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Abstract

In the current study, magnesium based nanocomposites containing 1 and 1.5 vol.% alumina
particulates as reinforcement were synthesized using a disintegrated melt deposition technique.
Microstructural characterization of the composite materials revealed uniform distribution of
Al, O3, good interfacial integrity between the matrix and reinforcement and presence of limited
porosity. Mechanical properties characterization results revealed that the presence of nano-
-Alz03 reinforcement led to an improvement in hardness, 0.2 % yield strength, UTS, ductility
and work of fracture. Solutionizing heat treatment carried out at a temperature of 413°C
for 2h led to a significant enhancement in ductility of the nanocomposites (31 % ductility
exhibited by AZ91D/1.5 Al;O3). This study clearly reveals the ability of Al,Os particulates
and solutionizing heat treatment to vary the tensile response of AZ91D/Al,O3 nanocomposites
enabling them to be used in a wide spectrum of engineering applications.
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1. Introduction

Magnesium and its alloys have become promising
materials for portable electronic devices, aircraft and
automobile industries due to their attractive proper-
ties such as low density, high specific strength, high
damping capacity and good electrical and thermal
conductivity [1-3]. Major limitations of magnesium
and its alloys include low ductility, low elastic modu-
lus [4], poor corrosion resistance and susceptibility to
premature failure at high temperatures (creep).

A7Z791D is one of the widely used magnesium al-
loys as it offers a good combination of mechanical and
physical properties with low cost and is preferred for
the production of lightweight vehicles in the automot-
ive industry. However, the usage of this alloy is lim-
ited below 150°C because of its poor creep resistance
and tensile properties at elevated temperatures. To
improve these mechanical properties, researches have
been carried out by alloying magnesium with elements
such as Ca, Sr, Bi, Sb and Y [5-8]. Yuan et al. [5] re-
ported improved yield strength and creep resistance
at elevated temperature up to 200°C by the addition

of Bi and Sb alloying element to AZ91 magnesium al-
loy. Wu et al. [7] reported the combined effect of Ca
and RE elements on improving the UTS of AZ91D
alloy. Zhao et al. [8] reported that alloying AZ91D
with Y led to an improvement in tensile strength, yield
strength and elongation of AZ91D alloy. A number of
investigations have also been made to study the corro-
sion resistance [9, 10] and fatigue behaviour of AZ91D
alloys [11].

Apart from alloying technique, few attempts have
also been made to study the potential of magnesium
based composites containing either particles or fibers.
These composites have showed significant increase in
mechanical properties [11-14]. For example, the use of
SiC particulate reinforcement (~ 7-25pum) increases
the stiffness, dimensional stability, specific strength
at room and elevated temperatures, damping cap-
ability and creep properties of magnesium [14-16].
However, these composites exhibited poor ductility.
Results of literature survey indicate that no attempt
has been made so far to reinforce AZ91D alloy us-
ing cost effective, thermally stable and stiff alumina
particulates in nano-length scale using solidification
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processing technique and to investigate the proper-
ties of such nanocomposites under solutionized condi-
tion.

Accordingly, the main aim of the current study
was to synthesize AZ91D/Al,O3 nanocomposites us-
ing disintegrated melt deposition technique. The ef-
fect of nano-alumina particulate addition and solu-
tion heat treatment on the microstructural evolution
and mechanical properties of the composites were in-
vestigated. An attempt was also made to compare the
mechanical properties of AZ91D and its composites
under non-heat treated and heat treated conditions.

2. Experimental procedures
2.1. Primary processing
2.1.1. Materials

In this study, AZ91D magnesium alloy ingots with
chemical composition of (8.3-9.7% Al, 0.15% Mn,
0.35—-1.0% Zn, 0.1 % Si, 0.005% Fe, 0.03% Cu and
0.001 % Ni) were cut into 4 cm square blocks. Holes
of 8 mm diameter were drilled into these blocks and
required amount of 50 nm alumina particulates (sup-
plied by Baikowski, Japan) were filled in these holes.
Two different volume percentages (1.0 and 1.5 %) of
nano-alumina particulates were chosen as reinforce-
ments for AZ91D magnesium alloy.

2.2.2. Disintegrated melt deposition technique

Synthesis of monolithic and AZ91D/Al;03 nano-
composites containing two different volume fractions
of alumina was carried out using DMD technique.
It involves the melting and superheating of AZ91D
blocks with nano-alumina reinforcement particulates
to 750°C under inert Ar gas atmosphere in a graph-
ite crucible using the resistance heating furnace. The
molten slurry was stirred at 460 rpm for 2.5 min using
a zirtex coated twin blade (pitch 45°) stirrer to fa-
cilitate the incorporation and uniform distribution of
reinforcement particulates in the metallic melt. The
melt was then released through a 10 mm diameter ori-
fice at the base of the crucible and was disintegrated
by two jets of argon gas orientated normal to the melt
stream. The disintegrated composite melt slurry was
subsequently deposited onto a metallic substrate loc-
ated 500 mm from the point of disintegration, forming
ingots of 40 mm diameter. The synthesis of monolithic
A791D alloy was carried out using the same procedure
for comparison purpose. Solutionizing heat treatment
was carried out at a temperature of 413°C for 2h [17]
followed by quenching (25°C) for monolithic AZ91D
and AZ91D/Al;03 nanocomposites to study the ef-
fect of heat treatment on the mechanical properties.

2.2. Secondary processing

The cast ingots obtained from the primary pro-
cessing were machined to 36 mm diameter and 40 mm
height billets. The billets were hot extruded at 350°C
employing an extrusion ratio of 20.25 : 1 using a 150
ton hydraulic press. These billets were soaked at 400 °C
for 1h before extrusion. Colloidal graphite was used
as lubricant during extrusion. Rods of 8 mm diameter
were obtained after extrusion and used for further
characterizations.

2.3. Density measurement

Density was measured using the Archimedes’ prin-
ciple on three randomly selected samples of AZ91D al-
loy and AZ91D/Al;03 nanocomposites. Distilled wa-
ter was used as the immersion fluid. The weight of
the samples was measured in air and water using an
A&D ER-182A electronic balance, with an accuracy
of + 0.0001 g.

2.4. Microstructural characterization

Microstructural characterization studies were con-
ducted on polished samples to investigate the size and
morphology of grains, distribution of secondary phases
and reinforcement within the matrix and interfacial
integrity between the matrix and reinforcement. The
OLYMPUS optical microscope, Scion Image Analyzer
and Hitachi S-4300 Field Emission Scanning Electron
Microscope (FESEM) equipped with EDS were used
for characterization.

2.5. X-ray diffraction

X-ray diffraction analysis was carried out on
non-heat treated and heat treated AZ91D/Aly05
nanocomposites. Automatic Shimadzu XRD-6000 dif-
fractometer was employed to identify the phases
present in the materials. The samples were exposed
to Cu Ko radiation (A = 1.54056 A) at a scanning

speed of 2 deg min~?.

2.6. Hardness

Microhardness measurements were made on the
polished AZ91D and AZ91D/Al;O3 samples. The
Vickers’ microhardness was measured using Matsuz-
awa MXT50 automatic digital microhardness tester
in accordance with ASTM E384-99 standard.

2.7. Tensile testing
Room temperature tensile properties of extruded

AZ91D and AZ91D/Al,O3 samples were determined
in accordance with ASTM test method E8M-05 using
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Table 1. Results of density and porosity measurements of non-heat treated AZ91D and AZ91D/Al,O3 nanocomposites

Density (gcm™)

Specimen Porosity (%)
Theoretical density Experimental density

AZ91D 1.81 1.8102 £ 0.0012 0.00

AZ91D/1.0A1,03 1.8315 1.8144 + 0.0020 0.93

AZ91D/1.5A1,03 1.84225 1.8178 + 0.0056 1.33

Fig. 1. Representative FESEM micrographs showing: (a) distribution of AloO3 nano-particulates and (b) interfacial char-
acteristics of AZ91D alloy and alumina particulates in case of AZ91D/1.5A1,03 nanocomposite.

MTS 810 tensile testing machine with a cross-head
speed set at 0.254 mmmin~! on round tension test
specimens of 5 mm diameter and 25 mm gauge length.
MTS type extensometer was used for strain recording.

2.8. Fractography

Fractography was carried out on the surface of frac-
tured tensile samples using Hitachi S4300 Field Emis-
sion Scanning Electron Microscope (FESEM).

3. Results
3.1. Macrostructural characteristics

Macrostructural characterization conducted on the
as deposited monolithic magnesium and its composites
did not reveal any shrinkage cavity and the presence
of macropores. Extruded 8 mm rods of AZ91D and
AZ91D/Al,03 nanocomposites also did not reveal any
macrostructural defects.

3.2. Density measurements

The results of density measurements are shown in
Table 1. The near dense monolithic and composite

samples fabricated from the current study are suppor-
ted by the observation of minimal porosity (> 98 %)
in the samples (Table 1).

3.3. Microstructural characteristics

Microstructural characterization conducted on the
non-heat treated nanocomposite specimens showed
near equiaxed grain morphology, reasonably uniform
reinforcement distribution (Fig. la) with good in-
terfacial integrity between the matrix and reinforce-
ment (Fig. 1b) and uniformly distributed intermetal-
lic particulates in AZ91/1.5vol.%Al,03 samples as
shown in Fig. 2b. After heat treatment, the micro-
structural characterization of the nanocomposites re-
vealed increased grain size (Table 2), and fine inter-
metallic particulates uniformly distributed in the mat-
rix (Fig. 2d).

3.4. X-ray diffraction

Figure 3 shows X-ray diffractograms obtained from
non-heat treated and heat treated AZ91/1.5vol.%
Al,03 nanocomposites. Diffractograms show the pres-
ence of intermetallic §-Alj3Mgi7; phase and o-Mg
phase in non-heat treated samples and only a-Mg
phase in heat treated samples.
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3.5. Microhardness

The results of microhardness measurements con-
ducted on the polished samples of AZ91D and
AZ91D/Al,03 nanocomposites revealed the increas-
ing trend of average microhardness (Table 3) with an
increase in amount of nano-alumina particulates in the
matrix.

3.6. Tensile characteristics

Results of the ambient temperature tensile tests

Fig. 2. Representative FESEM micrographs showing the

distribution of second phases in non-heat treated (a)

AZ91D and (b) AZ91D/1.5Al1:03 samples and heat

treated (c¢) AZ91D, (d) AZ91D/1.5Al,03 nanocomposite

and (e) EDS analysis showing the presence of fine inter-

metallic phases in heat treated AZ91D/1.5A1,03 nano-
composite.

revealed an improvement in 0.2 % yield strength, ul-
timate tensile strength, ductility and work of frac-
ture of AZ91D/Al,O3 nanocomposites under non-heat
treated condition due to the addition of AlO3 nano-
particulates to the matrix (Table 3). The increas-
ing trend of overall tensile properties of nanocom-
posites with an increase in addition of nano-alumina
particulates was also observed. The tensile results of
nanocomposites under heat treated condition revealed
improved ultimate tensile strength and significantly
enhanced ductility and work of fracture (Table 4).
However, considering the standard deviation, sim-
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Table 2. Results of grain characteristics of non-heat treated and heat treated AZ91D and AZ91D/Al,O3 nanocomposites

Grain characteristics (non-HT)

Grain characteristics (HT)

Material

Size (um) Aspect ratio Size (pm) Aspect ratio
AZ91D 6.6 = 1.9 1.4 £0.3 14.3 £ 4.6 1.5+ 0.3
AZ91D/1.0A1,03 6.5 £ 1.3 1.4 +£0.3 18.2 £ 5.9 14 +03
AZ91D/1.5A1,03 6.3 £ 2.1 1.4 +£0.3 18.1 £ 7.6 14 +03

Table 3. Results of room temperature tensile properties of non-heat treated AZ91D and AZ91D/Al,O3 nanocomposites

Specimen Microhardnes, HV 0.2% YS UTS Ductility Work of fracture
(MPa) (MPa) (%) (MJ m™3)
AZ91D 102 + 4 124 + 13 229 £ 17 9.0 £ 2.0 19.0 £ 4.0
AZ91D/1.0A1,03 119 + 4 130 £ 13 243 £ 21 98 £ 1.8 21.0 £ 4.5
AZ91D/1.5A1,03 135 £ 6 139 £ 9 255 £ 11 13.8 £ 1.6 33.5 +54
AZ91D/10SiC (7 pm)* - 135 152 0.8 -

* Reference [14]

Table 4. Results of room temperature tensile properties of heat treated AZ91D and AZ91D/Al>,O3 nanocomposites

Material 0.2% YS (MPa) UTS (MPa) Ductility (%) Work of fracture (MJ m™3)
AZ791D 85 £ 6 141 + 14 4.0 £ 1.0 5.0 £2.0
AZ91D/1.0A1,03 95 £ 4 221 +£9 26.0 £ 5.0 51.0 £ 9.0
AZ91D/1.5A1,03 79+ 6 217+ 6 31.0 £ 2.0 59.0 =+ 6.0
AZ91D/15 SiC (15 um)* 134 + 2 204 + 3 1.2 + 0.1 -
* Reference [25]
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Fig. 3. X-ray diffractogram of: (a) non-heat treated and

ilar level of 0.2% yield strength was observed in
heat treated unreinforced and reinforced AZ91D mag-
nesium samples (Table 4). For both AZ91D alloy and
its nanocomposites, non-heat treated samples showed
higher yield and ultimate tensile strength when com-
pared to heat treated samples. On the other hand,
composite samples under heat treated condition re-
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(b) heat treated AZ91D/1.5A1,03 nanocomposites.

vealed superior ductility and work of fracture enhance-
ment compared to non-heat treated nanocomposites
(Table 4).

3.7. Fracture behaviour

Fracture surface of non-heat treated AZ91D mag-
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nesium alloy revealed a mixed ductile and brittle frac-
ture mode. However, in case of nanocomposites, the
presence of dimple-like features with more plastic de-
formation was observed with increase in nanoparticu-
late addition (Fig. 4b). For heat treated samples, mi-
croscopically rougher fracture surface with intragran-
ular crack in the matrix was evident in AZ91D alloy
(Fig. 4c). However, finer dimple-like features (Fig. 4d)
and wavy lines (Fig. 4e) showing activation of non-
-basal slip in the matrix alloy was evident showing
ductile fracture mode in heat treated nanocomposites.

Fig. 4. Representative FESEM fractographs of non-heat
treated samples showing: (a) evidence of plastic deform-
ation in AZ91D alloy, (b) more plastic deformation and
dimple-like features in AZ91D/1.5A1,03 nanocomposite
and heat treated samples showing: (c) brittle feature in
AZ91D alloy, (d) ductile fracture in AZ91D/1.5A1,03
nanocomposite and (e) wavy lines due to slip in non-basal
plane for AZ91D/1.5A1;03 nanocomposite.

4. Discussion
4.1. Microstructural characterization

Microstructural characterization under non-heat
treated condition of AZ91D magnesium alloy and
AZ91D/Al,03 nanocomposites revealed that eutectic
(-Mg17Al 5 secondary phases are predominantly loc-
ated at the grain boundaries as shown in Fig. 2a,b.
However, the presence of alumina particulates assisted
in breaking down the network of secondary phases
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present along the grain boundaries resulting in dis-
continuous distribution of the phases in the matrix
as evident in Fig. 2b. Table 2 shows the effect of
nano-alumina particulate addition on the grain size of
AZ91D magnesium alloy. It was observed that an in-
crease in addition of nano-alumina particulate to the
matrix did not result in grain refinement. This sug-
gests the incapability of the nano-size alumina partic-
ulates to serve as either nucleation sites or obstacles to
grain growth during solid state cooling. The presence
of minimal porosity in the composite materials was
supported by nearly theoretical experimental density
(Table 1). The reason for such observation can be re-
lated to the good compatibility between AZ91D mag-
nesium alloy and alumina particulates and appropri-
ate selection of experimental parameters during pro-
cessing.

The reasonably uniform distribution of the alu-
mina reinforcement observed in AZ91D/1.5vol.%
Al,03 nanocomposites (Fig. 1a) can be primarily at-
tributed to: (1) limited agglomeration of reinforcement
in the matrix during melting, (2) good wettability
between the matrix and reinforcement [18], and (3)
proper extrusion parameters [15, 16]. Density meas-
urements exhibiting almost zero standard deviation
also support the uniform distribution of the reinforce-
ment in the melt. Interfacial integrity between the
matrix and reinforcement was observed to be good
as shown in Fig. 1b and was assessed in terms of in-
terfacial debonding and microvoids at the particulate-
-matrix interface. This good interfacial integrity can
also be due to limited matrix-reinforcement reaction.

After heat treatment, the grain size of AZ91D mag-
nesium alloy and its nanocomposites increased due
to the grain growth with an increase in temperat-
ure as evident in Table 2. Eutectic secondary phase
(6-Al1oMg;7) was relatively refined and uniformly dis-
tributed in monolithic AZ91D magnesium alloy as
shown in Fig. 2c. In case of nanocomposites, the sec-
ondary phases were limited and discontinuously dis-
tributed in the matrix. This is because, according to
the Mg-Al equilibrium phase diagram, solution heat
treatment carried out at 413°C for 2 h causes the
(-Al1sMg17 secondary phase to dissolve partially into
the a-Mg phase and after quenching to room temper-
ature the remaining secondary phases can be found
as finer phases in case of AZ91D alloy and its nano-
composites. Similar dissolution of intermetallic phase
due to heat treatment was reported earlier in AZ91D
magnesium alloy [19]. X-ray diffraction studies also
support the partial dissolution of 8-Al;osMg;7 second-
ary phase in heat treated AZ91D/1.5A1,03 nanocom-
posites as shown in Fig. 3. Under heat treated con-
dition (Fig. 3b), the complete disappearance of peaks
matching to the -Al;oMgi7 secondary phase was ob-
served when compared to the non-heat treated con-
dition (Fig. 3a) in AZ91D/1.5A1,03 nanocomposite.

This suggests that the secondary phase (3-Al;oMgi7)
is almost dissolved and is present in low volume frac-
tion (< 2 %) (as seen in Fig. 3d) after heat treatment
in AZ91D/1.5A1,03 nanocomposite.

4.2. Mechanical behavior

The results of hardness measurements revealed
that the addition of nano-alumina reinforcement led
to a significant increase in microhardness (Table 3)
of non-heat treated AZ91D magnesium alloy and can
be attributed primarily to: (a) the presence of harder
AlyO3 particulates in the matrix [16, 20] and (b) a
higher constraint to the localized matrix deformation
during indentation due to presence of Al,O3 particu-
lates.

The results of tensile tests of non-heat treated
nanocomposites revealed an improvement in average
values of 0.2 % Y'S, UTS, ductility and work of fracture
with increasing amount of nano-alumina reinforce-
ment in the matrix (Table 3). The improvement in
strength can be related to: a) CTE mismatch between
the AlyO3 particulates and AZ91D matrix and an in-
crease in dislocation density in the matrix due to the
presence of alumina particulates, b) ability of the mat-
rix to transfer load to the stronger and reasonably dis-
tributed Al;O3 particulates and ¢) Orowan strength-
ening effect due to the presence of nano-alumina par-
ticulates. The improvement of strength by alumina
particulates at nano-length scale has been supported
by earlier findings [20, 21].

The results of tensile testing also revealed an
improved ductility exhibited by the nanocomposites
when compared to pure AZ91D alloy. This can be at-
tributed to the ability of nano-Al;O3 particulates in
the matrix to activate non-basal slip at room temper-
ature [22] and presence of discontinuously distributed
secondary phases in the matrix. For monolithic AZ91D
magnesium alloy, the hard secondary phases are ag-
gregated near the grain boundaries resulting in poor
ductility. However, in case of nanocomposites, the ad-
dition of nano-alumina particulates assisted in break-
ing down the aggregation of the secondary phases en-
abling it to get dispersed in the matrix thus enhan-
cing ductility. The enhancement in ductility due to
the breakdown of the secondary phases in the grain
boundaries and the distribution of highly aggregated
to fine dispersed secondary phases has been estab-
lished before [23, 24]. Work of fracture of the nano-
composites was found to be improved compared to
pure AZ91D alloy. This can be primarily related to
the improved strength (0.2 % YS and UTS) and fail-
ure strain of the nanocomposites.

After heat treatment, the results of the tensile tests
of AZ91D/Al;03 nanocomposites revealed a signific-
ant increase in ductility, improved UTS and compar-
able yield strength to AZ91D alloy (Table 4). The en-



204 M. Shanthi et al. / Kovove Mater. 49 2011 197-205

hancement in ductility can be attributed to the pres-
ence of limited and discontinuously distributed sec-
ondary phases in the microstructure compared to the
uniformly distributed secondary phases in the matrix
alloy (Fig. 2¢,d). The work of fracture of the nanocom-
posites was also found to increase significantly com-
pared to that of the AZ91D magnesium alloy. The
improvement was observed to be ~ 12 times higher
in AZ91D/1.5A1,03 composites samples. This can be
related to the improved failure strain exhibited by the
heat treated nanocomposites leading to enhanced en-
ergy absorbing capability of nanocomposites.

Table 3 shows the comparison of results of tensile
tests between the non-heat treated AZ91D/1.5A1,05
nanocomposites and AZ91D/10SiCp composites. It
was observed that the addition of nano-Al,Og3 par-
ticulates to AZ91D matrix has resulted in enhanced
strength and ductility compared to AZ91D/10SiCp
composites.

The results of the tensile test of the heat treated
(solutionized) AZ91D/1.5A1,05 nanocomposites (Tab-
le 4) further showed an enhancement of 125%
ductility and 75% work of fracture values with
sacrifice in strength compared to non-heat treated
AZ91D/1.5A1,05 composites. However, when com-
pared to heat treated AZ91D/15SiCp composites
[25], solutionized AZ91D/1.5A1;03 nanocomposites
showed excellent ductility, comparable UTS with com-
promise in yield strength.

4.3. Fracture behaviour

Fracture analysis conducted on tensile fracture
samples of non-heat treated AZ91D magnesium alloy
revealed the mixed ductile and brittle mode fracture
with the evidence of plastic deformation (Table 3).
However, the fracture surface in the case of nanocom-
posite sample revealed a comparatively more ductile
mode of fracture with evidence of more plastic deform-
ation such as presence of dimple-like features (Fig. 4b).
The change in fracture mode in the magnesium matrix
can be attributed to the presence of nano-Al;O3 par-
ticulates because they provide sites to open cleavage
cracks halting an advancing crack front and thus al-
ter the local effective stress from plane strain to plain
stress in the neighborhood of crack tip [23] and activ-
ation of non-basal slip system at room temperature in
magnesium matrix. These features are consistent with
the improved ductility exhibited by the nanocompos-
ites.

After heat treatment, the fracture surface of
AZ791D magnesium alloy exhibited matrix cracking
and microscopically rougher surface compared to the
non-heat treated AZ91D magnesium alloy. This ex-
plains the inferior ductility exhibited by the heat
treated AZ91D alloy (~4%). Fracture surface of
the heat treated AZ91D/1.5A1503 nanocomposites re-

vealed a predominantly ductile type fracture with
presence of fine dimple-like features and activation
of non-basal slip plane (Fig. 4e) due to presence of
nano-Al;O3 particulates and refined secondary phase
in low volume fraction in the matrix. This observation
is consistent with the tensile results which revealed en-
hanced ductility in heat treated nanocomposites com-
pared to heat treated and non-heat treated AZ91D
magnesium alloy and non-heat treated nanocompos-
ites.

5. Conclusions

1. Disintegrated melt deposition technique coupled
with hot extrusion can be used to synthesize nano-
-Al;O3 particulates reinforced AZ91D magnesium al-
loy composites.

2. Microstructural characterization of non-heat
treated nanocomposites revealed reasonably uniform
reinforcement distribution with good interfacial integ-
rity and discontinuously distributed secondary phases.
After heat treatment, the microstructural characteriz-
ation of the nanocomposites revealed increased matrix
grain size and the presence of finer and discontinuously
distributed secondary phases throughout the matrix.

3. The results of the tensile tests of non-heat
treated nanocomposites revealed improvement in
hardness, 0.2% YS, UTS, ductility and work of frac-
ture. After heat treatment, significant enhancement in
ductility was observed in nanocomposites with com-
promise in strength compared to non-heat treated
composites.

4. Fractography revealed that fracture behavior
of non-heat treated AZ91D magnesium alloy changed
from mixed ductile and brittle fracture to a relatively
more ductile type fracture in nanocomposites due to
the presence of nano-alumina particulates. Fracture
behavior of heat treated AZ91D/Al,O3 nanocompos-
ites revealed dominantly ductile type fracture with
finer dimple-like features and evidence of wavy lines
showing non-basal slip activation arising due to solu-
tion heat treatment at high temperature and presence
of nano-alumina particulates in the matrix.
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