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In the present study, Fe-10 vol pct Al2O3 in situ nanocomposite has been derived by high-energy
ball milling of Fe2O3-Fe-Al powder mixture followed by the consolidation using spark plasma
sintering (SPS). The consolidated nanocomposite has bimodal-grained structure consisting of
nanometer- and submicron-sized Fe grains along with nanometer-sized Al2O3, and Fe3O4

particles. The mechanical property analysis reveals that compressive yield strength of Fe-10 vol
pct Al2O3 nanocomposite is 2100 MPa which is nearly two times higher than that of monolithic
Fe processed by Mechanical Milling and SPS. The strengthening contributions obtained from
matrix, grain size, and particles in the synthesized nanocomposite have been calculated
theoretically, and are found to be matching well with the experimental strength levels.
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I. INTRODUCTION

NANOCOMPOSITES in which both the matrix and
the reinforcement are nanocrystalline or the nano-rein-
forcement in microcrystalline matrix exhibit superior
mechanical properties compared to their microcrys-
talline counterparts with similar volume fractions of
reinforcement particles. In situ formation of the rein-
forcement particles by powder metallurgy route is
reported to overcome the difficulty in dispersion and
segregation problems of very fine, nanosized reinforce-
ment particles normally encountered in casting route.[1]

Moreover, the in situ reinforcement particles are ther-
modynamically stable and compatible with the matrix.
Mechanical alloying (MA) is a popular technique to
synthesize nanocrystalline, amorphous, and intermetal-
lic powders.[2] In addition to this, the development of
nanocomposites by activating the displacement reac-
tions where the metal oxides are reduced by more
reactive metals is also established as one of the appli-
cations of MA.[3]

Matteazzi and LeCaer[3] have studied mechanically
driven reduction reactions of various metal oxides such
as V2O3, Cr2O3, MnO2, Fe2O3, CoO, NiO, CuO, ZnO,
Nb2O5, MoO3, WO3, and SiO2 by aluminum in the
synthesis of metal-alumina nanocomposites. There has
been extensive research works on the reactive milling of
CuO-Al and NiO-Al systems in order to synthesize Cu-,

Ni-, NiAl-, and Ni3Al-based nanocomposites in which
in situ Al2O3 is the reinforcement.[4–18] Improved
mechanical and physical properties have been observed
after the consolidation of these nanocomposite pow-
ders.[15–18] There has been considerable amount of work
on Fe2O3/Fe3O4 reduction by Al in high-energy ball
milling with the view of synthesizing Fe-, FeAl-, and
Fe3Al-based nanocomposites with Al2O3 reinforce-
ment.[3,19–25] However, most of the studies involving
Fe2O3/Fe3O4 reduction by Al in high-energy ball milling
are limited to powder synthesis, except the works by
Ishonishi et al.[23] and Ravi et al.[24]

Consolidation of mechanically milled metal/
alloys/composite powders is one of the critical steps
involved in the fabrication of bulk nanostructured/nanocom-
posite materials. Conventional consolidation tech-
niques such as hot extrusion, hot pressing, hot
isostatic pressing, etc. are usually carried out at high
temperatures for long duration, which may invariably
result in coarsening of the nanosized grains present in
the milled powders. In order to overcome the afore-
mentioned difficulty, a few rapid sintering processes[26]

such as high-velocity oxy fuel (HVOF), cold spraying,
and spark plasma sintering have been developed for
consolidation of the mechanically milled powders.
Among these techniques, SPS has the main advantages
of low sintering temperature and short sintering time,
and hence it has greater potential in retaining the
nanostructure after sintering. Moreover, studies on
SPS process suggest that it has the capability in
producing bimodal-grained microstructure in metallic
materials. This is confirmed in the case of Fe,[27]

Fe-C,[28] Ti-6Al-4V,[29] Ni,[30] and 14 Cr ODS alloys.[31]

Obtaining simultaneous improvement in tradeoff
mechanical properties such as strength and ductility is
one of the interesting facets of the bimodal-grained
microstructure. With the aid of SPS process, Srini-
vasarao et al.[27] prepared a bulk bimodal-grained iron
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which has shown combination of extremely high fracture
strength of 2249 MPa and a true strain of 40 pct. These
results have substantiated the abovementioned comment
on mechanical properties of the bimodal-grained
microstructure. Interestingly, the authors’ previous work
on the spark plasma sintering of Fe2O3-Al-Fe powder
mixture has also shown the formation of Fe-10 vol pct
Al2O3 composites with bimodal-grained microstruc-
ture.[24] However, no systematic studies were carried out
to understand the role of bimodal-grained structure on
the mechanical behavior of spark plasma sintered Fe-10
vol pct Al2O3 composites.[24] To prevail over this inad-
equacy, present work has aimed to elucidate the role of
bimodal-grained microstructure on the mechanical
behavior of SPS consolidated Fe-10 vol pct Al2O3

composites. The strengthening mechanisms in the
SPS-consolidated Fe-10 vol pct Al2O3 nanocomposite
also have been investigated and discussed in detail.

II. EXPERIMENTAL DETAILS

High-energy milling was carried out in a planetary ball
mill (Fritsch pulverisette-5) for Fe2O3-2.6 wt pct Al-89.6
wt pct Fe powder mixture in order to synthesize Fe-10 vol
pct Al2O3 nanocomposite powder. Milling was carried
out in the ball-to-powder ratio of 10:1 using tungsten
carbide vials and tungsten carbide balls of 10-mm
diameter. Toluene was used as process controlling agent
to avoid oxidation and excessive cold welding of powders
to vials andballs. Themilling speedwasmaintained as 300
rpm. Milled powders were collected in every 5-hour
interval for phase analysis. Phase and structural evolu-
tions during milling and heating were analyzed using
Shimadzu, XD-D1 diffractometer using Fe-Ka radiation.
XRD scans were made with the step size of 0.02 deg and
scan speed of 2 deg/min. Crystallite size calculation was
made using Voigt X-ray peak profile analysis after
eliminating the strain and instrumental broadening con-
tributions.[32] The as-milled powders were consolidated
by means of an SPS-1050 machine (Sumitomo Coal
Mining, Japan) at 973 K (700 �C) and 1073 K (800 �C)
for 5 minutes. The sintering temperatures were chosen
based on previous studies on SPS consolidation of the
ball-milled Fe[27] and Fe-10 vol pct Al2O3 composites.[24]

The cylindrical pellets of 15-mm diameter and 5-mm
thickness were made using a graphite die under a uniaxial
pressure of 75MPa.For the comparison, pure Fewas also
milled for 20 hours and consolidated at 973 K and
1073 K (700 �C and 800 �C) in SPS using similar condi-
tions adopted for the consolidation of nanocomposite
powders. In order to ensure that the SPS samples are free
from graphite or thin layer of carbon contaminant
(possibly formed during SPS process), samples of mini-
mum of 2-mm thickness were removed from sintered
pellet by belt grinding.

Microstructural analysis was carried out for bulk
consolidated samples using Philips CM20 transmission
electron microscope (TEM) operating at 200 kV. For
the TEM analysis, the samples were prepared by Ar-ion
milling preceded by dimpling. After ion milling process,
plasma cleaning for 15 minutes was carried out to

remove all organic elements from the surface by means
of argon and hydrogen gas purging. Density of bulk
samples was measured by Archimedes method and
average of three measurements was reported. The
hardness of the compacts was measured using micro-
hardness tester under a load of 300 g for 15 seconds.
Approximately, 20 readings were taken from three
different samples, and the average has been reported
as the Vickers microhardness value. Yield strength
values were obtained from microhardness values by
using the conversion formula, HV 9 3 MPa. Compres-
sion test was carried out on cylindrical sample with
2.5-mm diameter and 3-mm thickness at the strain rate
of 10�4 s�1.

III. RESULTS

A. Phase Formation During Milling of Fe2O3-Al-Fe

High-energy ball milling was carried out for
Fe2O3-2.6 wt pct Al-89.6 wt pct Fe powder mixture in
order to synthesize Fe-10 vol pct Al2O3 nanocomposite
powder. The chemical reaction involved here can be
expressed as

Fe2O3 þAlþ Fe ! FeþAl2O3 ½1�

Figure 1 shows the XRD patterns of Fe2O3-Al-Fe
powder mixture corresponding to Fe-10 vol pct Al2O3 as
a function of milling time. During reactive milling, the
observations made after 5 hours milling are the broad-
ening of the Fe peaks and the decrease in the Fe2O3 peak
intensity. The decrease in the Fe2O3 peak intensity
which is almost reduced to zero after 5 hours of milling
and the disappearance of Al peak indicate the progress
of Fe2O3 reduction. The disappearance of Al and Fe2O3

peaks after 5 hours of milling cannot be considered as
the evidence for the complete reduction of Fe2O3. Due
to their smaller quantity and nanocrystalline nature, the
XRD analysis alone will not be able to confirm the
complete reduction. The reduction of Fe2O3 can occur
during further milling and consolidation. The crystallite
size and the lattice strain of Fe with respect to milling
time are shown in Figure 2. After 5 hours of milling, the
crystallite size and lattice strain of Fe are measured to be
27 nm and 0.59 pct, respectively, and at the end of
20 hours of milling, the crystallite size and lattice strain
of Fe are 11 nm and 1.27 pct, respectively. For
comparison, pure Fe was also milled for 20 hours. The
measured crystallite size and lattice strain of pure Fe
after 20 hours of milling are 21 nm and 0.72 pct,
respectively. The observation of more reduction in
crystallite size and large increase in lattice strain in the
Fe2O3-Al-Fe powder mixture compared to pure Fe is
due to the presence of ceramic particles such as Fe2O3

and Al2O3.
[33]

B. Phase Formation During Consolidation

The 20-h-milled Fe2O3-Al-Fe powder mixture and
20-hmilled pure Fe was consolidated at 973 K and
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1073 K (700 �C and 800 �C) using SPS. The XRD
patterns of the as-milled and sintered Fe consist only the
Fe peaks in Figure 3. After the consolidation, coarsen-
ing of Fe phase grain is observed by the increase in peak
intensity with reduced peak width. In the case of Fe-10
vol pct Al2O3, the XRD analysis after the consolidation
shows the presence of Fe3C particles along with reduc-
tion in Fe peak (Figure 4). The presence of these Fe3C
particles indicates that the Fe has reacted with pro-
cess-controlling agent (Toluene). Moreover, the absence
of these Fe3C particles in Fe pellet can be explained on
the basis of more reactive nature of nascent Fe which
appears due to Fe2O3 reduction during reactive milling.

The TEM images of the Fe samples sintered at 973 K
and 1073 K (700 �C and 800 �C) are shown in Figures 5
and 6, respectively. The bright-field images in
Figures 5(a) and 6(a) show that the grain sizes of Fe
are in submicron level after consolidation. The SAD
patterns shown in Figures 5(b) and 6(b) consist of

diffraction spots as well as continuous diffraction rings.
Indexing of SAD pattern reveals the presence of fine
Fe3O4 particle along with Fe phase.
The dark-field image of Fe phase is obtained from the

diffraction spot from Fe (110) plane (Figure 5(c)). The
average grain size of the Fe sintered at 973 K (700 �C) is
252 ± 36 nm, and the corresponding grain-size distri-
bution plot is presented in Figure 5(d). After the
sintering at 1073 K (800 �C), the average grain size of
Fe is increased to 313 ± 172 nm (Figure 6(a)) and the
corresponding grain-size distribution plot for Fe con-
solidated at 1073 K (800 �C) is shown in Figure 6(d).
The dark-field image of Fe3O4 phase presented in
Figure 6(c) shows that the size of Fe3O4 particles is
ranging from 30 to 40 nm in Fe sample consolidated at
1073 K (800 �C). Based on several dark-field images
obtained from different diffraction planes, the volume
percentage of Fe3O4 is measured approximately as 1 pct.

Fig. 1—XRD pattern of Fe2O3-Al-Fe powder mixture corresponding
to Fe-10 vol pct Al2O3 as a function of milling time.

Fig. 2—Crystallite size and lattice strain of Fe in Fe2O3-Al-Fe pow-
der mixture corresponding to Fe-10 vol pct Al2O3 with respect to
milling time.

Fig. 3—XRD patterns of pure Fe consolidated at 973 K and 1073 K
(700 �C and 800 �C).

Fig. 4—XRD patterns of Fe-10 vol pct Al2O3 consolidated at 973 K
and 1073 K (700 �C and 800 �C).
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The results of TEM studies on the bulk Fe-10 vol pct
Al2O3 sample consolidated at 973 K (700 �C) are shown
in Figure 7. The bright-field image reveals the presence
of nanocrystalline and submicron grains (Figure 7(a)).
The SAD pattern presented in Figure 7(b) consists of
spotty as well as continuous diffraction rings. Indexing
of the SAD reveals the presence of Fe3O4, Fe3C, and
a-Al2O3 along with the Fe phase. The dark-field image
of Fe presented in Figure 7(c) shows the wide range of
grain sizes of Fe. The grain-size distribution plot for Fe
phase is shown in Figure 7(d), and the average grain size
is measured to be 75 ± 36 nm.

The results of TEM studies on the bulk Fe-10 vol pct
Al2O3 sample consolidated at 1073 K (800 �C) are
shown in Figure 8. The bright-field image reveals the
presence of nanocrystalline-, submicron-, and micro-
n-level grains (Figure 8(a)). The grains are coarser, and
the grain-size range is wider compared to the sample
sintered at 973 K (700 �C). Indexing of the SAD pattern
reveals the presence of Fe3O4, Fe3C, and a-Al2O3 along
with the Fe phase (Figure 8(b)). The dark-field images
obtained from a-Al2O3 (104) plane suggest uniform dis-
tribution of a-Al2O3 particle in Fe matrix (Figure 8(c)).
The average particle size of a-Al2O3 measured from
dark-field image in Figure 8(d) reveals that it ranges
approximately from 10 to 12 nm. The dark-field images
in Figure 8(e) shows the presence of Fe3O4 particles of
size ranging from 30 to 40-nm. The volume percentage
of Fe3O4 measured from several dark-field images taken

is 5 pct. The grain-size distribution plot for Fe phase
shown in Figure 8(f) clearly indicates the bimodal
grain-size distribution with an average grain size of
382 ± 285 nm. When we compare the XRD and TEM
results of Fe-10 vol pct Al2O3 nanocomposites, the
a-Al2O3 and Fe3O4 peaks are absent in XRD results,
whereas the SAD pattern reveals their presence. This is
due to the finer size as well as the smaller quantity of
these phases. The continuous ring pattern observed in
TEM-SAD patterns for a-Al2O3 and Fe3O4 particles
supports their finer size. Moreover, the low atomic
scattering factor of Al2O3 phase also can contribute
their absence in XRD pattern. The presence of Fe3C
phase is revealed in both XRD and TEM results. The
SAD pattern of Fe3C is overlapping with other phases
like Al2O3, Fe3O4, and Fe. When the overlapping
pattern of other phases is excluded, the Fe3C phase
shows spot pattern. This spot pattern indicates the
coarse nature of Fe3C compared with other sec-
ondary-phase particles, and it is believed to be as a
reason for the observation of Fe3C phase in XRD
analysis.

C. Mechanical Properties of Fe and Fe-Al2O3

Nanocomposites

The density, grain size, and the hardness values of the
consolidated Fe and Fe-10vol pct Al2O3 composites are
listed in Table I. The theoretical density was calculated

Fig. 5—TEM micrographs of Fe SPS consolidated at 973 K (700 �C), (a) bright-field image, (b) SAD pattern, (c) dark-field image of Fe and (d)
grain-size distribution of Fe.
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by taking into account of appropriate volume percent-
age of a-Al2O3, Fe3O4, and Fe3C particles measured
based on TEM analysis. The density values of Fe and
Fe-10 vol pct Al2O3 after spark plasma consolidation at
1073 K (800 �C) are measured to be 97 and 96 pct of
theoretical density, respectively. The hardness values of
the nanocomposites are ~2 times higher than those of
Fe. A decrease in the hardness is observed as the
consolidation temperature is increased from 973 K to
1073 K (700 �C to 800 �C) due to the grain coarsening.
Despite the lower density observed, the composite
sintered at 973 K (700 �C), displays higher hardness
compared to the one sintered at 1073 K (800 �C) due to
the presence of nanocrystalline grain size.

The results of compression test conducted on consol-
idated Fe and Fe-10 vol pct Al2O3 are presented in
Figure 9. Fe-10 vol pct Al2O3 composite sintered at
1073 K (800 �C) has exhibited higher yield strength of
2100 MPa, which is nearly twice that of pure Fe sintered
at 973 K and 1073 K (700 �C and 800 �C). However,
the reduction in the plastic strain was more in nanocom-
posite due to large fraction of secondary-phase particles
which include a-Al2O3, Fe3O4, and Fe3C particles. In the
case of Fe-10 vol pct Al2O3 nanocomposite sintered at
973 K (700 �C), the yield strength deduced from the
hardness is 449 MPa (2349 MPa) that is greater than the
yield strength obtained from the compression test (1900
MPa). The possible reason for this larger difference is
that the composite sintered at 1073 K (800 �C) got

fractured in a brittle manner before yielding because of
poor density.

IV. DISCUSSION

A. Microstructure of Consolidated Fe-Al2O3

Nanocomposites

The XRD and TEM analyses of consolidated samples
have shown the presence of additional phases such as
Fe3O4 and Fe3C along with the intended Fe and Al2O3

phases. Since thermit reaction is being carried out in the
reducing atmosphere, i.e., reduction of Fe2O3 by Al
during ball milling in the presence toluene medium, the
formation of Fe3O4 is not expected during milling.
Cracking of toluene medium can occur during milling
result in the formation of nascent C and O atoms. The
extended solid solubility which is one of the important
features of MA process[2] results in the formation of
interstitial solid solutions of Fe with C and O. During
the SPS process, the supersaturated C and O precipitate
out from the Fe lattice, which can form Fe3O4 and Fe3C
phases. This could be the possible reason for the
observation of Fe3O4 and Fe3C phases in the spark
plasma-sintered Fe-10 vol pct Al2O3 nanocomposites.
Further to ensure the source of carbon, the as-milled
loose powders were heat treated at 1073 K (800 �C) for
5 minutes (to simulate SPS process parameters). XRD
analysis of the heat-treated powder reveals the presence

Fig. 6—TEM micrographs of Fe SPS at 1073 K (800 �C) (a) bright-field image, (b) SAD pattern, (c) dark-field image of Fe3O4, and (d)
grain-size distribution of Fe.
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of Fe3C phase (Figure 10) which confirms that the
milling medium toluene is the major carbon source for
the formation of Fe3C phase.

The TEM analysis of Fe-10 vol pct Al2O3 nanocom-
posite sintered at 973 K and 1073 K (700 �C and
800 �C) reveals the bimodal-grained structure of Fe
phase and also the presence of fine secondary phase
particles (Figures 7 and 8). Fe-10 vol pct Al2O3 sintered
at 973 K (700 �C) consists of nanometer- and submi-
cron-sized grains. The grains are coarsened, and the
bimodal distribution range widens as the sintering
temperature is increased to 1073 K (800 �C). Similarly,
Srinivasarao et al.[27] and Oh-ishi et al.[28] have reported
bimodal grains in bulk Fe and Fe-0.8C alloys produced
by MA and SPS. Moreover, Ji et al.[34] have reported
bimodal-grained structure in dispersion-strengthened

FeAl alloy produced by MA and SPS. Ji et al.[34] have
stated that the heterogeneous grain structure mainly
originates from the high temperature differences gener-
ated in the sample during consolidation which is an
intrinsic characteristic of the SPS process. Interestingly,
observation of significant amount of particles in the
microstructure is another common feature noted in the
present study and above-cited examples. However, Fe
samples sintered at 973 K and 1073 K (700 �C and
800 �C) in the present work have not shown the
bimodal-grained structure although the microstructure
has small amount (~1 pct) of Fe3O4 particles (Figures 5
and 6). Moreover, the authors’ earlier studies on
Ni-Al2O3,

[16] and NiAl-Al2O3 nanocomposites[17,18]

produced by MA and SPS did not show bimodal-grained
structure. Hence, the report that the heterogeneous-grained

Fig.7—TEM micrographs of Fe-10 vol pct Al2O3 consolidated at 973 K (700 �C) (a) bright-field image, (b) SAD pattern, (c) dark-field image of
Fe, and (d) grain-size distribution of Fe.

Table I. Density, Grain Size, and Hardness Values of Consolidated Fe and Fe-10 vol pct Al2O3 Nanocomposites

Composition
SPS Temperature

[K (�C)]
Theoretical

Density (g/cc)
Measure Density

(g/cc) Density (pct)
Grain Size

(nm) Hardness HV0.3

Fe 973 (700) 7.843 7.607 97 252 ± 36 443
1073 (800) 7.843 7.604 97 313 ± 172 425

Fe-10 vol pct Al2O3 973 (700) 7.343 6.755 92 75 ± 36 783
1073 (800) 7.343 7.041 96 382 ± 295* 714

* Heterogeneous grain structure.
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structure is an intrinsic characteristic of the SPS process is
ambiguous, and hence, further studies for understanding
better about the development of heterogeneous-grained
structure during SPS are needed.

B. Strengthening Mechanisms in Fe-Al2O3

Nanocomposite

Figure 11 summarizes thepreviously publishedmechan-
ical properties obtained from compression test for
nanocrystalline and ultrafine-grained Fe-based materi-
als,[27,28,34–40] inwhichyield strength isplottedasa function
of plastic strain. Note that the previously reported data
follow a tradeoff relationship between yield strength and
plastic strain. Bulk nanocrystalline Fe materials produced

by cold compaction followed by hot pressing have very
high yield strength about 2300 MPa but a very low
plastic strain of less than 5 pct.[35] The reason for the low
plastic strain is attributed to the inability of dislocation
activities in the nanocrystalline microstructure which
results in shear banding as the dominant deformation
mechanism.[35]

Nearly fully dense compacts produced by hot isostatic
pressing at about 873 K (600 �C) after mechanical
milling of Fe alloys have shown little plastic strains in
compression even though the strength level ranged from
1200 to 1500 MPa.[36,37] Such a low plastic strain has
resulted from the occurrence of localized deformation[35]

and the existence of residual porosity.[37] Ultrafine-
grained materials by severe plastic deformation such as
ECAP have a high plastic strain ranging from 20 to 30

Fig. 8—TEM micrographs of Fe-10 vol pct Al2O3 consolidated at 1073 K (800 �C). (a) bright-field image, (b) SAD pattern, (c) and (d) dark-field
images of a-Al2O3, (e) dark-field images of Fe3C and Fe3O4, and (f) grain-size distribution of Fe.
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pct, but relatively a low yield strength of ~800
MPa.[38–40] On the other hand, Srinivasarao et al.[27]

and Oh-ishi et al.[28] have shown that the bulk Fe sample
produced by SPS has exhibited high yield strength and
plastic deformation. When the yield strength and plastic
strain obtained in the present work are compared with
the literature values, Fe-10 vol pct Al2O3 nanocom-
posite rest on the bimodal grains plot, whereas Fe
sintered at 973 K and 1073 K (700 �C and 800 �C) rest
on the nanocrystalline and submicron grains plot.
Moreover, the microstructural results by TEM analysis
support the aforementioned observation. In the bimodal
grain-size range, the results obtained in the present work
for Fe-10 vol pct Al2O3 nanocomposite are comparable
with the Srinivasarao et al.[27] and Oh-ishi et al.[28] works
on Fe and Fe-0.8C, respectively. Since the Fe-10 vol pct
Al2O3 nanocomposite contains considerable amount of
reinforcement particles, the yield strength value

obtained in the present work is expected to be higher
than those of Fe and Fe-0.8C. To understand the
possible reason for this observation, the strengthening
mechanism involved in the Fe-10 vol pct Al2O3

nanocomposite is analyzed.
Microstructural analysis of Fe-10 vol pct Al2O3

nanocomposite sintered at 1073 K (800 �C) has revealed
the submicron grains with a certain portion of recrystal-
lized coarse grains together with the uniformly dispersed
nanosized a-Al2O3 and Fe3O4 particles. These microstruc-
tural features are thus expected to contribute significantly
to the material yield strength. In such a condition, yield
strength of composite can be represented by

r0:2 ¼ rm þ k
ffiffiffiffi

D
p þ ra�Al2O3

þ rFe3O4
þ rFe3C ½2�

Fig. 12—Hall-Petch plot for Fe using hardness vs (grain size)½.

Fig. 9—Compressive stress–strain plots for Fe and Fe-10 vol pct
Al2O3 nanocomposites.

Fig. 10—XRD pattern of Fe2O3-Al-Fe powder mixture correspond-
ing to Fe-10 vol pct Al2O3 heat treated at 1073 K (800 �C) for 5
min.

Fig. 11—Plot showing comparison of compressive yield strength val-
ues of Fe and Fe-10Al2O3 nanocomposite with the literature data on
Fe.
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The strengthening contribution from matrix and grain
size can be deduced from Hall-Petch plot. To this end, a
Hall-Petch plot has been developed using the hardness
and grain-size values for Fe available in the litera-
ture[41–45] (Figure 12). The Hall-Petch plot for Fe
presented in the Figure 12 consists of two lines with
different slopes. One line is extended up to 400-nm
grain-size regime (Slope 1), and the other line is
extended above 400 nm (Slope 2). The hardness values
of Fe and Fe-Al2O3 nanocomposites in the present work
lie in the line 1 and line 2, respectively. According to
Figure 12, the strengthening contribution from the
matrix and grain size in Fe-10 vol pct Al2O3 nanocom-
posite are calculated to be 3.7 GPa and the remaining
3.4 GPa strengthening is derived from the presence of
a-Al2O3, Fe3C, and Fe3O4 particles.

Size of Fe3C phase could not be measured accurately
from dark-field image because of its overlapping SAD
patterns with other phases. Moreover, spotty SAD
patterns suggest the coarse nature of Fe3C, and hence it
is not expected to provide sufficiently large contribution
in strengthening. Based on the aforementioned reasons,
strengthening contribution derived from Fe3C phase is
assumed to be negligible in the strengthening calcula-
tion. TEM observation of Fe-10 vol pct Al2O3

nanocomposite shows that approximately 10 vol pct of
a-Al2O3 particles of sizes ranging from 15 to 20-nm and
5 vol pct of Fe3O4 particles of sizes ranging from 30 to
40-nm are distributed uniformly in the Fe matrix. Since
the size of uniformly distributed a-Al2O3 and Fe3O4

particles are much smaller than the Fe matrix (420 nm),
Orowan-type strengthening expected to occur. Hence,

the strengthening contribution from these particles is
calculated using following equation.[16]

runi ¼ DrOro ¼
2mGb ln /

2b

on

½ð1:18Þ4pðk� /Þ� ½3�

where DrOro is the Orowan stress or the stress needed to
pass a dislocation through an array of impeding
particles, m is the Taylor factor taken as 2.5 for Fe, G
is the shear modulus, b is the Burgers vector, / is the
particle size, and k is the planar interparticle separation:
k ¼ /=

ffiffiffiffi

fv
p

, where fv is the volume fraction of particle
phase.
The parameters required for the calculation of yield

strength of Fe-10 vol pct Al2O3 nanocomposites using
Orowan strengthening model are given in Tables II
and III. Figure 13 shows the theoretically calculated
strengthening contribution of a-Al2O3 and Fe3O4 par-
ticles with different sizes and volume fractions based on
the Orowan strengthening model. The theoretically
calculated yield strength of Fe-10 vol pct Al2O3

nanocomposite closely matches with the experimental
results (Table IV).
The compressive yield strength values of Fe reported

by Srinivasarao et al.[27] have been converted to hard-
ness and fitted using Hall-Petch approach in order
to compare their results with the literature data
(Figure 14). Higher hardness values approximately
ranging from 3.2 to 3.5 GPa have been observed
compared to the literature data for the similar grain
sizes. It has been stated by those authors that the higher
hardness is mainly attributed to the presence of fine
Cr2O3 and Fe3O4 particles of 4-10-nm size. In the
present study, similar amount of strengthening has
been derived from a-Al2O3 and Fe3O4 particles in
Fe-10 vol pct Al2O3 nanocomposite although the
amounts and sizes of the particles are not the same.
The observed bimodal-grained structure and the similar
strengthening contribution from the secondary-phase
particles support the decline of the hardness values of
Fe-10 vol pct Al2O3 nanocomposites in bimodal grains
plot presented in Figure 14.

Table II. Parameters Used in Theoretical Calculation of
Yield Strength in Fe-10 Volume Percent Al2O3 Nancomposites

Parameter, unit Value Reference

m 2.5 41
G, GPa 75 41
b, nm 0.29 41

Table III. Experimentally Obtained Parameters Used in Theoretical Calculation of Yield Strength in Fe-10 Volume Percent Al2O3

Nancomposites

System Sintering Temperature [K(�C)]

a-Al2O3 Fe3O4

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

Fe-10 vol pct Al2O3 1073 (800) 15 to 20 0.1 30 to 40 0.05

Table IV. Comparison of Theoretically Calculated Yield Strength of Fe-10 Volume Percent Al2O3 with Experimental Value

System Theoretical (MPa) Experimental (MPa)

Fe-10 vol pct Al2O3 matrix + grain size 1240
a-Al2O3 630 to 780 compression = 2100
Fe3O4 230 to 290 hardness = 2170
total 2100 to 2310
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To have better understanding about the influences of
particles’ amount and the size on the yield strength and
plasticity, compressive test results of synthesized
nanocomposite from the present work have been com-
pared to the results of Srinivasarao et al.[27] work by
making a plot between compressive yield strength
and plasticity vs volume fraction of coarse grains
(Figure 15). For the similar fraction of coarser grain
size, we have obtained 200 MPa higher yield strength for
Fe-10 vol pct Al2O3 nanocomposite. However, the
plastic strain value of Fe-10 vol pct Al2O3 composite
is 12 pct lower for the similar fraction of coarser grain
size. The possible reason for higher yield strength and
lower plastic strain of Fe-10 vol pct Al2O3 nanocom-
posite is attributed to the presence of greater amount of
coarser particles.

V. CONCLUSIONS

Bulk Fe-10 vol pct Al2O3 in situ nanocomposite has
been developed successfully by subjecting Fe2O3-Al-Fe
powder mixture to high-energy ball milling and consol-
idating the as-milled powder using SPS. The bulk
Fe-10 vol pct Al2O3 nanocomposite consist of hetero-
geneous microstructure covering nanocrystalline- and
submicron-sized grains. Fe-10 vol pct Al2O3 nanocom-
posite sintered at 1073 K (800 �C) has higher compres-
sive yield strength of 2100 MPa with 7.4 pct plastic
strain. The presence of Al2O3 and Fe3O4 particles of
nanometer size is attributed for the improved compres-
sive yield strength in the synthesized Fe-10 vol pct Al2O3

nanocomposites in comparison with Fe.
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