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bstract

novel and economical processing route for the production of Al2O3-based ceramic nanocomposites via solid solution–precipitation is reported.
ense (>98% ρth) and homogeneous solid solutions of 10 wt.% Fe2O3 in Al2O3 were produced by pressureless sintering at 1450 ◦C in air. Aging of

he solid solutions in a reducing atmosphere at temperatures in the range 1250–1550 ◦C for different durations (up to 50 h) resulted in the precipitation
f FeAl2O4 as second phase particles throughout the bulk of the samples. The optimum aging schedule resulted in a final microstructure comprising

ano-sized (∼100 nm) intragranular FeAl2O4 particles, along with coarser micro-sized particles on the matrix grain boundaries and triple point
orners. Additionally, surface layers containing metallic Fe and with thicknesses up to ∼100 �m were formed due to the further reduction of
eAl2O4. After removal of this surface layer, the hybrid nano/microcomposites possessed improved fracture toughness (by ∼40%) and flexural
trength (by ∼50%) with respect to monolithic Al2O3.
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. Introduction

The mechanical and tribological properties of one of the
echnologically most important structural ceramics, alumina
Al2O3), can be significantly improved by the incorporation of
ano-sized secondary phase particles.1–11 In particular, it has
een established that the incorporation of nanocrystalline SiC
n an alumina matrix can result in an improvement of strength
y ∼20% or more and of the resistance to severe wear by a
actor of ∼3.1,4,7–9,12 In addition to the extensive research on
l2O3–SiC nanocomposites, other nanocomposites based on

lumina, such as Al2O3–TiC,10 Al2O3–TiCN–SiC,11 have also
een developed with all showing improved properties with
espect to monolithic alumina. However, in spite of being such
romising materials, ceramic nanocomposites have not yet
enetrated the commercial market.

One of the major hindrances to the commercial application of

eramic nanocomposites arises from the challenges encountered
uring processing. To date, most nanocomposites have been
ade via conventional powder processing routes, which involve

∗ Corresponding author. Tel.: +44 1865 273718; fax: +44 1865 273783.
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a
t
c
e
a
b
c

955-2219/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2009.12.007
he mixing of nano-sized starting powders, followed by sinter-
ng. However, the incorporation of refractory, non-oxide second
hase nanoparticles, such as SiC, severely inhibits densification
o the extent that the attainment of near theoretical sinter
ensities via pressureless sintering is possible only with small
mounts of SiC and very high temperatures.1,9,12 Although
2O3 has proved to be a viable sintering aid to achieve densifica-

ion of Al2O3–SiC nanocomposites via pressureless sintering,12

nly modest lowering of sintering temperature has been
ossible and only for a very narrow composition-processing
indow for nanocomposites containing not more than 5 vol.%
iC. On the other hand, the use of less refractory oxide second
hases alleviates the sintering problem but leads to severe
oarsening so that the essential nano-structure is lost if sintered
sing conventional pressureless sintering.1 These problems
ake it necessary to use hot pressing or spark plasma sintering

or developing ceramic nanocomposites containing moderate
mounts of nano-sized second phase particles.1 However, such
echniques possess serious drawbacks with respect to mass scale
ommercial production in the sense that, as well as being very

xpensive, they are not suitable for continuous batch production
nd severely limit the shape and size of the components that can
e produced. A further problem with the use of non-oxide parti-
les is the possibility of oxidation during use at high temperature

mailto:richard.todd@materials.ox.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2009.12.007
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nd the consequent loss of the beneficial effects of the nanopar-
icles. Hence, in order to stimulate commercial application of
lumina matrix nanocomposites, it is imperative to develop
eramic nanocomposites consisting only of oxide phases that
an be produced using cheaper and more versatile processing
echniques, which are suitable for commercial mass production.

One of the possible routes to develop ceramic nanocom-
osites is the in situ formation of nano-sized particles
y precipitation during aging of supersaturated solid solu-
ions. However, to date there are very few literature reports
hich explore the possibility of development of Al2O3-based
xide–oxide ceramic nanocomposites via such precipitation
echniques. One of the earliest indications of precipitation
rom supersaturated solid solution in Al2O3 ceramics is
he needle shaped precipitates (possibly TiO2) observed in
tar sapphire.13,14 However, the needles formed in such star
apphires are usually hundreds of micrometers in length.
ubmicron-sized TiO2 needles within the matrix grains of poly-
rystalline Al2O3, along with coarser Al2TiO5 precipitates at
he triple point corners of the matrix grain boundaries, were
lso obtained during heating in an oxidizing atmosphere of
Al1−x,Tix3+)2O3 solid solutions containing a maximum of only
.6 cation% Ti.15 In a more recent investigation, Wang et al.6

eveloped an Al2O3-based nanocomposite by precipitation of
anocrystalline magnesium aluminium spinel (MgAl2O4) dur-
ng aging in a reducing atmosphere of a supersaturated charge
ompensated solid solution of Mg2+ and Ti4+ ions in Al2O3.
owever, due to limited solubility in Al2O3, only a maximum
f 2 mol% (MgO + TiO2) can be incorporated during solution
reatment which limits the volume fraction of the second phase
articles that can be precipitated out during the aging treatment.

The present work reports the development of a novel
nd commercially feasible processing route based on solu-
ion/precipitation of nano-sized oxide particles by incorporating
e3+ in Al2O3. Fe2O3 (haematite) has the same crystal struc-

ure as �-Al2O3 (corundum) and possesses substantial solubility
n Al2O3 at moderately high temperatures in air (∼15 wt.%
t ∼1410 ◦C).16 Furthermore, under reducing conditions Fe3+

of dissolved Fe2O3) can be reduced to Fe2+, which being
liovalent to Al3+ possesses very limited solubility in Al2O3.
ence, it is expected that aging of Al2O3–Fe2O3 solid solutions
nder reducing conditions should lead to the formation of Fe2+-
ontaining precipitate particles. This work aims to examine the
xtent to which a uniform dispersion of nano-sized particles can
e produced by optimising the processing conditions. It must
e mentioned here that, although high purity nano-sized Al2O3
owders and ethanol as the dispersing medium have been used
n the present work for aiding scientific study, such work can
e carried out industrially using coarser, less pure commercial
rades of powders and water as the dispersing medium.

. Experimental procedure
.1. Precursors and processing scheme

High purity (∼99.995%), fine (particle size ∼200 nm) �-
l2O3 powders (AKP50, Sumitomo, Japan) were used as the
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tarting material for the matrix (Al2O3). In order to prevent
bnormal grain growth during sintering and to enable near
heoretical densification, the Al2O3 powders were doped with
50 ppm of MgO using pure MgO powders (99.95%; 120 nm;
BE, Japan).17 The MgO doped Al2O3 powders were dis-
ersed in ethanol using an ultrasonic probe. The incorporation
f Fe3+ was achieved by adding a solution of Fe(NO3)3.9H2O
Sigma–Aldrich, UK, purity >98%) in ethanol to the alumina
lurries. The Fe(NO3)3 solutions contained the requisite amount
f the salt that would result in doping levels correspond-
ng to 10 wt.% Fe2O3 in Al2O3. Some pure alumina slurries
ere also made for comparison. All the slurries were ball
illed for 24 h in bottles made of polyethylene, using high

urity (99.99%) alumina balls. After ball milling, the slur-
ies were dried on a hot plate with constant stirring, using
magnetic stirrer, to prevent segregation. The dried powders
ere lightly crushed to remove agglomerates, gently ground

n an Al2O3 mortar and pestle and passed through a 150 �m
ieve.

Green compacts were produced by uniaxial cold pressing of
he powders into 20 mm discs at 100 MPa. The first step in the
resent processing scheme involved sintering to near theoretical
ensities for the pure Al2O3 and Fe-containing Al2O3 pellets.
he green compacts were densified using pressureless sinter-

ng in air inside an alumina tube furnace (Lenton, UK). The
s-sintered pellets were around 3 mm thick. The Al2O3 sam-
les containing 10 wt.% Fe2O3 will henceforth be referred to
s ‘A10F’. During the sintering cycle, the A10F green pellets
ere slowly heated (at 5 ◦C/min) up to a temperature of 750 ◦C

nd held there for 1 h in order to decompose the ferric nitrate to
e2O3. Following this, a heating rate of 10 ◦C/min was used up

o the sintering temperature of 1450 ◦C. The pure Al2O3 pellets
ere directly heated to the sintering temperature of 1450 ◦C from

oom temperature at a heating rate of 10 ◦C/min. The selected
intering temperature of 1450 ◦C corresponds to the temperature
n the Al2O3–Fe2O3 phase diagram where ∼15 wt.% Fe2O3 is
oluble in Al2O3.16 Hence it is expected that all of the Fe2O3
n the A10F specimens will be dissolved in the Al2O3 during
intering to yield an alumina-based solid solution containing
e3+ cations. In this perspective, the sintering step is designed

o fulfil the dual purpose of attaining densification and devel-
ping Al2O3–10 wt.% Fe2O3 (A10F) solid solutions. To ensure
omplete dissolution and homogeneous distribution of Fe3+ in
he cation sub-lattice of Al2O3, the samples were held at the sin-
ering temperature (1450 ◦C) for 5 h (solution treatment). After
ompletion of the solution treatment, in order to avoid the possi-
le precipitation of Fe2O3 during furnace cooling, the samples
ere ‘quenched’ by pushing them immediately to the end of

he furnace tube using an alumina rod, where the temperature is
xpected to be ∼100 ◦C.

The second major step in the heat treatment scheme was the
eneration of Fe-containing second phase particles during heat
reatment of the densified Al2O3–10 wt.% Fe2O3 solid solutions.

he supersaturated solid solutions were aged under reducing
onditions using a N2–4% H2 forming gas mixture at different
emperatures (1250–1550 ◦C) and for different durations up to
0 h.
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.2. Characterisation

The sintered densities of all the samples were measured in
istilled water according to Archimedes’ principle. For phase
dentification and microstructural characterization, the samples
ere ground and polished using 25, 6, 3, 1 and 0.25 �m diamond

lurries in order to remove the external surfaces and produce
ptically reflective ceramographic surfaces representative of the
ample cores. Furthermore, the samples were also cut along a
iameter and polished to observe the microstructural develop-
ent along the cross-sections.
The phase identification of the green pellets, sintered samples

nd aged samples was performed by X-ray diffraction (XRD)
sing CuK� radiation (Philips, Netherlands) at a collection rate
f 3◦/min. The change in interplanar spacing of the matrix due
o solution and aging treatments was estimated from the shifts of
he (1 1 3) and (2 2 6) Al2O3 peak positions in the XRD patterns.
n extrapolation procedure18 was used to obtain accurate values
f interplanar spacings by plotting the calculated values of d1 1 3
or each peak against cos2 θ/sin θ and extrapolating the lines
oining the points to cos2 θ/sin θ = 0.

In order to reveal the grain boundaries of the as-sintered pure
l2O3 and A10F solid solution samples, thermal etching was
one at a temperature of 1400 ◦C for 15 min in air. Following
hermal etching, the samples were again ‘quenched’ in the man-
er described earlier. The microstructures of all the polished
urfaces were observed using a field emission scanning electron
icroscope (JEOL 6500F) operated at 20 kV. Elemental anal-

sis was performed using EDS, attached to the SEM. Volume
ractions of the second phase particles were determined via point
ounting on back scattered electron (BSE) images and the aver-
ge particle sizes were determined from the mean of the major
nd minor axes of at least 20 particles, multiplied by 1.27 to
btain equivalent spherical diameters.4 Sample preparation for
ransmission electron microscope (TEM) observations involved

echanical thinning of 3 mm discs, followed by ion-milling to
lectron transparency in a Gatan Duo Mill (5 kV). Observations
ere performed using a 200 kV JEOL 2000FX TEM, equipped
ith an EDS system.
The hardness of the composites/nanocomposites developed

nder optimum aging conditions, along with those of mono-
ithic Al2O3, was measured by Vickers indentation (Hv) on
olished surfaces with an indentation load of 5 kg and loading
ime 15s. Flexural strengths were measured using plain rect-
ngular cross-section beams tested in four-point bending. The
ore conventional SEVNB method has been used to estimate

he bulk fracture toughness of the nanocomposites and mono-
ithic Al2O3. For the flexural strength and fracture toughness
easurements, as-cut beams were polished on both long faces

ontaining the loading axis and one long face normal to the
oading axis using 25, 6, 3 and 1 �m diamond slurries. The
nal specimen dimensions were 13 mm × 2 mm × 2.5 mm. For
EVNB, the ratios between the notch depths and specimen thick-

ess were between 0.2 and 0.3. The notches were sharpened by
azor blade using diamond paste grades down to 1 �m so that
he tip radii of the notches were less than ∼10 �m. The flexural
trengths and fracture toughnesses were measured in the four-
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oint bending configuration, using a crosshead loading rate of
N/min and inner and outer spans of 5.8 and 10 mm, respec-

ively. The tests were performed on a universal testing machine
Dension-Mayes, U.K.). For estimating the fracture toughness,
he following relation was used19:

1C = Pf (Lo − Li)

BW3/2

3α1/2

2(1 − α)3/2 f (α) (1)

(α) = 1.9887 − 1.326α − α(1 − α)(3.49 − 0.68α + 1.35α2)

(1 + α)2

(2)

here Pf, Lo, Li, B, W are experimentally measured fracture load,
uter span, inner span, specimen width, and specimen depth,
espectively. The pre-crack size (notch depth) enters the equation
hrough α, where α = a/W. The reported values are the averages
f at least 5 independent measurements.

. Results

.1. Phase evolution

XRD patterns corresponding to the cores of the as-sintered
ure Al2O3, calcined A10F pellets, solution treated A10F and
ged (1450 ◦C; 0–50 h; N2 + 4% H2 atmosphere) A10F are pre-
ented in Fig. 1a and b. Pattern 2 of Fig. 1a reveals that after
alcination at 750 ◦C for 1 h, the Fe(NO3)3·9H2O precursor has
ecomposed to �-Fe2O3, which is present as a secondary phase
long with �-Al2O3 in the as-calcined pellets. In contrast, the
RD pattern corresponding to the as-sintered A10F (pattern 3)

ontains only peaks corresponding to �-Al2O3 revealing that the
e2O3 (∼10 wt.%) has completely dissolved in the Al2O3 matrix
uring holding at the sintering temperature of 1450 ◦C, as is sug-
ested by the Al2O3–Fe2O3 phase diagram.16 The magnified
iew of the {1 0 4} peak of �-Al2O3 (Fig. 1b) shows a notable
hift in the peak position towards the lower angle (2θ)/higher d-
pacing side after solution treatment of A10F (compare patterns
and 3). Since the ionic radius of Fe3+ (0.065 nm) is larger than

hat of Al3+ (0.054 nm), dissolution of Fe3+ by substitution for
l3+ in the cationic sub-lattice of Al2O3

20 leads to the expan-
ion of the lattice, as observed. Patterns 4–6 in Fig. 1a show
he appearance of peaks corresponding to FeAl2O4 (iron alumi-
ate spinel) on aging of solution treated A10F in the reducing
tmosphere (N2 + H2 gas mixture). At the same time, peaks cor-
esponding to �-Al2O3 get shifted back towards higher Bragg
ngles/lower d-spacing on reduction aging of the solid solutions
compare patterns 3 and 4 in Fig. 1b) as the Fe3+ comes out of
olution with precipitation of FeAl2O4.

Insight into the effects of aging temperature and time on the
rogress of the precipitation reaction can be obtained by esti-
ating the decrease in the interplanar spacing of the matrix

Al2O3) with respect to the solution treated A10F, caused by

he diminution of Fe3+ from the solid solution. A plot showing
he variations of the changes in Al2O3 interplanar spacing with
ging duration at the different aging temperatures (1250, 1350,
450 and 1550 ◦C) is presented in Fig. 1c. It can be observed
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Fig. 1. (a) XRD patterns obtained from calcined A10F pellets and polished
surfaces of as-sintered pure Al2O3 and A10F as solution treated and after sub-
sequent aging at 1450 ◦C for 0, 20 and 50 h in reducing atmosphere (N2 + 4%
H2 gas mixture). Note the appearance of spinel phase on aging of the supersat-
urated A10F solid solution; (b) magnified view of the {1 0 4} peak of �-Al2O3

showing peak shifts after solution treatment and aging; (c) change in {1 1 3}
interplanar spacing of matrix with aging time at the different aging temperatures
(1250–1550 ◦C), as estimated from the shifts in the �-Al2O3 peak positions in
the as aged samples with respect to the peak positions of the as-sintered A10F
solid solution.

t
a
a
t
p
p
n
a
n
t
c

3

3

t
s
n
t
m
o
p
p
f
a
i
s
l
e
s
a
d
i
A
t
c
t
t
o
m
A
T
t
p
g
t
M

3

t
d
F
g
a
a

ean Ceramic Society 30 (2010) 1359–1372

hat the interplanar spacing decreases with time at all the three
ging temperatures. However, as compared to the lower temper-
tures (1250 and 1350 ◦C), the activity is significantly higher at
he higher temperatures (1450 and 1550 ◦C). Furthermore, the
lots indicate that the precipitation reaction seems to reach com-
letion after ∼15 h at 1450 ◦C and only ∼10 h at 1550 ◦C, with
o further diminution of dissolved Fe3+ on further increase in
ging time. By contrast, at the lower temperatures the interpla-
ar spacing continues to decrease with increasing duration up
o 50 h, with no indication of the precipitation reaction reaching
ompletion even after aging for such an extended duration.

.2. Microstructural development

.2.1. As-sintered microstructures
Fig. 2 presents representative back scattered scanning elec-

ron micrographs (BSE) of polished and thermally etched
urfaces of pure Al2O3 (a) and A10F (b). The absence of sig-
ificant residual porosity, as observed from the micrographs of
he sintered samples, was confirmed by the density measure-

ents which showed that all the samples were densified to >98%
f their theoretical density. It is evident from Fig. 2 that the
resence of dissolved Fe considerably alters the size and mor-
hologies of the Al2O3 grains. For pure Al2O3 the grains are
airly equiaxed in shape, without any observable abnormal or
nisotropic grain growth (Fig. 2a), with the grain sizes vary-
ng between 2 and 4 �m. In contrast, the Fe-containing samples
how microstructures characterised by the presence of a few
arge elongated grains in a matrix of finer equiaxed grains. The
quiaxed grains possess sizes ranging between 1 and 3 �m, while
ome of the elongated grains have lengths varying between 5
nd 8 �m and widths between 2 and 3 �m (Fig. 2b). No evi-
ence of any secondary phase can be detected on the BSE
mage of the as-sintered (solution treated) Fe2O3 containing
l2O3 (Fig. 2b). The absence of secondary phase either along

he matrix grain boundaries or within the matrix grains was also
onfirmed by TEM investigation (Fig. 2c). In accordance with
he XRD results these observations further confirm that the sin-
ering (solution treatment) step results in complete dissolution
f 10 wt.% Fe2O3 in Al2O3. The distribution of the various ele-
ents (Al, Fe, O) present in the microstructure of as-sintered
10F has been revealed by X-ray elemental mapping (Fig. 3).
he important observation is that Fe is distributed uniformly

hroughout the microstructure. Within the limits of X-ray map-
ing, no preferential segregation of dissolved Fe along the matrix
rain boundaries can be observed in the as-sintered microstruc-
ure, which is in agreement with an earlier report by Tartaj and

essing.21

.2.2. Bulk microstructural development on aging
Backscattered SEM (BSE-SEM) images obtained from near

he cores of the samples, aged at the various temperatures for
ifferent durations in the reducing atmosphere, are shown in

igs. 4–6. The presence and average sizes of the inter and intra-
ranular second phase particles corresponding to the different
ging schedules, as estimated from the BSE-SEM images, are
lso reported in Table 1. The presence of a secondary phase
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Fig. 2. Back scattered scanning electron micrographs (BSE-SEM) obtained
from polished and thermally etched surfaces of as-sintered (a) pure Al2O3 and
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b) A10F. (c) TEM image corresponding to as-sintered (solution treated) A10F,
onfirming the absence of any secondary phase along the matrix grain boundaries
r within the grains.

brighter contrast) is clearly revealed in the BSE-SEM images
orresponding to the ground and polished surfaces of the samples
ged for the maximum duration of 50 h at the lower temperatures

◦
f 1250 and 1350 C (Fig. 4a and b). However this secondary
hase is present only as coarse, micro-scale particles mainly
long the boundaries and at the triple point corners of the matrix
rains. The precipitation of second phase particles within the
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Fig. 3. X-ray elemental mapping, showing the uniform distribution of the various elem
A10F.

Fig. 4. Back scattered SEM images obtained from ground and polished surfaces
(sample core) of A10F, aged for 50 h in reducing atmosphere (N2 + 4% H2) at
the lower aging temperatures of (a) 1250 ◦C and (b) 1350 ◦C.
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ents (Al, O, Fe) present on the polished thermally etched surface of as-sintered

atrix grains seems to be difficult at these lower temperatures,
ven on holding for an extended period of time (50 h).

The bulk microstructures after reduction aging at 1450 ◦C
or different times are presented in Fig. 5. Again, only micro-
cale grain boundary particles appear during the initial stages
0–5 h) of aging (see Fig. 5a). However, on continued aging
or durations of 10 h or more at 1450 ◦C, extremely fine ‘nano-
ized’ second phase particles (∼70 nm) precipitated within the
atrix grains, along with the continuing presence of the coarser

ntergranular particles (Fig. 5b). On further aging (up to 20 h)
odest coarsening of both the inter- and intragranular particles

Fig. 5c) occurred. On aging for the extended duration of 50 h
t 1450 ◦C significant microstructural coarsening occurred, with
he intragranular particles growing to submicron size (∼0.3 �m)
long with the formation of a nearly interconnected network of
ntergranular spinel phase (Fig. 5d). EDS spectra confirms the
resence of more Fe in the second phase particles with respect to
he matrix (Fig. 5). The intragranular particles retained a nano- or
ubmicron size for all the aging schedules studied (see Table 1).

Excessive coarsening of the intergranular FeAl2O4 particles,
s observed for the samples aged for 50 h at 1450 ◦C (Fig. 5),
lso occurred during aging at the highest investigated aging tem-
erature of 1550 ◦C even for much shorter durations (∼10 h)
Table 1 and Fig. 6). Precipitate free zones, which usually form
ue to the depletion from near the grain boundary regions of
he solute atoms which join the heterogeneously nucleated inter-
ranular precipitate particles, can also be observed near the grain
oundary particles in the BSE micrographs of the as aged sam-

les (Figs. 5a and b and 6). Another interesting observation was
hat the composites containing a very coarse and interconnected
etwork of intergranular FeAl2O4 particles suffered consider-
ble pull out of these particles during metallographic polishing,
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ig. 5. Back scattered SEM micrographs obtained from the as ground and poli
450 ◦C for (a) 0 h; (b) 10 h; (c) 20 h; (d) 50 h. EDX spectra obtained from the m

hich leads to a poorer surface finish for the ‘over-aged’ sam-
les. This is in complete contrast to the samples developed by
ging for shorter duration (≤20 h) at 1450 ◦C, which can be pol-

shed to a better surface finish and more easily than monolithic
l2O3, as is the case for Al2O3–SiC nanocomposites.7,22,23

The percentage of the volume occupied by the secondary
hase in the Al2O3–FeAl2O4 ‘nanocomposites’, as determined

ig. 6. Back scattered SEM micrographs obtained from the as ground and pol-
shed surfaces (sample core) of A10F, aged in reducing atmosphere (N2 + 4%

2) at 1550 ◦C for 10 h. Note the occurrence of significant microstructural coars-
ning, resulting in the presence of extremely coarse and nearly interconnected
etwork of intergranular secondary phase, after just 10 h of aging at the highest
nvestigated temperature of 1550 ◦C.

p
s
t
a

F
a
(
m

urfaces (sample core) of A10F, aged in reducing atmosphere (N2 + 4% H2) at
and the second phase particles are also presented.

rom BSE-SEM images via point counting, are plotted as func-
ions of aging durations for the different aging temperatures in
ig. 7. It can be observed that, as compared to the higher tem-
eratures of 1450 and 1550 ◦C, a significantly lower amount of

econdary phase particles can be produced at the lower tempera-
ures, reaching a maximum of only ∼6% at 1250 ◦C and ∼14%
t 1350 ◦C even on aging for the extended duration of 50 h. By

ig. 7. Variation of volume percent of the secondary phase (FeAl2O4) formed as
function of aging time (0–50 h) at the different investigated aging temperatures

1250–1550 ◦C). The volume fractions have been estimated via point counting
ethod on back scattered SEM images.
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Fig. 8. Bright field TEM images corresponding to (a) as aged A10F sample (1350 ◦C; 50 h; N2 + H2 atmosphere), revealing the presence of only coarse Fe-rich (see
EDS spectra) secondary phase particles along the matrix grain boundaries; (b) as aged A10F (1450 ◦C; 20 h; N2 + H2 atmosphere), revealing the presence of coarser
second phase particles along the matrix grain boundaries, along with nano-sized particles within the matrix grains; (c) closer look at higher magnification within
a matrix grain in as aged A10F (1450 ◦C; 10 h; N2 + H2 atmosphere) shows the distribution of intragranular nano-sized secondary phase particles. Selected area
diffraction patterns obtained from the coarser intergranular particles (b), as well as convergent beam diffraction patterns obtained from the nano-sized intragranular
particles (c), can be indexed with respect to FeAl2O4.
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ig. 9. BSE image of cross-sectional view of as aged (1450 ◦C; 20 h; N2 + H2)
ear the surface, as opposed to FeAl2O4 in the bulk. EDX spectra obtained from
before grinding) and the bulk (after grinding/polishing), confirm the presence o

ontrast, a volume percent as high as 19–20% is achievable on
ging at 1450 ◦C for a period of 20 h or more. It must be men-
ioned here that point counting may provide an underestimate
f the second phase content because some of the very tiny parti-
les may not be detected during the estimation and some of the
oarser intergranular particles may be lost due to pull out during
olishing (especially for the 1550 ◦C aged composites).

The distribution of the second phase particles can be seen
ore clearly from the corresponding bright field transmission

lectron micrographs (TEM) (Fig. 8). In agreement with the
EM observations, the presence of only coarse intergranular
econd phase particles can be seen in the microstructures cor-
esponding to the samples aged at the lower temperature of
350 ◦C (Fig. 8a). By contrast, the presence of nano-sized sec-
ndary phase particles within the matrix grains, along with
oarser intergranular particles can be observed in the TEM
mages corresponding to the sample aged at 1450 ◦C for opti-

um durations (Fig. 8b and c). Elementary analysis via EDS
hows that the second phase particles are Fe-rich relative to
he bulk matrix (Fig. 8a). Furthermore, selected area diffraction
atterns (SADP) obtained from the micron-sized intergranular
articles, as well as the convergent beam diffraction patterns

CBED) recorded from the nano-sized intragranular particles
onfirms that the second phase particles present in the bulk
icrostructure of the as aged ‘nanocomposites’ are FeAl2O4

Fig. 8b and c). Another interesting observation that can be made

b
t
(
i

sample, showing the presence of Fe as the secondary phase (brighter contrast)
spective secondary phases, along with XRD patterns collected from the surface
e at the surface of the aged samples.

rom the TEM images is the absence of strain contrast around
he second phase particles for all the aging schedules studied.

.2.3. Effect of reduction aging on external surfaces
The cross-sections of the as aged samples were observed in

EM after cutting along a diameter of the pellets, followed by
etallographic polishing. A cross-section from a sample aged

t 1450 ◦C for 20 h in N2 + H2 is presented in Fig. 9. There exists
zone near the surface with a thickness of ∼20 �m where the

econd phase particles appear brighter in contrast than the par-
icles present below such zone and all through the bulk of the
ample. The depth from the surface of such Fe-containing zone
ncreases with aging time at a given temperature, reaching a

aximum observed thickness of ∼100 �m on aging at 1550 ◦C
or the extended duration of 50 h. Analysis of the EDS spectra
ollected from such brighter particles, along with comparison
f spectra collected from the more prevalent less bright parti-
les present in the core of the sample, suggests that the second
hase particles present along the surface layer are metallic Fe.
epresentative EDS spectra corresponding to the two different

ypes of particle, along with quantitative analysis, are presented
n Fig. 9. Furthermore, XRD patterns recorded from the surface

efore grinding/polishing confirm the absence of FeAl2O4 and
he presence of metallic �-Fe as the second phase at the surface
see Fig. 9). Formation of similar layered Al2O3-based compos-
te microstructures containing FeAl2O4 as the secondary phase
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Fig. 10. Room temperature (a) fracture toughness, as measured by SEVNB and
(b) flexural strength, as determined from four-point bending, for pure Al O ,
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10F solid solution and the Al2O3–FeAl2O4 composites/nanocomposites devel-
ped after reduction aging of A10F solid solution for different durations (0–50 h)
t 1450 ◦C.

n the bulk and a surface layer containing metallic Fe has also
een previously observed during spark plasma sintering in vac-
um of Al2O3–7 mol% Fe2O3 powders.24 However in the cited
ork,24 the amount, size and distribution of the secondary phase
articles were not studied.

.3. Mechanical properties and fracture surfaces

The room temperature fracture toughness and flexural
trength of the Al2O3–FeAl2O4 micro/nanocomposites, devel-
ped on reduction aging at 1450 ◦C are shown in Fig. 10. The
urfaces subjected to tensile stresses during the four-point bend-
ng experiments were ground and polished sufficiently to remove
he Fe-containing surface layers for all the specimens. The incor-
oration of Fe3+ to make a solid solution (A10F) did not result

n any significant change in the fracture toughness and strength
ith respect to pure Al2O3. Aging the solid solution at 1450 ◦C

or “0 h”, producing only grain boundary precipitates, gave
nly a modest improvement in fracture toughness and strength.

b
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ging for longer durations, however, resulted in considerable
mprovement in the mechanical properties, with the ‘hybrid

icro/nanocomposites’ developed on aging for optimum dura-
ions of 10–20 h at 1450 ◦C exhibiting ∼40% improvement in
racture toughness and ∼50% improvement in flexural strength
ith respect to monolithic Al2O3. However, significant degra-
ation of the properties, in particularly the flexural strength,
esulted on further aging for the extended duration of 50 h.

SEM images corresponding to the fractured surfaces obtained
uring toughness testing of as-sintered monolithic Al2O3, A10F
olid solution and the nanocomposites developed via reduction
ging are presented in Fig. 11. It can be observed that mono-
ithic Al2O3 (Fig. 11a), A10F solid solution (Fig. 11b), as well
s the composite developed on reduction aging for 0 h (Fig. 11c)
xhibited the classical almost completely intergranular mode of
racture. By contrast, the fracture mode changed to almost purely
ransgranular fracture on aging for 10 h or more at 1450 ◦C
Fig. 11d and e). Another observation that can be made from the
igher magnification BSE image obtained from the fractured
urface of the nanocomposite aged for 20 h (Fig. 11f), is that
lthough the intragranular nano-sized particles appear to remain
ntact within the matrix upon fracture, the coarser intergranular
articles seem to have fallen out during the fracture process.

The nanocomposites developed on reduction aging at
450 ◦C for 0–20 h possessed hardnesses between 18 and
9 GPa, which are comparable with that of pure Al2O3
∼20 GPa) and slightly improved with respect to that of A10F
olid solution (∼17 GPa). However, the hardness of the ‘com-
osite’ aged for 50 h (∼17 GPa) appears to be slightly less than
hat of pure Al2O3 and the ‘nanocomposites’ developed by
ging for shorter duration. Another important observation that
an be made from SEM images of the Vickers indents is that
lthough monolithic Al2O3 exhibits pronounced radial cracking
Fig. 12a), the lengths of the cracks are less for the ‘nanocompos-
tes’, as would be expected from their higher toughness values
Fig. 12b).

. Discussion

.1. Progress of precipitation reaction

Comparison of Figs. 1c and 7 reveals that the decrease in
nterplanar spacings of the matrix with aging duration agrees
ell with the increase in volume fraction of the second phase
articles. Such agreement implies that the change in interpla-
ar spacing is not affected by strains in the lattice caused due to
oherency of the second phase particles with the matrix. Further-
ore, TEM observations show the absence of any strain contrast

round the particles. Such observations suggest that the equi-
ibrium FeAl2O4 particles formed during the reduction aging
reatment are semicoherent or incoherent with the matrix.

Assuming that all the Fe comes out of solid solution as
eAl2O4, the maximum volume percent of FeAl2O4 that can

e theoretically produced by reduction aging of the A10F solid
olutions is 21%. As can be inferred from the investigations of
he progress of the precipitation reaction via both the methods
nd the microstructural developments, the kinetics are signif-
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Fig. 11. SEM images of fractured surfaces obtained during Fracture toughness testing (SEVNB) of (a) monolithic Al2O3; (b) as-sintered A10F solid solution;
A lution
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l2O3–FeAl2O4 nanocomposite developed by reduction aging of A10F solid so
mage of fractured surface of Al2O3–FeAl2O4 nanocomposite (aged; 1450 ◦C;

cantly slower at temperatures below 1450 ◦C, which neither
llows the reaction to go to completion (maximum FeAl2O4
ontent of ∼6 vol.% at 1250 ◦C and ∼14 vol.% at 1350 ◦C),
or leads to the formation of the intragranular particles even
fter aging for the extended duration of 50 h. However, the
recipitation reaction goes to completion after 10–15 h dur-
ng aging at the higher temperatures of 1450 ◦C and 1550 ◦C

FeAl2O4 content ∼20 vol.%), with nano-sized intragranular
articles appearing after ∼10 h. Considering that nucleation of
articles is easier at grain boundaries and that grain boundary
iffusion coefficients are higher than bulk diffusion coefficients

o
s
i
t

at 1450 ◦C for (c) 0 h; (d) 10 h; (e) 20 h; and (f) higher magnification BSE-SEM

t is not surprising that the incubation period is higher and growth
ate lower for precipitation of intragranular particles compared
ith the particles along the matrix grain boundaries. It must
e noted that to the best of the authors’ knowledge the devel-
pment of oxide–oxide nanocomposites, containing such high
olume fractions of second phase particles (up to ∼20 vol.%),
ia aging has not been reported previously. Furthermore, devel-

pment of dense Al2O3–SiC nanocomposites via pressureless
intering has been achieved only for nanocomposites contain-
ng a maximum of 5 vol.% SiC particles, and then at much higher
emperatures.12
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Fig. 12. Vickers indents, as obtained with a maximum load of 2 kg on ground
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of these ceramic alloys in wear resistant applications, as this
very thin layer would very soon be removed. In any case we
believe that the formation of Fe can be avoided completely
nd polished surfaces of (a) pure Al2O3 (b) Al2O3–FeAl2O4 nanocomposite
eveloped on aging of A10F solid solution at 1450 ◦C for 20 h in reducing
tmosphere.

.2. Overall chemical reactions responsible for FeAl2O4

nd Fe phase evolutions

The present processing scheme, which involves aging in the
resence of H2 as the reducing agent, leads to changes in the
hemical composition of the starting materials (solid solution
f Fe2O3 in Al2O3) to result in the formation of new phases
FeAl2O4 and Fe). With regard to the formation of metallic Fe
t the surface layer, it has been observed that the depth from
he surface of the Fe-containing zone increased with aging time
t a given temperature. These surface layers contained hardly
ny FeAl2O4 particles. This suggests that the as precipitated
eAl2O4 particles get further reduced to metallic Fe progres-
ively from the surface during continued aging. Such partially
ransformed FeAl2O4 particles (to Fe), present near the inter-
ace of the Fe-containing surface layer and the bulk, can also be
bserved on BSE micrographs obtained from the cross-sections
Fig. 13a and b). Furthermore, TEM observations of foils devel-

ped from near the surface regions of the as aged composites
evealed that some portions of some of the second phase parti-
les possess different contrasts, with respect to the other regions
f the same particles, when tilted at various orientations with
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espect to the incident beam (Fig. 13c and d). CBED patterns
btained from these portions can be indexed in terms of �-Fe
Fig. 13d). It is believed that the presence of metallic Fe in a por-
ion of the second phase particles, as observed from the SEM as
ell as TEM images, is due to FeAl2O4 getting transformed to
e.

The following chemical reactions are proposed to account
or the overall phase evolutions. The initial composition corre-
ponding to the solid solution of 10 wt.% Fe2O3 in Al2O3 can
e represented by Al1.868Fe0.132O3. Considering that FeAl2O4
s formed as the second phase throughout the bulk of the samples
n reduction aging, the following reaction:

Al1.868Fe0.132O3 + 0.066H2 → 0.132FeAl2O4 + 0.802Al2O3

+ 0.066H2O(g) (3)

s supposed to make the major contribution. At the surfaces
he FeAl2O4 gets further reduced to metallic Fe. The follow-
ng reaction is believed to account for this additional reduction
tep;

eAl2O4 + H2 → Fe + Al2O3 + H2O(g) (4)

It can be observed that both the reactions lead to the removal
f O2− which should result in mass loss during aging. The the-
retical mass loss accompanying reaction (3) is estimated to
e ∼0.998%, while reaction (4) should result in an additional
ass loss of ∼1.996%. The overall mass loss after reduction

ging for different time–temperature schedules will depend on
he extent of both the reactions taking place for the respective
chedules. The extent of the overall reaction (3) after aging for
ifferent durations at 1450 ◦C has been estimated based on the
elative change in interplanar spacing at the respective aging
imes with respect to that after 20 h, when the precipitation reac-
ion is believed to have reached equilibrium (see Fig. 1c). The
epth of the zones from the surface corresponding to the for-
ation of metallic Fe (due to reaction (4)) has been noted for

he different aging schedules, which allows the estimation of the
ass loss resulting from the additional occurrence of reaction

4) at such surface layers. The net mass losses due to occurrence
f reaction (3) throughout the samples, along with the additional
ontribution from reaction (4) at the surface, have been estimated
or all the aging durations at the optimum aging temperature of
450 ◦C. As presented in Fig. 14, such estimations have been
ound to correlate well with the experimentally measured mass
osses for the different aging durations, supporting the validity
f Eqs. (3) and (4).

The metallic Fe at the surface should not preclude the use
y the use of a less reducing atmosphere for the aging treat-
ents (e.g. with a lower H2/H2O ratio or a different reducing

gent). Further investigations are underway to explore such
ossibilities.
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ig. 13. (a) and (b) BSE-SEM images showing the presence of FeAl2O4 partic
ith arrows. (c) TEM image, as obtained with foil prepared from near the surfac

having brighter contrast) at some portion the secondary phase particles (indica
he different phase can be indexed in terms of �-Fe.

.3. Correlation between microstructural development,
racture mode and mechanical properties

Critical assessment of the observed variation of the fracture

roperties with reduction aging duration points towards some
orrelations between the aging duration, microstructural devel-
pment (volume fraction, size and distribution of the second
hase particles), fracture mode and the strength/fracture tough-

ig. 14. Mass loss (experimentally measured and theoretically estimated) as a
unction of aging time (0–50 h) during reduction aging of A10F solid solutions
t 1450 ◦C.
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ing partially transformed to Fe (brighter portion). Such particles are indicated
ged A10F (1450 ◦C; 20 h; N2 + H2), showing the presence of a different phase
th arrows). (d) CBED pattern obtained from the small region corresponding to

ess for the as developed composites (Figs. 5, 10 and 11). It
as been observed that neither the incorporation of Fe3+ in solid
olution, nor the limited precipitation of micron-sized FeAl2O4
articles along the matrix grain boundaries and triple point cor-
ers (on aging at 1450 ◦C for 0 h) changed the fracture mode
rom intergranular to transgranular. At the same time, such solu-
ion treatment and aging treatment did not lead to any obvious
mprovement in the fracture properties. By contrast, aging for
onger periods (≥10 h) resulted in the precipitation of nano-sized
econd phase particles within the matrix grains, and concomi-
antly led to significant improvement in the fracture toughness
nd strength. This precipitation of nano-sized second phase par-
icles within the matrix grains also coincided with the change
n fracture mode to purely transgranular for the nanocompos-
tes. These observations suggest that change in fracture mode
ad some effect on the improvement of fracture toughness and
trength, as measured for the nanocomposites. It must be men-
ioned here that Hansson and co-workers25 have estimated that
change in fracture mode from intergranular to transgranular

racture in alumina can lead to an increase in the fracture tough-
ess of 30–50%, which is sufficient to account for at least the
ajority of the 40% toughness increase found here.
However, on continued aging for 50 h, the fracture tough-
ess of the composites deteriorated and was accompanied by
significant reduction in the flexural strength. We suggest that

his is the result of the formation of the very coarse and nearly
nterconnected particles seen in Fig. 5d. These were observed
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o fall out during metallographic polishing (Figs. 5d and 6) and
racture (Fig. 11f) and are therefore consistent with a reduction
n resistance to fracture and an increase in critical flaw size.

. Conclusions

The present report illustrates that a novel processing route,
ased on solution treatment and aging in reducing atmosphere,
an successfully lead to alumina-based oxide–oxide hybrid
icro/nanoceramic composites using pressureless sintering.
ore specifically:

a) Pressureless sintering at 1450 ◦C for 5 h in air can lead to the
development of a single phase homogeneous solid solution
of 10 wt.% Fe2O3 in Al2O3 (solution treatment).

b) Subsequent heat treatments in reducing atmosphere (N2–4%
H2 forming gas mixture) at various temperatures between
1250 and 1550 ◦C for different durations up to 50 h resulted
in the precipitation of FeAl2O4 throughout the bulk of the
samples (reduction aging).

c) Reduction aging at the optimised temperature of 1450 ◦C
for 10–20 h resulted in the formation of intragranular, nano-
sized particles of FeAl2O4 in addition to micron-sized
particles along the matrix grain boundaries. However, sig-
nificant coarsening of the second phase particles occurred
on aging for an elongated time period of ∼50 h or at the
highest investigated temperature of 1550 ◦C.

d) Within a certain depth from the surface FeAl2O4 gets further
reduced to metallic Fe during reduction aging. The thickness
of this surface layer increases with aging up to ∼100 �m on
aging at 1550 ◦C for 50 h.

e) The ‘hybrid nano/microcomposite’, developed on aging
for optimum duration (between 10 and 20 h at 1450 ◦C),
possessed improved fracture toughness (by ∼40%) and
flexural strength (by ∼50%) with respect to pure Al2O3,
accompanied by a change in fracture mode to transgranular
fracture.
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