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a b s t r a c t

Nanocomposites were synthesized by the solid-state powder processing technique of mechanical alloying
in Al–Al2O3, TiAl–Ti5Si3, and MoSi2–Si3N4 systems. The mechanically alloyed powders were consolidated
to full density by techniques such as vacuum hot pressing, hot isostatic pressing, and combinations of
them. The as-milled powders as well as the consolidated compacts were characterized for their crystal
eywords:
echanical alloying
anocomposites
icrostructure
echanical properties

uperplasticity

structure features using X-ray diffraction and for the microstructural features using scanning and trans-
mission electron microscopy techniques. Mechanical properties such as hardness, ductility, and fracture
toughness were also measured. It has been shown that it is possible to produce a high volume fraction
of the reinforcement of nanometer dimensions and that the properties of the nanocomposites are signif-
icantly better than those of the monolithic materials. Superplastic deformation has been demonstrated
in TiAl–Ti5Si3 composite even when 60 vol.% of the ceramic reinforcement was present.
. Introduction

Composites are defined as those advanced materials in which a
einforcement phase is dispersed in a matrix phase. The reinforce-
ent can be in the form of a particulate, short fiber, or continuous

ber. There is usually a well-defined interface between the matrix
nd the reinforcement phases. Composites exhibit properties that
re an average of the matrix and reinforcement properties. In metal
atrix composites, for example, a ceramic reinforcement is gener-

lly dispersed in a metal matrix phase. Typical examples include
l–Al2O3, Al–SiC, Ti–SiC, Mg–Al2O3, etc. These composite materi-
ls combine the ductility of the metal matrix and the high stiffness
f the ceramic reinforcement phase. The tensile (or compressive)
trength and the modulus of elasticity of the composite can be cal-
ulated by the rule of mixtures using either the isostrain (loading
arallel to the reinforcing fibers) or isostress (loading normal to the
einforcing fibers) conditions. The strength and modulus will be
igher in the isostrain condition than in the isostress condition. In
eneral, the properties of composites are improved by increasing
he volume fraction of the reinforcement phase and/or decreas-
ng the size of the reinforcement phase. The interested reader may
efer to some standard literature on composites for the general

ackground regarding the composite systems, their fabrication,
roperties and applications [1–4].
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The relative sizes of the matrix and reinforcement particles seem
to be important in determining the compaction behavior of the
composites. When the particle size of the reinforcement is larger
than that of the matrix, the contact area between the matrix par-
ticles dominates and the reinforcement particle–particle contact
is limited. Consequently, particle movement is limited and there-
fore the densification rate is low. Further, the large particles act
as microconcentrators of stress and result in cleavage of particles.
When the matrix and reinforcement particle sizes are comparable,
densification becomes easier. Medium size reinforcements produce
cavities or pits through loss of interphase cohesion. On the other
hand, when the reinforcement particle size is much smaller than
that of the matrix, a large number of ceramic–ceramic contacts
are available. But, this is also associated with a low filling density
and therefore the densification rate is very high [5]. These small-
est reinforcements bond well to the matrix and do not initiate any
cavities.

In recent years, nanocomposite materials (when the reinforce-
ment is of nanometer dimensions, typically <100 nm in size) have
received the serious attention of researchers in view of their much
better properties than those of either the monolithic material or
the composite containing a coarse-grained reinforcement phase.
It is also possible to have nanocomposites in which the reinforce-
ment phase is present either inside the grains or along the grain
boundaries of the matrix phase. Yet another possibility of the
nanocomposites is to have both the matrix and the reinforcement
phases of nanometer dimensions.
Even though nanometer-sized reinforcements have been used
earlier, the amount of reinforcement used is rather limited to
less than about 5 vol.%. Since the properties of composites are
expected to be improved with increasing volume fraction of the
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einforcement, recent efforts have been directed towards synthe-
izing nanocomposites with a much higher volume fraction of the
einforcement phase, say up to about 50%. Achieving this large vol-
me fraction of the nano-size reinforcement phase is not easy using

iquid-processing methods; solid-state processing methods such as
echanical alloying are ideal for this purpose.
Mechanical alloying (MA) is a powder processing method in

hich powder particles go through a repeated process of cold
elding, fracturing, and rewelding in a high-energy ball mill. The
owder particles get cold welded due to the mechanical forces, and
he repeated application of stress work hardens the particles. Con-
equently, the powder particles become brittle and fracture. This,
n turn, produces fresh surfaces, which facilitates further cold weld-
ng. These processes get repeated several thousands of times during
he mechanical alloying operation. The fragmentation of powder
articles resulting in creation of fresh surfaces, decrease in particle
pacing, increased defect density concentration, and slight rise in
emperature contribute to alloying between the powder particles.

A powders exhibit departures from equilibrium in terms of both
icrostructures (refined particle and grain sizes down to nanome-

er levels) and constitutional effects (formation of supersaturated
olid solutions, intermetallic phases, and amorphous alloys). The
wo most distinct advantages of MA are formation of alloys from
pparently immiscible elements and the homogeneous dispersion
f oxides on a nanoscopic level. Such attributes are not available in
ny other technique [6,7].

In our investigations, during the last few years, we have suc-
essfully achieved a very uniform distribution of the reinforcement
hases in different types of matrices through the solid-state powder
rocessing technique of MA. These include homogeneous disper-
ion of graphite in an Al6061 alloy matrix [8], dispersion of Pb in
l–Cu alloys [9], effect of clustering of the reinforcement on the
echanical properties of the composites [10], synthesis of amor-

hous + intermetallic composites in Al–Mg alloys [11], dispersion
f a high volume fraction of Ti5Si3 in �-TiAl [12,13], among others.

This paper describes the results obtained on the homogeneous
ispersion of the second phases, which are of nanometer dimen-
ions, and consequent improvement in the mechanical behavior of
uch composites. We will specifically describe the results of three
ystems – Al–Al2O3, TiAl–Ti5Si3, and MoSi2–Si3N4. The Al–Al2O3
ystem was chosen to determine the maximum amount of the
ne nanometer-sized reinforcement phase that could be dispersed
nd the effect of size and volume fraction of the reinforcement on
he mechanical behavior of the composite. The TiAl–Ti5Si3 system
as chosen to decide whether it is the microstructure or chem-

stry which determines the mechanical behavior of the composites.
astly, the MoSi2–Si3N4 system was chosen to investigate whether
he presence of a small amount of nanometer-sized Si3N4 to MoSi2
ould improve the fracture toughness of the composite.

. Experimental procedure

The nanocomposites described in this paper have been synthesized mostly
rom pure elemental powders of the metals and the ceramic reinforcement in the
l–Al2O3 and MoSi2–Si3N4 systems. But, in the case of the TiAl–Ti5Si3 system, the
omposite was prepared from the pre-alloyed Ti–49 at.% Al, Ti–37.5 at.% Si, and ele-
ental Si powders. The elemental powders and/or the hard ceramic phase were

oaded in the MA vial inside a glove box under argon atmosphere. MA was carried
ut either in a SPEX 8000 mixer mill, a Fritsch Pulverisette, or a Zoz attritor for
he predetermined time and small amounts of powder were withdrawn from the
ial to determine the nature and amounts of phases formed using X-ray diffraction
XRD) methods. Milling was stopped after the desired constitution was achieved. The

illed powder was withdrawn from the vial (inside the glove box) and subjected to

onsolidation using either vacuum hot pressing and/or hot isostatic pressing. The
ully consolidated powder was characterized for the crystal structure features of
he phases using XRD, and microstructural features using scanning or transmission
lectron microscopy methods. The strength, ductility, and fracture toughness of the
omposites have also been evaluated.
ompounds 509S (2011) S229–S234

3. Results

We will now describe the results of the microstructural features
and mechanical properties of the three systems separately.

3.1. Al–Al2O3 nanocomposites

Aluminum-based metal matrix composites are ideal materials
for structural applications in the aircraft and automotive indus-
tries due to their lightweight and high strength-to-weight ratio.
Reinforcement of the ductile aluminum matrix with stronger and
stiffer second-phase reinforcements like oxides, carbides, borides,
and nitrides provides a combination of properties of both the metal-
lic matrix and the ceramic reinforcement. Uniform dispersion of the
fine reinforcements and a fine grain size of the matrix contribute
to improving the mechanical properties of the composite.

Investigations were conducted to synthesize and characterize
Al–Al2O3 composites with the Al2O3 reinforcement size of 50 nm,
150 nm, and 5 �m, and the volume fractions of 5, 10, 20, 30, and
50% by volume. The reasons behind the choice of this combination
of particle sizes and volume fractions were to check (i) whether
there is a maximum volume fraction of Al2O3 beyond which it will
be difficult to achieve a uniform distribution and also (ii) to see
if there is a minimum particle size, below which again it will be
difficult to achieve a uniform distribution of the two components
in the composite.

MA of the powder blends containing different amounts and size
fractions of Al2O3 was found to reach a stable and uniform distri-
bution of the reinforcement on milling for 20 h. Fig. 1 shows that
a very uniform dispersion of the fine 50-nm Al2O3 particles was
achieved in all the composites. It is worth noting that a uniform
dispersion was obtained even when the volume fraction of the rein-
forcement was 50%. This corresponds to the finest particle size and
largest volume fraction, the maximum value achieved so far in any
nanocomposite. Similar uniform distributions were obtained in the
larger size and smaller volume fractions of the reinforcement also.
The uniform distribution of the reinforcement phase was also con-
firmed through the X-ray elemental mapping technique [14]. An
interesting observation made during this study was that the sta-
ble �-Al2O3 transformed to �-Al2O3 on milling, when the Al2O3
powder article size was small, e.g., 50 nm [15]. However, no such
transformation occurred when the Al2O3 particle size was large,
e.g., 5 �m. This was explained on the basis of a large surface-to-
volume ratio of small-sized particles. Another observation was that
such a transformation occurred easily when the �-Al2O3 powder
particle contained a small amount of the �-phase, which acted as
a seed for the growth of the �-phase.

These composites with a large volume fraction of the rein-
forcement of the Al2O3 powders were very hard and strong and
consequently it was not easy to consolidate them to full density
by any of the single different technique that is presently avail-
able. Therefore, to determine the effect of reinforcement particle
size and volume fraction, nanocomposites with 50 nm and 150 nm
particle size and 5 and 10 vol.% were consolidated to full density.
Even at these small volume fractions, full (close to 100%) density
was achieved only by a combination of vacuum hot pressing fol-
lowed by hot isostatic pressing. Compression testing was done on
the fully dense samples and the strength properties and modulus
values were determined and the mechanical properties of these
composites are listed in Table 1. Fig. 2 shows the variation of the
modulus of elasticity as a function of the Al2O3 content. From this
figure and Table 1, it may be noted that the strength and modulus

increased with (i) increasing volume fraction and (ii) decreasing
size of the reinforcement. Comparison of these modulus values with
those calculated using the isostrain and isostress conditions sug-
gested that composites with the smaller reinforcement particle size
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Table 1
Mechanical properties of Al–Al2O3 nanocomposites obtained by milling and subsequent consolidation by vacuum hot pressing and hot isostatic pressing.

Al2O3 Compressive
yield
strength
(MPa)

Compressive
strength
(MPa)

Elastic
modulus
(GPa)

Elastic modulus calculated
by the rule of mixturesa

(GPa)

Particle size Volume fraction

50 nm 5% 488 605 78 83
50 nm 10% 515 628 90 95

150 nm 5% 409 544 75 83
150 nm 10% 461 600 77 95
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Ec = VmEm + VrEr, where E and V represent the elastic modulus and volume fra
einforcement, respectively. Elastic modulus values for Al and Al2O3 were taken as

50 nm) behaved closer to the isostrain condition, while compos-
tes with the larger reinforcement size (150 nm) behaved closer to
he isostress condition [16]. This observation clearly suggests that
t is possible to tailor the modulus (and strength) of the nanocom-
osite by choosing the appropriate reinforcement size and volume
raction. Such a processing methodology should be equally appli-
able to other systems, even though the details of processing and
onsolidation would be different.

Neutron diffraction studies were also conducted on these
l–Al2O3 nanocomposites with the idea of determining the load
edistribution between the matrix and the reinforcement phases.
or this purpose, neutron diffraction patterns have been recorded
t different stress levels and the strain in the different planes of
he matrix (Al) and the reinforcement (Al2O3) were determined by

easuring the shift in the positions of the diffraction peaks. From
hese values, the stress–strain plots were made and the modulus
alues were determined. It was noted that the modulus of elasticity
f the matrix phase increases after macroscopic yielding, while it
ecreases in the reinforcement phase. These observations clearly
uggest that the matrix is bearing more load than the reinforce-
ent.

.2. TiAl–Ti5Si3 nanocomposites

Lightweight intermetallic alloys based on �-TiAl are promis-
ng materials for high-temperature structural applications, e.g., in
ircraft engines or stationary turbines [17,18]. Even though they
ave many desirable properties such as high specific strength
nd modulus both at room and elevated temperatures, and good
orrosion and oxidation resistance, they suffer from inadequate
oom temperature ductility and insufficient creep resistance at
levated temperatures, especially between 800 and 850 ◦C, an
mportant requirement for elevated temperature applications of
hese materials. Therefore, current research programs have been
ddressing the development of high-temperature materials with
dequate room temperature ductility for easy formability and abil-
ty to increase the high-temperature strength by a suitable heat
reatment or alloying additions to obtain sufficient creep resis-
ance.

It has been shown that the compressive strength of binary �-
iAl alloys with nanometer-sized grains is about 2600 MPa at room
emperature and that, at temperatures higher than about 500 ◦C,
he strength drops very rapidly to low values [19,20]. In fact, the
trength was found to decrease at a faster rate for ultrafine-grained
aterials than for the coarse-grained counterparts. That is, the

maller the grain size of the specimen, the higher is the strength and

harper is the rate of decrease of the yield strength on increasing
he temperature. This observation suggests that monolithic nanos-
ructured materials may not be suitable for achieving the desired
reep resistance.
respectively and the subscripts c, m, and r represent the composite, matrix, and
325 GPa, respectively.

The Ti–Al–Si alloy system was chosen because it is a
model system to study the influence of phase distribution and
microstructure on the high-temperature deformation behavior
of ceramic–intermetallic composites. Earlier work has demon-
strated that favorable deformation behavior could be obtained
in nanostructured/submicron-sized TiAl-based intermetallics [20].
Thus, it was decided to check whether the microstructure has a
similar influence on the mechanical behavior of ceramic-based
ceramic–intermetallic composites which could then lead to easy
deformability and eventually the possibility of achieving superplas-
ticity. It is possible that the creep properties of these composites
will be poor at low temperatures, but, similar to that in TiAl-based
alloys, it could be improved through grain coarsening after defor-
mation at elevated temperatures.

Composites of �-TiAl and �-Ti5Si3 phase, with the volume frac-
tions of the �-Ti5Si3 phase varying from 0 to 60 vol.%, were produced
by MA of the pre-alloyed gas atomized �-TiAl (Ti–48.9 at.% Al)
and Ti–37.5 at.% Si blended elemental powders as well as pure
silicon powder. The alloy with Ti–31.6 at.% Al–21.6 at.% Si, cor-
responded to 60 vol.% of the �-Ti5Si3 and 40 vol.% of the �-TiAl
phases in the samples. Fully dense and porosity-free compacts
were produced by hot isostatic pressing, with the resulting grain
size of each of the phases being about 400 nm. Fig. 3 shows
a scanning electron micrograph of the �-TiAl + 60 vol.% �-Ti5Si3
composite showing that the two phases are very uniformly dis-
tributed throughout the microstructure, a microstructure that is
expected to be conducive to superplastic deformation behavior. To
test this hypothesis, both compression and tensile testing of the
different composite specimens were conducted at different tem-
peratures and strain rates. Fig. 4 shows the variation of strength
as a function of temperature, wherein the decrease in the strength
with increasing temperature may be clearly noted. Tensile test-
ing of the �-TiAl + 60 vol.% �-Ti5Si3 composite specimen was done
at different temperatures and strain rates and the results are
shown in Fig. 5, from which we can draw the following conclu-
sions.

Firstly, the strength decreased with increasing temperature and
decreasing strain rate, both expected from normal mechanical
behavior of metallic materials. Secondly, the specimens tested at
950 ◦C and a strain rate of 4 × 10−5 s−1 and 1000 ◦C and a strain
rate of 4 × 10−4 s−1 exhibited large ductilities of nearly 150 and
100%, respectively. Considering that this composite is based on
a ceramic material (Ti5Si3) this is a very high amount of defor-
mation, suggestive of superplastic deformation. Final proof is
provided by TEM investigations that confirm the continued sta-
bility of the equiaxed microstructure after deformation. Thirdly,
even though the strain rate employed is relatively low, it is inter-

esting that superplasticity was observed at 950 ◦C, corresponding
to about 0.5Tm, where Tm is the melting temperature of the
alloy. This should be compared with the coarse-grained material
which shows the superplastic behavior only at temperatures about
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Fig. 3. Scanning electron micrograph of the �-TiAl + 60 vol.% �-Ti5Si3 composite
specimen showing that the two phases are very uniformly distributed in the
microstructure. Grains with annealing twins inside them represent the �-TiAl phase.
Such a microstructure is conducive to observing superplastic deformation under
appropriate conditions of testing.
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00–400 ◦C higher than the temperature observed in this investi-
ation [21,22].

.3. MoSi2–Si3N4 nanocomposites

Molybdenum disilicide (MoSi2)-based materials are an impor-
ant group of attractive intermetallic systems for high-temperature

pplications such as furnace heating elements and electrical con-
uctors in silicon integrated circuit design or parts of engines
23–25]. The major advantages of MoSi2 are its high melting
oint (2020 ◦C), excellent oxidation resistance, outstanding ther-

Fig. 4. Compressive yield strength after 1.25% plastic strain, �1.25 as a function of
test temperature at a strain rate of 4 × 10−4 s−1. Note the continuous drop in strength
with increasing test temperature in all the composites.
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in identifying the phases unambiguously.
Table 2 lists the hardness values of the three consolidated sam-

ples. The hardness does not appear to be different between the
MoSi2 and MoSi2 + 2.5 wt.% Si3N4 samples, but has increased sub-
ig. 5. Tensile engineering stress vs. strain curves for the TiAl–60 vol.% Ti5Si3
anocomposite tested at different temperatures and strain rates. The tests were
onducted in air until fracture occurred.

al shock resistance, and lower density compared to superalloys.
owever, extensive use of MoSi2-based alloys has been limited due

o the low ductility (brittle nature of the material) and fracture
oughness at low temperatures, sharp drop in high-temperature
reep and yield strength at temperatures above 1200 ◦C, and the
ossibility of pest disintegration in the temperature range of
00–600 ◦C [26–29]. Composites made of two or three components
ave been developed to improve the thermo-mechanical proper-
ies. Addition of Si3N4 to MoSi2 has been shown to confer several
dvantages to MoSi2. It was found to completely eliminate the pest
ehavior of MoSi2, due to basic changes in the oxidation mecha-
isms. The fracture toughness of MoSi2 + Si3N4 composites has been

ound to increase significantly with increasing temperature, reach-
ng values as high as 15 MPa m1/2 at 1300 ◦C [30]. Further, the creep
ates of the composites are very low, of the order of 10−9 s−1, at
200 ◦C and 50 MPa stress level [25]. Several investigations have
een carried out in recent years on MoSi2–Si3N4 composites to

mprove the different properties of MoSi2-based alloys [31–36]. The
urpose of this investigation was to determine if the addition of fine
i3N4 phase could increase the fracture toughness of MoSi2.

Elemental powders of Mo and Si, and Si3N4 (with the Si3N4 con-
ents of 0, 2.5 and 5.0 wt.%) were milled in an attritor and the milled
owders were consolidated by vacuum hot pressing at 1400 ◦C
nd 2000 psi for 1 h. Both density measurements and microscopy
bservations confirmed that the consolidated samples were fully
ense without any porosity being present in them. XRD patterns
onfirmed the presence of the �-MoSi2 and Si3N4 phases. Fig. 6
hows a high-magnification scanning electron micrograph of the
oSi2 + 5.0 wt.% Si3N4 sample. Micrographs from the other sam-

les also showed similar microstructural features; with the caveat
hat the proportion of the Si3N4 phase in the micrographs increases
ith an increase in the Si3N4 content in the samples. Further, it
ay be noted that the microstructural features are very fine, in the

ubmicrometer range.
A typical transmission electron micrograph from the consoli-

ated MoSi2 + 5 wt.% Si3N4 specimen is shown in Fig. 7(a). A wide
ariation in grain size may be noted in this micrograph. In fact,
he grain size distribution is broader in this sample than in mono-
ithic MoSi2, mainly because the Si3N4 particles are much finer
han those of MoSi2. The Si3N4 particles are <250 nm in size while
he MoSi2 particles are about 300–700 nm in size. A higher mag-

ification transmission electron micrograph is shown in Fig. 7(b)
herein it is clearly seen that the Si3N4 particles are <100 nm in

ize. The relatively large size of the MoSi2 and Si3N4 phases can be
ttributed to the high temperature of 1400 ◦C used during vacuum
Fig. 6. Scanning electron micrograph of the vacuum hot-pressed MoSi2 + 5.0 wt.%
Si3N4 compact.

hot pressing. Energy dispersive spectroscopy (EDS) patterns helped
Fig. 7. Transmission electron micrographs from the consolidated MoSi2 + 5 wt.%
Si3N4 specimens showing a fine grain structure. (a) The Si3N4 particles are much
finer than those of MoSi2. Even though some variation in the grain size is noted, it
varies between 250 and 700 nm. (a) A high-magnification micrograph showing that
the Si3N4 particles are very fine, <100 nm.
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Table 2
Vickers microhardness and fracture toughness values of the mechanically alloyed
and consolidated MoSi2 and MoSi2 + Si3N4 samples.

Sample Microhardness,
kg mm−2

(GPa)

Fracture
tough-
ness,
KIc

(MPa m1/2)
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MoSi2 783 (7.2) 2.7
MoSi2 + 2.5 wt.% Si3N4 783 (7.2) 3.2
MoSi2 + 2.5 wt.% Si3N4 1010 (9.9) 2.8

tantially when 5 wt.% Si3N4 was added to MoSi2. These hardness
alues are higher than those reported earlier for attritor-milled and
IP-consolidated MoSi2, with a grain size of about 40 nm [37].

Table 2 also lists the fracture toughness values of the mono-
ithic and composite samples studied. The fracture toughness has
lightly improved on addition of 2.5 wt.% Si3N4, but decreased on
arger addition of Si3N4, presumably due to the increased hardness
nd strength. The fracture toughness of MoSi2 + Si3N4 composites
ere also determined to be very low, about 4.9 MPa m1/2 even when

5 wt.% �-Si3N4 was added [38]. However, for an in situ toughened
oSi2 + �-Si3N4 composite with long whisker-type morphology

or the reinforcement (hot pressed at 1800 ◦C/70 MPa/3 h), the
Ic value was reported to increase up to 8.9 ± 0.5 MPa m1/2 [39].

n the present study, the Si3N4 reinforcement in MoSi2 was
n the form fine equiaxed crystals. It was also reported that
he fracture toughness of the MoSi2–Si3N4composites containing
0–50 vol.% Si3N4 increased significantly with increasing temper-
ture, reaching values as high as 15 MPa m1/2 at 1300 ◦C [30].
hus, the nature, morphology, and amount of the reinforce-
ent seem to be very important in achieving improved fracture

oughness values of MoSi2. In spite of the low fracture tough-
ess observed in the present investigation, scanning electron
icroscopy examination of the fractured surfaces of the samples

learly revealed the dimple structure characteristic of a ductile
racture.

. Conclusions

Mechanical alloying appears to be an ideal method to synthe-
ize nanocomposites in a variety of systems. The most obvious
dvantage of the MA technique is that a uniform dispersion can be
chieved by optimizing the processing conditions. Additionally, a
igh volume fraction of the reinforcement with nanometer dimen-
ions can be incorporated into a number of metallic matrices. This
as been demonstrated in Al–Al2O3, TiAl–Ti5Si3, and MoSi2–Si3N4
ystems. The mechanical properties of these nanocomposites have
een shown to be improved over those of the monolithic alloys.
ossibility of achieving superplasticity at temperatures much
ower than those required for coarse-grained alloys has also been
emonstrated. Neutron diffraction studies have been employed to
etermine the load distribution between the matrix and reinforce-
ent phases.
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