg/ 4% (0.3-µm A12O3)/1.0% (50-nm A12O3).

the reduced grain size exhibited by the composite
samples can primarily be attributed to the presence
of reinforcement particulates and their ability to pin
grain boundaries during sintering and hot extrusion
steps.

3.3. Coefficient of thermal expansion
The results of CTE measurements in the temperature
range of 50–400◦C revealed that the coupled addi-
tion of submicron and nano sized Al2O3 reinforce-
ments led to a reduction in the coefficient of ther-
mal expansion values of the magnesium matrix (see
Table II). The reduction in CTE values can be attributed
to the presence of submicron and nano-Al2O3 rein-
forcements which exhibit a lower CTE value of 7.0
× 10−6/◦C [1] when compared to pure magnesium
(28.6 × 10−6/◦C) and the ability of the reinforcements
to effectively constraint the expansion of the matrix.
Within the hybrid composites, the formulations con-
taining 0.75–1% nano size Al2O3 appeared to give best
results.

Theoretical CTE values were computed for the
Mg/Al2O3 composite formulations using the Rule
of Mixtures (upper bound, Equation 1), Turner’s
model (lower bound, Equation 2) and Kerner’s model
(Equation 3) [3] for comparison purposes using values

provided in Table V. The equations can be represented
as:

αcomp = αm Vm + αr Vr (1)

αcomp = (αm Vm Km + αr Vr Kr )/(Vm Km + Vr Kr ) (2)

αcomp = αm − Vr (αm − αr )

× Km(3Kr +4Gm)2 + (Kr − Km)
(
16G2

m +12Gm Kr
)

(4Gm + 3Kr )[4Vr Gm(Kr − Km)+3Kr Km +4Gm Km]

(3)

where, α, V , K , and G represent coefficient of thermal
expansion, volume fraction, bulk modulus and shear
modulus of the phase while the subscript m and r re-
fer to the matrix and reinforcement, respectively. The
experimental and computed values of the coefficient of
thermal expansion for the Mg/Al2O3 composite formu-
lations are shown in Fig. 3. It is observed that: (i) the
experimental values lie between the theoretical values
predicted using Kerner’s and Turner’s models and (ii)
the experimental CTE values are close to that predicted
by Kerner’s model for magnesium composite contain-
ing 0.5% nano-size Al2O3 and increasing volume per-
centage of nano-size Al2O3 particulates from 0.75 to
1.0% causes the CTE values to deviate further norther
from the Kerner’s model. In related studies, investiga-
tors reported that the CTE values of ZK60A magnesium
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Figure 3 Graphical representation showing the experimental and theoretical CTE values. Representative SEM micrographs taken from the tensile
fracture surface of: (a) Pure Mg, (b) Mg/4.5% (0.3-µm A12O3)/0.5% (50-nm A12O3), (c) Mg/4.25% (0.3-µm A12O3)/0.75% (50-nm A12O3), (d)
Mg/4% (0.3-µm A12O3)/1.0% (50-nm A12O3).

alloy reinforced with particulate SiC and particulate
B4C reinforcements follow closely the Kerner’s pre-
diction [24]. The lower experimental values when com-
pared to the Kerner’s predictions indicates good real-
ization of physical properties of the reinforcement and
can be attributed to the coupled influence of: (i) reason-
ably uniform distribution of submicron and nano-sized
Al2O3 particulates, and (ii) good interfacial integrity
between Al2O3 particulates and the magnesium ma-
trix. The significant deviation of CTE values of hybrid
Mg-composites containing 0.75–1 vol% nano-Al2O3
from Kerner’s prediction suggest the superior ability of
Al2O3 in nano-length scale to control the dimensional
stability of magnesium.

3.4. X-ray diffraction studies
The X-ray diffraction results corresponding to the Mg
and hybrid Mg/Al2O3 samples were analyzed and the
results of the phase analysis are shown in Table III.

3.5. Mechanical behavior
The results of microhardness measurements showed a
marked increase in matrix hardness values in the case

TABL E I I I Results of X-ray diffraction studies and microhardness
measurements

Reinforcement No. of
(vol.%) matching peaks

Microhardness

Materials 50-nm 0.3-µm Mg A12O3 (HV)

Mg − − 6[1] − 47.0 ±1.3
Mg/Al2O3 0.5 4.5 6[1] 4[1] 56.6 ±1.2
Mg/A12O3 0.75 4.25 6[1] 4[1] 86.7 ±1.7
Mg/A12O3 1.0 4.0 6[1] 4[1] 73.7 ±1.1

[ ]represents the number of main peaks matched.

of hybrid magnesium composites (see Table III). The
increase in microhardness can be attributed to the pres-
ence of relatively harder Al2O3 particulates as rein-
forcements, which acts as a constraint to localized ma-
trix deformation during indentation and the reduction in
grain size (see Table II). Amongst the hybrid compos-
ite formulations, the formulation with 0.75% nano-size
Al2O3 exhibited the best microhardness value.

Tensile testing of the extruded specimens indicated
an increase in elastic modulus, 0.2% yield strength and
ultimate tensile strength of the hybrid composites and
a reduction in ductility when compared to monolithic
magnesium (see Table IV). Amongst the hybrid com-
posites, the following trend was observed (see Table
IV): (i) an increase in elastic modulus and ductility with
no apparent change in the strength of the hybrid com-
posites upon the addition of nano-size alumina partic-
ulates between 0.5 to 0.75 volume percent, (ii) with an
increase in the nano-size alumina particulates from 0.75
to 1 volume percentage, the overall mechanical prop-
erties of the hybrid composites were enhanced with an
increase being observed in the elastic modulus, 0.2%
yield strength, UTS and ductility of the composites.

Elastic modulus measurements revealed that the cou-
pled addition of submicron and nano-size Al2O3 leads
to an increase in the elastic modulus of the magnesium
matrix. The results further revealed that an increase
in the relative proportion of nanosize Al2O3 particu-
lates were more instrumental in increasing the elastic
modulus of magnesium when compared to submicron
size particulates (see Table IV). The results are consis-
tent with the similar observation made on conventional
Mg/Al2O3 nanocomposites [25]. The increase in elas-
tic modulus of composite samples can be attributed to
the presence of high modulus reinforcement (Ealumina =
416 GPa [23]). Theoretical values for the elastic modu-
lus were computed using the Rule of Mixtures [26] (Up-
per bound, Equation 4a), lower bound (Equation 4b)
and Halpin-Tsai equation [1, 26] (Equation 5a and 5b)
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TABLE IV Results of room temperature tensile properties

Reinforcement
(vol%)

Elastic modulus 0.2%YS UTS Ductility

Materials Submicron Nano (GPa) (MPa) (MPa) (%)

Mg – – 45.0 116 ± 11.1 168 ± 10 9.0 ± 0.3
Mg/Al2O3 4.5 0.5 50.5 139 ± 26.5 187 ± 28 1.9 ± 0.2
Mg/Al2O3 4.25 0.75 51.9 138 ± 13.2 189 ± 15 2.4 ± 0.6
Mg/Al2O3 4.0 1.0 54.4 157 ± 20.3 211 ± 21 3.0 ± 0.3
Mg/ SiC1

p 10 − 45 120 160 2
AZ91/SiC2 10 − 44.7 135 152 0.8
Mg/21.3 SiC3 21.3 − 50.0 128 ± 1.9 176 ± 3.5 1.4 ± 0.1
Mg/SiC/Al2O3·SiO4

2 8 − 53.4 − 201.3 2.13

1Data obtained from reference 21.
2Data obtained from reference 2.
3Data obtained from reference 3.
4Data obtained from reference 18.

TABL E V Properties of magnesium and alumina

Elastic Bulk Shear
CTE modulus modulus modulus

Materials × 10−6 (GPa) (GPa) (GPa)

Mg 28.61 451 362 17.72

A12O3 7.03 4164 2574 1694

1Data obtained from this study.
2 Data obtained from Reference 22.
3Data obtained from Reference 1.
4Data obtained from Reference 23.

using the values provided in Table V:

Ec = Vm Em + Vr Er (4a)

Ec = Em

[
Em Vm + Er (Vr + 1)

Er Vm + Em(Vr + 1)

]
(4b)

Ec = Em(1 + 2sqVr )

1 − qVr
(5a)

q = Er/Em − 1

Er/Em + 2s
(5b)

where, E represents elastic modulus, s represents the
aspect ratio of reinforcing phase and the subscripts c, m
and r refer to the composite, matrix and reinforcement,
respectively.

The experimental and theoretical values for the elas-
tic modulus are shown in Fig. 4. The results show that
the experimental values lie within the upper bound and
Halpin-Tsai values. The experimental values remained
superior when compared to Halpin-Tsai predictions in-
dicating the superior ability of hybrid reinforcement
to enhance elastic modulus when compared to the mi-
cron size reinforcement [3]. The experimental values
obtained should still be considered lower-bound due
to the presence of porosity. A model [27] was pro-
posed recently that correlate the elastic modulus of the
porous material (E) with the elastic modulus of the fully
dense material (E0) and the volume fraction of pores

(p) through the following equations:

E = E0(−p2/3)1·21s (6a)

s = (z/x)1/3{1 + [(z/x)−2 − 1] cos2 αd}12 (6b)

where z/x is the aspect ratio of the pores and and αd rep-
resents the relative orientation of the pores with respect
to stress axis. The orientation factor cos2αd is equiva-
lent to 0.31 for a material with random orientation of
pores which correspond to αd of 56◦ [28]. Assuming
z/x = 1, the corrected elastic modulus was computed
and is shown in Fig. 4. The results indicate an upward
correction indicating the achievable modulus from the
hybrid composites synthesized in the present study.

The increase in 0.2%YS of the hybrid composites
when compared to pure magnesium can be attributed
to: (i) the Orowan strengthening mechanism triggered
by nano-sized Al2O3 particulates, (ii) decrease in grain
size, and (iii) increase in dislocation density around the
particulates due to different thermal expansion behav-
ior of the matrix and particulates. An improvement of
∼35% in 0.2%YS and ∼26% in UTS over that of pure
magnesium was achieved with the addition of 4 vol%
submicron and 1 vol% nano-size Al2O3 particulates.
The addition of Al2O3 particulates led to a reduction
in the ductility of the magnesium matrix. However, it
was observed that within hybrid composites increasing
addition of nano-size Al2O3 particulates led to an in-
crease in ductility. The increase in ductility observed
with increasing volume percentage of nano-size Al2O3
particulates in the case of magnesium is consistent with
the findings reported elsewhere [13].

It may be noted that the overall combination of
mechanical properties exhibited by hybrid compos-
ite formulations synthesized in this study is found to
be superior when compared to conventional Mg-based
composites containing higher volume fraction of re-
inforcement and synthesized using other processing
routes [1–4] (see Table IV). This also establishes the
feasibility of the microwave assisted 2-directional sin-
tering technique used in this study to synthesize hybrid
Mg/Al2O3 composite formulations with improved me-
chanical properties.

3400



Figure 4 Graphical representation showing the experimental and theoretical modulus values.

Figure 5 Representative SEM micrographs taken from the tensile fracture surface of: (a) Pure Mg, (b) Mg/4.5% (0.3-µm Al2O3)/0.5% (50-nm
Al2O3), (c) Mg/4.25% (0.3 µm Al2O3)/0.75% (50-nm Al2O3), (d) Mg/4% (0.3-µm Al2O3)/1.0% (50-nm Al2O3).
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3.6. Fracture behavior
The results of fracture surface analysis revealed a typi-
cal brittle fracture in the case of Mg samples (see Fig. 5).
This can be attributed to the HCP crystal structure of
magnesium that restricts the slip to the basal plane. The
presence of cleavage steps and microscopically rough
fracture surface indicates the inability of magnesium to
deform significantly under uniaxial tensile loading. For
the hybrid composite formulations, the fracture surface
revealed a predominantly brittle fracture with refined
fracture features (see Fig. 5). This can be attributed
to particle damage during tensile loading and subse-
quent initiation and propagation of cracks along dif-
ferent paths. In related studies [3], investigators have
convincingly shown the ability of ceramic particulates
such as SiC to crack the SiC/Mg interfacial region even
in the absence of tensile loads. Further work is contin-
uing in this area.

4. Conclusions
Following conclusions may be made from the results
obtained in the present research investigation:

1. Powder metallurgy technique involving rapid mi-
crowave assisted 2-directional sintering and coupled
with hot extrusion can be used to synthesize hy-
brid magnesium composites containing submicron and
nano-Al2O3 particulates as reinforcements.

2. Results of coefficient of thermal expansion mea-
surement indicate that the coupled addition of submi-
cron and nano-Al2O3 reinforcements is able to improve
the dimensional stability of magnesium matrix.

3. The coupled addition of submicron and nano-
sized alumina reinforcements led to a significant in-
crease in hardness, elastic modulus, yield strength and
ultimate tensile strength but decreases the ductility of
the composite formulations when compared to pure
magnesium.

4. With an increase in the volume percent of nano-
sized Al2O3 reinforcement from 0.75 to 1.0, the overall
mechanical properties of the composites were enhanced
with an increase being observed in elastic modu-
lus, 0.2% yield strength, UTS and ductility of the
composites.
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