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a b s t r a c t

AZ31/AZ91 hybrid alloy nanocomposite containing Al2O3 nanoparticle reinforcement was fabricated
using solidification processing followed by hot extrusion. The nanocomposite exhibited similar grain
size to the monolithic hybrid alloy, reasonable Al2O3 nanoparticle distribution, non-dominant (0 0 0 2)
texture in the longitudinal direction, and 25% higher hardness than the monolithic hybrid alloy. Com-
pared to the monolithic hybrid alloy (in tension), the nanocomposite synergistically exhibited higher
eywords:
ybrid alloy
Z31/AZ91 nanocomposite
l2O3 nanoparticle
icrostructure

0.2%TYS, UTS, failure strain and work of fracture (WOF) (+12%, +7%, +99% and +108%, respectively). Com-
pared to the monolithic hybrid alloy (in compression), the nanocomposite exhibited higher 0.2%CYS and
UCS, and lower failure strain and WOF (+5%, +3%, −7% and −7%, respectively). The beneficial effects of
Al2O3 nanoparticle addition on the enhancement of tensile and compressive properties of AZ31/AZ91
hybrid alloy are investigated in this paper.
echanical properties

. Introduction

The AZ series of magnesium alloys are commonly used in the
orld today. These alloys are characterized by: (a) low cost, (b)

ase of handling, (c) good strength and ductility and (d) resistance
o atmospheric corrosion. Using the friction stir processing tech-
ique, AZ31 has been surface-reinforced with SiC microparticulates
1], C60 molecules [2], and multi-walled carbon nanotubes [3]. Here,
t was reported that particle dispersion was good and hardening
f the base matrix at the surface occurred. Similar findings along
ith grain refinement were also reported for AZ31 reinforced with

iC and B4C microparticulates using gas-tungsten arc (GTA) with
imultaneous reinforcement powder feeding processing technique
4–6]. In this case regarding AZ31/SiC microcomposite, defect-free
nd adherent particle–matrix interface has been reported [5,6].
n the case of AZ61, yttrium has been added to increase dry oxi-
ation resistance [7]. The alloy consisted of well-distributed fine
ircular phase depending on the choice of solidification processing
arameters used (stirring temperature, velocity and time) [7]. SiO2
anoparticles have been added to AZ61 using friction stir process-

ng [8]. Here, the tensile elongation at 350 ◦C of selected composites

eached 350% at 1 × 10−2 s−1 and 420% at 1 × 10−1 s−1. This implied
hat the dispersion of the SiO2 nanoparticles was sufficiently uni-
orm to clearly exhibit high strain rate super-plasticity (HSRSP) [8].

∗ Corresponding author. Tel.: +65 6516 6358; fax: +65 6779 1459.
E-mail address: mpegm@nus.edu.sg (M. Gupta).
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© 2011 Elsevier B.V. All rights reserved.

On the other hand, the tensile elongation at the same tempera-
ture at a lower strain rate of 1 × 10−3 s−1 was barely 100% [8]. SiC
microparticles have also been added to AZ91 [9]. In this reported
work, an increase in work hardening rate in the as-extruded com-
posite during tensile deformation at room temperature was caused
by grain refinement and uniform particle distribution. The uniax-
ial compressive deformation behavior of AZ91/SiC microcomposite
has been investigated at elevated temperature (250–400 ◦C) [10].
The effective stress dependence on strain rate and temperature
gave a stress exponent of n = 5 and a true activation energy of
Q = 99 kJ/kmol [10]. This Q value was close to that of grain boundary
diffusion in Mg and it was concluded that dislocation climb con-
trolled the elevated temperature compressive deformation [10].
Multiple layer microcomposites consisting of alternating layers of:
(a) AZ91 coated P100 pitch based fibers and (b) AZ61 foil have
also been studied [11]. The reaction zone containing single and/or
mixed metal carbides grew due to thermal treatment [11]. Techni-
cally, AZ31 may be alloyed with more pure aluminium to obtain the
other more concentrated magnesium alloys in the AZ series. How-
ever, the mixing of two or more AZ series magnesium alloys for the
same purpose (and consequent formation of a hybrid magnesium
alloy) has not been reported. There may be certain advantages in
this approach based on the: (a) lower liquidus temperature and (b)
lower melt density (during stirring/mixing) of the AZ series mag-

nesium alloys compared to pure aluminium. This means that in the
hybrid alloy approach, the: (1) melting of alloys is completed at a
lower temperature than the melting point of pure aluminium and
(2) heterogenous nature of the molten alloys is significantly less

dx.doi.org/10.1016/j.jallcom.2011.04.120
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mpegm@nus.edu.sg
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ig. 1. Arrangement of raw materials in crucible before casting for AZ31/AZ91/Al2O3

anocomposite.

efore stirring/mixing compared to when pure aluminium is used.
pen literature search has revealed that no successful attempt has
een made to simultaneously increase tensile strength and ductil-

ty of AZ31/AZ91 hybrid magnesium alloy with Al2O3 or any other
anoparticles, using a high volume production spray-deposition
ased solidification processing technique.

Accordingly, one of the primary aims of this study was to syn-
rgistically simultaneously increase tensile strength and ductility
f AZ31/AZ91 hybrid magnesium alloy with Al2O3 nanoparticles.
nother aim of the present study was to evaluate the compres-
ive properties of AZ31/AZ91/Al2O3 hybrid alloy nanocomposite.
isintegrated melt deposition (DMD) [12,13] followed by hot
xtrusion was used to synthesize the AZ31/AZ91/Al2O3 hybrid alloy
anocomposite.

. Experimental procedures

.1. Materials

In this study, AZ31 (nominally 2.50–3.50 wt.% Al, 0.60–1.40 wt.% Zn,
.15–0.40 wt.% Mn, 0.10 wt.% Si, 0.05 wt.% Cu, 0.01 wt.% Fe, 0.01 wt.% Ni, balance
g), and AZ91 (nominally 8.30–9.70 wt.% Al, 0.35–1.00 wt.% Zn, 0.15–0.50 wt.% Mn,

.10 wt.% Si, 0.030 wt.% Cu, 0.005 wt.% Fe, 0.002 wt.% Ni, 0.02 wt.% others, balance
g), both alloys supplied by Tokyo Magnesium Co. Ltd. (Yokohama, Japan), were

sed as matrix material. Equal masses of AZ31 and AZ91 were mixed to metal-
urgically upgrade AZ31. The intention of this mixing was to increase the nominal
luminium content of AZ31 by 3 wt.%. AZ31 and AZ91 blocks were sectioned to
maller pieces. All oxide and scale surfaces were removed using machining. All sur-
aces were washed with ethanol after machining. Al2O3 nanoparticles (50 nm size)
upplied by Baikowski (Japan) was used as the reinforcement phase.

.2. Processing

Monolithic AZ31/AZ91 hybrid alloy (nominal aluminium content of AZ31
ncreased by 3 wt.%) was cast using the DMD method [12,13]. This involved heating
Z31 and AZ91 blocks to 750 ◦C in an inert Ar gas atmosphere in a graphite crucible
sing a resistance heating furnace. The crucible was equipped with an arrangement
or bottom pouring. Upon reaching the superheat temperature, the molten slurry
as stirred for 2.5 min at 460 rpm using a twin blade (pitch 45◦) mild steel impeller

o facilitate the uniform distribution of heat. The impeller was coated with Zirtex
5 (86%ZrO2, 8.8%Y2O3, 3.6%SiO2, 1.2%K2O and Na2O, and 0.3% trace inorganics) to
void iron contamination of the molten metal. The melt was then released through
10 mm diameter orifice at the base of the crucible. The melt was disintegrated by

wo jets of argon gas oriented normal to the melt stream located 265 mm from the
elt pouring point. The argon gas flow rate was maintained at 25 lpm. The disin-

egrated melt slurry was subsequently deposited onto a metallic substrate located
00 mm from the disintegration point. An ingot of 40 mm diameter was obtained
ollowing the deposition stage. To form the AZ31/AZ91/1.5 vol%Al2O3 hybrid alloy
anocomposite, Al2O3 nanoparticle powder was isolated by wrapping in Al foil of
inimal weight (<0.50 wt.% with respect to AZ31 and AZ91 total matrix weight)

nd arranged on top of the AZ31 and AZ91 alloy blocks (see Fig. 1), with all other

MD parameters unchanged. All billets were machined to 35 mm diameter and hot
xtruded using 20.25:1 extrusion ratio on a 150 ton hydraulic press. The extrusion
emperature was 350 ◦C. The billets were held at 400 ◦C for 60 min in a furnace prior
o extrusion. Colloidal graphite was used as a lubricant. Rods of 8 mm were obtained.
Compounds 509 (2011) 7572–7578 7573

2.3. Heat treatment

Heat treatment was carried out on all extruded sections at 200 ◦C for 1 h using
a resistance heating furnace. This selection of temperature and time was made in
order to relax the monolithic AZ31/AZ91 hybrid alloy (nominal aluminium content
of AZ31 increased by 3 wt.%) without recrystallization softening. The recrystalliza-
tion temperature of AZ61 magnesium alloy (as the nearest matching alloy in terms
of composition) following 20% cold work after 1 h is 288 ◦C [14]). Prior to heat treat-
ment, the sections were coated with colloidal graphite and wrapped in aluminium
foil to minimize reaction with oxygen present in the furnace atmosphere.

2.4. Microstructural characterization

Microstructural characterization studies were conducted on metallographi-
cally polished monolithic and nanocomposite extruded samples to determine grain
characteristics as well as nanoparticle reinforcement distribution. Hitachi S4300
Field-Emission SEM was used. Image analysis using Scion software was carried out
to determine the grain characteristics. XRD studies were conducted using CuK�
radiation (� = 1.5406 Å) with a scan speed of 2◦/min in an automated Shimadzu
LAB-X XRD-6000 diffractometer to determine intermetallic phase(s) presence and
dominant textures in the transverse and longitudinal (extrusion) directions.

2.5. Hardness

Microhardness measurements were made on polished monolithic and
nanocomposite extruded samples. Vickers microhardness was measured with an
automatic digital Shimadzu HMV Microhardness Tester using 25 gf-indenting load
and 15 s dwell time.

2.6. Tensile testing

Smooth bar tensile properties of the monolithic and nanocomposite extruded
samples were determined based on ASTM E8M-05. Round tension test samples of
5 mm diameter and 25 mm gauge length were subjected to tension using an MTS
810 machine equipped with an axial extensometer with a crosshead speed set at
0.254 mm/min. Fractography was performed on the tensile fracture surfaces using
Hitachi S4300 FESEM.

2.7. Compressive testing

Compressive properties of the monolithic and nanocomposite extruded samples
were determined based on ASTM E9-89a. Samples of 8 mm length (l) and 8 mm diam-
eter (d) where l/d = 1 were subjected to compression using a MTS 810 machine with
0.005 min−1 strain rate. Fractography was performed on the compressive fracture
surfaces using Hitachi S4300 FESEM.

3. Results

3.1. Macrostructural characteristics

No macropores or shrinkage cavities were observed in the
cast monolithic and nanocomposite materials. No macrostruc-
tural defects were observed for extruded rods of monolithic and
nanocomposite materials.

3.2. Microstructural characteristics

Microstructural analysis results revealed that grain size and
aspect ratio remained statistically unchanged in the case of
nanocomposite as shown in Table 1 and Fig. 2a and b. Al2O3
nanoparticle reinforcement and intermetallic particle distributions
in the nanocomposite were overlapping each other and reasonably
uniform as shown in Fig. 2c and d.

Texture results are listed in Table 2 and shown in Fig. 3. In mono-
lithic and nanocomposite materials, the dominant texture in the
transverse and longitudinal directions was (1 0 −1 1).

3.3. Hardness
The results of microhardness measurements are listed in Table 1.
The nanocomposite exhibited higher hardness than the monolithic
material.
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Table 1
Results of grain characteristics and microhardness of AZ31/AZ91 and AZ31/AZ91/Al2O3 nanocomposite.

Material Al2O3 (vol%) Grain characteristicsa Microhardness (HV)

Size (�m) Aspect ratio

AZ31/AZ91 – 5.1 ± 0.7 1.4 111 ± 5
AZ31/AZ91/1.5 vol%Al2O3 1.50 4.8 ± 1.0 1.4 139 ± 8 (+25)

() Brackets indicate % change with respect to corresponding result of AZ31/AZ91.
a Based on approximately 100 grains.

Table 2
Texture results of AZ31/AZ91 and AZ31/AZ91/Al2O3 nanocomposite based on X-ray
diffraction.

Material Sectiona Plane Average I/Imax
b

AZ31/AZ91

T
1 0 −1 0 prism 0.53
0 0 0 2 basal 0.26
1 0 −1 1 pyramidal 1.00

L
1 0 −1 0 prism 0.33
0 0 0 2 basal 0.63
1 0 −1 1 pyramidal 1.00

AZ31/AZ91/1.5 vol%Al2O3

T
1 0 −1 0 prism 0.49
0 0 0 2 basal 0.22
1 0 −1 1 pyramidal 1.00

L
1 0 −1 0 prism 0.33
0 0 0 2 basal 0.66
1 0 −1 1 pyramidal 1.00

T

3

t

F
R
m

he bold values indicate the dominant texture in each section.
a T: transverse, L: longitudinal.
b Imax is XRD maximum intensity from either prism, basal or pyramidal planes.
.4. Tensile behavior

The overall results of ambient temperature tensile testing of
he extruded materials are shown in Table 3 and Fig. 4a. The

ig. 2. Representative micrographs showing grain size in monolithic AZ31/AZ91 and AZ31
epresentative micrographs showing the presence of individual Al2O3 nanoparticles an
agnification and (d) higher magnification.
strength, failure strain and work of fracture (WOF) of AZ31/AZ91/
1.5 vol%Al2O3 were higher compared to monolithic AZ31/AZ91.
The WOF was determined by computing the area under the
stress–strain curve up to the point of fracture. The fractured surface
of all extruded materials exhibited mixed (ductile + brittle) mode of
fracture as shown in Fig. 5a and b.

3.5. Compressive behavior

The overall results of ambient temperature compressive test-
ing of the extruded materials are shown in Table 4 and
Fig. 4b. The strength of AZ31/AZ91/1.5 vol%Al2O3 was higher
compared to monolithic AZ31/AZ91. Failure strain and WOF of
AZ31/AZ91/1.5 vol%Al2O3 were lower than that of monolithic
AZ31/AZ91. The fractured surface of AZ31/AZ91/1.5 vol%Al2O3 and
monolithic AZ31/AZ91 appeared similarly rough as shown in Fig. 5c.

4. Discussion

4.1. Synthesis of monolithic AZ31/AZ91 and AZ31/AZ91/Al2O3
nanocomposite
Synthesis of monolithic and nanocomposite materials, the final
form being extruded rods, was successfully accomplished with:
(a) no detectable metal oxidation and (b) no detectable reaction

/AZ91/Al2O3 nanocomposite: (a) lower magnification and (b) higher magnification.
d fine intermetallic particles in the AZ31/AZ91/Al2O3 nanocomposite: (c) lower
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Table 3
Results of tensile testing of AZ31/AZ91 and AZ31/AZ91/Al2O3 nanocomposite.

Material 0.2%TYS (MPa) UTS (MPa) Failure strain/elongation (%) WOF (MJ/m3)a

AZ31/AZ91 207 ± 4 316 ± 6 8.0 ± 0.1 24 ± 0
AZ31/AZ91/1.5 vol%Al2O3 232 ± 13 (+12) 339 ± 10 (+7) 15.9 ± 0.5 (+99) 50 ± 3 (+108)

Extruded AZ31B/C-F [14] 200 255 12 –
Extruded AZ61A-F [14] 205 305 16 –
Extruded AZ91Db,c [29,30] 215 296 10.2 –
Extruded AZ91Db,d [30] 226 313 15.6 –
Extruded ZK21A-F [14] 195 260 4 –
Extruded ZK31-T5 [14] 210 295 7 –
Extruded ZK40A-T5 [14] 255 275 4 –
Sand cast AZ63A-T6 [14] 130 275 5 –
Sand cast AZ81A-T4 [14] 83 275 15 –
Sand cast AZ91C/E-T6 [14] 145 275 6 –
Sand cast AZ92A-T6 [14] 150 275 3 –
Sand cast ZK61A-T5 [14] 185 310 – –
Sand cast ZK61A-T6 [14] 195 310 10 –

Extruded Mg/0.22 vol% Y2O3
b,e [31] 218 ± 2 277 ± 5 12.7 ± 1.3 29.6 ± 3.5

Extruded Mg/0.66 vol% Y2O3
b,e [31] 312 ± 4 318 ± 2 6.9 ± 1.6 18.2 ± 4.7

Extruded Mg/1.11 vol% Al2O3
b,e [28] 175 ± 3 246 ± 3 14.0 ± 2.4 31.7 ± 6.3

Extruded AZ91D/15 vol%SiCpb,c , f [29] 257 289 0.7 –
Extruded AZ91D/15 vol%SiCpb,d, f [29] 205 233 1.1 –

() Brackets indicate %change with respect to corresponding result of AZ31/AZ91.
a Obtained from engineering stress–strain diagram using EXCEL software.
b Hot extruded at 250 ◦C.
c Rheocast material prior to extrusion.

b
d
N
c

4

c
n

F
A
c
u

d Die-cast material prior to extrusion.
e Nano-size reinforcement.
f Micro-size reinforcement.

etween graphite crucible and melts. The inert atmosphere used
uring DMD was effective in preventing oxidation of the Mg melt.
o stable carbides of Mg or Al formed due to reaction with graphite
rucible.

.2. Microstructural characteristics
Microstructural characterization of extruded samples is dis-
ussed in terms of: (a) grain characteristics and (b) Al2O3
anoparticle reinforcement distribution.

ig. 3. Schematic diagram showing textures of monolithic AZ31/AZ91 and
Z31/AZ91/Al2O3 nanocomposite based on X-ray diffraction. In each case, verti-
al axis (dotted line) is parallel to extrusion direction. Each cell is made up of 2 HCP
nits having 1 common (0 0 0 2) basal plane.
Nearly equiaxed grains were observed in monolithic material
and nanocomposite as shown in Table 1 and Fig. 2a and b. Grain
size was statistically insignificant in the case of nanocomposite,
suggesting the inability of Al2O3 nanoparticle to serve as either
nucleation sites or obstacles to grain growth during solid state
cooling. It was observed that �-Al12Mg17 intermetallic particles
decorated the grain boundaries in the monolithic material and
nanocomposite. X-ray diffraction (XRD) analysis revealed the pres-
ence of �-Al12Mg17 phase [15]).

The reasonably uniform distribution of Al2O3 nanoparticles
as shown in Fig. 2c and d can be attributed to: (a) minimal
gravity-associated segregation due to judicious selection of stir-
ring parameters [12], (b) good wetting of Al2O3 nanoparticles by
the alloy matrix [16–19], (c) argon gas disintegration of metallic
stream [20], and (d) dynamic deposition of composite slurry on
substrate followed by hot extrusion. Similar reasonably uniform
distribution of Al2O3 nanoparticles in magnesium alloy AZ31 has
also been recently reported [19]. In the nanocomposite, no reac-
tion products based on Mg and Al2O3 (such as MgO in this case
[21]) having more than 2% by volume were detected using X-ray
diffraction analysis.

4.3. Mechanical behavior

4.3.1. Hardness
A significant increase in microhardness by 25% was observed in

the nanocomposite when compared to monolithic material as listed
in Table 1. This was consistent with earlier observations made on
Mg/Al2O3, AZ31/C60 and AZ31/MWCNT nanocomposites [21–23].
The increase in hardness of the nanocomposite in the present study
can be attributed to: (a) reasonably uniform distribution of harder
Al2O3 nanoparticles in the matrix and (b) higher constraint to local-
ized matrix deformation during indentation due to the presence of
nanoparticles [21,22,24].
4.3.2. Tensile and compressive behavior
4.3.2.1. Strength. The tensile and compressive strengths of mono-
lithic material and nanocomposite are listed in Tables 3 and 4
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Table 4
Results of compressive testing of AZ31/AZ91 and AZ31/AZ91/Al2O3 nanocomposite.

Material 0.2%CYS (MPa) UCS (MPa) Failure strain/ductility (%) WOF (MJ/m3)a

AZ31/AZ91 117 ± 15 495 ± 13 19.6 ± 1.9 82 ± 6
AZ31/AZ91/1.5 vol%Al2O3 123 ± 16 (+5) 512 ± 3 (+3) 18.2 ± 0.7 (−7) 76 ± 4 (−7)

Extruded AZ31B/C-F [14] 97 – – –
Extruded AZ61A-F [14] 130 – – –
Sand cast AZ63A-T6 [14] 130 – – –
Sand cast AZ81A-T4 [14] 83 – – –
Sand cast HK31A-T6 [14] 105 – – –
Squeeze cast RZ5b [32] – 308 16.7 –

Melt infiltrated RZ5/22 vol%Saffilc [32] – 445 5.2 –

() Brackets indicate %change with respect to corresponding result of AZ31/AZ91.

metal
ngth,

(
e
c
s
w
l
w
l
s
l
f
a
t

F
c

a Obtained from engineering stress–strain diagram using EXCEL software.
b RZ5 has nominal composition of 4.2 wt.%Zn, 0.35 wt.%Zr, 1.3 wt.%RE (rare earth
c Saffil (ICI tradename) has nominal dimensions of 3 �m diameter and 150 �m le

and shown in Fig. 4a and b), respectively. 0.2%TYS and UTS were
nhanced by 12% and 7%, respectively, in AZ31/AZ91/1.5 vol%Al2O3
ompared to monolithic material. In comparison of compres-
ive strengths, 0.2%CYS and UCS of AZ31/AZ91/1.5 vol%Al2O3
ere higher by 5% and 3%, respectively, compared to mono-

ithic AZ31/AZ91. The stress detected at almost any given strain
as higher for AZ31/AZ91/1.5 vol%Al2O3 compared to mono-

ithic AZ31/AZ91 as shown in Fig. 4b. The tensile/compressive
trength increase in AZ31/AZ91/1.5 vol%Al2O3 compared to mono-

ithic AZ31/AZ91 can be attributed to the following well known
actors (pertaining to reinforcement): (a) dislocation gener-
tion due to elastic modulus mismatch and coefficient of
hermal expansion mismatch between the matrix and rein-
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ig. 4. Representative room temperature: (a) tensile and (b) compressive stress–strain c
ompressive strain rates are 0.01 min−1 and 0.005 min−1, respectively.
s), balance Mg.
and approximate composition of 5 wt.%silica and balance �-alumina.

forcement [22,23,25,26], (b) Orowan strengthening mechanism
[25–27] and (c) load transfer from matrix to reinforcement
[22,25].

The tensile strength of AZ31/AZ91/1.5 vol%Al2O3 was similar to
or better than: (a) selected wrought/cast Zr-free (or Al-containing)
Mg alloys having similar or higher Al content, (b) selected
wrought/cast Zr-containing (or Al-free) Mg alloys, (c) selected
wrought Mg nanocomposites (extruded at lower temperature) and
(d) selected wrought Zr-free (or Al-containing) Mg alloy microcom-

posites having higher Al content, as listed in Table 3 [14,28–31]. The
compressive strength of AZ31/AZ91/1.5 vol%Al2O3 was similar to
or better than: (a) selected wrought/cast Zr-free (or Al-containing)
Mg alloys having similar or higher Al content, (b) selected cast
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train

.150 0.200 0.250 0.300
rain
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COMPRESSIVE

TENSILE

AZ31/AZ91/1.5vol%Al2O3

urves of monolithic AZ31/AZ91 and AZ31/AZ91/Al2O3 nanocomposite. Tensile and
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r-containing (or Al-free) Mg alloys and (c) selected cast Zr-
ontaining (or Al-free) Mg alloy microcomposite, as listed in Table 4
14,32].

In both AZ31/AZ91/1.5 vol%Al2O3 and monolithic AZ31/AZ91,
.2%TYS was about 1.77 and 1.89 times (almost double) the
.2%CYS, respectively. Here, the tensile/compressive yield stress
nisotropy was despite the crystallographic texture exhibited
here {1 0 1 −2} 〈1 0 1 −1〉-type twinning was activated along

he c-axis of the HCP unit cell in Fig. 3 with comparatively
imilar ease in both tension and compression along the c-axis,
ased on the 45◦ angle between the c-axis and the vertical
xis [33,34]. The tensile/compressive yield stress anisotropy can
e attributed generally to half the strain rate used (less strain
ardening) in compressive testing compared to tensile testing.

.3.2.2. Failure strain. The tensile and compressive failure strains of
onolithic material and nanocomposite are listed in Tables 3 and 4

and based on stress–strain curves shown in Fig. 4a and b), respec-
ively. Compared to monolithic material, tensile failure strain was
nhanced (+99%) in AZ31/AZ91/1.5 vol%Al2O3. Compared to mono-
ithic material, compressive failure strain was lowered (−7%) in
Z31/AZ91/1.5 vol%Al2O3. The tensile failure strain increase in
Z31/AZ91/1.5 vol%Al2O3 compared to monolithic AZ31/AZ91 can
e attributed to the following factor (pertaining to reinforce-
ent): (a) presence and reasonably uniform distribution of ceramic

anoparticles [21,31]. Here, it has been shown in previous stud-
es that the nanoparticles provide sites where cleavage cracks
re opened ahead of the advancing crack front. This: (1) dissi-
ates the stress concentration which would otherwise exist at
he crack front and (2) alters the local effective stress state from
lane strain to plane stress in the neighbourhood of crack tip
21,31]. In comparison of compressive failure strain, factor (a) was
layed down considering the crack-closing nature of compressive
eformation, leading to slightly lowered (−7%) failure strain in
Z31/AZ91/1.5 vol%Al2O3.

The tensile failure strain of AZ31/AZ91/1.5 vol%Al2O3 was
imilar to or better than: (a) selected wrought/cast Zr-free
or Al-containing) Mg alloys having similar or higher Al con-
ent, (b) selected wrought/cast Zr-containing (or Al-free) Mg
lloys, (c) selected wrought Mg nanocomposites (extruded at
ower temperature) and (d) selected wrought Zr-free (or Al-
ontaining) Mg alloy microcomposites having higher Al content,
s listed in Table 3 [14,28–31]. The compressive failure strain of
Z31/AZ91/1.5 vol%Al2O3 was similar to or better than: (a) selected
ast Zr-containing (or Al-free) Mg alloys and (b) selected cast
r-containing (or Al-free) Mg alloy microcomposite, as listed in
able 4 [32]. Tensile fracture behavior of both monolithic mate-
ial and nanocomposite was mixed (ductile + brittle) as shown
n Fig. 5a and b. However, the tensile fractured surface of the
anocomposite had: (a) higher occurrence of smaller dimple-like

eatures and (b) absence of microcracks, compared to that of mono-
ithic material. The tensile cavitation resistance was lower and the

icrocrack formation resistance was higher in the nanocomposite
ompared to monolithic material. Compressive fracture behavior
f AZ31/AZ91/1.5 vol%Al2O3 was relatively similar (similar fracture
urface exhibited) compared to monolithic material as shown in
ig. 5c. In this case where the l/d ratio of samples was relatively
ow (l/d = 1) [32], the samples failed in shear and not by buckling as
llustrated in recent work [35,36].

.3.2.3. Work of fracture. The tensile and compressive work of frac-

ure (WOF) of monolithic material and nanocomposite are listed in
ables 3 and 4 (and illustrated in Fig. 4a and b), respectively. WOF
uantified the ability of the material to absorb energy up to frac-
ure under load [37]. Compared to monolithic material, tensile WOF
Fig. 5. Representative tensile fractographs of: (a) monolithic AZ31/AZ91 and (b)
AZ31/AZ91/Al2O3 nanocomposite. (c) Representative compressive fractograph of
monolithic AZ31/AZ91 and AZ31/AZ91/Al2O3 nanocomposite.

was enhanced (+108%) in AZ31/AZ91/1.5 vol%Al2O3. Compared to
monolithic material, compressive WOF was decreased (−11%) in
AZ31/AZ91/1.5 vol%Al2O3. The significantly high increment in ten-
sile WOF and marginal decrement in compressive WOF exhibited
by AZ31/AZ91/1.5 vol%Al2O3 show its potential to be used in dam-
age tolerant design.

5. Conclusions

Monolithic AZ31/AZ91 and AZ31/AZ91/1.5 vol%Al2O3 nanocom-

posite can be successfully synthesized using the DMD technique
followed by hot extrusion.

Compared to monolithic AZ31/AZ91, tensile strength of
AZ31/AZ91/1.5 vol%Al2O3 was enhanced. Compared to monolithic
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Z31/AZ91, compressive strength of AZ31/AZ91/1.5 vol%Al2O3 was
ncreased. This can be attributed to well known factors pertaining
o reinforcement.

Compared to monolithic AZ31/AZ91, tensile and compres-
ive failure strain of AZ31/AZ91/1.5 vol%Al2O3 was enhanced and
ecreased, respectively. The increase in failure strain can be
ttributed to the following factor pertaining to reinforcement: (a)
resence and reasonably uniform distribution of Al2O3 nanopar-
icles. This factor was played down considering the crack-closing
ature of compressive deformation, leading to slightly lower com-
ressive failure strain in AZ31/AZ91/1.5 vol%Al2O3.

Compared to monolithic AZ31/AZ91, AZ31/AZ91/1.5 vol%Al2O3
xhibited significantly high increment in tensile WOF and marginal
ecrement in compressive WOF.
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