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A hybrid magnesium alloy nanocomposite containing TiC nanoparticle reinforcement was fabricated using solidification proc-
essing followed by hot extrusion. The nanocomposite exhibited similar grain size to the monolithic hybrid alloy, reasonable TiC
nanoparticle distribution, nondominant (0 0 0 2) texture in the longitudinal direction, and 16% higher hardness than the mono-
lithic hybrid alloy. Compared to the monolithic hybrid alloy, the nanocomposite simultaneously exhibited higher tensile yield
strength (0.2% TYS), ultimate tensile strength (UTS), failure strain, and work of fracture (WOF) (+14%, +7%, +81%, and +92%,
resp.). Compared to the monolithic hybrid alloy, the nanocomposite exhibited lower compressive yield strength (0.2% CYS) and
higher ultimate compressive strength (UCS), failure strain, and WOF (–11%, +7%, +4%, and +15%, resp.). The advantageous
effects of TiC nanoparticle addition on the enhancement of tensile and compressive properties of the hybrid magnesium alloy are
investigated in this paper.

1. Introduction

The AZ (aluminium-zinc) series of magnesium alloys are
commonly used in structural applications due to (a) low cost,
(b) ease of handling, (c) good strength and ductility, and (d)
resistance to atmospheric corrosion [1]. These magnesium
alloys are commonly denoted by AZXY where X and Y indi-
cate the nominal weight contents of aluminium (A) and zinc
(Z) in the alloy (resp.). AZ31 has been surface-reinforced
with SiC microparticulates [2], C60 molecules [3], and mul-
tiwalled carbon nanotubes [4] using the friction stir pro-
cessing technique. Here, it was reported that hardening of
the base matrix at the surface occurred due to good par-
ticle dispersion. Yttrium has been added to AZ61 to increase
its dry oxidation resistance [5]. The solidification processing
parameters used were (1) stirring temperature, (2) velocity,
and (3) time where the alloy was observed to sometimes
consist of well-distributed fine circular phase [5]. AZ61-SiO2

nanocomposite surface has been obtained using friction stir
processing [6]. Here, the tensile elongation at 350◦C of
selected composites reached 350% at 1 × 10−2 s−1 and 420%

at 1 × 10−1 s−1. It was implied that sufficiently uniform dis-
persion of SiO2 nanoparticles resulted in high-strain-rate
superplasticity (HSRSP) being exhibited [6]. However, the
tensile elongation was barely 100% at the same temperature
and at a lower strain rate of 1 × 10−3 s−1 [6]. Regard-
ing AZ91/SiC microcomposite, elevated temperature (250–
400◦C) uniaxial compressive deformation behavior has been
investigated [7]. A stress exponent of n = 5 and a true
activation energy of Q = 99 kJ/kmol were obtained based on
the effective stress dependence on strain rate and tempera-
ture [7]. This Q value was close to that of grain boundary dif-
fusion in Mg, and the consequent conclusion was that dislo-
cation climb controlled the elevated temperature compress-
ive deformation [7]. Multiple layer microcomposites consist-
ing of alternating layers of AZ91-coated P100 pitch-based
fibers and AZ61 foil have also been studied [8]. It was ob-
served that the reaction zone containing single and/or mixed
metal carbides grew due to thermal treatment [8].

Regarding TiC reinforced composites, TiC and TiB2 have
been used to reinforce each other via powder processing and
sintering mainly, and this has been extensively reviewed [9].
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Here, the effects of self-propagating high-temperature syn-
thesis (SHS) processing route on microstructure and me-
chanical properties of the TiC-TiB2 composites has been
reviewed [9]. Molten Al-Mg alloys were infiltrated at 900◦C
into TiC preforms with flowing argon [10]. In this case,
wetting of TiC substrates by the molten Al-Mg alloys was
investigated. It was observed that Al4C3 was selectively
formed at the matrix-preform interface and TiAl3 traces were
formed in the Al-based matrix. La2O3 and TiC were added to
W for mechanical property improvement using vacuum hot
pressing [11]. It was observed that the reinforcement par-
ticles pinned down the grain boundaries and inhibited the
grain growth of W during sintering, resulting in matrix
strengthening [11]. To a certain extent, La2O3 particles were
beneficial for sintering and densification of composites while
TiC particles exhibited good interfacial characteristics (for
effective load transfer) with the adjacent W matrix [11]. It
was observed that the collective strengthening effect of La2O3

and TiC particles on W was better than that of either La2O3

or TiC individually [11]. Elemental powders of Ti and C were
formed into a preform where TiC was formed in situ [12].
Molten magnesium alloy AZ91D was pressurelessly infiltrat-
ed into this Ti-C perform, and tensile properties of the com-
posite were compared to monolithic AZ91D [12]. Tensile
strength (especially at higher temperatures) was enhanced by
the in situ formed TiC reinforcement [12]. Compared to the
strain hardening exponent (n) of monolithic AZ91D being
0.11–0.32, that of the AZ91D/TiC composite was higher at
0.71–0.82 (for tensile deformation carried out at 423–723 K
in each case) [12]. Technically, AZ31 may be alloyed with
more pure aluminium to obtain the other more concentrated
magnesium alloys in the AZ series. However, the mixing of
two or more AZ series magnesium alloys for the same pur-
pose (and consequent formation of a hybrid magnesium
alloy) is also relevant. There may be certain advantages in this
approach based on the lower liquidus temperature and low-
er melt density (during stirring/mixing) of the AZ series
magnesium alloys compared to pure aluminium. Open liter-
ature search has revealed that no successful attempt has been
made to simultaneously increase tensile strength and ductil-
ity of AZ31/AZ91 hybrid magnesium alloy with TiC or any
other carbide nanoparticles, using a high-volume production
spray-deposition-based solidification processing technique.

Accordingly, one of the primary aims of this study was
to simultaneously increase tensile strength and ductility of
AZ31/AZ91 hybrid magnesium alloy with TiC nanoparticles.
Another aim of the present study was to evaluate the com-
pressive properties of AZ31/AZ91/TiC hybrid alloy nano-
composite. Disintegrated melt deposition (DMD) [13, 14]
followed by hot extrusion was used to synthesize the AZ31/
AZ91/TiC hybrid alloy nanocomposite.

2. Experimental Procedures

2.1. Materials. In this study, AZ31 (nominally 2.50–
3.50 wt% Al, 0.60–1.40 wt% Zn, 0.15–0.40 wt% Mn,
0.10 wt% Si, 0.05 wt% Cu, 0.01 wt% Fe, 0.01 wt% Ni, balance
Mg) and AZ91 (nominally 8.30–9.70 wt% Al, 0.35–1.00 wt%
Zn, 0.15–0.50 wt% Mn, 0.10 wt% Si, 0.030 wt% Cu,

0.005 wt% Fe, 0.002 wt% Ni, 0.02 wt% others, balance Mg)
both alloys supplied by Tokyo Magnesium Co. Ltd. (Yokoha-
ma, Japan), were used as matrix material. Equal masses of
AZ31 and AZ91 were mixed to metallurgically upgraded
AZ31. The intention of this mixing was to increase the no-
minal aluminium content of AZ31 by 3 wt%. The average
manganese (Mn) content of the hybrid alloy (0.17%) is
slightly higher than that of AZ61 (0.15%) based on hand-
book values [1]. Mn is the next important alloying element
in AZ series magnesium alloys after Al and Zn (in that order).
Also, the relatively lower compositional consistency of the
hybrid alloy would not match the relatively higher composi-
tional homogeneity in commercially available AZ61. AZ31
and AZ91 blocks were sectioned to smaller pieces. All oxide
and scale surfaces were removed using machining. All sur-
faces were washed with ethanol after machining. TiC nano-
particles (98+% purity, 30–50 nm size) supplied by Nano-
structured and Amorphous Materials Inc (TX, USA) were
used as the reinforcement phase.

2.2. Processing. Monolithic AZ31/AZ91 hybrid alloy (nom-
inal aluminium content of AZ31 increased by 3 wt%) was
cast using the DMD method [13, 14]. This involved heating
AZ31 and AZ91 blocks to 750◦C in an inert Ar gas atmo-
sphere in a graphite crucible using a resistance heating fur-
nace. The crucible was equipped with an arrangement for
bottom pouring. Upon reaching the superheat temperature,
the molten slurry was stirred for 2.5 min at 460 rpm using
a twin blade (pitch 45◦) mild steel impeller to facilitate the
uniform distribution of heat. The impeller was coated with
Zirtex 25 (86% ZrO2, 8.8% Y2O3, 3.6% SiO2, 1.2% K2O and
Na2O, and 0.3% trace inorganics) to avoid iron contamina-
tion of the molten metal. The melt was then released through
a 10 mm diameter orifice at the base of the crucible. The melt
was disintegrated by two jets of argon gas oriented normal
to the melt stream located 265 mm from the melt pouring
point. The argon gas flow rate was maintained at 25 Lpm.
The disintegrated melt slurry was subsequently deposited
onto a metallic substrate located 500 mm from the disinte-
gration point. An ingot of 40 mm diameter was obtained fol-
lowing the deposition stage. To form the AZ31/AZ91/
1.5vol% TiC hybrid alloy nanocomposite, TiC nanoparticle
powder was isolated by wrapping in Al foil of minimal weight
(<0.50 wt% with respect to AZ31 and AZ91 total matrix
weight) and arranged on top of the AZ31 and AZ91 alloy
blocks (see Figure 1), with all other DMD parameters un-
changed. All billets were machined to 35 mm diameter and
hot extruded using 20.25 : 1 extrusion ratio on a 150 ton hy-
draulic press. The extrusion temperature was 350◦C. The
billets were held at 400◦C for 60 min in a furnace prior to
extrusion. Colloidal graphite was used as a lubricant. Rods of
8 mm were obtained.

2.3. Heat Treatment. Heat treatment was carried out on all
extruded sections at 200◦C for 1 hour 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
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Table 1: Results of grain characteristics and microhardness of AZ31/AZ91 and AZ31/AZ91/TiC nanocomposite.

Material TiC (vol%)
Grain characteristicsa

Microhardness (HV)
Size (μm) Aspect ratio

AZ31/AZ91 — 5.1± 0.7 1.4 111± 5

AZ31/AZ91/1.5vol% TiC 1.50 4.0± 1.0 1.4 129± 7 (+16)
a
Based on approximately 100 grains.

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

Al foil packet

TiC nanopowder

AZ31 and AZ91
pieces

Crucible

Exit hole

Figure 1: Arrangement of raw materials in crucible before casting
for AZ31/AZ91/TiC nanocomposite.

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 hour is 288◦C [1]). Prior to heat treatment, the
sections were coated with colloidal graphite and wrapped in
aluminum foil to minimize reaction with oxygen present in
the furnace atmosphere.

2.4. Microstructural Characterization. Microstructural char-
acterization studies were conducted on metallographically
polished monolithic and nanocomposite extruded samples
to determine grain characteristics as well as nanoparticle re-
inforcement distribution. The etchant used was acetic picral
[1]. 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
CuKα radiation (λ = 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) direc-
tions.

2.5. Hardness. Microhardness measurements were made on
polished monolithic and nanocomposite extruded samples.
Vickers microhardness was measured with an automatic dig-
ital Shimadzu HMV Microhardness Tester using 25 gf-in-
denting load and 15 s dwell time.

2.6. Tensile Testing. Smooth bar tensile properties of the mo-
nolithic and nanocomposite extruded samples were deter-
mined 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 mo-
nolithic and nanocomposite extruded samples were deter-
mined based on ASTM E9-89a. Samples of 8 mm length (l)
and 8 mm diameter (d), where l/d = 1, were subjected to
compression using an 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 macrostructural defects were
observed for extruded rods of monolithic and nanocompos-
ite materials.

3.2. Microstructural Characteristics. Microstructural analysis
results revealed that grain size and aspect ratio remained sta-
tistically unchanged in the case of nanocomposite as shown
in Table 1 and Figures 2(a) and 2(b). TiC nanoparticle rein-
forcement and intermetallic particle distributions in the
nanocomposite were reasonably uniform as shown in Figures
2(c), 2(d), and 2(e).

Texture results are listed in Table 2 and shown in Figure 3.
In monolithic and nanocomposite materials, the dominant
texture in the transverse and longitudinal directions was
(1 0−1 1). Here, extrusion did not result in the (0 0 0 2) plane
being intensely parallel to the extrusion direction (as we have
previously reported) [15].

3.3. Hardness. The results of microhardness measurements
are listed in Table 1. The nanocomposite exhibited higher
hardness than the monolithic material.

3.4. Tensile Behavior. The overall results of ambient tem-
perature tensile testing of the extruded materials are shown
in Table 3 and Figure 4(a). The strength, failure strain, and
work of fracture (WOF) of AZ31/AZ91/1.5vol% TiC 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
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Figure 2: Representative micrographs showing grain size in monolithic AZ31/AZ91 and AZ31/AZ91/TiC nanocomposite: (a) lower magni-
fication and (b) higher magnification. (c, d, e) Representative micrographs showing the presence of individual TiC nanoparticles and fine
Al12Mg17 intermetallic particles in the AZ31/AZ91/TiC nanocomposite: (c, e) lower magnification and (d) higher magnification.

extruded materials exhibited mixed (ductile + brittle) mode
of fracture as shown in Figures 5(a) and 5(b).

3.5. Compressive Behavior. The overall results of ambient
temperature compressive testing of the extruded materials
are shown in Table 4 and Figure 4(b). Comparing AZ31/
AZ91/1.5vol% TiC to monolithic AZ31/AZ91, yield strength
was lower and ultimate strength, failure strain, and WOF
were each higher. The fractured surface of AZ31/AZ91/
1.5vol% TiC and monolithic AZ31/AZ91 appeared similarly
rough as shown in Figure 5(c).

4. Discussion

4.1. Synthesis of Monolithic AZ31/AZ91 and AZ31/AZ91/TiC
Nanocomposite. Synthesis of monolithic and nanocomposite

materials, the final form being extruded rods, was success-
fully accomplished with no detectable metal oxidation or
reaction between graphite crucible and melts. The inert
atmosphere used during DMD was effective in preventing
oxidation of the Mg melt. No stable carbides of Mg or Al
formed due to reaction with graphite crucible.

4.2. Microstructural Characteristics. Microstructural charac-
terization of extruded samples is discussed in terms of (a)
grain characteristics and (b) TiC nanoparticle reinforcement
distribution.

Nearly equiaxed grains were observed in monolithic ma-
terial and nanocomposite as shown in Table 1 and Figures
2(a) and 2(b). Grain size was statistically unchanged in the
case of nanocomposite, suggesting the inability of TiC
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Table 2: Texture results of AZ31/AZ91 and AZ31/AZ91/TiC 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/AZ91/1.5vol% TiC

T
1 0 −1 0 prism 0.61

0 0 0 2 basal 0.11

1 0 −1 1 pyramidal 1.00

L
1 0 −1 0 prism 0.32

0 0 0 2 basal 0.65

1 0 −1 1 pyramidal 1.00
a
T: transverse; L: longitudinal.

bImax is XRD maximum intensity from either prism, basal, or pyramidal planes.

a

ac

c

Figure 3: Schematic diagram showing textures of monolithic
AZ31/AZ91 and AZ31/AZ91/TiC nanocomposite based on X-ray
diffraction. In each case, vertical axis (dotted line) is parallel to
extrusion direction. Each cell is made up of 2 HCP units having 1
common (0 0 0 2) basal plane.

nanoparticles to serve as either nucleation sites or obstacles
to grain growth during solid state cooling. It was observed
that β-Al12Mg17 intermetallic particles decorated the grain
boundaries in the monolithic material and nanocomposite.
X-ray diffraction (XRD) analysis revealed the presence of β-
Al12Mg17 phase [15].

The reasonably uniform distribution of TiC nanoparti-
cles as shown in Figures 2(c), 2(d), and 2(e) can be attributed
to, (a) minimal gravity-associated segregation due to judi-
cious selection of stirring parameters [13], (b) good wetting
of TiC 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 oxide
nanoparticles (within the grain and at the grain boundary)
in magnesium alloy ZK60A has also been recently reported
[19]. In the nanocomposite, no reaction products based on
Mg (or Al) and TiC (such as Mg2C3, Al4C3 or Al-Ti based
intermetallic in this case) 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
16% 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
TiC nanoparticles in the matrix and (b) higher constraint to
localized matrix deformation during indentation due to the
presence of nanoparticles [21, 22, 24].

4.3.2. Tensile and Compressive Behavior. The tensile and
compressive strengths of monolithic material and nanocom-
posite are listed in Tables 3 and 4 (and shown in Figures 4(a)
and 4(b)), respectively. 0.2% TYS and UTS were enhanced by
14% and 7%, respectively, in AZ31/AZ91/1.5vol% TiC com-
pared to monolithic material. In comparison of compres-
sive strengths, 0.2% CYS and UCS of AZ31/AZ91/1.5vol%
TiC were lower and higher by 11% and 7%, respectively,
compared to monolithic AZ31/AZ91. However, the com-
pressive stress detected at any given strain was similar for
AZ31/AZ91/1.5vol% TiC and monolithic AZ31/AZ91 as
shown in Figure 4(b). The tensile strength and UCS in-
crease in AZ31/AZ91/1.5vol% TiC compared to monolithic
AZ31/AZ91 can be attributed to the following well-known
factors (pertaining to reinforcement): (a) dislocation gen-
eration due to elastic modulus mismatch and coefficient of
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Figure 4: Representative: (a) tensile and (b) compressive stress-strain curves of monolithic AZ31/AZ91 and AZ31/AZ91/TiC nanocomposite.
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Figure 5: Representative tensile fractographs of (a) monolithic AZ31/AZ91 and (b) AZ31/AZ91/TiC nanocomposite. (c) Representative
compressive fractograph of monolithic AZ31/AZ91 and AZ31/AZ91/TiC nanocomposite.

Table 3: Results of tensile testing of AZ31/AZ91 and AZ31/AZ91/TiC nanocomposite.

Material
0.2% TYS

(MPa)
UTS

(MPa)
Plastic failure strain

(%)
WOF

(MJ/m3)a

AZ31/AZ91 207± 4 316± 6 8.0± 0.1 24± 0

AZ31/AZ91/1.5vol% TiC 236± 8 (+14) 337± 7 (+7) 14.5± 0.7 (+81) 46± 2 (+92)
a
Obtained from engineering stress-strain diagram using EXCEL software.

() Brackets: indicate % change with respect to corresponding result of AZ31/AZ91.
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Figure 6: Schematic diagram illustrating compressive shear buckling of brittle TiAl3 flake/needle in AZ31/AZ91/TiC nanocomposite. τ1 and
τ2 represent planar shear stresses where τ1 < τ2. γ (exaggerated) represents very low angular deflection of the brittle TiAl3 flake/needle during
buckling.

Table 4: Results of compressive testing of AZ31/AZ91 and AZ31/AZ91/TiC nanocomposite.

Material
0.2%CYS

(MPa)
UCS

(MPa)
Plastic failure strain

(%)
WOF

(MJ/m3)a

AZ31/AZ91 117± 15 495± 13 19.6± 1.9 82± 6

AZ31/AZ91/1.5vol% TiC 104± 13 (−11) 531± 11 (+7) 20.3± 2.7 (+4) 94± 2 (+15)
a
Obtained from engineering stress-strain diagram using EXCEL software.

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

thermal expansion mismatch between the matrix and rein-
forcement [22, 23, 25, 26], (b) Orowan strengthening mech-
anism [25–27], and (c) load transfer from matrix to rein-
forcement [22, 25]. The slight decrease in 0.2% CYS of AZ31/
AZ91/1.5vol% TiC compared to monolithic AZ31/AZ91 can
be attributed possibly to compressive shear buckling of brittle
TiAl3 flakes/needles (occurring in trace amounts undetect-
able by XRD and possibly too fine to be observed using
scanning electron microscopy) in AZ31/AZ91/1.5vol% TiC
as illustrated in Figure 6. Regarding this compressive shear
buckling, it has been previously reported that the TiAl3 phase
forms as brittle flakes/needles in solidification processed Al-
Ti master alloys [28] and squeeze cast and heat treated Al/
TiO2 composite [29]. The TiAl3 phase has been reportedly
formed in Al/TiC composites as well [30, 31]. It has also been
previously reported that Mg lowers the temperature of TiAl3
phase formation (catalyses TiAl3 phase formation) in Mg-Al-
Ti systems [32]. Further, the needle-like morphology of the
TiAl3 phase has been strongly attributed (theoretically and
experimentally) to its anisotropic valence electron structure
(VES) [33]. The compressive shear buckling of brittle TiAl3
flakes/needles induces a slightly lower limit on the factors
pertaining to reinforcement (as just described).

In both AZ31/AZ91/1.5vol% TiC and monolithic AZ31/
AZ91, 0.2%TYS was about 2.27 and 1.77 times the 0.2% CYS,
respectively. Here, the tensile/compressive yield stress anisot-
ropy (0.2% TYS/0.2% CYS) was present despite the crys-
tallographic texture exhibited where {1 0 1 −2}〈1 0 1 -1〉-
type twinning was activated along the c-axis of the HCP
unit cell in Figure 3 with comparatively similar ease in both

tension and compression along the c-axis, based on the 45◦

angle between the c-axis and the vertical axis [34, 35]. The
tensile/compressive yield stress anisotropy (0.2% TYS/0.2%
CYS) can be attributed generally to half the strain rate used
(less strain hardening) in compressive testing compared to
tensile testing. The tensile/compressive yield stress anisot-
ropy was higher for AZ31/AZ91/1.5vol% TiC compared to
monolithic AZ31/AZ91 (2.27 compared to 1.77, resp.). This
was similar to that observed in the case of ZK60A/1.0vol%
CNT compared to monolithic ZK60A (1.64 compared to
1.27, resp.) as recently reported [36]. This can be attributed
possibly to compressive shear buckling of brittle TiAl3 flakes/
needles (occurring in trace amounts undetectable by XRD)
in AZ31/AZ91/1.5vol% TiC as illustrated in Figure 6. The
brittle TiAl3 flake/needle is prone to buckling followed by
fracture within the AZ31/AZ91 matrix during compressive
deformation unlike during tensile deformation.

The tensile and compressive failure strains of monolithic
material and nanocomposite are listed in Tables 3 and 4 (and
based on stress-strain curves shown in Figures 4(a) and
4(b)), respectively. Compared to monolithic material, tensile
failure strain was enhanced (+81%) in AZ31/AZ91/1.5vol%
TiC. Compared to monolithic material, compressive failure
strain was higher (+4%) in AZ31/AZ91/1.5vol% TiC. The
significant tensile failure strain increase in AZ31/AZ91/
1.5vol% TiC compared to monolithic AZ31/AZ91 can be at-
tributed (pertaining to reinforcement) to the presence and
reasonably uniform distribution of ceramic nanoparticles
[21, 37]. Here, it has been shown in previous studies that the
nanoparticles provide sites where cleavage cracks are opened
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ahead of the advancing crack front. This cleavage crack open-
ing dissipates the stress concentration that would otherwise
exist at the crack front and alters the local effective stress state
from plane strain to plane stress in the neighbourhood of
the crack tip [21, 37]. In comparison of compressive failure
strain, this effect was played down considering the crack-
closing nature of compressive deformation, leading to only
slightly higher (+4%) failure strain in AZ31/AZ91/1.5vol%
TiC.

Tensile fracture behaviour of both monolithic material
and nanocomposite was mixed (ductile + brittle) as shown in
Figures 5(a) and 5(b). However, the tensile fractured surface
of the nanocomposite had higher occurrence of smaller
dimple-like features and absence of microcracks, compared
to that of monolithic material. The tensile cavitation resis-
tance was lower, and the microcrack formation resistance was
higher in the nanocomposite compared to monolithic mate-
rial. Compressive fracture behavior of AZ31/AZ91/1.5vol%
TiC was relatively similar (similar fracture surface exhibited)
compared to monolithic material as shown in Figure 5(c). In
this case where the l/d ratio of samples was relatively low
(l/d = 1) [38], the samples failed in shear and not by buck-
ling as illustrated in recent work [39, 40].

The tensile and compressive work of fracture (WOF)
of monolithic material and nanocomposite are listed in
Tables 3 and 4 (and illustrated in Figures 4(a) and 4(b)),
respectively. WOF quantified the ability of the material to
absorb energy up to fracture under load [41]. Compared to
monolithic material, tensile WOF was enhanced (+92%) in
AZ31/AZ91/1.5vol% TiC. Compared to monolithic material,
compressive WOF was increased (+15%) in AZ31/AZ91/
1.5vol% TiC. The significantly high increment in tensile
WOF and increment in compressive WOF exhibited by
AZ31/AZ91/1.5vol% TiC show its potential to be used in da-
mage-tolerant design.

5. Conclusions

(1) Monolithic AZ31/AZ91 and AZ31/AZ91/1.5vol%
TiC nanocomposite can be successfully synthesized
using the DMD technique followed by hot extrusion.

(2) Compared to monolithic AZ31/AZ91, tensile (yield
and ultimate) and compressive (only ultimate)
strengths of AZ31/AZ91/1.5vol% TiC were each en-
hanced. This can be attributed to well-known factors
pertaining to reinforcement. Compared to monolith-
ic AZ31/AZ91, compressive (only yield) strength of
AZ31/AZ91/1.5vol% TiC was slightly decreased. This
can be attributed possibly to compressive shear buck-
ling of brittle TiAl3 flakes/needles (occurring in trace
amounts) in the nanocomposite.

(3) Compared to monolithic AZ31/AZ91, tensile and
compressive failure strain of AZ31/AZ91/1.5vol%
TiC were significantly enhanced and slightly in-
creased, respectively. The significant enhancement of
tensile failure strain can be attributed to the presence
and reasonably uniform distribution of TiC nanopar-
ticles. This effect was played down considering the

crack-closing nature of compressive deformation,
leading to only slightly increased compressive failure
strain of AZ31/AZ91/1.5vol% TiC.

(4) Compared to monolithic AZ31/AZ91, AZ31/AZ91/
1.5vol% TiC exhibited significantly high increment in
tensile WOF and increment in compressive WOF.
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