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Abstract Uniaxial compressive properties of hybrid
Mg/Al-CNT nano-composites are studied in the present
paper. Hybrid nano-composites were fabricated using
powder metallurgy route followed by microwave assisted
rapid sintering technique and hot extrusion. The hybrid
Mg/Al-CNT nano-composites exhibited slightly smaller
grain sizes compared to monolithic Mg and reasonable
hybrid AI-CNT nano-particle distribution up to Al content
of 1.00 wt%. Compared to pure Mg, the Mg/Al-CNT
nano-composites exhibited higher compressive yield
strength (0.2% CYS), ultimate compressive strength (UCS)
and work of fracture (WOF) (up to +36%, +76%, +36%)
compared to pure Mg but failure strain was compromised.
Inclusive of crystallographic texture changes, the effect of
hybrid AI-CNT nano-particle integration on the enhance-
ment of compressive properties of Mg is investigated in
this paper.

Introduction

Light weight materials are gaining the attention of
researchers worldwide due to their ability to cut down on
energy consumption and greenhouse gas emission in a
number of engineering sectors. Among the light metallic
structural materials, magnesium and aluminum have been
commonly used. Mg is about 35% lighter than Al but both
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have similar melting points and strengths. However, Mg
has the disadvantage of limited ductility attributed to its
HCP structure while Al is more ductile due to its FCC
structure. Moreover, Mg has a lower elastic modulus
(40-45 GPa) than Al (69.9 GPa) [1]. Until recently, many
efforts have been made to increase strength and ductility of
Mg by reinforcing with metallic or ceramic particles of
different sizes [2-7]. However, among the desired rein-
forcements, the carbon nanotube (CNT) has attracted
researchers more due to its extraordinary strength (up to
150 GPa) and young’s modulus (up to 1 TPa), which
makes it an ideal candidate as reinforcement for high
strength, light weight, and high performance composites
[8-10]. It is a fact that the CNT has high aspect ratio,
which makes it possible to acquire smaller interparticle
spacing in the matrix at very low concentrations compared
to traditional reinforcements such as SiC [11]. Therefore,
the CNT can act as a more effective obstacle to dislocation
movement in metals. Moreover, in the case of obstacles
with high aspect ratio, dislocations cannot easily climb to
circumvent the obstacle, so the expectation is not only
improvement of flow stress and toughness but also a con-
siderable improvement in creep resistance [12]. However,
due to weak bonding between pure Mg and C, the syn-
thesized composite reinforced with CNT may not be strong
enough. Thus, an alternative method for using CNT as
reinforcement with enhanced interfacial strength is needed.
It is expected that using CNT as a constituent of a hybrid
reinforcement may be a good procedure to take advantage
of CNT as a reinforcement. Considering the favorable
response of Mg toward Al, it can be expected that the
presence of CNT as a constituent of hybrid AI-CNT nano-
particles may further enhance the mechanical response of
magnesium. Results of literature search indicate that no
attempt has been made to integrate magnesium with
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hybridized AI-CNT nano-particles for the purpose of
studying the compressive behavior of the resultant nano-
composites. In this work, Mg/Al-CNT nano-composites
are developed where monolithic Mg is the matrix that is
reinforced with hybrid particles comprised of pure Al and
embedded CNTs (Fig. 1). The hybrid Mg/Al-CNT nano-
composites are obtained by adding a small weight percent
of ball-milled hybrid AI-CNT particles to Mg particles
using the powder metallurgy route followed by microwave
assisted rapid sintering technique and hot extrusion.

In recent years, researchers established that the flow
stress behavior of Mg and Mg alloys in compression differs
markedly from that seen in tension. In tension, deformation
mechanisms by slip typically dominated whereas in com-
pression, twinning induced deformation mechanisms
dominated in Mg and Mg alloys [13-15].

Generally, the dominant deformation mechanism in Mg
is basal slip, secondary (prismatic and pyramidal) slip, and
{1 0 —1 2} tension twining and {1 0 —1 1} compression
twinning [16, 17]. According to the recorded data, the
CRSS of a basal slip system at room temperature is
approximately 1/100 that of non-basal slip systems on the
prismatic and pyramidal planes [16, 17]. Therefore, plastic
deformation in polycrystalline Mg has been thought to
occur almost entirely by basal slip. However, during
compression, twinning is also mainly responsible for the
material deformation. It is known that extrusion usually
leads to pronounced texture with the basal plane parallel to
the extrusion direction and therefore, it was expected that
the tendency for twinning would be increased during
compression with a consequent increase in tension/com-
pression anisotropy in yield strength [18]. Twinning modes
in hcp metals are distinguished by their ability to produce
either tensile or compressive strain along the crystallo-
graphic c-axis, but not both. Depending upon the c/a axial
ratio, hep twinning’s mode may be either tensile or com-
pressive. In the case of magnesium, the twinning dominant

Fig. 1 Schematic of hybrid
Mg/Al-CNT nano-composite
synthesized in this work

CNT

Al

Hybrid Al-CNT Nano-particle

mode {1 0 —1 2} (1 0 —1 1) is a tensile twin since
cla = 1.624 (less than 1.732) [14, 19]. It seems that during
compression of magnesium based material, tension twin-
ning and then basal and finally non-basal slips (in that
order) are responsible for the deformation, respectively
[14].

Accordingly, this study discusses the effect of hybrid
Al-CNT particles on the enhancement in compressive
strength of Mg/AI-CNT nano-composites compared to
pure Mg. An investigation is also made on the evolution of
crystallographic texture due to addition of hybrid AI-CNT
particles as well as applying compressive deformation.

Experimental procedures
Materials

In this study, magnesium powder (98.5% purity,
60-300 pm particles size range) supplied by Merck (Ger-
many) was used as the matrix material. Carbon nanotubes
(vapor grown, 94.7% purity, 40-70 nm OD) supplied by
Nanostructured & Amorphous Materials Inc (Texas, USA)
and aluminum powder (7-15 um particle size) supplied by
Alfa Aesar (USA) were used as the reinforcement.

Processing

Preparation of composite reinforcements

In order to prepare different reinforcement for different
nano-composite formulations, the content of CNT particles
was kept constant at 0.18 wt% [20] while that of Al par-
ticles was varied. 0.30 wt% stearic acid was used as the
process control agent (PCA). In the first stage, Al and CNT
particles were blended with stearic acid for 1 h using
RETSCH PM-400 mechanical alloying machine. In the
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second stage, steel balls were added and the blended
mixture was ball-milled for 2 h. Ball to powder ratio was
kept at 20:1 and the ball milling speed was set at 200 rpm
during both blending and ball milling steps. For the prep-
aration of Mg matrix nano-composites, no steel balls were
used during blending as explained in the next section.

Primary processing

The magnesium matrix nano-composites were synthesized
using the powder metallurgy technique. The synthesis
process involved blending pure magnesium powder with
the hybrid AI-CNT nano-particles in a RETSCH PM-400
mechanical alloying machine at 200 rpm for 60 min. The
blended powder mixture was compacted at a pressure of
97 bar (load: 50 tons) to compacts (40-mm height, 35-mm
diameter) using a 100-ton press. All compacts (inclusive of
pure Mg compact) were sintered using hybrid microwave
assisted 2-directional sintering technique. The compacts
were heated for 13 min to a temperature near the melting
point of magnesium in a 900 W, 2.45 GHz SHARP
microwave oven using colloidal graphite as an oxidation
barrier layer.

Secondary processing

All sintered compacts were hot extruded at a temperature
of 350 °C with an extrusion ratio of 26:1 using a 150-ton
hydraulic press. Before extrusion, the compacts were
coated with colloidal graphite and soaked at 400 °C for
1 h. Final diameter of the rods obtained after the extrusion
was 7 mm.

Microstructural characterization

Microstructural characterization studies were conducted on
metallographically polished extruded samples to investi-
gate morphological characteristics of grains and rein-
forcement distribution. Hitachi FESEM-S4300 field
emission scanning electron microscope equipped with
energy dispersive X-ray spectroscopy (EDS), Olympus
metallographic optical microscope and Scion image anal-
ysis software were used for this purpose. Crystallographic
texture measurements were carried out on samples of
monolithic Mg and its hybrid Mg/AI-CNT nano-composite
formulations to determine the dominant textures in the
transverse and longitudinal (extrusion) directions. The
measurements were made with a Shimadzu LAB-X XRD-
6000 diffractometer. The samples were exposed to Cu Kua
radiation (4 = 1.054056 A). The texture was measured in
the as-extruded condition (before compression) as well as
after prescribed compressive deformation.
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Hardness

Microhardness measurements were made on the polished
samples of extruded monolithic Mg and hybrid Mg/Al-
CNT nano-composite rods using a Shimadzu HMV 50
automatic digital microhardness tester. The microhardness
tests were performed using a Vickers indenter under a test
load of 25 gf and a dwell time of 15 s in accordance with
the ASTM standard E3 84-99.

Compressive testing

Room temperature compressive tests were performed on
cylindrical monolithic and hybrid nano-composite samples
according to ASTM E9-89a using an automated servo
hydraulic testing machine (MTS 810) with a crosshead
speed set at 0.04 mm/min. Extruded rod of 7 mm diameter
was cut into 7 mm length samples for compression tests to
provide the aspect ratio (I/d) of 1.0. The compression load
was applied parallel to the extrusion direction. Teflon tape
was placed between the contacting surfaces of the speci-
men and machine steel platen for lubrication (to avoid
barreling).

Fracture behavior

Fracture surface characterization studies were carried out
on the compressive fracture surface of monolithic Mg and
hybrid Mg/Al-CNT nano-composites with the objective of
establishing the failure mechanism. Fractography was
accomplished using a FESEM-S4300.

Results
Microstructural characteristics

Microstructural characterization studies conducted on
Mg/Al-CNT nano-composite samples indicated reasonably
uniform distribution of the hybrid AI-CNT nano-particles
in the Mg matrix up to Al content of 1.00 wt%. Rein-
forcement clustering occurred with further increase in Al
content of hybrid AI-CNT nano-particles (Fig. 2a—c). Due
to very low content of CNT (0.18 wt%), CNTs could not
be detected easily within the hybrid AI-CNT nano-parti-
cles [21].

As listed in Table 1, the average grain size in the case of
Mg/Al-CNT nano-composites was significantly smaller
compared to monolithic Mg suggesting the ability of
hybrid AI-CNT nano-particles to serve either as nucleation
sites or obstacles to grain growth during processing.

Texture results are listed in Table 2 and shown in Fig. 3.
The dominant texture in transverse and longitudinal
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Fig. 2 Representive micrographs showing distribution of hybrid AI-CNT nano-particles through the matrix in: a Mg/0.50A1-0.18CNT, b Mg/
1.00A1-0.18CNT, ¢ Mg/1.50A1-0.18CNT, and d high magnification of a hybrid AI-CNT cluster

Table 1 Results of grain

morphology Material Reinforcement (wt%) Grain size (um) Aspect ratio
Al CNT
Mg - - 19+ 4 1.5+ 0.3
Mg/0.50A1-0.18CNT 0.50 0.18 10+3 1.7 £ 0.5
Mg/1.00A1-0.18CNT 1.00 0.18 8+3 1.7+ 04
Mg/1.50A1-0.18CNT 1.50 0.18 8+ 4 1.8 £0.5

directions in the case of monolithic Mg was (1 0 —1 1).
However, in the case of hybrid Mg/Al-CNT nano-com-
posites, the dominant textures in the transverse and lon-
gitudinal directions were (1 0 —1 0) and (0 O O 2),
respectively. It seems that presence of hybrid AI-CNT
nano-particles caused basal plane reorientation parallel to
the extrusion direction. The crystallographic texture sig-
nificantly changed after compressive deformation mostly
due to activation of tensile twinning during compression
in monolithic Mg and all hybrid Mg/Al-CNT nano-com-
posites. The dominant texture in transverse and longitu-
dinal direction of compressively deformed monolithic Mg
changed to (0 0 0 2) and (1 O —1 1), respectively. Since
the derivation of texture in a given direction involves
diffraction from crystallographic planes parallel or near-
parallel (+20°) [22, 23] to the plane containing the
direction vector, the schematic representation of domi-
nant texture in Fig. 3b for monolithic Mg is considered

appropriate. However, in the case of hybrid Mg/Al-CNT
nano-composites, the dominant textures in the transverse
and longitudinal direction were (1 0 —1 0) and (0 0 0 2),
respectively.

Hardness

Results of microhardness measurements are given in
Table 3. Hybrid Mg/AI-CNT nano-composites exhibited
significantly higher hardness compared to monolithic Mg.
The average microhardness in the case of nano-composites
increased with increase in Al content of hybrid AI-CNT
nano-particles.

Stress—strain curves

The compressive stress—strain curves for pure Mg and
hybrid Mg/AI-CNT nano-composites are shown in Fig. 4.
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Table 2 Texture results of Mg

and Mg/Al-CNT nano- Material Section Plane (Average I/I%,,)° (Average I/15,,)°

composites based on X-ray Mg T 10 —1 0 prism 0.96 0.02
diffraction

000 2 basal 0.66 1.00
10 —1 1 pyramidal 1.00 0.19
L 1 0 —1 0 prism 0.23 0.56
000 2 basal 0.63 0.77
10 —1 1 pyramidal 1.00 1.00
Mg/0.50A1-0.18CNT T 10 —1 0 prism 1.00 0.03
000 2 basal 0.23 1.00
10 —1 1 pyramidal 0.98 0.20
L 10 —1 0 prism 0.08 1.00
000 2 basal 1.00 0.34
10 —1 1 pyramidal 0.64 0.98
Mg/1.00A1-0.18CNT T 10 —1 0 prism 1.00 0.02
000 2 basal 0.16 1.00
10 —1 1 pyramidal 0.86 0.22
L 10 —1 0 prism 0.06 1.00
T transverse, L longitudinal 0002 basal 1.00 023
basal or pyramidal planes Mg/1.50A1-0.18CNT T 10 —10 prism 1.00 0.02
> As-extruded condition (before 0002 basal 0.08 1.00
compression) 10 —1 1 pyramidal 0.99 0.17
¢ After compression L 10 —1 0 prism 0.06 1.00
The bold values show the 000 2 basal 1.00 0.17
dominant texture compared to 10 —1 1 pyramidal 0.44 0.80

others

Curves for monolithic Mg and all hybrid Mg/Al-CNT
nano-composites showed similar concave regions after
yielding at point A. Beyond the concave region, more rapid
work hardening rates were observed in the case of hybrid
nano-composites compared to monolithic Mg (point B). In
the case of monolithic Mg, work hardening steadily
increased up to a peak stress followed by softening (point
C) while in the case of hybrid Mg/AI-CNT nano-com-
posites, rapid work hardening up to peak stress was fol-
lowed by a sudden failure without further deformation
(point D). These observations revealed that hybrid nano-
composite behavior did not follow the matrix softening
behavior in the last stage of deformation.

Compressive properties

The results of ambient temperature compressive tests as
listed in Table 3 revealed considerable improvement in
0.2% compressive yield strength (0.2% CYS), ultimate
compressive strength (UCS), and work of fracture (WOF) of
hybrid Mg/Al-CNT nano-composites compared to mono-
lithic Mg. However, failure strain was compromised. Among
the nano-composite formulations, Mg/1.00Al-0.18CNT

@ Springer

showed the best improvement in overall mechanical
properties with an increase in 0.2% CYS (36%), UCS
(76%), and in WOF (36%). The WOF was determined by
computing the area under the stress—strain curve until the
point of fracture. Figure 4 reveals the overall improvement
of compressive properties in the case of Mg/AI-CNT nano-
composites compared to monolithic Mg.

0.2% CYS also exhibited a near perfect linear relation-
ship with microhardness (Hv) (Fig. 5). The relationship can
be expressed as:

0.2%CYS = 1.7419Hv + 34919 R* = 0.9466 (1)

Fracture behavior

Following compressive testing, monolithic samples split
into two parts and fracture surfaces of all monolithic
samples were inclined at an angle of 45° (45° shear failure)
[24]. In comparison, hybrid nano-composite samples
shattered into three parts (see Fig. 6). FESEM study of
fracture surfaces revealed presence of shear bands in both
monolithic and nano-composite samples (Fig. 6).



J Mater Sci (2011) 46:4588-4597

4593

(a)

&8

\V

Mg/0.60AI-0.18CNT
Mg/1.00AI-0.18CNT
Mg/1.80AI-0.18CNT

(b)

| a
I i
Mg Mg/0.50AI-0.18CNT

Mgf1.00Al-0.18CNT
Mgaf1.80A1-0.18CNT

Fig. 3 Schematic diagram showing textures of monolithic Mg and
Mg/Al-CNT nano-composites based on X-ray diffraction in: a as
extruded condition and b after compressive deformation. 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

Discussion
Microstructural characteristics
The results of microstructural characterization revealed

reasonable distribution of hybrid AI-CNT nano-particles
up to Al content of 1.00 wt%. This reasonable distribution

can be attributed to judicious selection of processing
parameters and high extrusion ratio used in secondary
processing. Significantly, low standard deviation in the
microhardness of the monolithic and nano-composite
samples also support the microstructural homogeneity
realized in monolithic and nano-composite samples (see
Table 3). However, further increase in Al content lead to
reinforcement clustering (Fig. 2a—c). Nearly equiaxed
grains were observed in monolithic and nano-composite
materials as listed in Table 2. Grain sizes were reasonably
smaller suggesting the ability of hybrid AI-CNT nano-
particles to serve as either nucleation sites or obstacles to
grain growth during processing.

Unlike monolithic Mg, Mg/AlI-CNT nano-composites
exhibited (1 0 —1 0) and (0 0 0 2) dominant textures in the
transverse and longitudinal directions, respectively, as lis-
ted in Table 2 and shown in Fig. 3. Figure 3 also reveals
the basal (0 0 0 2) plane orientation being mostly parallel to
the compressive axis (c-axis perpendicular to compressive
axis) due to extrusion. Under this basal plane orientation,
twinning is the most favorable deformation mode in hex-
agonal materials. The most common type of twinning in
magnesium base materials under this orientation is {1 0 —1
2} twinning [13, 14, 25]. Twinning caused rotation of basal
planes from parallel to perpendicular to the compression
axis (see Fig. 3) and the concave region in the stress—strain
curves (Fig. 3) is also indicative of the onset of extensive
twinning. These results are consistent with the findings of
other researchers on hcp materials [26, 27].

Hardness

As evident from Table 3, the microhardness increased with
hybrid Al-CNT nano-particle content. This increase in
microhardness can be attributed to: (a) reasonably uniform
distribution of harder AI-CNT nano-particles in the matrix
[28], (b) higher constraint to localized matrix deformation
during indentation due to presence of hybrid Al-CNT
nano-particles [20, 29], and (c) reduced average matrix
grain size [30]. The observed linear relationship can be
justified by the fact that plastic flow usually takes place
beneath the indenter during the microhardness test. Thus
the microhardness number can be related to the average
flow stress of the material in the volume subjected to
plastic deformation [31].

Compressive behavior

The results of compressive properties characterization
showed that the presence of hybrid AI-CNT nano-particles
in Mg matrix increased both the 0.2% CYS and UCS (see
Table 3; Fig. 4). Similar observations were made in the
case of other composites based on Mg and Mg alloys

@ Springer
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Table 3 Results of room temperature compressive properties

Material Microhardness (Hv) 0.2% YS (MPa) UCS (MPa) Failure strain (%) WOF?* (MJ/m?>)
Mg 40 +2 106 + 11 239 + 15 19.8 +£ 1.7 36 £ 1
Mg/0.50A1-0.18CNT 50 + 4 120 + 09 357 £ 13 110+ 1.3 42 + 4
Mg/1.00A1-0.18CNT 58 +£3 132 + 04 421 £ 15 125 £ 1.0 48 + 1
Mg/1.50A1-0.18CNT 60 + 4 144 £ 07 421 + 11 113+ 1.7 49 + 1

? Determined from the engineering stress—strain curves

500

= Mg
& Mg/ 0.50A1-0.18CNT
400 | = Mg/ 1.00A10.18CNT o
— ¥ Mg/ 1.50A1-0.18CNT
(1]
o
= 300 -
= 8
w
o 200
w L
- [ =
wm A
100 Concave Reglon Rapld Work Hardening  Softening and
Region Fracture
0
0 0.05 01 0.13 0.2 0.23

Strain (mmimm)

Fig. 4 Compressive stress—strain curves for monolithic Mg and
hybrid Mg/Al-CNT nano-composites

02%CYS =1.7419Hv + 34518
R =09466

P

a0 a0 50 60 70
Micro Hardness

(HW

Fig. 5 Linear relationship between microhardness and 0.2% CYS of
synthesized monolithic Mg and hybrid Mg/AlI-CNT nano-composites

[7, 28, 32]. The increase in the compressive strength of Mg/
Al-CNT nano-composites can be attributed to the follow-
ing factors: (i) dislocation generation due to elastic mod-
ulus mismatch and coefficient of thermal expansion
mismatch between the matrix and reinforcement [32-34],
(i) Orowan strengthening mechanism [32, 34, 35], (iii)
load transfer from matrix to reinforcement [32-34], (iv)
grain refinement caused by the presence of hybrid
AI-CNT nano-particles, (v) effect of deformation twinning
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[26, 27, 36], and (vi) crystallographic texture based on
(0 0 0 2) basal plane and (1 0 —1 2) pyramidal plane
orientations [37].

Regarding factor (i), the mismatch of CTE and elastic
modulus between the Mg matrix (o = 28.9 x 107K,
Gmg = 17.3 GPa [27]) and hybrid AI-CNT nano-particles
(otarcnT = 26.03-26.27 x 107° K", Gapont = 37.52-
90.50 GPa) leads to dislocation generation in the vicinity
of the interface [20, 33]. A higher dislocation density in the
nano-composite yields a higher level of internal stress [20].
The values for hybrid AI-CNT nano-particles vary since
the content of Al also varies within different hybrid
Al-CNT nano-particle formulations. Rule of mixtures was
used for the calculation of CTE_cnt and oa1_cnt. TO the
best of the authors’ knowledge, there is no reliable CTE
and G data currently available for CNT. The CNT has a
similar hexagonal arrangement of carbon atoms as the
graphite crystal. Regarding CTE, the CTE of graphite
crystal o, of 21.5 x 107° K~! (0-150 °C) in the a-axis
[38] (along the CNT length) was used. The shear modulus
(G) was taken as 0.47 TPa [39] based on conducted sim-
ulations. The respective values for Al were taken as:
aa = 2649 x 100 K~' and Gu =27 GPa [7]. The
geometrically necessary dislocation density due to elastic
modulus [40] and CTE [41] mismatch are, respectively,
given by:

.

PEM = bl (2)

10fe

PcTE = m 3)

where y™ is the shear strain in the matrix, A is the local
length scale of the deformation field which can be regarded
as the distance whereby dislocations generated at the
reinforcements are restrained from movement, b is the
Burgers vector, fis the volume fraction of hybrid particles,
¢ is the misfit strain due to the different CTEs of Mg, and
hybrid AI-CNT nano-particles, and d is the average
diameter of hybrid nano-particles. The contribution of
these geometrical dislocations in the enhanced strength of
hybrid Mg/Al-CNT nano-composites can be obtained
by the Taylor dislocation strengthening mechanism as
follows:
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Fig. 6 Fractographs showing: a prominent shear bands in the case of monolithic Mg and b mixed mode of shear and brittle fracture in the case of

Mg/Al-CNT nano-composites (Insets: fractured samples in compression)

Acev = V3o,by /Py (4)
Accre = V3Bumb/Pers (5)

where Aogym and Aocrg are the stress increment due to
elastic modulus and coefficient of thermal expansion mis-
match between the matrix and hybrid AI-CNT nano-par-
ticles, respectively, o and f are the strengthening
coefficient and p,, is the shear modulus of the matrix.

Regarding factor (ii), the strength increase in the case of
hybrid Mg/Al-CNT nano-composites can be also partly
attributed to the interaction of hybrid AI-CNT nano-
particles with dislocations. This interaction can be inter-
preted by use of the Orowan strengthening mechanism. In
this mechanism a dislocation line loops around the hybrid
Al-CNT nano-particles in the way of its advancement,
provided the particle is sufficiently formed and has an
atomically non-coherent interface with the matrix. These
loops lead to high work hardening rates and help to
strengthen the nano-composites. The contribution of Oro-
wan strengthening mechanism to the enhanced yield
strength of hybrid Mg/Al-CNT nano-composites can be
expressed as below:

04u,b n (%)

4 /T— omg

where M is a strengthening coefficient, A is the mean inter-
particles distance given by 1 = d (\/g — 1), and vy, is the

Poisson’s ratio for Mg.

Regarding factor (iii), effective load transfer from
matrix to reinforcement can be regarded as another
strengthening mechanism which can be responsible for the
increased strength in the case of hybrid Mg/Al-CNT
nano-composites. This strengthening mechanism strongly
depends on interfacial bonding between the hybrid

AO-Oralwan =M

(6)

Al-CNT nano-particles and Mg matrix as well as volume
fraction of hybrid nano-particles. The contribution of this
strengthening mechanism can be expressed as below:

(L+1A

O'c:Gm(1+T

) om(i = )
where ¢, and o, are the yield stress of nano-composite and
monolithic Mg, respectively, L is the size of particles
parallel to the load direction, and ¢ is the thickness of
particles. For the equiaxed particles, an increment in the
yield stress due to load transfer Agyt can be expressed by
[42]:

Aoy = 6, — 6,, = 0.5fa,, (8)

Regarding  factor (iv), grain size strengthening
mechanism is another strengthening mechanism which is
mainly responsible for the increased strength of nano-
composites compared to monolithic Mg. The strength-
ening of nano-composites from grain size reduction
fundamentally comes from the mutual disturbance of slip
among the grains. Here, the motion of dislocation across
the grain boundary is impeded and the yield stress can be
estimated by the Hall-Petch equation as below:

oy = 00 + Kydyyy” 9)

where gy is a constant stress of uncertain origin (back-
stress); K is the Hall-Petch coefficient, and dy, is the
average Mg grain size.

Regarding factor (v), twinning can also be responsible
for the enhanced strength of hybrid Mg/Al-CNT nano-
composites. In the case of twinning, twinning produces
additional barriers to dislocations movement which is
similar to reducing grain size [26, 27, 43]. Twin boundaries
act as grain boundaries and reduce the slip path in the
untwinned region leading to increase in strength. The fol-
lowing schematic (Fig. 7) and equation illustrates this:
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Fig. 7 Schematic representation of accumulation of dislocations in
the case of a untwinned grains and b twinned grains

Untwinned : ¢, = g + K,d *° for (d) (10)

d\ " d
Twinned: gy, = X;09 + K, (5) for (5), X >1

B 1 —-0.5
oy, = X100 + XoK,(d) "7 X, = (_) =1
= O-Y2 > Gyl (11)

The formation of twin boundaries reduce the slip path of
dislocations and may contribute to strengthening of mate-
rials based on Eq. 11.

Regarding factor (vi), crystallographic texture based on
basal (0 0 O 2) plane and (1 0 —1 2) pyramidal plane
orientations may contribute to strengthening in hybrid
Mg—Al-CNT nano-composites. Considering the limited
slip system activation in the HCP unit cell based structure
of the Mg matrix at room temperature, it was noted that the
enhancement in compressive strength occurred partly due
to the crystallographic texture difference between the nano-
composite matrix and monolithic material. In comparison
of crystallographic texture, Mg—AI-CNT nano-composites
exhibited (1 0 —1 0) and (0 0 0 2) dominant textures in the
transverse and longitudinal directions, respectively, as lis-
ted in Table 3 and shown in Fig. 3, unlike monolithic Mg.
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For these (1 0 —1 0) and (0 0 0 2) dominant textures, basal
slip is made most difficult due to low resolved shear stress
(RSS) for slip based on the zero angle between the (0 0 0 2)
basal plane and the vertical axis as shown in Fig. 3.
Regarding twinning, pyramidal (1 O —1 2) plane is the
desired plane for the tension twinning in Mg. Considering
the X-ray diffraction from crystallographic planes parallel
or near-parallel (+20°) [21-23] to the plane containing the
direction vector, the reorientation of pyramidal planes in
hybrid Mg—Al-CNT nano-composites compared to mono-
lithic Mg makes the occurrence of tension twinning during
compression testing more difficult (see Fig. 3). In terms of
crystallographic texture, complications in basal slip and
twinning may be responsible for the observed enhancement
in compressive strength of hybrid nano-composites com-
pared to monolithic Mg. In compressed monolithic Mg,
activation of basal slip with strong basal texture after
twinning saturation and slip-twin interaction (see Fig. 2b)
leads to fast work hardening increment. Similarly, the net
effect of crystallographic change in Mg—Al-CNT nano-
composites due to addition of hybrid AI-CNT nano-parti-
cles can be taken as contribution to strengthening. This is
assuming tension twinning and then basal and finally non-
basal slips (in that order) are responsible for the deforma-
tion during compression, as mentioned earlier in the
introduction. The significant reduction in failure strain in
the case of hybrid Mg/Al-CNT nano-composites compared
to monolithic Mg is attributed partially to these texture
effects also.

The contribution of the various strengthening mecha-
nisms (factor (i)—(vi)) and the consequent synergetic
combination of both hybrid AI-CNT nano-particles and
monolithic Mg account for the improvement in strength of
hybrid Mg/Al-CNT nano-composites compared to mono-
lithic Mg.

The work of fracture of hybrid Mg/AI-CNT nano-
composites was larger than that of monolithic Mg and was
improved by +36% in the case of Mg/1.50A1-0.18CNT
nano-composite (see Table 3). This can be mainly attrib-
uted to the enhanced compressive strength since failure
strain was compromised compared to monolithic Mg.
Work of fracture expresses the ability of the material to
absorb energy up to fracture and corresponds to the area
under the engineering stress—strain curve up to the point of
fracture [33, 34]. The results thus clearly reveal the
enhanced damage tolerance capability of monolithic Mg
when reinforced with hybrid AI-CNT particles in nano-
length scale.

Fracture behavior

Macroscopically, all monolithic Mg samples failed via
one principle crack which was inclined at 45° to the
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compressive axis (see Fig. 6a) while all the hybrid
Mg-Al-CNT nano-composites shattered into three parts
with cracks also inclined at 45° to the compression axis
(see Fig. 6b). Examination of fracture surfaces of mono-
lithic Mg revealed smooth shear bands which can be
attributed to twinning shear. However, fracture surface of
the nano-composites were rough and showed mixed mode
of shear and brittle fracture [44].

Conclusions

The following conclusions can be made from the experi-
mental findings of this study.

Conventional solid state powder metallurgy technique
using rapid microwave sintering and hot extrusion can be
successfully used to synthesize near dense Mg nano-com-
posites containing hybrid AI-CNT nano-particles.

Hybrid Mg microstructures synthesized in the present
study exhibited reasonably uniform distribution of hybrid
AIl-CNT nano-particles up to Al content of 1.00 wt%.

The presence of hybrid AI-CNT nano-particles refines
the Mg grain size significantly and stabilizes the grains by
providing pinning sites against grain growth.

The compressive strength of all hybrid Mg/AI-CNT
nano-composites 1is significantly higher compared to
monolithic Mg. This strength enhancement can be attrib-
uted to (a) dislocation generation due to elastic modulus
mismatch and coefficient of thermal expansion mismatch
between the matrix and hybrid Al-CNT nano-particles,
(b) Orowan strengthening mechanism, (c) reduction in
average matrix grain size, and (d) presence of twinning.

Considering of work of fracture, hybrid Mg/AI-CNT
nano-composites showed significant improvement which
mostly can be attributed to the strength enhancement since
failure strain was compromised compared to monolithic
Mg.
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