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In the present study, magnesium based composites were fabricated with three different types
of 1.1 volume percent nanosize oxide particulate reinforcements (i.e., Al,O3, Y,03 and ZrO,)
using blend-press-sinter methodology avoiding ball milling. Microstructural characterization of
the materials revealed reasonably uniform distribution of nano-reinforcement, significant grain
refinement and the presence of minimal porosity. Mechanical properties characterization
revealed that the incorporation of nano-sized oxide particulates as reinforcement led to a
simultaneous increase in hardness, 0.2% yield strength, UTS and ductility of pure magnesium.
The results further revealed that the 0.2% yield strength, UTS and ductility combination of the
magnesium containing nano-size Al,O3 remained higher when compared to high strength
magnesium alloy AZ91 reinforced with much higher amount of micron size SiC particulates. An
attempt is made in the present study to correlate the effect of different types of nano-sized
oxide particulates on the microstructural and mechanical properties of magnesium.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

Magnesium has history of technical use of more than 75
years [1] which diversified from automobile, aerospace
to consumer electronics in recent days [2]. Simultaneous
benefit of environmental protection and preservation of
limited fossil fuel reserve by reducing weight of vehi-
cles is the impetus in recent days in increasing interest
of magnesium use by automobile producers. Magnesium
based materials, which are the lightest metallic materi-
als(1.74 g/cm?®, which is about two-thirds of the density
of aluminum and one-quarter of that of iron) offer many
possibilities for weight reduction and most car producers
are going to use 40—100 kg of magnesium based materi-
als in near future [2—6]. Regulations on electromagnetic
radiation limit turned consumer electronics (like mobile
phone, notebook and camera) producers to use magne-
sium due its good resistance to electromagnetic radiation
[2]. Intrinsic limited ductility of magnesium [7], which
worsen further both in traditional alloys and reinforced
composites [8—15] and adversely affect the most needed
solid state formability of structural intricate parts, remains
one of the major concern in its fabrication and applica-
tion in recent days. However, some reports on simultane-
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ous enhancement of strength and ductility of magnesium
due to the presence of metastable finer precipitation [16,
17] and reinforcements [15, 18-20] and grain refinement
[21] provides the impetus to the selection of thermally
stable nano-size oxide ceramics particulates, i.e., Al,O3,
Y;,03, and ZrO,, capable of forming chemical bond at
the metal-reinforcement interface [22, 23]. The result of
literature search indicates that only one attempt [15] is
made to study the potential of development of magne-
sium based composites containing nano-size particulates
such as Al,O3 and ZrO, using mechanical alloying tech-
nique. However, no attempt is made so far to synthesize
the Mg based nano composites containing Al,O3, Y,03,
or ZrO, particulates using a simpler blend-press-sinter ap-
proach and to study the effect of types of oxide ceramics
on the microstructural and mechanical properties of pure
magnesium.

Accordingly, the primary aim of the present study
was to synthesize magnesium based composite materi-
als containing nano-size Al,Osz, Y03, and ZrO, par-
ticulates, using blend-press-sinter powder metallurgy
technique. The composites thus obtained were hot ex-
truded and characterized for their microstructural and
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mechanical properties. Particular emphasis was placed
to study the effect of the presence of different types
of particulates in nanolength scale on the microstruc-
ture and mechanical response of commercially pure
magnesium.

2. Experimental procedures

2.1. Materials

In this study, magnesium particulates with size range of
60-300 pm of >98.5% purity (supplied by Merck, Ger-
many) were reinforced with 1.1 volume percentage of
three different types of nano-size oxide ceramics. Al,O3
(average size of 50-nm) (supplied by Baikowski, Japan),
Y,03 (average size of 29-nm) and ZrO, (average size of
29—-68-nm) (supplied by Nanostructured & Amorphous
Materials Inc., USA) were used as reinforcements.

2.2. Primary processing

Blend-press-sinter type powder metallurgy technique was
used to synthesize all the composites. Preweighed metal
and ceramic powder were mixed in a V-blender at 50-
rpm for 6-h and were subsequently compacted to pre-
forms (40 mm height with 36 mm diameter) using
a 150-ton press. The preforms were coated with col-
loidal graphite and sintered in tube furnace at 500°C
for 2-h under argon atmosphere. The synthesis of
monolithic magnesium was carried out using similar
steps except that no reinforcement particulates were
added.

2.3. Secondary processing

The sintered monolithic and composites preforms were
hot extruded using an extrusion ratio of 20.25:1 on
a 150 ton hydraulic press. Extrusion was carried out
at 250°C. The preforms were held at 300°C for
90 min in a constant temperature furnace before extru-
sion. Colloidal graphite was used as lubricant. Rods of
8 mm diameter were obtained following extrusion.

2.4. Density measurement

Density (o) measurements were performed in accordance
with Archimedes’ principle [11, 12] on three randomly
selected polished samples of Mg, Mg/Al,O3, Mg/Y,0;
and Mg/ZrO, taken from the extruded rods. Distilled
water was used as the immersion fluid. The samples were
weighed using an A&D ER-182A electronic balance,
with an accuracy of +0.0001 g. Theoretical densities of
materials were calculated assuming they are fully-dense
and there is no reinforcement/matrix interfacial reaction
to measure the volume percentage of porosity in the
end materials. Rule-of-Mixture was used in both of the
calculations.
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2.5. Microstructural characterization

Microstructural characterization studies were conducted
on metallographically polished extruded samples to in-
vestigate reinforcement distribution, interfacial integrity
between the matrix and reinforcement, and morphological
characteristics of grains. The OLYMPUS metallographic
microscope, Hitachi S4100 Field-Emission Scanning
Electron Microscope (FESEM) and Philips Dual Beam
Scanning Electron Microscope (Quanta 3D) were used.

20 micron

Figure I Representative micrographs showing: (a) and (b) reinforcement
distribution of Al,O3 and ZrO,, and (c) typical grain morphology in the
case of Mg/ZrO,, respectively.



Image analysis using the Scion system was carried out to
determine the grain size of the materials.

2.6. Hardness

Microhardness and macrohardness measurements were
made on the polished Mg and composites samples.
Vickers microhardness was measured by Matsuzawa
MXT50 automatic digital microhardness tester using
25gf-indenting load. Rockwell 15T superficial scale was
used for macrohardness measurement in accordance with
ASTM E18-94 standard.

2.7. Tensile testing

The smooth bar tensile properties of the extruded Mg and
composites samples were determined in accordance with
ASTM test method EEM-01 using Instron 8516 machine
with a crosshead speed set at 0.254 mm/min on round ten-
sion test specimens of 5 mm diameter and 25 mm gauge
length. Instron 2630-100 Series Clip-On type extensome-
ter was used for strain recording. Fractography was done
on the tensile fractured samples using JEOL JSM-5800
LV Scanning Electron Microscope (SEM).

3. Results

3.1. Macrostructural characteristics

The result of macrostructural characterization of preforms
and extruded rods of Mg and composites did not reveal
any macrostructural defects. The results of density mea-
surement show that near dense composites are formed
(see TableI).

3.2. Microstructural characteristics
Microstructural studies conducted on the extruded com-
posites specimens showed reasonably uniform rein-
forcement particulate distribution (see Fig. la and b),
good particulates-matrix interfacial integrity in terms of
debonded regions and the presence of minimal porosity.
Results of grain size measurements revealed that all the
composite samples exhibited significantly lower grain size
when compared to pure magnesium (see Table I).

3.3. Hardness

The results of the macrohardness and microhardness mea-
surements conducted on extruded Mg and composites
samples revealed an increase in matrix hardness (both
at macro and micro level) with the presence of nano-
size reinforcements (see Table II). Both macrohardness
and microhardness values reach highest in the case of
Mg/Al,O3 composites.

3.4. Tensile characteristics

Results of ambient temperature tensile tests revealed sig-
nificant improvement in 0.2%YS, UTS, and ductility (see
Tables II and I1T) of magnesium with the addition of nano-
size oxide particulates. However, overall combination of
tensile properties remains highest in the case of Mg/Al, O3
composite. Fracture behavior of the matrix was changed
from brittle for pure Mg to near ductile in the case of
composites (see Figs 2 and 3).

4. Discussion

4.1. Microstructural characteristics
Microstructural characterization of extruded composites
samples are discussed in terms of: (a) distribution of rein-
forcement, (b) reinforcement-matrix interfacial character-
istics, (c) grain size and shape, and (d) amount of porosity.

The reasonably uniform distribution of reinforcement
particulates (see Fig. la and b) can be attributed to: (a)
suitable blending parameters and (b) high extrusion ratio
used in secondary processing. Theoretically, when sec-
ondary processing with a large enough deformation is
introduced, homogeneous distribution of reinforcements
can be achieved regardless of the size difference between
matrix powder and reinforcement particulates [24]. Al-
most zero standard deviation in density measurement re-
sults (see Table I) also reflect the uniform distribution of
the reinforcement in processed materials. Interfacial in-
tegrity between matrix and reinforcement was assessed
in terms of interfacial debonding and microvoids at the
particulate-matrix interface and was found to be good as
expected from metal/oxide systems [22]. Good interfa-
cial integrity may further be attributed to the tendency of
reaction between matrix/reinforcement in the processed
composites [23]. To investigate the degree of magnesium-
reinforcement reaction, controlled studies were carried
out on the identically processed composites each with 10-
vol% of reinforcement using XRD technique. Samples
were exposed to CuKe radiation (A = 1.5418 A) with
a scan speed of 0.5 deg/min on an automated Shimadzu
LAB-X XRD-7000 diffractometer. Results revealed ab-
sence of any reaction phase indicating that reaction what-
soever was not detectably promoted in the processing
methodology used in the present study.

Metallography of the extruded samples revealed that
the matrix recrystallized completely. The sizes of the near-
equiaxed grains of magnesium matrix in the case of com-
posite samples were distinctly smaller when compared
to that of unreinforced magnesium (see TableI). Grain
refinement in the case of composite samples can primar-
ily be attributed to the coupled effects of: (i) capability
of fine second phase particulates to nucleate magnesium
grains during recrystallization, and (ii) restricted growth
of recrystallized magnesium grains as a result of pinning
by the presence of finer reinforcement particulates. The
fundamental principles behind the ability of inclusions
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TABLE I Results of density, porosity and grain morphology of Mg and composites

Density (gm/cm3) Grain characteristics
Reinforcement
Materials (Wt%) Theoretical Experimental Porosity (%) Size (um) Aspect ratio
Mg 0.0 1.7400 1.7387 £ 0.0022 0.08 60 £+ 10 1.6 £0.3
Mg/1.1A1,03 2.5 1.7647 1.7632 £ 0.0048 0.09 31+£13 22+13
Mg/1.1Y,03 3.1 1.7763 1.7675 £ 0.0046 0.49 12+£3 1.6 0.4
Mg/1.1ZrO, 3.7 1.7861 1.7829 £ 0.0006 0.18 11+£3 1.5+£02

TABLE II Room temperature mechanical properties of Mg and composites samples.

Hardness
Materials Macro (15HRT) Micro (HV) 0.2% YS (MPa) UTS (MPa) Ductility (%)
Mg 43.5+0.3 374+04 132+7 193 £2 4240.1
Mg/1.1A1,03 59.7£0.5 69.5 £ 0.5 194 +5 250+ 3 6.9+ 1.0
Mg/1.1Y,03 49.0 £ 0.5 51.0+0.7 153 +£3 195+2 9.1+0.2
Mg/1.1ZrO, 48.4 4+ 0.7 45.7 £ 0.6 146 + 1 199 +5 10.8 £1.3
AZ91/9.4SiCP[8] 191 236 2

11

Figure 2 Representative SEM fractographs showing: (a) cleavage steps in Mg, (b) dimples in Mg/Al, O3, (c) intergranular crack propagation in Mg/Y» O3,
and (d) branching of propagating crack at reinforcement in Mg/ZrO;, respectively.

in the metallic-matrix to nucleate recrystallized grains  particulates to be more effective than Al,O3 particulates
[25] and to inhibit grain growth [7] have been already  in grain boundary pinning and the plausible reason might
established and will not be discussed here. However, the  be their higher thermal stability in magnesium [15, 22,
result of grain size measurement revealed Y,03 and ZrO, 23, 26].
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Figure 3 Representative SEM fractographs showing: (a) straight lines
(marked by arrows) due to slip in the basal plane in the case of pure Mg,
and (b) uneven lines due to combined effect of basal and non-basal slip in
the case of Mg/ZrO,, respectively.

The presence of minimal porosity in composite mate-
rials, also supported by the experimental density values
(see TableI), can be attributed to the good compatibility
between oxide ceramic and Mg system [22] and appro-
priate selection of compaction, sintering and extrusion
parameters [8, 27].

4.2. Mechanical behavior

The results of hardness measurements revealed that ad-
dition of nano-size reinforcement leads to a significant
increase in both the macrohardness and microhardness
(see Tablell) of Mg and can be attributed primarily
to: (a) the presence of relatively harder ceramic
particulates in the matrix [10, 15], (b) a higher constraint
to the localized matrix deformation during indentation due
to their presence, and (c) reduced grain size (see Table I)
[28, 29].

The results of room temperature tensile testing re-
vealed significant increase in 0.2%YS and UTS (see
Table IT) of pure magnesium due to the presence of nano-
size oxides as reinforcement and can primarily be at-
tributed to the coupled effect of: (a) increase in grain

boundary area due to grain refinement [7, 28], (b) heav-
ily built multi-directional thermal stress at the partic-
ulate/matrix interface at grain boundaries induced due
to the large difference of coefficient of thermal expan-
sion between matrix and reinforcement (CTE of Mg is
27.1x 107" K [30], and Al,0;3 is 7.4 x 107%/" K, and
ZrOyis 11.0 x 107" K [31],and Y»03 is 7.5 x 1079/ K
[32], respectively), and (c) the effective transfer of ap-
plied tensile load to the uniformly distributed well-bonded
strong oxides particulates (yield strength of ceramic ma-
terials lies much higher than metallic materials [33]) [11,
12, 34]. In general, the yield stress of material is the stress
required to operate dislocation sources and is governed by
the dislocation density and magnitude of all the obstacles
that restrict the motion of dislocation in the matrix. Un-
der the applied stress, enormous number of reinforcement
particulates and increasing amount of grain boundaries
(due to significant grain refinement) acts as obstacles to
the dislocation movement and end up with dislocation pile
ups [18, 28]. Again, multi-directional thermal stress in-
duced during processing easily starts multi-gliding system
[35] under applied stress so that dislocations were found
developing and moving in several directions. Multi-glide
planes agglomerate under thermal and/or applied tensile
stress to form grain boundary ledges [28]. As the ap-
plied tensile load increases, these ledges too act as obsta-
cle to dislocation movement resulting in further pile-ups.
The coupled effects of these obstacles lead to the sig-
nificant increase in the yield strength of the composites
over pure magnesium. However, increase in 0.2%YS and
UTS of magnesium (see Table IT) was found to be high-
est in the case of Mg/Al,O; and lowest in the case of
Mg/ZrO, composite and it can be attributed to the ma-
trix/reinforcement interfacial compatibility governed sta-
bility. Al,O3 is most susceptible to diffusion controlled
superficial reaction with magnesium [15, 22, 23, 36] to
form strong interfacial bonding and that might be the rea-
son of its highest strengthening effect on matrix material.
Strengthening effect of finer Al,O3 particulates on metals
like aluminum, copper and nickel has been reported much
earlier [37].

It may very interestingly be noted that that yield
strength of the composites irrespective of the particu-
late type exhibited a linear relationship with both mi-
crohardness and macrohardness of the composite ma-
terials and the wvariations are plotted as shown in
Fig. 4. A curve fit, between hardness and yield strength
(00.29Ys), can be represented as follows:

0029%vs=1.950 (HV) + 57.019;1* = 0.9914 (1)

002%ys—3.887 (MH) — 38.686; 1> = 0.9923  (2)

where, HV is microhardness, MH is macrohardness
and r is the statistical coefficient indicative of the de-
gree of curve fit obtained from the experimental data
points, respectively. A value of r = 1 is indicative of
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Figure 4 Graphical representation showing relation between: 0.2%YS and
(a) macrohardness and (b) microhardness of Mg and composites.

perfect curve fit. Test results reveal the existence of
a linear relationship between both the matrix hardness
(macro and micro) and 0.2%YS due to the addition
of different types of nanosize oxide reinforcements. In
essence, the results of the hardness (macro and micro)
measurements and tensile tests reveal that the magni-
tude of hardness and yield strength is dependent on the
mutually interactive influences of the resistance offered
to the motion of dislocations, and the plastic deformation
capability of the metal matrix. Additional research efforts
are currently being undertaken so as to establish a mathe-
matical relationship for metal-matrix composites for mag-
nesium matrix and different types of nanosize oxide rein-
forcement combinations. In related studies investigators
have proposed such relationships in the case of monolithic
materials [38, 39] and composite materials [40, 41]. The
results clearly reveal that such relationship do exist for the
nanocomposites such as those investigated in the present
study.

Room temperature tensile test also revealed the capa-
bility of nano-size oxide particulates reinforcement to in-
crease the ductility of pure magnesium. The increment in
ductility of magnesium matrix due to presence of nano
particulates can primarily be attributed to the coupled
effect of: (a) grain refinement [21], (b) presence of rea-
sonably uniformly distributed reinforcement particulates
[18], and (c) slip on extra non-basal slip system [19].
Grain refinement particularly benefits hexagonal metals
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TABLE III  Specific strength and work of fracture of Mg and
composites samples.

Work of fracture
(J/m?)y?

Materials 00.2%YS/p oUTS/p
Mg 71403 76 111
Mg/1.1A1,0;3 15.5+2.6 110 142
Mg/1.1Y,03 250+ 3.3 103 134
Mg/1.1ZrO, 3474+ 0.8 97 129
AZ91/9.4SiCP [8] 1020 126°

? Determined from engineering stress-strain diagram using EXCEL
software.
b Theoretical density is 1.8782 gm/cm? assuming zero porosity.

in ductility increment where intergranular fracture arises
from intercrystalline stresses [21] and this can be clearly
seen in Fig. 2c. Again, dispersed phases in brittle ma-
trix, where dislocation mobility is restricted and crack
generation is relatively easy, act as ductility enhancer, an
anomaly to their effect in ductile matrix [18]. Dispersed
reinforcement particulates in brittle metal matrix serve
to: (i) provides sites where cleavage cracks may open
ahead of an advancing crack front, (ii) dissipate the stress
concentration which would otherwise exist at the crack
front (see Fig. 2d), and (iii) alter the local effective state
of stress from plane strain to one of plane stress in the
neighborhood of the crack tip. In addition, it has been
understood through recent studies that non-basal slip sys-
tem activate under axial tensile stress and increases duc-
tility [19] which is also evident in fractography results
obtained in this study (see Fig. 3). It is interesting to note
that metallic particulate reinforcement like Ti [17, 18] and
nano-size oxide dispersoids like Al,O3, Y,03 and ZrO; in
this study seems to be capable to activate non-basal slip
system at room temperature in pure magnesium matrix
and increases the ductility. However, ZrO, as reinforce-
ment led to the highest increment in magnesium matrix
among the materials developed in this study. Capability of
nano-size metastable particulates to increase the ductility
of magnesium has been reported elsewhere [16, 17].

The work of fracture expresses the ability of each mate-
rial to absorb energy up to fracture under tensile load and
was computed using stress-strain diagram [7]. It reveals
that nano-size oxide reinforced composites are distinctly
superior when compared to unreinforced magnesium (see
Table III) and significantly improved the fracture resis-
tance of matrix. In essence, the results of tensile testing
revealed that Mg/Al, O3 formulations are most suitable for
strength based designs (higher yield strength when com-
pared to magnesium and other composites in this study)
while the Mg/ZrO, formulations appears to be more suit-
able for damage tolerant designs (higher work of fracture
when compared to magnesium and other composites in
this study) with good formability.

The results further revealed that addition of 1.1 vol-
ume percent of nano-size alumina particulates lead to an
improvement in overall combination of mechanical prop-
erties that is not matched even by AZ91/SiC containing



much higher volume percentage of micron size SiC partic-
ulates (see Tables II and III). This also translates into even
lighter weight and further enhanced specific mechanical
properties (see Table III).

The meticulous study of uniaxially deformed frac-
ture surfaces revealed the microstructural effects on ten-
sile ductility and fracture properties of oxide dispersion
strengthened pure magnesium. Typical brittle fracture sur-
face (Fig. 2a) [7] with the presence of microscopically
rough small steps has been seen in the case of Mg samples.
However, fractography of dispersion strengthened com-
posite samples revealed salient features such as: (a) duc-
tile fracture of metal with void-sheet mechanism showing
dimples [7]) (see Fig. 2b), (b) intergranular crack propa-
gation (typical for hexagonal metal to improve its ductility
[21]) (see Fig. 2c), and (c) branching of propagating crack
at reinforcement particulates (typical way to improve duc-
tility of metal with hexagonal crystal structure [18]) (see
Fig. 2d).

Under the influence of far-field tensile load the fine mi-
croscopic voids including grain boundary ledges appeared
and propagated by the void-sheet mechanism before co-
alescing to form dimples on the fracture surface. This
is typical ductile nature of fracture mode that requires
homogeneous deformation of matrix which is naturally
restricted in hexagonal crystal structured magnesium by
basal slip system [7, 42]. Activation of non-basal slip sys-
tem is necessary to modify typical cleavage crack propa-
gation to failure with homogeneous plastic deformation to
failure in pure magnesium matrix and it is apparent in the
cases of nano oxide dispersion strengthened magnesium.
Presence of nanosize oxide reinforcement and refined mi-
crostructure is believed to initiate the activation of non-
basal slip system in the developed composite materials
as seen in Fig. 3(b). Activation of non-basal slip system
in magnesium matrix due to the presence of reinforce-
ment [19] and grain refinement [42] has been reported in
open literature by other researchers. Again, presence of
intergranular crack propagation (see Fig. 2¢) and dissipa-
tion of stress concentration by branching the propagating
crack tip (see Fig. 2d) in the fracture surfaces signifies
improved plastic deformation in hexagonal crystal struc-
tured magnesium matrix. The fundamental principles be-
hind the ability of fine oxide dispersoids in the brittle
hexagonal metallic-matrix to enhance homogeneous plas-
tic deformation [18, 21] have been already established
and will not be discussed here. It is interesting to note
that the fracture of the plastically deforming magnesium
metal matrix was changed from complete cleavage mode
to mixed mode of ductile and intergranular, dominated
by formation, growth and coalescence of the microscopic
voids with the activation of non-basal slip system in the
presence of nano-size oxide particulates.

5. Conclusions
(1) Blend-press-sinter powder metallurgy technique cou-
pled with hot extrusion can be used to synthesize Mg

based composites containing nano-size oxide particulates
reinforcement e.g., Al,O3, Y,03 and ZrO,.

(2) Microstructural characterization shows reasonably
uniform distribution of reinforcements with good matrix-
reinforcement interfacial integrity. The presence of rein-
forcing particulates, irrespective of type, assisted in the
significant grain refinement of magnesium matrix.

(3) The results of mechanical characterization revealed
that the presence of the nano-size oxide particulates in
magnesium matrix lead to significant improvement in
hardness, 0.2%YS, UTS, ductility and work of fracture.

(4) Amongst the particulates type investigated, Al,O3
particulates were found to be most effective in increasing
strength properties while the ZrO, particulates were most
effective in increasing ductility and work of fracture.

(5) Fractography revealed that fracture behavior of
the plastically deforming magnesium metal matrix was
changed from complete cleavage mode to mixed mode of
ductile and intergranular, dominated by formation, growth
and coalescence of the microscopic voids with the activa-
tion of non-basal slip system in the presence of nano-size
oxide particulates.
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