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a b s t r a c t

In this study, composites containing pure magnesium and hybrid reinforcements (5.6 wt.% titanium (Ti)
particulates and 2.5 wt.% nanoscale alumina (n-Al2O3) particles) were synthesized using the disinte-
grated melt deposition technique followed by hot extrusion. The hybrid reinforcement addition into the
Mg matrix was carried out in two ways: (i) by direct addition of the reinforcements into the Mg–matrix,
Mg–(5.6Ti + 2.5n-Al2O3) and (ii) by pre-synthesizing the composite reinforcement by ball milling and
its subsequent addition into the Mg–matrix, Mg–(5.6Ti + 2.5n-Al2O3)BM. Microstructural characteriza-
tion revealed significant grain refinement due to reinforcement addition. The evaluation of mechanical
properties indicated a significant improvement in microhardness, tensile and compressive properties of
the composites when compared to monolithic magnesium. For the Mg–(5.6Ti + 2.5n-Al2O3) composite,
icrostructure
echanical properties

canning electron microscopy (SEM)

wherein the reinforcements were directly added into the matrix, the improvement in strength properties
occurred at the expense of ductility. For the Mg–(5.6Ti + 2.5n-Al2O3)BM composites with pre-synthesized
ball-milled reinforcements, the increase in strength properties was accompanied by an increase/retention
of ductility. The observed difference in behaviour of the composites is primarily attributed to the mor-
phology and distribution of the reinforcements obtained due to the ball-milling process, thereby resulting
in composites with enhanced toughness.
. Introduction

In recent years, the increasing requirements for improved fuel
conomy and emission reduction have resulted in the development
f light weight materials [1–4]. Magnesium (Mg) with a density
f 1.74 g/cc (∼35% lighter than aluminium) is an excellent choice
or weight critical applications. It exhibits dimensional stability,
ood machinability, excellent damping capacity and high specific
echanical properties [4–6]. However, the use of Mg-alloys in criti-

al industrial and commercial applications is restricted due to their
imited ductility and toughness, which is attributed to the limited
lip systems in the hexagonal closed packed (HCP) crystal struc-
ure of Mg [5–7]. Most of these limitations can be overcome by
udicious incorporation of high strength and high modulus rein-
orcements into Mg–matrix either in the form of fibers or particles.
he introduction of such reinforcements into the Mg–matrix sig-
ificantly improves the specific mechanical properties like tensile

trength, elastic modulus and yield strength, at the expense of
uctility [2,3,8]. The available literature reveals that simultane-
us enhancement in strength and ductility of Mg composite can
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be achieved by the addition of reinforcements such as alumina,
SiC or CNT in nanometer scale [9–14]. Recent works have iden-
tified that addition of hybrid reinforcements positively influence
the mechanical properties of the Mg–composites [15–18]. In these
works, the hybrid reinforcements were prepared using mechani-
cal alloying [9,18]. Hence, the end properties of Mg–MMCs would
be strongly influenced by factors such as: the type of primary [19]
and secondary processing [20], the matrix constituents and their
type [2,3], shape and volume fraction of the reinforcements and
the method of reinforcement preparation [21–23].

In this work, pure Mg has been incorporated with hybrid rein-
forcements containing 5.6 wt.% Ti and 2.5 wt.% nanoscale alumina
particles (5.6Ti + 2.5n-Al2O3). The primary aim of this work is to
study the effect of ball milling the hybrid reinforcements on the
properties of Mg–MMCs. Hybrid reinforcement addition was car-
ried out by two means. (i) By addition of Ti and n-Al2O3 particles
directly into the matrix and (ii) by pre-synthesizing Ti and n-Al2O3
particles using ball milling and their subsequent addition to the
Mg–matrix. The composites were produced by the disintegrated
melt deposition technique (DMD) and hot extruded for further

characterization [24–26]. Physical, microstructural and mechani-
cal properties of the Mg–(Ti + n-Al2O3) MMCs were evaluated in
order to study the effect of reinforcement ball milling on the
properties.

dx.doi.org/10.1016/j.jallcom.2011.04.083
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Density, porosity and microstructural properties of Mg and Mg-composites.

Materials Density Microstructure

Theoretical density (g/cc) Experimental density (g/cc) Porosity (%) Grain size (�m) Aspect ratio

Pure Mg 1.7400 1.7129 ± 0.0015 0.02 21.30 ± 2.60 1.633 ± 0.44
Mg–(5.6Ti + 2.5Al O ) 1.8481 1.6755 ± 0.0255 0.09 14.88 ± 1.55 1.679 ± 0.51
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Mg–(5.6Tip + 2.5Al2O3)BM 1.8481 1.7826 ± 0

. Experimental procedures

.1. Materials

Mg turnings of >99.9% purity supplied by ACROS Organics, New Jersey, USA were
sed as the matrix material. Elemental Ti of particle size <140 �m, purity 98% and
-Al2O3 particulates of particle size ∼50 nm supplied by Merck and Baikowski, Japan
espectively were used as particulate reinforcements.

.2. Processing

.2.1. Preparation of reinforcements
Based on our previous works [25,26], the best composition of Ti and n-Al2O3

einforcement in Mg matrix were identified as 5.6 wt.% and 2.5 wt.% respectively, and
as chosen for the present investigation. Initially, prior to ball milling, the elemental

i and n-Al2O3 particles were blended with 0.3 wt.% stearic acid (process control
gent) for 1 h using a Retsch PM-400 mechanical alloying machine to ensure uniform
istribution of Ti and n-Al2O3 particles. After blending, steel balls were added and
he blended mixture was ball milled for 2 h. Ball milling was carried out so that the
anosize n-Al2O3 particles effectively get embedded in the micron size Ti particles
18,27,28]. The ball to powder weight ratio was kept at 20:1 and the speed of the

illing machine was set at 200 rpm during the blending and ball milling processes
18].

.2.2. Primary processing
Monolithic and reinforced Mg composites were synthesized through the

nnovative DMD method [24]. Reinforcements used were (1) elemental Ti and
ano-alumina particulates, herein denoted as (5.6Ti + 2.5n-Al2O3) and (2) ball milled
ixture of Ti and nano-alumina, herein denoted as (5.6Ti + 2.5n-Al2O3)BM respec-

ively. The Mg turnings together with the reinforcement particulates were heated
n a graphite crucible to 750 ◦C in an electrical resistance furnace, under inert argon
as protective atmosphere. The superheated molten slurry was stirred for 5 min at
60 rpm using a twin blade (pitch 45◦) mild steel impeller to facilitate the uniform
istribution of reinforcement particulates in the metallic matrix. The impeller was
oated with Zirtex 25 (86% ZrO2, 8.8% Y2O3, 3.6% SiO2, 1.2% K2O and Na2O, and 0.3%
race inorganic) to avoid iron contamination of the molten metal. The melt was then
eleased through a 10 mm diameter orifice at the base of the crucible. The composite
elt was disintegrated by two jets of argon gas oriented normal to the melt stream

nd located 265 mm from the melt pouring point. The disintegrated composite melt
lurry was subsequently deposited onto a metallic substrate located 500 mm from
he disintegration point. The argon gas flow rate was maintained at ∼25 l/min. An
ngot of 40 mm diameter was obtained following the deposition stage. The synthe-
is of monolithic Mg was carried out using steps similar to those employed for the
einforced materials except that no reinforcement particulates were added.

.2.3. Secondary processing
The monolithic Mg and the particulate reinforced Mg-composites obtained from

he DMD process were machined to a diameter of 36 mm and soaked at 400 ◦C for
0 min prior to extrusion. Hot extrusion was then carried out using a 150 T hydraulic
ress at 350 ◦C with an extrusion ratio of 20.25:1 to obtain rods of 8 mm in diameter.

.3. Density measurements

The experimental mass densities of as-polished extruded monolithic Mg and
g-composites were determined using Archimedes’ principle. This involved weigh-

ng the sample in air and then in distilled water using an A&D ER-182A electronic
alance with an accuracy of ±0.0001 g. The theoretical densities of composites were
alculated using the rule of mixtures [24–26].

.4. Microstructural characterization

The grain morphology and the distribution of reinforcements in Mg matrix were
tudied on as-polished samples. A Hitachi S-4300 field emission scanning electron

icroscope (FESEM) equipped with energy dispersive X-ray spectroscopy (EDS),

n Olympus metallographic optical microscope and Scion image analysis software
ere used for this purpose. The microstructure of the as-received Ti particulates

nd ball milled (Ti + n-Al2O3) particulates were also investigated for determining
he average particle size and particle morphology.
0.04 7.64 ± 1.47 1.710 ± 0.63

2.5. X-ray diffraction studies

X-ray diffraction (XRD) analysis was carried out on polished samples of mono-
lithic pure Mg, its composites and the ball milled hybrid reinforcements using an
automated Shimadzu LAB-X XRD-6000 diffractometer. The samples were exposed to
Cu K� radiation (� = 1.54056 Å) at a scanning speed of 2◦/min. The Bragg angles and
the values of interplanar spacing, d, obtained were matched with standard values
for Mg, Ti, n-Al2O3 and other related phases.

2.6. Coefficient of thermal expansion

An INSEIS TMA PT 1000LT thermo-mechanical analysis instrument was used to
determine the coefficients of thermal expansion (CTE) of the as-extruded monolithic
Mg and composite samples. Heating rate of 5 ◦C/min was maintained. Argon gas flow
rate was maintained at 100 ccm/min. Displacement of the test samples (each 5 mm
long) as a function of temperature (50–400 ◦C) was measured using an alumina
probe and was subsequently used to determine the CTE.

2.7. Microhardness measurements

The microhardness measurements were carried out on the as-polished samples
of extruded monolithic Mg and its composites using Matsuzawa MXT 50 automatic
digital micro-hardness tester. Vickers indenter under a test load of 25 gf and a
dwell time of 15 s was used to perform the micro hardness tests in accordance with
the ASTM standard E3 84-99. The tests were conducted on three samples for each
composition for 10–15 repeatable readings.

2.8. Tensile behaviour

A fully automated servo-hydraulic mechanical testing machine, Model-MTS 810
was used to determine the tensile properties of the as-extruded Mg and composites
samples in accordance with ASTM test method E8M-96. The crosshead speed was set
at 0.254 mm/min. The dimensions of tension test specimens were 5 mm diameter
and 25 mm gauge length. Instron 2630–100 series clip-on type extensometer was
used to measure the failure strain. The work of fracture was determined using the
excel software from the stress versus strain curves obtained from the testing results.
For each composition, a minimum of 5 tests were conducted to obtain repeatable
values.

2.9. Compressive behaviour

The compressive properties of the as-extruded Mg and composites samples were
determined in accordance with ASTM test method E9-89a using MTS 810 testing
machine with a crosshead speed set at 0.04 mm/min on round compressive test
specimens of 8 mm diameter. Ratio of length to diameter for all the samples was ∼1.
The work of fracture was determined using the excel software from the stress versus
strain curves obtained from the testing results. For each composition, a minimum
of 5 tests were conducted to obtain repeatable values.

2.10. Fracture behaviour

The fracture surface analyses of the monolithic alloy and composites tested
under tension and compression were accomplished using a Hitachi S-4300 FESEM.

3. Results

3.1. Macrostructure

The macrostructural observation of the as-cast ingot and

extruded rods did not reveal any macrostructural defects such as
cracks, pores, blow holes, etc. The surface of both as-cast ingot
and extruded rods were smooth and free from any circumferential
defects.
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Table 2
CTE and Microhardness values of Mg and Mg-composites.

Material CTE (�m/mK) Micro hardness

Pure Mg 28.52 48 ± 1
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Fig. 1. Representative optical micrographs showing the grain morphology of (a)
Mg–(5.6Tip + 2.5Al2O3) 23.73 74 ± 2
Mg–(5.6Tip + 2.5Al2O3)BM 23.53 69 ± 1

.2. Density measurements

The results of density measurements conducted on the
xtruded unreinforced monolithic magnesium and reinforced Mg-
omposites are shown in Table 1. The volumetric porosity was
alculated from the theoretical and experimental density values.
he porosity level of Mg–(5.6Ti + 2.5n-Al2O3)BM composite were
ound to be less when compared to Mg–(5.6Ti + 2.5n-Al2O3) com-
osite. The porosity level in both the reinforced composites was
ound to be marginally higher than that of monolithic Mg. How-
ver, the porosity levels observed in all the samples are relatively
ery low (<0.1%).

.3. Microstructural characterization

The grain characteristics of monolithic Mg and the compos-
tes as seen in Fig. 1(a–c) are listed in Table 1. The average grain
ize of both the composites is smaller than that of the mono-
ithic Mg and the Mg–(5.6Ti + 2.5n-Al2O3)BM composite exhibited
he lowest grain size. The microstructures as seen in Fig. 2(a
nd b) reveal relatively uniform distribution of reinforcements
n the Mg–(5.6Ti + 2.5n-Al2O3)BM composite when compared to

g–(5.6Ti + 2.5n-Al2O3) composite. The Ti particulates are found
lustered in the Mg–(5.6Ti + 2.5n-Al2O3) composite and the n-
l2O3 particles are found distributed in the matrix Fig. 2(c). In

he Mg–(5.6Ti + 2.5n-Al2O3)BM composite shown in Fig. 2(d), the
-Al2O3 particles were found adhered to the Ti particulates. The
neven particle size of the as-received Ti particulate is evident
rom the microstructure and image analysis results, whereas in
he ball milled (5.6Ti + 2.5n-Al2O3) powder, relatively uniform-
ized particle are seen, as shown in Fig. 2(e–h). The microstructure
esults also revealed that the as-received Ti consists of more num-
er of sharp edged particles whereas the ball milled (Ti + n-Al2O3)
owder contains Ti particles with blunted corners and rounded
dges.

.4. X-ray diffraction studies

The results of XRD studies conducted on the composite samples
nd the ball milled powder is shown in Fig. 3. In the ball-milled
owder, Ti and n-Al2O3 peaks are observed. In both the composites,
lthough the Ti and n-Al2O3 peaks were observed, the peaks were
ot prominent. This is due to their relatively low volume fraction in
he Mg matrix. However, the presence of these reinforcements was
onfirmed from the microstructural investigation, as seen earlier
n Fig. 2(c–g). In both the ball-milled powder and the compos-
tes, no interfacial reaction products arising due to the interaction
etween Ti–Al2O3 and Mg–Al2O3 are observed. This could possi-
ly be due to the very low volume fraction of the phases (<2%
f, if formed), which would remain undetected by the technique
f XRD.

.5. Coefficient of thermal expansion
The thermal expansion coefficients of monolithic Mg and com-
osites were experimentally determined as shown in Table 2. The
esults show a marginal improvement in dimensional stability (i.e.
monolithic Mg, (b) Mg–(5.6Ti + 2.5Al2O3) composite and (c) Mg–(5.6Ti + 2.5Al2O3)BM

composite.

reduction in CTE values) in both the composites due to the presence
of the reinforcements.

3.6. Hardness measurements
The results of the microhardness measurements (Table 2)
show a significant increase in hardness value in both the
composites, when compared to the monolithic Mg. Among the com-
posites, the Mg–(5.6Ti + 2.5n-Al2O3) composite shows relatively
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Fig. 2. Representative SEM micrographs showing (a) distribution of uneven sized Ti particulate clusters in Mg–(5.6Ti + 2.5Al2O3) composite, (b) distribution of Ti particulates
i Al2O3)
c er. Gra
a

h
c

3

a
>

n Mg–(5.6Ti + 2.5Al2O3)BM composite, (c) presence of n-Al2O3 in Mg–(5.6Ti + 2.5
omposite, (e) as received Ti particulates and (f) ball milled (5.6Ti + 2.5Al2O3) powd
spect ratio vs. particle size.

igher mean hardness values than the Mg–(5.6Ti + 2.5n-Al2O3)BM
omposite.

.7. Tensile behaviour
The results of tensile test as seen in Fig. 4 and Table 3 reveal
significant improvement in yield strength (0.2% YS) of >30% and
25% improvement in ultimate tensile strength (UTS) in both the
composite, (d) n-Al2O3 embedded in Ti particulates in Mg–(5.6Ti + 2.5Al2O3)BM

phs showing the distribution of (g) no. of particles vs. particle size and (h) particles

composite samples when compared to the monolithic Mg. How-
ever, the increase in strength in Mg–(5.6Ti + 2.5n-Al2O3) composite
is accompanied by ∼50% reduction in ductility. Interestingly, the
failure strain of the Mg–(5.6Ti + 2.5n-Al2O3)BM composite did not

show any loss of ductility, and the mean fracture strain values are
even slightly higher than that of monolithic Mg. The composites
with ball-milled hybrid reinforcements hence exhibit better overall
performance under tensile loading.
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Table 3
Tensile properties of pure magnesium and those reinforced with hybrid reinforcements.

Material 0.2% YS (MPa) UTS (MPa) Failure strain (%) WoFa (J/m3)

Pure Mg 125 ± 9 169 ± 11 6.2 ± 0.7 10.3 ± 1.1
Mg–(5.6Tip + 2.5Al2O3) 175 ± 4 227 ± 10 3.3 ± 0.2 7.3 ± 0.5
Mg–(5.6Tip + 2.5Al2O3)BM 168 ± 8 214 ± 8 6.8 ± 0.8 14.4 ± 2.6

a Values calculated from the stress–strain diagram using excel software.
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ig. 3. XRD diffraction pattern of ball milled powder, monolithic Mg and its hybrid
omposites.

.8. Compressive behaviour

The compression test results as shown in Fig. 5 and Table 4 indi-
ate an increase of >20% in the compressive yield strength (0.2%
YS) and >45% in ultimate compressive strength (UCS) for both the
omposites. The work of fracture of the composites also improves
ignificantly when compared to monolithic Mg. The hybrid com-
osite incorporated with the direct additions of reinforcements
how better overall compressive strength properties than the
ybrid composite reinforced with ball milled reinforcements.

.9. Fracture behaviour
The tensile fracture surfaces of Mg and Mg composites are
hown in Fig. 6(a–e). The fracture surface of monolithic Mg samples

ig. 4. Tensile stress–strain curves of monolithic Mg and its hybrid composites.
Fig. 5. Compressive stress–strain curves of monolithic Mg and its hybrid compos-
ites.

indicates a cleavage mode of fracture (Fig. 6a). Tensile fractographs
of Mg–(5.6Ti + 2.5n-Al2O3) reveal brittle features (Fig. 6(b and c)),
while the fracture surfaces of Mg–(5.6Ti + 2.5n-Al2O3)BM hybrid
composites show prominent ductile features due to plastic defor-
mation ((Fig. 6(d and e)). Under compressive loading conditions,
fracture surface analysis of monolithic Mg and its composites sam-
ples reveal the presence of shear bands as shown in Fig. 7(a–c).

4. Discussion

4.1. Synthesis

The monolithic and reinforced Mg composites were success-
fully synthesized by the DMD process followed by hot extrusion.
Absence of any macrodefects clearly indicate the suitability of pro-
cessing parameters used in this study [24,29]. The oxidation of Mg
melt was prevented by the inert Ar gas atmosphere and there was
no reaction detected between the Mg melt/composite slurries with
the graphite crucible [24,25]. This can be attributed to the inability
of Mg to form stable carbides. The characterization results clearly
indicate the feasibility of the DMD process as a potential fabrica-
tion technique for hybrid Mg composites containing Ti and n-Al2O3
particulates [24].

4.2. Microstructure

The microstructures of pure Mg and its composites (Figs. 1 and 2)
were studied in terms of: (i) porosity, (ii) morphology of reinforce-
ments and its distribution in the Mg matrix, (iii) grain size and
morphology, and (iv) matrix–reinforcement interfacial character-
istics.
Among the composites, the slight increase in the volume per-
centage of porosity in Mg–(5.6Ti + 2.5n-Al2O3) composite can be
attributed to the formation of metal free zones at the sharp corners
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Table 4
Compressive properties of pure magnesium and those reinforced with hybrid reinforcements.

Material 0.2% CYS (MPa) UCS (MPa) Failure strain (%) WoFa (J/m3)

Pure Mg 87 ± 4 240 ± 9 19.2 ± 0.7 39.0 ± 2.3
Mg–(5.6Tip + 2.5Al2O3) 106 ± 0 424 ± 15 14.4 ± 1.2 54.4 ± 5.1
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Mg–(5.6Tip + 2.5Al2O3)BM 106 ± 3

a Values calculated from the stress–strain diagram using excel software.

f Ti particulates as a result of the inability of high viscosity
articulate-molten alloy slurry to negotiate the sharp corners [30].

Considering the reinforcement morphology, the presence of
i particulate clusters found in the Mg–(5.6Ti + 2.5n-Al2O3) com-
osite (Fig. 2(a)) and a relatively uniform distribution of Ti
articulates in the Mg–(5.6Ti + 2.5n-Al2O3)BM composite (Fig. 2(b))
an be attributed to the difference in processing of reinforce-
ent particulates. The as-received Ti particles used directly in
g–(5.6Ti + 2.5n-Al2O3) composite were characterized by the pres-

nce of sharp edges. Further, due to the direct addition, the n-Al2O3

articles in the Mg–(5.6Ti + 2.5n-Al2O3) composite get distributed

n the Mg–matrix as seen in Fig. 2(c). In comparison, the ball milled
owder had blunted corners as seen in Fig. 2(e and f). This is due
o the step of ball milling which led to the blunting of the sharp

ig. 6. Representative tensile fracture surfaces showing (a) cleavage in monolithic Mg, (b)
d) and (e) mixed mode fracture with good particle–matrix interface (arrow) and plastic
9 ± 9 15.2 ± 1.7 45.7 ± 5.0

corners of Ti particles. It may be noted that the ball milling process
involves repeated flattening, coldwelding and fracture of particu-
lates [27]. In the process, the n-Al2O3 particles also get embedded
into the Ti particulates as seen in Fig. 2(d) [18,27]. From Fig. 2(g), it
is observed that the particle sizes in the as-received powder used
in the Mg–(5.6Ti + 2.5n-Al2O3) composite varied between 10 and
100 �m, with more number of particles in the range of 20–50 �m.
On the other hand, the ball-milled powders had very few Ti parti-
cles in the range >70 �m. Also, the number of particles in the range
<30 �m increased. The breaking down of bigger size Ti particles to

smaller particles during ball milling contributed to the increase in
number of smaller size Ti particulates, that eventually reduced the
aspect ratio of ball milled (5.6Ti + 2.55n-Al2O3) powder as seen in
Fig. 2(h).

and (c) particle debonding and brittle features in Mg–(5.6Ti + 2.5Al2O3) composite,
deformation in Mg–(5.6Ti + 2.5Al2O3)BM composite.
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ig. 7. Representative compressive fracture surfaces showing shear bands in (a)
onolithic Mg, (b) Mg–(5.6Ti + 2.5Al2O3) composite and (c) Mg–(5.6Ti + 2.5Al2O3)BM

omposite.

The significant grain refinement obtained in the composites
s shown in Fig. 1(b and c) can be attributed to the presence
f reinforcements and their ability to nucleate Mg-grains dur-
ng recrystallisation [24,31]. However, among the composites, the

g–(5.6Ti + 2.5n-Al2O3)BM composite showed the lowest grain
ize. From Fig. 2, it is observed that the Mg–(5.6Ti + 2.5n-Al2O3)BM
omposite shows smaller sized reinforcement particles. As smaller
articles provide more active sites for Mg-grain nucleation [14],
he grain size of the Mg–(5.6Ti + 2.5n-Al2O3)BM is lower than that

f Mg–(5.6Ti + 2.5n-Al2O3) composite.

From the XRD phase analyses, it can be inferred that no
etectable interfacial product was formed between Mg–Al2O3 and
i–Al2O3. Based on the Mg–Ti phase diagram, there is no inter-
nd Compounds 509 (2011) 7229–7237 7235

metallic formation between Mg and Ti [25] and hence the interface
between Mg–Ti is free of interfacial products, as seen in Fig. 2(d).

4.3. Coefficient of thermal expansion

The marginal improvement in dimensional stability (decrease
in CTE) of the composite samples when compared to the mono-
lithic Mg (Table 2) was due to difference in thermal expansion
coefficients (CTE) of matrix and reinforcements. The CTE values of
Mg, Ti and n-Al2O3 are 27.1 × 10−6/K, 9.1 × 10−6/K and 7.4 × 10−6/K
respectively. The low thermal expansion coefficients of reinforce-
ments have reduced the thermal expansion coefficient of the
composites [11,23–26]. The experimental CTE values of both the
composite samples were determined to be in the same range which
indicates that the thermal expansion coefficient is independent of
the shape, size and distribution of the reinforcements [32].

4.4. Mechanical behaviour

4.4.1. Effect of micro and nanoscale reinforcements
It is well known that the strength properties of metal matrix

composite are improved by (i) the inherent properties of the
reinforcements such as its high hardness and strength, (ii) grain
refinement due to the presence of reinforcements, (iii) obstruction
to dislocation movements offered by the reinforcements, and (iv)
effective load transfer from the matrix to the reinforcements [3].
Based on earlier works, the micron-size reinforcements improved
the strength properties at the expense of ductility [14,21,24],
whereas studies on Mg reinforced with nano scale alumina particles
indicated that the nano scale particles improved the ductility [14].
This was attributed to the combined effects of grain refinement,
uniform distribution of nanosized particulates without agglomer-
ation and slip on extra non-basal slip system [14].

From Table 2, the increase in hardness values in both the
composites can be attributed to the presence of relatively harder
reinforcements [24–26]. The composites showed ∼44% increase
in hardness when compared to the unreinforced monolithic Mg.
Among the composites, the Mg–(5.6Ti + 2.5n-Al2O3) showed higher
mean hardness values when compared to the Mg–(5.6Ti + 2.5n-
Al2O3)BM composite, which may be due to the larger number of
harder particles and higher aspect ratio of Ti particles (see Fig. 2).

Further, in the present study, mechanical properties char-
acterization indicate that the Mg–(5.6Ti + 2.5n-Al2O3) composite
exhibited improved strength properties, but with a drastic reduc-
tion in tensile ductility (Table 3). In the Mg–(5.6Ti + 2.5n-Al2O3)BM
composite, though the strength was slightly lower, there was no
loss of ductility and the composite exhibited increased work of
fracture. In both these composites, the volume fraction of rein-
forcements was kept constant and only the method of hybrid
reinforcement preparation was varied. The observed differences
in the mechanical behaviour of the two composites indicate that
the method of reinforcement preparation also played an important
role in defining their behaviour.

These observations clearly indicate that in addition to the
above-mentioned strengthening mechanisms, the strength prop-
erties of MMCs would also be influenced by factors such as: (a)
thermal residual stress between the matrix and the reinforce-
ment [33], which in turn depend on (b) reinforcement morphology
[21–23], and (c) reinforcement distribution [34–36] Therefore, a
change in the processing method, such as the one employed in
Mg–(5.6Ti + 2.5n-Al2O3)BM would bring forth changes in the prop-
erties of the reinforcements, which would significantly alter the

behaviour of the composite.

4.4.1.1. Effect of thermal residual stresses. In metal matrix com-
posites, the differences in thermal expansion coefficients of the
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atrix and the reinforcements would result in the introduction
f thermal residual stress in the composite [33]. The presence of
hermal residual stresses would increase the dislocation density
t the particle/matrix interface and hence would contribute to the
mprovement in the yield strength of the composites. In the present
tudy, the mechanical properties (Tables 3 and 4) show that when
ompared to monolithic magnesium, the yield strength of the com-
osites has improved significantly, which, as explained above, can
e attributed to the increased dislocation density due to reinforce-
ent addition.
Further, Qin and co-workers [21] reported the effect of shape of

he reinforcement particles on the residual stresses. It was reported
hat for near-spherical particles, the residual stress distribution was
niform, while for angular and pointed particles, the stress concen-
ration was higher at the pointed corners [21]. This significantly
ffected the ductility of the composites. The effect of particle mor-
hology and distribution are discussed in the following sections.

.4.1.2. Effect of particle morphology. The influence of particle
hape and size on the mechanical properties of particle reinforced
omposites has been reported [14,21–23]. It was shown that for
harp edged particles, the stress concentration would occur at
he pointed corner of the particle and would increase with the
ncrease in the amount of such sharp edged particles. The pres-
nce of such particles in the composite reduced the ductility of the
omposite [21], and eliminating such particle corners improved the
uctility without decreasing the strengthening effect [21]. Further,
omposites reinforced with smaller size particulate reinforcements
xhibited better strength properties than those composites with
articles of larger size [14]. Based on the work by Li and Ramesh
23], the aspect ratio of the reinforcement particulates also affected
he strength properties of the composites. It was observed that
he composites reinforced with higher aspect ratio particulates
xhibited improved strength when compared with the composites
einforced with lower aspect ratio particles [23].

From the experimental results obtained in the current investi-
ation (Tables 3 and 4), it can be inferred that due to the presence
f many sharp edged particulates in the as-received Ti powder
Fig. 2(e)), the stress concentration is expected to be more at the
article corners in the Mg–(5.6Ti + 2.5Al2O3) composite than the
g–(5.6Ti + 2.5Al2O3)BM composite. In addition, the aspect ratio

f the as-received Ti particulates (∼2.1) was found to be rela-
ively higher than the aspect ratio of (5.6Ti + 2.5Al2O3)BM powder
∼1.6). This is due to the presence of uneven size particulates in the
s-received condition Fig. 2(e–h). Thus, the increased stress con-
entration due to sharp edged particles and the presence of higher
spect ratio particulates resulted in the improvement in strength
f Mg–(5.6Ti + 2.5Al2O3) composite, while also reducing its ductil-
ty. On the other hand, in the Mg–(5.6Ti + 2.5Al2O3)BM composite,
all-milling process ensured relatively larger number of small-
ized particles, with smooth/blunt corners and low aspect ratio.
he presence of such particles in the Mg–matrix, contributed to
he enhanced ductility of the Mg–(5.6Ti + 2.5Al2O3)BM composite,
ithout decreasing the strengthening effect.

.4.1.3. Effect of particle distribution. The dependence of mechani-
al behaviour on the particle distribution has been studied earlier
nd the available literature clearly shows that the homogeneous
istribution of reinforcements in the matrix improves the strength
nd ductility of the composites [34–36]. As the presence of large and
harp particulates would result in particle clustering [34,35], it was
eported that such clustering of the reinforcement particles in turn

ffects the ductility of the composites by enhancing the formation
f cracks and their propagation [36].

In the current work, it was observed that the
g–(5.6Ti + 2.5Al2O3) composite showed sharp Ti-particulates
and Compounds 509 (2011) 7229–7237

that were clustered together. Though the n-Al2O3 particles
were distributed uniformly in the matrix, under tensile load-
ing, the presence of sharp and clustered Ti particulates in the
Mg–(5.6Ti + 2.5Al2O3) composite have resulted in a drastic
reduction in ductility (reduced by ∼50%). In comparison, the
Mg–(5.6Ti + 2.5n-Al2O3)BM composite which has blunted, rel-
atively uniformly distributed Ti particulates embedded with
n-Al2O3 showed marginally higher ductility and enhanced work of
fracture.

Under compressive loading, the Mg–(5.6Ti + 2.5Al2O3) compos-
ite showed higher UCS value than the Mg–(5.6Ti + 2.5n-Al2O3)BM
composite. It should be noted that unlike ball-milled reinforce-
ments wherein the n-Al2O3 are found embedded on the Ti particles,
in the case of direct addition of reinforcements, both the hard
reinforcements (Tip and n-Al2O3) are found spatially distributed
throughout the matrix. This would give rise to higher load bear-
ing capacity and hence an overall increase in the UCS in the
Mg–(5.6Ti + 2.5Al2O3) composite.

4.5. Fracture behaviour

The fracture surface characterization conducted on the ten-
sile fracture samples of monolithic Mg indicated cleavage fracture,
which is due to the limited slip systems in the hexagonal
closed packed (HCP) crystal structure of Mg [37]. The tensile
fracture analysis of Mg–(5.6Ti + 2.5n-Al2O3) and Mg–(5.6Ti + 2.5n-
Al2O3)BM composites revealed evidences of brittle fracture Fig. 6(b
and c) and mixed mode fracture Fig. 6(d and e), respectively
which supported the observed ductility values. The brittleness of
the Mg–(5.6Ti + 2.5n-Al2O3) composite can be attributed to the
agglomeration, clustering and interface debonding of Ti partic-
ulates (arrow in Fig. 6(b)) in the magnesium matrix [17,24]. In
Mg–(5.6Ti + 2.5n-Al2O3)BM composite, mixed mode fracture with
dominant plastic deformation (Fig. 6(e)) were observed, which cor-
responds to the uniform distribution of the reinforcements and
minimal debonding (arrow in Fig. 6(d)) [17,24,25].

The compression fracture surfaces revealed formation of shear
bands in Mg as well as its composites. In all the test samples, frac-
ture occurred at ∼45◦ angle with respect to the compression test
axis. The presence of shear bands indicated twinning, which is the
most frequently observed deformation mechanism in Mg-alloys
and composites Fig. 7(a–c).

To summarize, based on the present work, it was understood
that in addition to the properties of the individual reinforce-
ments and the strengthening mechanisms arising there upon, the
method of hybrid reinforcement preparation also played a major
role in determining the mechanical response of the developed Mg-
composites.

5. Conclusions

The following are the conclusions that can be drawn from the
present investigation:

(1) DMD technique can successfully synthesize magnesium com-
posites containing hybrid reinforcements (5.6Ti + 2.5n-Al2O3).

(2) The addition of hybrid reinforcements significantly reduced the
grain size and CTE and increased the hardness when compared
to monolithic Mg.

(3) Hybrid composites prepared by direct addition of the reinforce-

ments, Mg–(5.6Ti + 2.5n-Al2O3), exhibit enhanced strength and
reduced ductility under both tensile and compressive loading.
This can be attributed to the clustered and angular shaped Ti-
particles present in the matrix.
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4) Hybrid composites prepared after ball-milling of the reinforce-
ments, Mg–(5.6Ti + 2.5n-Al2O3)BM, exhibit improved strength
and relatively minimal variation in ductility under both ten-
sile and compressive loading and when compared to pure
magnesium. This can be attributed to the relatively uniform
distribution of blunted (5.6Ti + 2.5n-Al2O3) composite particu-
lates.

5) Among the composites, a relatively higher combination of
tensile and compressive strengths were realized when the rein-
forcement particulates were directly added and a relatively
superior ductility was realized when the reinforcement par-
ticulates (5.6Ti + 2.5n-Al2O3) were ball milled.
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