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Abstract New bimetal AZ31-Al,03/AA5052 macro-
composite comprising (a) Al,O; nanoparticle-reinforced
magnesium alloy AZ31 shell and (b) aluminum alloy
AAS5052 millimeter-scale core reinforcement was fabri-
cated using solidification processing followed by hot
coextrusion. Microstructural characterization revealed
more rounded intermetallic particle of decreased size,
reasonable Al,O3 nanoparticle distribution, and non-dom-
inant (0 0 O 2) texture in the longitudinal and transverse
directions in the AZ31-Al,03 nanocomposite shell. Inter-
diffusion of Mg and Al across the core—shell macrointer-
face into each other was also significant. Compared to
monolithic AZ31, the AZ31-Al,0; shell exhibited signif-
icantly higher hardness (+33%). In tension, the presence of
Al,O3 nanoparticles (in the AZ31 shell) and AA5052 core
significantly increased stiffness (4+39%), yield strength
(0.2% TYS) (+9%), ultimate strength (UTS) (4+19%),
average failure strain (47%), and work of fracture (WOF)
(+27%) of AZ31. In compression, the presence of Al,O;
nanoparticles (in the AZ31 shell) and AAS5052 core
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significantly increased yield strength (0.2% CYS) (4+58%),
ultimate strength (UCS) (4+4%), average failure strain
(+11%), and WOF (449%) of AZ31. The effect of joint
presence of (a) Al,O3 nanoparticles (in the AZ31 shell) and
(b) AA5052 millimeter-scale core on tensile and com-
pressive properties of AZ31 is investigated in this article.

Introduction

Magnesium and aluminum are commonly used light metals
in weight-critical automotive and aerospace structural
applications. Mg is about 35% lighter than Al with con-
sequent superior damping characteristics, and both have
similar melting points and strengths. However, the ductility
of Mg is limited compared to Al. This can be attributed to
limited number of active (basal) slip systems in its HCP
structure. Also, Mg has a lower elastic modulus (40—
45 GPa) than Al (69.6 GPa) [1]. Traditional alloying can
be used to increase the strength and ductility of Mg [2].
Additionally, based on the use of discontinuous reinforce-
ment, many properties of Mg have been improved beyond
the limits of alloying [3]. In recent years, three methods
that have been tried to improve the strength, ductility, and
modulus of Mg are (a) use of various oxide nanoparticles
as well as CNTs for improving strength and ductility [4-6],
(b) use of metallic particles such as Ti and Mo for
improving ductility [7-9], and (c) use of micron size
ceramic particulates for improving strength and modulus
[10, 11]. AZ31 is a very commonly used Al-containing (or
Zr-free) Mg alloy in the world today. It is characterized by
(a) low cost, (b) ease of handling, and (c) good strength and
ductility. Recently, AZ31 has been surface reinforced
with SiC microparticulates [12], Cg, molecules [13], and
multi-walled carbon nanotubes [14], using the friction stir
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processing technique. Here, good dispersion and hardening
of the base matrix were reported. Similar findings along
with grain refinement were also reported for AZ31 rein-
forced with SiC and B4,C microparticulates using gas—
tungsten arc with simultaneous reinforcement powder
feeding processing technique [15-17]. In the AZ31/SiC
microcomposite, defect-free and adherent particle—matrix
interface has been reported [16, 17]. Pulsed current hot
pressing has been used to incorporate TiNi shape memory
alloy fibers in AZ31 matrix without significant interfacial
reaction [18]. As a consequence of residual compressive
stress in the AZ31 matrix due to phase change-induced
shrinkage of the TiNi fiber, the yield stress and elongation
in the AZ31/TiNi microcomposite increased with temper-
ature (strength significantly exceeded that of AZ31 matrix).
Recently, researchers added Al,O3; nanoparticles to AZ31
using disintegrated melt deposition (DMD). Here, the
tensile ductility and strength of AZ31 were significantly
increased and compromised [19]. Regarding millimeter-
length scale integration of bimetals including bimetal
rolling of cladded sheet and extrusion of cladded rod,
limited studies have been done involving the Mg—Al [20—
24], Al-Cu [25-29], Cu-steel [26-29], Al-steel [30, 31],
brass—steel [32], Al-Zn [33], Al-Sn [33], AI-Pb [33, 34],
and Ni-Ti [35] bimetal material systems. The existence of
stressed bimetal interface is suggested by some of the
findings in these studies. The results of literature search
indicate that no attempt has been made to simultaneously
improve the stiffness, strength, and ductility of AZ31
magnesium alloy via (1) addition of Al,O3 or any other
nanoparticles followed by (2) integration with AA5052 or
any other aluminum alloy in millimeter-length scale, using
a lower cost solidification processing methodology.

Accordingly, one of the primary aims of this study was
to simultaneously increase stiffness, strength, and ductility
of AZ31 by (1) addition of Al,O3 nanoparticles followed
by (2) integration with AAS5052 aluminum alloy in milli-
meter-length scale. Another aim of this study was to
evaluate the compressive properties of AZ31-Al,0s/
AA5052 bimetal macrocomposite considering end appli-
cations requiring compressive loading. The AZ31-Al,05/
AA5052 bimetal macrocomposite was formed using com-
bination of DMD method [36, 37] and top-pouring fol-
lowed by hot coextrusion.

Experimental procedures
Materials
In this study, AZ31 rod (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, supplied by Alfa

Aesar, MA, USA) was used as shell matrix material. Al,O5
nanoparticles (50 nm size) supplied by Baikowski (Japan)
were used as the reinforcement phase for the AZ31 shell.
AA5052 sheet (nominally 2.2-2.8 wt%Mg, 0.25 wt%Si,
0.40 wt%Fe, 0.10 wt%Cu, 0.10 wt%Mn, 0.15-0.35 wt%Cr,
0.10 wt%Zn, 0.15wt% others, balance Al, supplied by Yan
San Metals Pte Ltd., Singapore) was used as the millimeter-
scale core reinforcement phase. AZ31 rod and AA5052 sheet
were sectioned to smaller pieces. All oxide and scale surfaces
were removed using machining. All surfaces were washed
with ethanol after machining.

Primary processing

Monolithic AZ31 was cast using the DMD method [36,
37]. This involved heating the AZ31 rod to 750 °C in an
inert Ar gas atmosphere in a graphite crucible using a
resistance heating furnace. The crucible was equipped with
an arrangement for bottom pouring. Upon reaching the
superheat temperature, the molten slurry was stirred for
3 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%ZrO,, 8.8%Y,03,
3.6%S10,, 1.2%K,0 and Na,0, and 0.3% trace inorganics)
to avoid iron contamination 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 and 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 disintegration point. An ingot of
40 mm diameter was obtained following the deposition
stage. To form the AZ31-1.5 vol.%Al,O3; nanocomposite
(see Fig. 1), Al,O3 nanoparticle powder was isolated by
wrapping in Al foil of minimal weight (<0.50 wt% with

Al foil
packet

Al,O4
powder

AZ31 rod

crucible

\ exit hole

Fig. 1 Arrangement of raw materials in crucible before casting, in
obtaining AZ31-1.5 vol.%Al,05; nanocomposite shell material
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respect to AZ31 matrix weight) and arranged on top of the
bundle of AZ31 sections, with all other DMD parameters
unchanged. All monolithic and nanocomposite ingots were
sectioned into billets. To form the macrocomposite, a sin-
gle cavity of predetermined diameter was machined cen-
trally into the 40-mm diameter AZ31-1.5 vol.%Al,03
nanocomposite billet, the central cavity was screw tapped
(depth, width, and angle of thread were 0.75 and 0.87 mm,
and 60°, respectively), and AAS5052 was top-poured (at
800 °C) to fill the threaded cavity. Screw tapping of the
central cavity in the macrocomposite billet was done to
increase the consistency of material flow during hot
coextrusion.

Secondary processing

The monolithic and macrocomposite billets were machined
to 36-mm diameter and hot extruded using 20.25:1 extru-
sion ratio on a 150 ton hydraulic 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.

Quantitative assessment of AA5052

The AAS5052 volume fraction of the as-solidified macro-
composite billet was obtained by computing the volume of
the threaded cavity using distilled water as fluid and
dividing subsequently by the total volume of the 36-mm
diameter billet.

Microstructural characterization

Microstructural characterization studies were conducted
on metallographically polished monolithic and macrocom-
posite extruded samples to determine (a) grain size,
(b) intermetallic particle characteristics (type, size, and
roundness ratio), (c¢) Al,O3; nanoparticle reinforcement
distribution, (d) interfacial integrity (debonding presence as
well as intermetallic particle presence and type), and (e)
AZ31 texture (in the longitudinal and transverse directions).
Olympus metallographic microscope was used for observ-
ing AZ31-based grains and related intermetallic particles.
Hitachi S4300 field-emission scanning electron microscope
(FESEM) was used for observing AAS5052 grains and
related intermetallic particles, Al,O; nanoparticle rein-
forcement distribution, as well as AZ31-1.5 vol.%Al,03—
AAS5052 interfacial integrity. Image analysis using Scion
software was carried out to determine grain size. Interme-
tallic particle type was determined using energy dispersive
X-ray spectroscopy (EDS). For intermetallic particles not
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located at the interface, X-ray diffraction (XRD) studies
were also carried out to determine the particle type based on
lattice spacing (d) match with corresponding standard val-
ues. XRD studies were conducted using CuK, radiation
(4 = 1.5406 A) with a scan speed of 2°/min in an auto-
mated Shimadzu LAB-X XRD-6000 diffractometer. For
intermetallic particles not located at the interface, image
analysis using Scion software was carried out to determine
intermetallic particle size and roundness ratio. XRD studies
were conducted to also determine the dominant textures of
AZ31 in the transverse and longitudinal (extrusion)
directions.

Hardness

Microhardness measurements were made on polished
monolithic and macrocomposite extruded samples. Vickers
microhardness was measured using Matsuzawa MXTS50
automatic digital microhardness tester using 25 gf indent-
ing load.

Tensile testing

Smooth bar tensile properties of the monolithic and mac-
rocomposite 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 ten-
sion 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 sur-
faces using Hitachi S4300 FESEM.

Compressive testing

Compressive properties of the monolithic and macrocom-
posite extruded samples were determined based on ASTM
E9-89a. Samples of 8-mm length (/) and 8-mm diameter
(d) where I/d = 1 were subjected to compression using an
MTS 810 machine with 0.005 min~' strain rate. Com-
pressive force was applied parallel to the extrusion direc-
tion. Fractography was performed on the compressive
fracture surfaces using Hitachi S4300 FESEM.

Results

Macrostructural characteristics

No macrostructural defects were observed for extruded
rods of monolithic AZ31 and AZ31-1.5 vol.%Al,05/

AA5052 macrocomposite. Hot coextrusion of the AZ31-
1.5 vol.%Al1,03/AA5052 macrocomposite billets produced
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macrocomposite rods with AZ31-1.5 vol.%Al,O5 shell
and AAS5052 core (designated as AZ31-1.5 vol.%Al,0O5/
0.079 AA5052). The dimension of AA5052 core (AA5052
volume fraction) was fairly uniform along the length of the
extruded rod. This can be attributed to mechanical inter-
locking between the AZ31-based shell and threaded
AAS5052 core.

Macrointerface
110 £ 9 (+72)

Microstructural characteristics

AA5052 core
93 + 4 (+45)

The average grain size obtained for the AZ31-1.5 vol.%
Al,Oj3 shell of the macrocomposite was similar to that of
monolithic AZ31 as shown in Table 1 and Fig. 2. The
average grain size obtained for the AAS5052 core of the
macrocomposite was similar to that obtained from Hall-
Williamson plots based on available XRD peaks corre-
sponding to aluminum [20, 21, 23, 24]. In the macro-
composite, the grain size of the AZ31-1.5 vol.%Al,0;
shell was about one order of magnitude higher than that of
the AA5052 core.

Including regions away from the AZ31-1.5 vol.%Al,O3—
AAS5052 interface: Al,Mg;; intermetallic particles were
observed in monolithic AZ31 and the AZ31-1.5 vol.%
Al,05 shell of the macrocomposite as listed in Table 1 and
shown in Fig. 2. The size and roundness ratio of Al;,Mg;,
intermetallic particles were lower in the AZ31-1.5 vol.%
Al,O5 shell of the macrocomposite. Compared to Al;,Mg;-
intermetallic particles in the AZ31-1.5 vol.%Al,05 shell
of the macrocomposite, similar sized but less rounded
Al;5Sig47; and Al,Fe (2.7 <m < 3.3) intermetallic
particles were observed in the AAS5052 core of the
macrocomposite.

Al,O3 nanoparticle reinforcement distribution in the
AZ31-1.5 vol.%Al,03 shell of the macrocomposite was
reasonably uniform as shown in Fig. 2¢, d. The Al,O3
nanoparticles were located at the grain boundary as well as
within the grain.

Physical integrity of the AZ31-1.5 vol.%Al,05—
AAS5052 macrointerface was found to be good based on (a)
minimal presence of debonded regions and (b) evidence of
significant diffusion of Mg and Al into each other as shown
in Fig. 3. This was expected in accordance with their
mutual solid-state solubility shown in the Al-Mg phase
diagram [38]. It was also observed that intermetallic pre-
cipitation occurred at the interface.

AZ31 texture results are listed in Table 2 and shown in
Fig. 4. In monolithic AZ31, the dominant textures in the
transverse and longitudinal directions were (1 0 —1 0) and
(1 0 —11) [and (0O 0 O 2)], respectively. In AZ31-
1.5 vol.%A1,05/0.079 AA5052 macrocomposite, the
dominant texture in the transverse and longitudinal direc-
tions were (1 0 —1 1) [and (1 O —1 0)] and (1 O —1 1),
respectively.

Microhardness (HV)
AZ31
monolith/shell

64 £+ 4

85 + 4 (+33)

Roundness®

ratio
1.6

AA5052 core
Size

(pum)
09+03

Roundness®

ratio
1.9
1.2

Intermetallic particle characteristics®
AZ31 monolith/shell

Size
(pm)
33+1.1
1.2+05

AA5052
core (nm)
168 + 34

monolith/shell

Grain size®

AZ31
(pm)
441
4+

Table 1 Results of grain size, intermetallic particle characteristics, and microhardness of AZ31 and AZ31-1.5 vol.%A1,05/0.079 AA5052 macrocomposite

¢ Roundness measures the sharpness of a particle’s edges and corners expressed by (perimeter)*/4n(area) [65]

Values in brackets indicate %change with respect to corresponding result of AZ31

AZ31-1.5 vol.%A1,05/0.079 AA5052
% Based on approximately 100 grains
° Based on approximately 100 particles

Material
AZ31

@ Springer



4864

J Mater Sci (2009) 44:4860-4873

Fig. 2 Representative
micrographs showing (1) grain
and intermetallic particle sizes
in a monolithic AZ31 and

b AZ31-1.5 vol.%A1,05
nanocomposite shell of AZ31-
1.5 vol.%Al,05/0.079 AA5052
macrocomposite, (2) Al,O3
reinforcement distribution
(location): ¢ at the grain
boundary and d within the grain
in AZ31-1.5 vol.%Al,05
nanocomposite shell of AZ31-
1.5 vol.%Al,05/0.079 AA5052
macrocomposite, (3) grain
morphology in e AA5052 core
of AZ31-1.5 vol.%Al1,05/0.079
AA5052 macrocomposite, and
(4) intermetallic particle
morphology in f AA5052 core
of AZ31-1.5 vol.%A1,05/0.079
AA5052 macrocomposite

/ AlpMgj7 ———y.

L e— Alu.“‘lgﬂ f

grain
boundary

WD14 .9ma 15 .0kV. %30k

Hardness

The results of microhardness measurements are listed in
Table 1. The AZ31-1.5 vol.%Al,03 shell exhibited sig-
nificantly higher average hardness than monolithic AZ31.
In the macrocomposite, the AZ31-1.5 vol.%Al,03 shell
exhibited lower hardness than the AAS5052 core. The
AZ31-1.5 vol.%A1,03—AA5052 interface exhibited sig-
nificantly higher hardness compared to the AZ31-
1.5 vol.%Al,05 shell and AA5052 core.

Tensile behavior

The overall results of ambient temperature tensile testing of
the extruded materials are listed in Table 3 and shown in
Fig. 5. The macrocomposite had higher stiffness, 0.2%TYS,
UTS, failure strain, and work of fracture (WOF) than
monolithic AZ31. The WOF was determined by computing
the area under the tensile stress—strain curve. There was a
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step in the macrocomposite stress—strain curve. The top of
the step corresponded to the shear fracture of the AZ31-
1.5 vol.%Al1,05 shell, whereas the bottom of the step cor-
responded to the relatively fast transfer of load (i.e.,
mechanical shock) to the AA5052 core immediately after
shear fracture of the AZ31-1.5 vol.%Al,0O5 shell, after
which the AA5052 core continued to deform until fracture.
Fracture behavior of the AZ31-1.5 vol.%Al,05 shell in the
macrocomposite was ductile in shear (as that of monolithic
AZ31) as shown in Fig. 6a, b. The AA5052 core in the
macrocomposite exhibited ductile behavior in shear as
shown in Fig. 6e. The tensile fractured surface of the mac-
rocomposite showed a debonded AZ31-1.5 vol.%Al,03—
AA5052 macrointerface as shown in Fig. 6c, d.

Compressive behavior

The overall results of ambient temperature compressive
testing of the extruded materials are listed in Table 4 and
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AA5052

- AZ31-
.5V0|°/0.A_|203' i

Al, Mg, Cr, Fe
~ based

Fig. 3 Representative micrographs showing (1) AZ31-1.5 vol.%
Al,O3 shell-AA5052 core macrointerface in (a) and (2) intermetallic
particles (precipitates) in a AZ31-1.5 vol.%Al,0;—AA5052 macro-
interface (AZ31-1.5 vol.%Al,05 side) and b AZ31-1.5 vol.%Al1,05—
AAS5052 macrointerface (AA5052 side)

shown in Fig. 5. The macrocomposite had higher
0.2%CYS, UCS, failure strain, and WOF than monolithic
AZ31. There was a step in the macrocomposite stress—
strain curve, similar to behavior in tension. The fractured

surface of the AZ31-1.5 vol.%Al,03 shell in the macro-
composite appeared smoother than that of monolithic
AZ31 as shown in Fig. 7a, b. The AA5052 core in the
macrocomposite exhibited ductile behavior in shear as
shown in Fig. 7e. The compressive fractured surface of the
macrocomposite showed an intact AZ31-1.5 vol.%0Al,03—
AA5052 macrointerface as shown in Fig. 7c, d.

Discussion

Synthesis of AZ31 and AZ31-1.5 vol.%Al,05/0.079
AA5052 materials

Synthesis of monolithic and macrocomposite material, the
final form being extruded rods, was successfully accom-
plished with (a) no metal oxidation and (b) no detectable
reaction between graphite crucible and melts. The inert
atmosphere used during DMD was effective in preventing
oxidation of the AZ31-based melt. No stable carbides of
Mg or Al formed, due to reaction with graphite crucible.
The 800 °C temperature used during top-pouring of
AAS5052 into machined AZ31-1.5 vol.%Al,05 billets was
sufficient to allow smooth filling of the cavity in the AZ31—
1.5 vol.%Al1,0;5 billet.

Microstructural characteristics

Microstructural characterization of extruded samples is
discussed in terms of (a) grain size, (b) non-interface
intermetallic particle characteristics (type, size, and
roundness ratio), (c¢) Al,O3; nanoparticle reinforcement
distribution, (d) interfacial integrity (debonding presence as
well as intermetallic particle presence and type), and (e)
AZ31 texture (in the longitudinal and transverse directions).

Metallography revealed that the grain size in the AZ31—
1.5 vol.%Al1,03 shell of the macrocomposite was about
one order of magnitude higher than that of the AA5052
core as shown in Table 1 and Fig. 2. This can be attributed
to lower lattice diffusion and grain boundary diffusion rates
in pure Al compared to pure Mg [20, 21, 23, 24, 39].
Diffusion rate calculations revealed that lattice diffusion
rate and grain boundary diffusion rate in pure Al were 0.44
times and two orders lower than, respectively, that in pure
Mg [20, 21, 23, 24, 39]. The similarity in grain size of
monolithic AZ31 and AZ31-1.5 vol.%Al,05 shell of the
macrocomposite suggests similar diffusion profiles during
hot extrusion in the nanocomposite shell compared to the
corresponding monolithic alloy.

For intermetallic particles not located at the AZ31-
1.5 vol.%Al1,05—AA5052 macrointerface, their character-
istics are listed in Table 1 and shown in Fig. 2. Interme-
tallic particle size and roundness ratio were lower in the

@ Springer



4866

J Mater Sci (2009) 44:4860-4873

Table 2 Texture results of

AZ31 and AZ31— Material Section Plane Average I/1,,x

1.5 vol.%Al,03/0.079 AA5052 AZ31 T 10 —10 prism 1.00
macrocomposite based on XRD

00 02 basal 0.16
10 —1 1 pyramidal 0.81
L 10 —1 0 prism 0.27
00 02 basal 0.93
10 —1 1 pyramidal 1.00
AZ31-1.5 vol.%A1,03/0.079 AA5052 T 10 —1 0 prism 0.92
T transverse, L longitudinal 00 02 basal 0.75
? Imax 18 XRD maximum 10 —1 1 pyramidal 1.00
intensity from either prism, L 10 —1 0 prism 0.32
basal, or pyramidal planes 00 02 basal 0.50
Bold values indicate dominant 10 —1 1 pyramidal 1.00

textures in T and L sections

AZ31-1.5 vol.%Al,05 shell of the macrocomposite, com-
pared to that of monolithic AZ31. XRD analysis revealed
the presence of f-Al;;Mg; phase [19]. The intermetallic
particles were predominantly located at grain boundaries.
The presence of Al,Osz nanoparticles assisted in breaking
down the f3-Al;;Mg; intermetallic phase.

The reasonably uniform distribution of Al,O3 nanopar-
ticles as shown in Fig. 2c, d can be attributed to (a) minimal
gravity-associated segregation due to judicious selection of
stirring parameters [36], (b) good wetting of Al,O3 nano-
particles by the alloy matrix [40-42], (c) argon gas disin-
tegration of metallic stream [43], and (d) dynamic
deposition of composite slurry on substrate followed by hot
extrusion. In the nanocomposite, no reaction products based
on Mg and Al,O5 (such as MgO in this case [44]) having
more than 2 vol.% were detected using XRD analysis.

In the macrocomposite, good physical integrity of the
AZ31-1.5 vol.%Al,03—AA5052 macrointerface based on
the minimal presence of debonded regions, and presence of
significant diffusion zones as shown in Fig. 3 can be attrib-
uted to (a) good wettability [33, 45, 46], (b) flow compati-
bility during hot coextrusion, and (c) ease of solid solution
formation at the macrointerface between AZ31-1.5 vol.%
Al,O5 shell and AA5052 core. For the interface (AZ31-
1.5 vol.%Al1,05 side) of the macrocomposite, EDS point
scan revealed the presence of Al-Mg,Si eutectic interme-
tallic particles (based on 5-6 at.%Al, 76-80 at.%Mg, and
20-24 at.%Si reading). This indicated significant diffusion
of Al (from AA5052 core) into AZ31-1.5 vol.%Al1,05 shell
resulting in Al-containing intermetallic particle precipita-
tion. For the interface (AAS5052 side) of the macrocomposite,
EDS point scan revealed the presence of intermetallic par-
ticles consisting of Al, Mg, Cr, and Fe (based on 84—
86 at.%Al, 16-18 at.%Mg, 11-13 at.%Cr, and 3—4 at.%Fe
reading). This indicated significant diffusion of Mg (from
AZ31-1.5 vol.%Al,05 shell) into AA5052 core resulting in
Mg-containing intermetallic particle precipitation. It was
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expected that the Mg content of the interface (AA5052 side)
be significantly higher than the Al content of the interface
(AZ31-1.5 vol.%Al,053 side) based on (a) significantly
higher solubility of Mg in Al than vice versa (18.6 at.%Mgin
Al vs. 11.5 at.%Al in Mg, respectively [38]) and (b) grain
size of AA5052 core being one order of magnitude less than
that of AZ31-1.5 vol.%Al,0; shell (see Table 1 and Fig. 2),
when grain boundaries dominate in diffusion-controlled
reactions at T < 0.75T,,, where T is extrusion temperature
and T, is melting point [47].

Unlike monolithic AZ31, AZ31-1.5 vol.%Al1,03/0.079
AAS5052 macrocomposite did not exhibit (0 0 0 2) dominant
texture in the longitudinal direction as listed in Table 2 and
shown in Fig. 4. This difference in dominant texture can be
attributed to the presence of (1) Al,O3 nanoparticles as well
as smaller and more rounded intermetallic particles in the
AZ31-1.5 vol.%Al,05 shell and (2) AA5052 core having
(a) lower mass specific heat capacity (SHC,,,) but higher
density (p) and consequently about 1.3 times higher volume
specific heat capacity (SHC,ojume) compared to AZ31-based
shell (SHC,,,ss of AA5052 and AZ31 are 0.900 kJ/kg/K
[48] and 1.040 kJ/kg/K [38], respectively, p of AA5052 and
AZ31 are 2680 kg/m® [48] and 1780 kg/m® [38], respec-
tively, calculated SHC,oyme Oof AA5052 and AZ31 are
2412 kJ/m*/K [48] and 1851 kJ/m*/K [38], respectively,
where SHC, ojume = p X SHC,,.5) and (b) about 1.8 times
higher thermal conductivity (x) compared to AZ31-based
shell (« of AAS5052 and AZ31 are 137 W/m/K [48] and
76.9W/m/K [38], respectively). The implication here was
that compared to (0 0 0 2) dominant texture formation in the
longitudinal direction for monolithic AZ31, (1 0 —1 1)
dominant texture formation [non-dominant (0 0 0 2) texture
formation] in the longitudinal direction for AZ31-
1.5 vol.%A1,05/0.079 AA5052 macrocomposite occurred
when (a) supplied quantity and (b) flow rate (based on
SHC, lume and x, respectively) of heat from the AA5052
core to the AZ31-based shell in the transverse direction
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Fig. 4 Schematic diagram
showing textures of a AZ31 and
b AZ31-1.5 vol.%A1,03/0.079
AAS5052, based on XRD. In
each case, vertical axis is
parallel to extrusion direction.
Each cell is made up of two
HCP units having one common
(0 0 0 2) basal plane

AZ31 AZ31-1.5v0l%A1L 05/ 0.079 AAS052
(@ (b)

Table 3 Results of tensile testing of AZ31 and AZ31-1.5 vol.%Al,03/0.079 AA5052 macrocomposite

Material E (GPa) 0.2%TYS (MPa) UTS (MPa) Failure WOF (MJ/m?)?*
strain/elongation (%)

AZ31 44 +£1 172 £ 15 263 £ 12 104 £ 3.9 26 +£9

AZ31-1.5 vol.%A1,05/0.079 AA5052 61 £ 1 (4+39) 188 £ 10 (+9) 312 £ 9 (+19) 11.1 £ 04 (+7) 33 £ 2 (4+27)

Values in brackets indicate %change with respect to corresponding result of AZ31

# Obtained from engineering stress—strain diagram using EXCEL software

(perpendicular to the extrusion direction) were each  surface and therefore cooled faster. Particle presence and
higher during hot coextrusion. At the same time, com-  characteristics as well as annealing generally have been
pared to monolithic AZ31, the AZ31-1.5 vol.%Al,0;  known to alter the texture in magnesium-based material
shell of the macrocomposite was located nearer the [49, 50].
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Fig. 5 Representative a tensile
and b compressive stress—strain
curves of monolithic AZ31 and
AZ31-1.5 vol.%Al1,03/0.079
AAS5052 macrocomposite
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Hardness

A significant increase in microhardness by 33% was
observed in the AZ31-1.5 vol.%Al1,05 shell of the AZ31-
1.5 vol.%A1,05/0.079 AAS5052 macrocomposite when
compared to monolithic AZ31 as listed in Table 1. This was
consistent with earlier observations made on Mg/Al,O3,
AZ31/Cgy, and AZ31/MWCNT nanocomposites [5, 44, 51].
The increase in hardness of the AZ31-1.5 vol.%Al,0O5 shell
in this study can be attributed to (a) intermetallic particles of
lower size and roundness ratio in the matrix, (b) reasonably
uniform distribution of harder Al,O3; nanoparticles in the
matrix, and (c) higher constraint to localized matrix defor-
mation during indentation due to the presence of interme-
tallic particles (having lower size and roundness ratio) and
nanoparticles [5, 6, 44]. In the macrocomposite, the signif-
icantly higher macrointerfacial microhardness (compared to
that of AZ31-1.5 vol.%Al,05 shell and AA5052 core) can
be attributed to (a) strain localization [29], (b) solid solution
formation between AZ31-1.5 vol.%Al,0; and AA5052
with noticeable formation of intermetallics (see Fig. 3), and
(c) accumulation of stress due to the difference in coefficient

@ Springer

0.100

0.200 0.250 0.300 0.350 0.400

strain

0.150

of thermal expansion (CTE) between Mg-based AZ31-
1.5 vol.%A1,05 and Al-based AA5052 (CTE of Mg is
28.90 x 107%K [2], CTE of Al is 26.49 x 10~K [2]).

Stiffness

In the AZ31-1.5 vol.%Al1,05/0.079 AA5052 macrocom-
posite, the stiffness was 39% higher than that of monolithic
AZ31 as listed in Table 3. This was due to the higher
modulus of (a) AA5052 core, (b) Al,O3 ceramic nano-
particles in the AZ31-1.5 vol.%Al,0j shell, and (c) AZ31-
1.5 vol.%Al1,05—AA5052 macrointerface intermetallic
particles. The integration between AZ31-1.5 vol.%Al,03
and AA5052 was good, and the combined ability of (a)—(c)
in increasing the stiffness of AZ31 was indicated [4, 24,
25]. The stiffness of the macrocomposite was 12% lower
than that of AAS5052 (69.3 GPa [48]).

Strength

Compared to monolithic AZ31, AZ31-1.5 vol.%Al,03/
0.079 AA5052 macrocomposite had significantly higher
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Fig. 6 Representative FESEM
micrographs showing tensile
fracture surfaces of a monolithic
AZ31, b AZ31-1.5 vol.%Al1,0,
nanocomposite shell in AZ31-
1.5 vol.%A1,05/0.079 AA5052
macrocomposite, ¢, d AZ31-
1.5 vol.%Al,0;-AA5052
macrointerface, and e AA5052
core in AZ31-1.5 vol.%Al,05/
0.079 AA5052 macrocomposite

sheared

macrointerface

sheared AZ31-
1.5vol% AlLO3
shell

AA5052 core
(vertical side)

Table 4 Results of compressive testing of AZ31 and AZ31-1.5 vol%Al,05/0.079 AAS5052 macrocomposite

Material 0.2%CYS (MPa)

UCS (MPa)

Failure strain/ductility (%) WOF (MJ/m3)a

AZ31
AZ31-1.5 vol.%A1,05/0.079 AA5052

93+9
147 £ 6 (+58)

486 + 4
504 + 10 (+4)

197 £72
21.9 £ 3.6 (+11)

76 + 14
115 £ 15 (+49)

Values in brackets indicate %change with respect to corresponding result of AZ31

# Obtained from engineering stress—strain diagram using EXCEL software

0.2%TYS (9%) and UTS (19%) than monolithic AZ31 (see
Table 3 and Fig. 5). This can be attributed to (a) reasonably
uniform distribution of harder Al,O3; nanoparticles in the
AZ31-1.5 vol.%Al,05 shell (see Fig. 2), (b) AA5052 core
exhibiting 45% higher microhardness than monolithic
AZ31 (see Table 1), and (c) AZ31-1.5 vol.%Al,05—
AA5052 macrointerface being about 200 pm wide with
noticeable precipitation of intermetallic particles (see
Fig. 3). The associated strengthening mechanisms are (a)
dislocation generation due to elastic modulus mismatch and

CTE mismatch between the matrix and particle reinforce-
ment [5, 6, 52, 53], (b) Orowan strengthening mechanism
(inclusive of reduction in diameter of intermetallic particles
in the AZ31-1.5 vol.%Al,03 shell of the macrocomposite)
[52-54], and (c) load transfer from matrix to particle rein-
forcement [5, 52]. This was the case despite (a) grain size of
AZ31-1.5 vol.%Al1,05 shell in the macrocomposite being
similar compared to that in monolithic AZ31 (see Fig. 2
also), and (b) inadequate AZ31-1.5 vol.%Al,0;—AA5052
macrointerfacial strength [matrix (shell)-reinforcement
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Fig. 7 Representative FESEM
micrographs showing
compressive fracture surfaces of
a monolithic AZ31, b AZ31-
1.5 vol.%Al,03 nanocomposite
shell in AZ31-1.5 vol.%Al,05/
0.079 AA5052 macrocomposite,
¢, d AZ31-1.5 vol.%A1,0;3—
AA5052 macrointerface, and

e AA5052 core in AZ31-

1.5 vol.%Al,05/0.079 AA5052
macrocomposite

(core) debonding of plastically sheared macrointerface
shown in Fig. 6¢, d]. This was also the case despite (c) (1 0
—1 1) dominant texture formation [non-dominant (0 0 0 2)
texture formation] in the longitudinal and transverse
directions of the AZ31-1.5 vol.%Al,03/0.079 AA5052
macrocomposite unlike in monolithic AZ31 as listed in
Table 2 and shown in Fig. 4. For this (1 0 —1 1) pyramidal
plane texture, basal slip is made least difficult due to the low
critical resolved shear stress (CRSS) for slip based on the
45° angle between the (0 0 0 2) basal plane and the vertical
axis as shown in Fig. 4 [54, 55]. In similar comparison of
compressive strength, 0.2%CYS and UCS of AZ3I1-
1.5 vol.%Al1,03/0.079 AAS5052 macrocomposite were
higher by 58 and 4%, respectively, compared to monolithic
AZ31 (see Table 4 and Fig. 5). The stress detected at
much of the given strain was higher for AZ31-1.5 vol.%
Al,05/0.079 AAS5052 macrocomposite compared to
monolithic AZ31 as shown in Fig. 5b. The role of the

@ Springer

AZ31-1.5 vol.%A1,05—AA5052 macrointerface during
deformation of the macrocomposite was to transfer stress
adequately between the AAS5052 core reinforcement and
AZ31-1.5 vol.%Al1,05 shell matrix. In compression, the
macrointerface performed this role perfectly based on its
intact nature after fracture as shown in Fig. 7.

In monolithic AZ31, 0.2%TYS was about 1.8 times the
0.2%CYS. This can be attributed generally to (a) half the
strain rate used (less strain hardening) in compressive testing
compared to tensile testing and (b) {101 —2} (101 —1)-
type twinning being more easily activated along the c-axis
(of the HCP unitcell in Fig. 4) in tension than in compression
along the c-axis [56, 57]. With the c-axis of the HCP unit cell
oriented 90° to the force axis (extrusion direction) in this
case, {1 01 =2} (1 0 1 —1)-type twinning was less easily
activated in compression along the c-axis, during tensile
testing (Poisson effect). In the AZ31-1.5 vol.%Al1,05/0.079
AAS5052 macrocomposite, 0.2%TYS was only about 1.3
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times the 0.2%CYS. Here, the TYS/CYS anisotropy was
significantly reduced despite half the strain rate used (less
strain hardening) in compressive testing compared to tensile
testing. This can be similarly attributed to (a) {1 0 1 —2}
(101 —1)-type twinning being activated along the c-axis of
the HCP unit cell in Fig. 4 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 [56,
57] and (b) generally non-preferential slip system activation
in the relatively isotropic FCC unit cell of AA5052 alumi-
num alloy.

Failure strain

The tensile and compressive failure strains of monolithic
AZ31 and AZ31-1.5 vol.%Al1,05/0.079 AAS5052 macro-
composite are listed in Tables 3 and 4 (and shown in
Fig. 5a, b), respectively. Compared to monolithic AZ31,
average tensile and compressive failure strains were
increased by 7 and 11%, respectively, in the macrocom-
posite. This was despite the noticeable formation of inter-
metallic particles at the AZ31-1.5 vol.%Al,0;—AA5052
macrointerface as shown in Fig. 3. This increase in failure
strain can be attributed to (a) presence and reasonably
uniform distribution of Al,O3 nanoparticles in the AZ31-
1.5 vol.%Al,05 shell of the macrocomposite (see Fig. 2)
[44, 58], and (b) reduction in size and roundness ratio of
intermetallic particles in the AZ31-1.5 vol.%Al,O3 shell
of the macrocomposite (see Table 1 and Fig. 2) [59]. This
increase in failure strain can also be attributed to (c¢) (1 0
—1 1) dominant texture formation [non-dominant (0 0 0 2)
texture formation] in the longitudinal and transverse
directions of the AZ31-1.5 vol.%Al,03 shell of the mac-
rocomposite unlike in monolithic AZ31 as listed in Table 2
and shown in Fig. 4. In the case of reasonably uniform
distribution of ceramic nanoparticles, it has been shown in
previous studies that the nanoparticles provide sites where
cleavage cracks are opened ahead of the advancing crack
front. This (1) dissipates the stress concentration which
would otherwise exist at the crack front and (2) alters the
local effective stress state from plane strain to plane stress
in the neighborhood of crack tip [44, 58]. In the case of
reduction in size and roundness ratio of intermetallic par-
ticles, roundness is a measure of the sharpness of a parti-
cle’s edges and corners. Breakdown of the intermetallic
particles located at grain boundaries and the change in their
distribution from a predominantly aggregated type to dis-
persed type as also observed in this study can assist in
improving ductility [59]. In the case of (1 0 —1 1) domi-
nant texture formation [non-dominant (0 0 0 2) texture
formation] in the longitudinal and transverse directions,
basal slip is made least difficult due to the low CRSS for

slip based on the 45° angle between the (0 0 0 2) basal
plane and the vertical axis [54, 55].

Tensile fracture behavior of monolithic AZ31, AZ31-
1.5 vol.%Al1,05 shell, and AA5052 core (of the macro-
composite) was ductile in shear as shown in Fig. 6. The
involvement of shear during deformation and fracture can
be attributed to shear localization around (a) intermetallic
particles and (b) voids in the deformed matrix surrounding
the intermetallic particles, in alloys [60, 61]. However, the
tensile fractured surface of AZ31-1.5 vol.%Al,05 shell
had (a) higher occurrence of smaller dimple-like features
and (b) absence of microcracks, compared to that of
monolithic AZ31. The tensile cavitation resistance was
lower and the microcrack formation resistance was higher
in the AZ31-1.5 vol.%Al,0; shell compared to monolithic
AZ31. For the macrocomposite, compressive fracture
behavior of the AZ31-1.5 vol.%Al,05 shell based on vis-
cous flow [62] was relatively more ductile (smoother
fracture surface exhibited) compared to monolithic AZ31
as shown in Fig. 7. This relatively more ductile compres-
sive fracture behavior can be attributed to increase in shear
band spacing [62, 63].

Work of fracture

The tensile and compressive WOF of monolithic AZ31 and
AZ31-1.5 vol.%A1,05/0.079 AA5052 macrocomposite are
listed in Tables 3 and 4 (and illustrated in Fig. 5a, b),
respectively. WOF quantified the ability of the material to
absorb energy up to fracture under load [64]. Compared to
monolithic AZ31, tensile WOF and compressive WOF
were enhanced by 27 and 49%, respectively, in AZ31-
1.5 vol.%A1,05/0.079 AA5052 macrocomposite.

Finally, compared to monolithic AZ31, the significantly
higher stiffness, strength, and WOF exhibited by AZ31-
1.5 vol.%Al1,03/0.079 AAS5052 macrocomposite as shown
in Tables 3 and 4 show its potential to be used in stiffness
and strength-based design as well as damage-tolerant
design, respectively.

Conclusions

1. AZ31-1.5 vol.%Al,03/AAS5052 macrocomposite can
be successfully synthesized using solidification pro-
cessing coupled with hot coextrusion.

2. Compared to monolithic AZ31, stiffness of AZ31-
1.5 vol.%Al1,05/0.079 AAS5052 macrocomposite was
enhanced. This can be attributed to the higher elastic
modulus of (a) AAS5052 core, (b) Al,O3; ceramic
nanoparticles in the AZ31-1.5 vol.%Al,05 shell, and
(¢) AZ31-1.5 vol.%Al,0;—AAS5052 macrointerface
intermetallic particles.
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