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In the present study, Ni-30 vol pct Al2O3 in-situ nanocomposite was developed by reactive
milling of NiO-Al-Ni powder mixture followed by spark plasma sintering (SPS). During milling,
fcc to hcp transformation was observed in Ni(Al) phase and it transformed back to fcc phase
around 773 K (500 �C). The hardness and yield strength of Ni-30 vol pct Al2O3 nanocomposite
are approximately two times higher than that of pure Ni of similar grain size. The improved
mechanical properties of nanocomposite are attributed to the presence of alumina particles of
nanometer size.
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I. INTRODUCTION

NANOCOMPOSITES, in which both the matrix and
the reinforcement are nanocrystalline or the nanorein-
forcement in microcrystalline matrix, exhibit superior
mechanical properties compared to their microcrystal-
line counterpart with similar volume fraction of rein-
forcement particles. In-situ formation of the
reinforcement particles by powder metallurgy route is
reported to overcome the difficulty in dispersion and
segregation problems of very fine reinforcement parti-
cles normally being faced in casting route. Moreover,
the in-situ reinforcement particles are thermodynami-
cally stable and compatible with the matrix.[1] Mechan-
ical alloying is a popular technique to synthesize
nanocrystalline, amorphous and intermetallics. In addi-
tion, development of nanocomposites by activating the
displacement reaction where the metal oxides are
reduced by more reactive metal to a pure metal is also
one of the applications of the mechanical alloying.[2,3]

Nickel was widely used as coating material since it is
strong, tough, and resistant to corrosion, erosion, and
abrasion. However, during severe environmental and
stress conditions, the mechanical properties deteriorate.
Hence, one of the methods to improve this is reinforcing
Ni with hard particles such as Al2O3,

[4–7] CeO2,
[8]

TiO2,
[9–11] ZrO2,

[12–14] SiC,[15–17] WC,[18–20] and

TiC.[21,22] These particles act as barriers to dislocation
motion within the metal matrix and increase the
strength by Orowan hardening phenomena. Moreover,
additional benefit can be realized if the particles pin the
grain boundaries, thereby impeding grain growth during
heat treatment.[23] All these preceding reinforcing par-
ticles were added externally to Ni matrix. In the present
work, an attempt has been made to develop in-situ nano-
Al2O3 particles reinforced in Ni matrix (Ni-30 vol pct
Al2O3), by subjecting the NiO-Al-Ni powder mixture to
reactive milling. The phase evolution during milling and
subsequent heating was analyzed. The microstructure
and mechanical properties were investigated after the
spark plasma sintering (SPS) and compared with the
monolithic Ni.

II. EXPERIMENTAL DETAILS

Reactive milling was carried out in a planetary ball
mill (Pulverisette-5, Fritsch, Gmbh, Idar oberstein,
Germany) for NiO-8 wt pct Al-59 wt pct Ni powder
mixture in order to obtain Ni-30 vol pct Al2O3 nano-
composite powder. Milling was carried out at the ball to
powder ratio of 10:1 using tungsten carbide vials and
tungsten carbide balls of 10-mm diameter. Toluene was
used as a process controlling agent to avoid oxidation
and excessive cold welding of powders to vials and balls.
The milling speed was maintained as 300 rpm. Phase
and structural evolution during milling and heating was
analyzed using X-ray diffractometry (Bruker AXS Inc.,
Madison, WI), with Cu Ka radiation. Crystallite size
measurement was made using Voigt X-ray peak profile
analysis after eliminating the strain and instrumental
broadening contributions.[24] Differential scanning calo-
rimetry (DSC) was carried out for the 20-hour milled
powder at the heating rate of 20 �C/min in argon
atmosphere using a Netzsch STA 409 PC (Netzsch,
Gmbh, Selb/Bavania, Germany). Chemical analysis for
tungsten was carried out using Optima 5300 DV (Perkin
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elmer, Shelton, CT) inductively coupled plasma–optical
emission spectroscopy (ICP-OES) in order to determine
the tungsten carbide contamination in the 20-hour
milled powder. The as-milled powders were consoli-
dated to 5 9 15 mm pellets in a graphite die and
consolidated under a uniaxial pressure of 75 MPa,
using a SPS-1050 apparatus (Sumitomo Coal Mining,
Kangawa, Japan) at 1273 K (1000 �C) for 5 minutes in
a vacuum of <10�3 Pa. For comparison, pure Ni was
also milled for 20 hours and consolidated at slightly
lower temperature of 973 K and 1073 K (700 �C and
800 �C).

Microstructural analysis was carried out for bulk
consolidated samples using a PHILIPS* CM20 trans-

mission electron microscope (TEM) operating at
200 kV. For the TEM analysis, the samples were
prepared by Ar-ion milling preceded by dimpling.
Density of bulk samples was measured by the Archime-
des method. The hardness of the compacts was mea-
sured using a microhardness tester under a load of 300 g
for 15 seconds. The average of 20 indentations was
considered as the Vickers microhardness value. The
compression test was carried out on a 2.5 9 3 mm
cylindrical sample at the strain rate of 10�4 s�1.

III. RESULTS

A. Phase Formation during Milling and Heating

Figure 1 shows the X-ray diffraction (XRD) patterns
of unmilled and milled NiO-Al-Ni powder mixture
corresponding to Ni-30 vol pct Al2O3 nanocomposite.
During reactive milling, the observations made after
5 hours of milling are the shift and the broadening of the
Ni peaks and the decrease in the NiO peak intensity.
The decrease in the NiO peak intensity and the
disappearance of Al peak indicate the start of NiO
reduction in 5-hour milling. The shift in the Ni peak
toward the lower angle side indicates that the Ni formed
solid solution with the Al available for the NiO
reduction. The extent of NiO reduction was calculated
approximately from the change in the integrated inten-
sity of NiO (111) peak with respect to milling time using
the formula mentioned elsewhere.[25] After 5 hours of
milling, the extent of NiO reduction is calculated to be
50 pct and the remaining Al available for Ni(Al)
formation in 5-hour milling is ~5 wt pct (Figure 2).
The position of Ni(Al) peaks continuously shifted to

Fig. 1—XRD patterns of NiO, Al, and Ni powder mixture corre-
sponding to Ni-30 vol pct Al2O3 composition as a function of mill-
ing time.

Fig. 2—(a) Crystallite size and NiO-Al-Ni powder mixture corre-
sponding to Ni-30 vol pct Al2O3 composition with respect to milling
time and (b) percentage reduction of NiO with respect to crystallite
size of NiO.

*PHILIPS is a trademark of FEI Company, Hillsboro, OR.
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lower angles accompanied by gradual broadening with
milling time, indicating a continuous increase in unit cell
volume with refinement of crystallite size. After
15 hours of milling, a new peak, which partially overlaps
with the NiO(200)/Ni(Al)(111) peak, appeared and it
has been identified as the most intense peak (101) of hcp
Ni(Al). After 20 hours of milling, additional new peaks
were observed, which could all be indexed as a hcp
Ni(Al) with the lattice parameters of a = 0.2596 nm
and c = 0.4390 nm.

Gradual reduction of NiO was observed as the NiO
crystallites were reduced from 60 nm after 5 hours of
milling to 40 nm after 20 hours of milling, and 76 pct
reduction of NiO was observed after 20 hours of milling
(Figure 2). The progress of NiO reduction to 20 hours
of milling despite the absence of Al peaks in the XRD
pattern indicates the availability of Al in smaller
quantity with refined crystallite size or the reduction of
NiO carried out by Ni(Al). Less intense peaks of
unreacted NiO along with fcc Ni(Al) are also found to
exist in 20-hour milled powder. No XRD peaks of Al2O3

phase were observed in the 20-hour milled powder. This
suggests that the Al2O3 formed as a result of NiO
reduction is amorphous in nature and, hence, may not
be detected.[25] ICP-OES results showed 0.2 wt pct W
contamination in 20-hour milled powder.

The DSC traces of 20-hour milled powder presented
in Figure 3 show that the transformation of hcp to fcc
occurs around 673 K (400 �C). Figure 4 shows the XRD
patterns of heat-treated and consolidated 20-hour milled
powder. The increase in the fcc Ni(Al) peak intensity
and its shift to higher angle side in the 20-hour milled
powder heated to 573 K (300 �C) and the presence of
only fcc Ni peaks after heating to 773 K (500 �C)
indicate that the hcp Ni(Al) has transformed to fcc Ni of
a = 0.3519 nm in heating, which could be attributed to
grain coarsening. Moreover, the completion of NiO
reduction by Al in Ni solid solution also took place in
these temperature ranges. XRD pattern of Ni-30 vol pct

Al2O3 spark plasma sintered at 1273 K (1000 �C) in
Figure 4 shows the presence of a-Al2O3 phase along
with the Ni phase. The amorphous Al2O3 formed in
milling transformed to stable a-Al2O3 on heating. Since
the amount of Al2O3 is small, the heat event associated
with the crystallization of a-Al2O3 is not evident in this
DSC trace. However, in the initial study on stochio-
metric composition of NiO-Al, which resulted in
60 vol pct Al2O3 in the product after the completion
of reaction, the heat event associated with the crystal-
lization of a-Al2O3 is clearly seen in the DSC trace.[26]

B. Microstructural Analysis after SPS Consolidation

For comparison, pure Ni was milled for 20 hours. The
crystallite size of Ni after 20 hours of milling is 33 nm.
The 20-hour milled pure Ni was then SPS consolidated
at 973 K and 1073 K (700 �C and 800 �C). TEM results
of bulk Ni samples consolidated at 973 K and 1073 K
(700 �C and 800 �C) are shown in Figures 5 and 6,
respectively. The bright-field image and the selected area
diffraction (SAD) pattern with spotty rings show that
the Ni grains are in submicron level. Indexing of the
SAD pattern reveals the presence of Ni phase alone. The
average grain size of Ni sintered at 973 K (700 �C) is
228 nm (Figure 5(c)) from the dark-field images ob-
tained using Ni(111) and Ni(200) diffraction planes, and
for the Ni sample sintered at 1073 K (800 �C), the
average grain size is measured to be 375 nm (Fig-
ure 6(c)).

Fig. 3—DSC traces of 20 h milled NiO-Al-Ni powder mixture corre-
sponding to Ni-30 vol pct Al2O3 composition.

Fig. 4—XRD patterns of NiO, Al, and Ni powder mixture corre-
sponding to Ni-30 vol pct Al2O3 composition as a function of
annealing temperature and after consolidation.
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Results of TEM studies on the bulk Ni-30 vol pct
Al2O3 sample SPS at 1273 K (1000 �C) are shown in
Figure 7. The SAD pattern in Figure 7(b) shows discon-
tinuous spotty diffraction rings from Ni phase and fine
continuous diffraction rings from a-Al2O3 phase. The
average grain size of Ni was measured to be 170 nm from
the micrograph. A number of white regions (indicated by
the arrow) in the bright-field image in Figure 7(a), were
observed in the microstructure. The SAD pattern taken
from the white region shows continuous diffraction ring
patterns of a-Al2O3. The dark-field image (Figure 7(c))
obtained from a-Al2O3 (012) plane shows the clusters of
very fine a-Al2O3 particles of 6 to 8 nm in the white
regions. Around 12 micrographs covering an area of
200 lm2 were taken for calculating the area fraction of
the white region consisting of very fine a-Al2O3 particle
clusters. It was found that approximately 0.25 area
fraction was occupied by these clusters. The size of the
clusters varies from 50 to 1000 nm (Figure 7(d)). More-
over, approximately 0.05 volume fraction of fine a-Al2O3

particles was also found distributed uniformly in the Ni
matrix (Figure 7(e)). Among them, most of the a-Al2O3

particles are in the 8 to 9 nm size range, while very few of
them are in the 20 to 40 nm size range.

C. Mechanical Properties of Ni and Ni-Al2O3

Nanocomposites

The measured density, grain size, and hardness of the
consolidated Ni and Ni-30 vol pct Al2O3 nanocompos-

ite are listed in Table I. The density of Ni-30 vol pct
Al2O3 nanocomposites after spark plasma consolidation
is measured to be 92 pct of theoretical density. The
hardness value of Ni-30 vol pct Al2O3 nanocomposite
SPS at 1273 K (1000 �C) was measured to be 4.5 GPa,
which is almost 2 times higher than that of monolithic
pure Ni SPS at 973 K (700 �C) (2.4 GPa) and 1073 K
(800 �C) (2.1 GPa). Compression test results of pure Ni
consolidated at 973 K and 1073 K (700 �C and 800 �C)
and Ni-30 vol pct Al2O3 nanocomposites consolidated
at 1273 K (1000 �C) are presented in Figure 8. Ni-
30 vol pct Al2O3 nanocomposites exhibit significantly
higher strength than the pure Ni sintered at 973 K and
1073 K (700 �C and 800 �C). The loss in ductility,
however, seems to be an unfortunate consequence in
nanocomposites due to the presence of hard Al2O3

ceramic particles. The ideal strength deduced from the
hardness value is 1380 MPa, which is only 90 MPa
higher than the yield strength obtained from the
compression test (1290 MPa).

IV. DISCUSSION

A. Phase Formation in Ni-Al2O3 Nanocomposites

The fcc Ni(Al) transformed to hcp phase in 15 hours
of milling as the fcc Ni(Al) with 9 nm crystallite size and
6.99 cm3/mol molar volume undergo a defect-induced
melting (Lindemann’s melting criterion) to amorphous/

Fig. 5—TEM micrographs of pure Ni sintered at 973 K (700 �C): (a) bright-field image, (b) SAD pattern, and (c) dark-field image obtained from
Ni(111) and Ni(200) diffraction rings.
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liquid state that crystallizes into a metastable hcp
structure with the molar volume of 7.7 cm3/mol, which
is very close to the molar volume of the liquid at the
melting point of Ni (7.55 cm3/mol). The interatomic
spacing of nanocrystal increases continuously from core
to surface due to lattice softening; hence, the increase in
the molar volume of fcc phase with refinement of
crystallite size is expected. Datta et al.[27] reported for
the first time the fcc to hcp phase transformation during
the mechanical alloying of Ni with Si, when the crystallite
size of Ni(Si) reached below 10 nm, which was associated
with rapid molar volume increment in fcc Ni(Si). On the
other hand, the pure Ni did not show the fcc to hcp
transformation during mechanical alloying, since the
crystallite size could not be reduced below 20 nm even
after 50 hours of milling with the same milling condi-
tions.[27] The earlier phase transformation at 15 hours of
milling in the present study compared to their study may
be due to the presence of hard Al2O3 particles, which
might have increased the crystallite size reduction rate.

B. Strengthening Mechanisms in Ni-Al2O3

Nanocomposites

Microstructural analysis of Ni-30 vol pct Al2O3

nanocomposite showed that the grain size is in submi-

cron range and the a-Al2O3 particles of nanometer size
are distributed throughout the matrix. These two
features, thus, are expected to contribute significantly
to yield strength. In such a condition, yield strength of
composite is the result of overall contribution from the
matrix, grain size, and particles.

r0:2 ¼ rm þ
k
ffiffiffi

d
p þ rp ½1�

where rm is the strength of the matrix, k is the Hall–
Petch slope, d is the grain size, and rp is the particle
strengthening term.
The strengthening contribution from the matrix and

grain size can be deduced from the Hall–Petch plot.
Figure 9 shows the hardness and grain size data in a
Hall–Petch form for the Ni and Ni-30 vol pct Al2O3

nanocomposites, together with data from several reports
for Ni.[28–32] Grain size analysis reveals that the grain
size of the Ni-30 vol pct Al2O3 nanocomposites sintered
at 1273 K (1000 �C) is slightly smaller (50 nm) than
pure Ni sintered at 973 K (700 �C). According to
Figure 9, the grain refinement observed in Ni-30 vol pct
Al2O3 nanocomposites can only account for about a
40 MPa increase in strength for this change in grain size.
Thus, the additional strengthening of 2.1 GPa in

Fig. 6—TEM micrographs of pure Ni sintered at 1073 K (800 �C): (a) bright-field image, (b) SAD pattern, and (c) dark-field image obtained
from Ni(111) and Ni(200) diffraction rings.
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Ni-30 vol pct Al2O3 nanocomposites must be due to the
presence of the a-Al2O3 particles and ~0.1 vol pct of
WC particles and their interaction with mobile disloca-
tions during plastic deformation. Since the amount of
WC particles is much less, the strengthening contribu-
tion from Al2O3 particles alone can be considered.

TEM observation of Ni-30 vol pct Al2O3 nanocom-
posite showed that approximately 5 vol pct a-Al2O3

particles of 8 to 9 nm are distributed uniformly in the Ni
matrix. The remaining 25 vol pct of a-Al2O3 particles
are observed in the form of clusters with ~350 nm
average size. When each cluster is considered as a
nondeformable single particle during plastic deforma-
tion, Eq. [1] can be rewritten as

r0:2 ¼ rm þ
k
ffiffiffi

d
p þ runi þ rcluster ½2�

where runi is the strengthening contribution from
uniformly distributed particles and rcluster is the
strengthening contribution from particle cluster.
Since the uniformly distributed a-Al2O3 particle size is

much smaller than the Ni grain size (170 nm), Orowon-
type strengthening will occur in a single grain. Hence,
the strengthening contribution for uniformly distributed
a-Al2O3 can be calculated using the following:[33]

Fig. 7—TEM micrographs of Ni-30 vol pct Al2O3 nanocomposites: (a) bright-field image, (b) SAD pattern, (c) dark-field image of clusters of
fine a-Al2O3, (d) size distribution of a-Al2O3 clusters, and (e) dark-field image of uniformly distributed a-Al2O3.

Table I. Density, Grain Size, and Hardness Values of
Consolidated Ni and Ni-30 Vol Pct Al2O3 Nanocomposites

Composition

SPS
Temperature

[K (�C)]
Density
(Pct)

Grain
Size
(nm)

Hardness
HV0.3

Ni 973 (700) 94 220 252
1073 (800) 94 320 225

Ni-30 vol pct Al2O3 1273 (1000) 92 170 460
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runi ¼ DrOro ¼
2mGb ln /

2b

on

½ð1:18Þ4pðk� /Þ� ½3�

where DrOro is the Orowan stress or the stress increase
needed to pass a dislocation through an array of
impeding particles, m is the Taylor factor, G is the
shear modulus, b is the Burgers vector, / is the
particle size, and k is the planar interparticle sepacing,
/=

ffiffiffiffiffiffi

Vp

p

, where Vp is the volume fraction of particle
phase.

Since the size of cluster exceeds the grain size of Ni
matrix, Orowon-type particle strengthening is not
expected. A reasonable approach for analysis in this
case can be based on particulate composite strengthen-
ing models. The strengthening contribution from parti-
cle cluster can be written as[34]

rcluster ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DrOroð Þ2þ Drloadð Þ2þ Drtheð Þ2þ Drgeo

� �2
q

½4�

where Drthe is the strengthening contribution due to
statistically stored dislocations introduced by the ther-
mal expansion mismatch between the matrix and par-
ticle cluster, Drgeo is the strengthening contribution due
to strain gradient effects associated with the geometri-
cally necessary distributions of dislocations required to
accommodate the plastic deformation mismatch be-
tween the matrix and the particle cluster, and Drload is
the strengthening contribution due to load transfer
across matrix and particle cluster.
The strengthening contribution due to Orowan stress

or stress increase needed to pass a dislocation through
an array impeding particle cluster was calculated from
Eq. [3]. Drload is related to the rule-of-mixture effect, and
the basic equation is represented by the relationship
between the effective composite strength (rcomp) and the
reference matrix strength (rm):

rcomp ¼ Vprp þ Vmrm ½5�

where Vm is the volume fraction of matrix. The factor
Vprp, which is represented by Drload, is further ex-
panded using the shear lag model for fibers (this model
was later modified to predict the strengthening effect
of particles in a matrix). The stress borne by the parti-
cle through shear transfer of load at the particle/ma-
trix interface is represented by[35,36]

rp ¼ sis ½6�

where si is the shear stress at the particle matrix interface
and s is the aspect ratio (lp/lv) of the reinforcing
particles, where lp and lv are the particle size parallel
to and vertical to the compressive testing direction,
respectively. The particle size is given by / ¼

ffiffiffiffiffiffiffi

lplv
p

.
Assuming a well-bonded particle, si can be sufficiently
accurately represented by 0.5rm (rm is used instead of
the yield strength of composite, because it is assumed
that the composite yields when the matrix reaches its
yield strength). Therefore, particle strength is given
by[37,38]

rp ¼ 0:5rms ½7�

Substituting Eq. [7] into [5],

rcomp ¼ 0:5srmVp þ Vmrm ½8�

Therefore, the increase in strength due to the presence
of particles is given by[37]

Drload ¼ 0:5srmVp ½9�

The strengthening contribution due to thermal expan-
sion mismatch is[39]

Drthe ¼ gGb
ffiffiffi

q
p ½10�

where g is a constant of order 1, and q is the disloca-
tion density. The value of q is given by[40,41]

Fig. 9—Hall–Petch plot for pure Ni and Ni-30 vol pct Al2O3 nano-
composite.

Fig. 8—Compressive stress-strain curves of pure Ni and Ni-30 vol pct
Al2O3 nanocomposite.
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q ¼ 12DTDaVp

bDð1� VpÞ
½11�

where Da is the difference in coefficient of thermal
expansion (CTE) between the matrix and the reinforcing
particles, D is the particle size (cluster size is ~350 nm),
and DT is the temperature change from processing
temperature to room temperature.

Finally, the strengthening contribution due to geo-
metrically necessary dislocations is[42]

Drgeo ¼ bG

ffiffiffiffiffiffiffiffiffiffiffiffiffi

Vpbem
D

r

½12�

where b is a geometric factor with a numerical value
~0.2[43] and em is the plastic strain of the metal matrix.[42]

The parameters required for the theoretical calcula-
tion of yield strength of Ni-30 vol pct Al2O3 nanocom-
posite are given in Tables II and III. The result of the
calculation presented in Figure 10 indicates the influ-
ence of thermal mismatch contribution on yield strength
of the composite is most significant when the particle is
in the form of clusters of 350 nm. Moreover, the
theoretical calculation concludes that the Orowan
strengthening contribution from clusters DrOro is less
significant as the Drgeo and Drload.

The theoretically calculated strengthening contribu-
tions from 5 vol pct of uniformly distributed a-Al2O3

particles and 25 vol pct of particle clusters are 475 and
395 MPa, respectively (Figure 11). The sum of overall
strengthening from clusters and the individual a-Al2O3

particle is 870 MPa. Considering that the corresponding
hardness increment is 3 times larger, the hardening due
to particles is about 2.6 GPa, which is slightly higher
than the experimental results of 2.1 GPa. The possible
reason for the difference between theoretically calcu-
lated and experimental results might be due to (1) the
theoretical calculation was made assuming that the all
the particles are within the grains. However, a signifi-
cant amount of particles maybe present in the grain
boundary, which is less important for the thermal stress

and dislocation. (2) The error in calculating the volume
fraction of cluster from TEM analysis and the volume
fraction of cluster measurement may not be very
accurate, and a small error in measure will lead to
significant change in the theoretically calculated hard-
ness value. For example, if the measured volume
fraction of clusters is 0.26 instead of 0.25, the calculated
hardness value will decrease from 2.6 to 2.3 GPa.
The results of theoretically calculated strengthening
contributions from uniformly distributed and clusters
of particles in Ni-30 vol pct Al2O3 nanocomposite

Table II. Parameters Used in Theoretical Calculation

of Yield Strength in Ni-30 Vol Pct Al2O3 Nanocomposites

Parameter, Unit Value Reference

m 3 23
G, GPa 76 23
b, nm 0.249 23
CTE of Ni, �C�1 13.2 9 10�6 44
CTE of Al2O3, �C�1 9 9 10�6 45
em 0.1 46

Table III. Experimentally Obtained Parameters Used in Theoretical Calculation of Yield Strength in Ni-30 Vol Pct Al2O3

Nanocomposites

System
Sintering

Temperature [K (�C)]

Uniformly Distributed a-Al2O3 Clusters of a-Al2O3

Size (nm) Volume Fraction Size (nm) Volume Fraction

Ni-30 vol pct Al2O3 1273 (1000) 8 0.05 350 0.25

Fig. 10—Theoretically calculated strengthening contribution from
a-Al2O3 clusters in Ni-30 vol pct Al2O3 nanocomposite.

Fig. 11—Comparison of theoretically calculated strengthening con-
tribution from uniformly distributed and clusters of a-Al2O3 particles
in Ni-30 vol pct Al2O3 nanocomposite.
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presented in Figure 11 also show that for the same
volume fraction, strengthening contribution from uni-
formly distributed particles of 8 nm is 3 times higher
than that of the particle cluster of 350 nm. Hence, the
real potential of the synthesized composite can be
achieved if the clusters are broken into individual
particles and distributed uniformly in the matrix.

The loss in ductility, however, seems to be an
unfortunate consequence of the grain boundary pinning
mechanism. Particles present at the pinned grain
boundaries act as nucleation sites for deformation-
induced grain boundary cavities.[47] This increased
tendency for grain boundary cavitation may lead to a
decrease in overall ductility in these particulate com-
posite materials.[47–50] Microstucture revealed that
agglomerations of reinforcement particles caused local
stress concentrations in the composite and led to crack
formation in the matrix. Presence of hard and brittle
Al2O3 particles in the ductile Ni matrix exerts con-
straints on the plastic flow of the matrix. When
combined with concentration and triaxiality of stress
in clustered particle regions, the composite undergoes
brittle fracture without showing appreciable ductility.[51]

V. CONCLUSIONS

Bulk Ni-30 vol pct Al2O3 in-situ nanocomposite was
developed successfully by carrying out reactive milling
for NiO-Al-Ni powder mixture and subjecting the
as-milled powder to SPS at 1273 K (1000 �C). Gradual
NiO reduction and simultaneous Ni(Al) formation were
observed during milling. Interestingly, fcc to hcp trans-
formation was also observed in Ni(Al) phase during
milling, and it completely transformed back to fcc phase
around 773 K (500 �C) in heating. The measured hard-
ness and the yield strength of synthesized Ni-30 vol pct
Al2O3 nanocomposite (4.5 GPa and 1290 MPa, respec-
tively) is 2 times higher that of pure Ni of similar grain
size, which is mainly attributed to the presence of
alumina particles of nanometer size.
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