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bstract

he work investigates the correlation between the microstructure and wear behaviour of novel Al2O3–FeAl2O4 nanocomposites, developed by
recipitation of FeAl2O4 particles through reduction aging of Al2O3–10 wt.% Fe2O3 solid solutions in N2/4%H2. Reduction aging at 1450 ◦C for 10
nd 20 h resulted in considerable improvements in abrasive wear resistance. The nanocomposites developed from solid solutions doped additionally
ith ∼250 ppm of Y2O3 contained finer intergranular second phase particles (by a factor of ∼2) and showed further improvements in the wear

esistance. Doped nanocomposites reduction aged for 20 h at 1450 ◦C exhibited the minimum wear rate (reduced by a factor of ∼2.5 with respect
o monolithic Al2O3). The suppression of fracture-induced surface pullout in the presence of intragranular nanosized second phase particles was

he major factor responsible for the improved wear resistance of the nanocomposites with respect to monolithic alumina; microstructures without
hese intragranular nanoparticles showed no improvement. Higher aging temperature led to the presence of coarse (>2 �m) intergranular FeAl2O4

articles which had a detrimental effect on the wear resistance.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Al2O3–matrix nanocomposites1–9 exhibit superior mechani-
al and tribological properties to those of single phase alumina
ut processing difficulties have hindered their commercial appli-
ation. The difficulties arise mainly from the mixed powder
rocessing route that is commonly used. The incorporation of
efractory, covalent nanoparticles such as SiC severely inhibits
intering.2–4,8,9 Although pressureless sintering is possible with
ow volume fractions of SiC through the use of sintering
ids,10,11 the available processing window is limited. The more
eneral solution has been to use pressure assisted sintering tech-
iques, such as hot pressing and spark plasma sintering.1–9

owever, such techniques possess serious drawbacks with

espect to mass scale commercial productions because as well as
eing very expensive, they are not suitable for continuous batch
roduction and severely limit the shape and size of the compo-
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ents that can be produced.2,3,12–14 When less refractory, oxide
anoparticles are incorporated into the powder mixture, pres-
ureless sintering is feasible but the particles tend to coarsen
eyond the nanosized regime and adhere to the grain bound-
ries.

To avoid these problems, an alternative to mixed powder
rocessing has been developed in which the material is first sin-
ered as a solid solution of Fe2O3 in Al2O3 and then FeAl2O4
anoparticles are precipitated from the matrix by reduction of
he dissolved Fe3+ cations.12–15 This avoids both the inhibition
f sintering by refractory second phases and the coarsening of
xide phases and may allow commercial exploitation of these
romising materials.

Tribological applications encompass one of the major com-
ercial uses of Al2O3, and Al2O3/SiC nanocomposites have

een reported to possess much better resistance to severe wear
han monolithic Al2O3.2,3,5–7 The present work therefore inves-

igates the abrasive wear resistance of the Al2O3–FeAl2O4
anocomposites to establish whether similar advantages are
ossible in this system. The effects of different heat treatment
chedules and Y2O3-doping on the wear resistance have been

dx.doi.org/10.1016/j.jeurceramsoc.2010.10.014
mailto:richard.todd@materials.ox.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2010.10.014
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nvestigated in detail and analysed in terms of the microstructural
evelopments.

. Experimental procedure

.1. Processing and microstructure

�-Al2O3 powder (99.995% purity; AKP50, Sumitomo,
apan) with median particle size ∼0.2 �m was used as the
tarting material for the matrix (Al2O3). Fe3+ and Y3+ were
ncorporated by adding solutions of Fe(NO3)3·9H2O and
(NO3)3·6H2O (Sigma Aldrich, UK, purity >98%) in ethanol

o the alumina slurries. Pure alumina slurries were also made for
omparison. All the slurries, which also contained ∼250 ppm of
gO,16 were ball milled for 24 h in bottles made of polyethy-

ene, using high purity (99.99%) alumina balls. After ball
illing, the slurries were dried on a hot plate with a magnetic

tirrer and ground in an Al2O3 mortar and pestle. Green com-
acts were produced by uniaxial cold pressing of the powders
nto 10 mm discs at 100 MPa, which were then pressurelessly
intered at 1450 ◦C for 5 h in air. After sintering, the samples
ere ‘quenched’ by pushing them immediately to the end of

he furnace tube using an alumina rod. The Al2O3 samples con-
aining 10 wt.% Fe2O3, will henceforth be referred to as ‘A10F’
nd the samples additionally doped with Y2O3 (∼250 ppm by
eight) will be referred to as A10FY. The supersaturated solid

olutions were then aged in a tube furnace with capped ends
n a flowing N2 + 4% H2 forming gas mixture at 1450 ◦C and
550 ◦C for different durations (0–20 h). Aging for 0 h indicates
hat the furnace was ramped up to the aging temperature and then
he specimen was quenched immediately. More details about the
rocessing are given in previous reports.12–14 Although several
omponents of the current processing route are not conducive
o commercial production (e.g. the use of high purity alumina,
thanol as a dispersion medium, quenching of the specimens)
hese were included for scientific reasons during the develop-

ent of these materials and it is anticipated that they can be
ispensed with in practice.

For phase identification and microstructural characterization,
he samples were ground and polished using diamond slurries
n order to remove the external surfaces and produce optically
eflective ceramographic surfaces representative of the sample
ores. X-ray diffraction (XRD; Philips, Netherlands) was per-
ormed using Cu K� radiation at a collection rate of 3◦/min. The
icrostructures of all the polished surfaces were observed using
field emission scanning electron microscope (JEOL 6500F)

perated at 20 kV. Sample preparation for transmission electron
icroscope (TEM) observations involved mechanical thinning

f 3 mm discs, followed by ion-milling to electron transparency
n a Gatan Duo Mill (5 kV). Observations were performed using
200 kV JEOL 2000FX TEM, equipped with an EDS system.

.2. Abrasive wear and indentation polish tests
A standard abrasive wear test, based on the use of a
oad-controlled grinding/polishing machine (MOTOPOL 2000,
uehler, UK) under standard conditions, was used to investigate

i
w
d
o

pean Ceramic Society 31 (2011) 339–350

he wear resistance of the materials. All the samples were in the
orm of pellets of 10 mm diameter and 3 mm thickness. The
amples were attached using cyanoacrylate adhesive to resin
ylinders (i.e. dummy metallographic specimens) in the stan-
ard carousel for metallographic preparation. The grinding was
onducted using a 305 mm diameter resin-bonded alumina plate
Kemet, UK) with an oil-based suspension of 45 �m diamond
brasive. The specimens were ground for 4 min at 350 rpm rota-
ion speed of the grinding plate and a force of 22.2 N per sample.
his set up has been extensively used in our group for investigat-

ng the abrasive wear behaviour of Al2O3–SiC nanocomposites
nd has been shown to be reproducible.5,6

The mass loss during the test (�m) was determined by weigh-
ng the specimens before and after each test. The wear rate (v)
as defined as;

= �m

ρAt
(1)

here A is the contact area, t is the testing time and ρ is the den-
ity of the material. The wear rate can be viewed as the velocity
ith which the surface recedes, or equivalently, the volume of
aterial removed per unit contact area per unit time. Follow-

ng initial bedding in, at least four of these standard tests were
erformed for each material. The worn surfaces of the different
amples were observed in a SEM (JEOL 6500F). Prior to SEM
bservations, the worn samples were cleaned in an ultrasonic
ath using ethanol. Area fractions of pullout and pullout diame-
er caused by brittle fracture were measured by linear intercepts
ith lines in a grid on SEM micrographs.5,6

Vickers indentations were made using 5 kg load on the
olished surfaces of the specimens in order both to measure
he hardness, and then to investigate crack initiation by plas-
ic deformation.6 The indented surfaces were subsequently
olished with 1 �m diamond paste on a soft cloth using the auto-
ated grinding polishing machine (MOTOPOL 2000, Buehler,
K) until only the lower tip of the original indentation remained.

n order to observe the presence of cracking that might have
ccurred beneath the indentations during polishing, the as pol-
shed surfaces near the residual indents were examined in the
EM (JEOL 6500F).

. Results

.1. Microstructural development, fracture surfaces and
ardness

X-ray diffraction, SEM and TEM observations confirmed the
evelopment of single phase solid solutions of Al2O3–10 wt.%
e2O3 (A10F and A10FY) possessing average grain sizes of
3 �m after sintering, which was similar to that of the pure
l2O3. However, a few grains in the solid solutions showed

nisotropic growth, whereas all the grains in the monolithic
l2O3 were equiaxed. On aging of the solid solutions in reduc-
ng atmosphere (N2 + 4% H2) at 1450 ◦C and 1550 ◦C, FeAl2O4
as precipitated as second phase particles due to reduction of
issolved Fe3+ to Fe2+. The FeAl2O4 particles initially appeared
nly along the matrix grain boundaries and triple points (after
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ig. 1. Back scattered SEM (BSE-SEM) images showing bulk microstructural d
10FY solid solution (Y2O3-doped) and aged for (b) 1450 ◦C for 0 h; (c) 1450

–5 h of aging), with intragranular particles (FeAl2O4) being
recipitated on further increasing the aging duration to 10 h or
ore (Fig. 1). During aging of the Y2O3-free solid solution

A10F) at 1450 ◦C the intergranular particles initially appeared
s micron sized particles and grew to a size >2 �m after
ging for 20 h (Fig. 1a). The grain boundary precipitates in the
2O3-doped solid solution (A10FY) were much finer, appear-

ng initially as sub-micron particles and growing to a size of
1 �m on aging at 1450 ◦C for 20 h (Fig. 1b). For a given aging

ime at 1450 ◦C, the addition of Y2O3 was found to reduce the
ize of the grain boundary precipitates by approximately a factor
f 2, as has been reported previously.13 This is presumed to be
ecause Y2O3 is known to reduce the grain boundary diffusivity
f alumina.17–19 In contrast to the coarser intergranular parti-
les, the intragranular FeAl2O4 particles were in the nanosized
egime (<100 nm) even on aging for 20 h at 1450 ◦C (Fig. 1a
nd c). There was no effect of Y2O3-doping on the sizes of the
ntragranular particles but it did lead to the precipitation of a
reater number of intragranular particles than in the Y2O3-free
aterial aged for a given duration at 1450 ◦C.13

Much coarser intergranular FeAl2O4 particles (∼3 �m) were
ormed even during the initial stages of aging at the higher
emperature of 1550 ◦C. This was followed by extremely rapid
rowth during continued aging so that after just 5 h of aging
t 1550 ◦C a coarse and inter-connected network of inter-

ranular FeAl2O4 was formed (Fig. 1d). Considerable pullout
f these coarse intergranular particles occurred during met-
llographic polishing. The addition of Y2O3 did not have
ny apparent effect on the sizes of the intergranular particles

t
a
H
a

ment on aging of (a) A10F solid solution (Y2O3-free) 1450 ◦C for 20 h; (b)–(d)
r 20 h and (d) 1550 ◦C for 5 h.

recipitated at 1550 ◦C. However, the FeAl2O4 particles that
ere precipitated within the matrix grains maintained their
anosized dimensions during aging at 1550 ◦C. More details
oncerning the microstructural development have been pre-
ented previously.12–14

TEM observations showed the presence of a high density of
enuinely nano-scale FeAl2O4 particles inside the matrix grains
Fig. 2). Occasionally holes (∼2 �m in size) were observed
long the boundaries or triple point corners of the matrix grains
n the foils developed from the nanocomposites obtained on
ging A10F for 20 h (Fig. 2a). The holes appear to have been
ormed due to the coarser intergranular particles falling out dur-
ng the TEM sample preparation. These were not observed for
he Y2O3-doped nanocomposites (Fig. 2b).

The fracture mode of monolithic Al2O3, A10F and A10FY
olid solutions was intergranular. The composites developed by
ging for 0 h at both aging temperatures, in which only grain
oundary precipitates were present, also exhibited mainly inter-
ranular fracture (Fig. 3a). By contrast, the nanocomposites
eveloped on aging for longer durations (10 and 20 h), in which
anosized particles were present within the grains, fractured in
he transgranular mode (Fig. 3b).

The room temperature Vickers hardness values (Hv) are pre-
ented in Table 1. The solid solutions were less hard than pure
lumina, but aging generally caused the hardness to increase

owards the level of pure alumina. This has previously been
ttributed to the resulting removal of Fe3+ from solid solution.13

owever, a considerable reduction in hardness was observed on
ging at the higher temperature of 1550 ◦C.
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Fig. 2. Bright field TEM micrographs showing microstructural development on reduction aging at 1450 ◦C for 20 h of (a) A10F solid solution, showing the presence
of hole left along the matrix grain boundary possibly due to fall out of a coarser intergranular particle during TEM sample preparation and (b) A10FY solid solution
revealing the presence of comparatively fine second phase particles along the matrix grain boundaries and a high volume fraction of fine precipitates within the grains.
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ig. 3. SEM images of fractured surfaces of the (a) ‘composite’ developed on
ging for 20 h.

.2. Wear resistance of the Al2O3–FeAl2O4

anocomposites

.2.1. Wear rates
A comparison of the abrasive wear rates for monolithic alu-

ina, Al2O3–Fe2O3 solid solutions and the Al2O3–FeAl2O4
anocomposites aged at 1450 ◦C is shown in Fig. 4a. The incor-
oration of Fe O in solid solution resulted in a slight increase
2 3
n the wear rate over that of monolithic Al2O3. Y2O3 doping
id not affect the wear rates for either monolithic alumina or the
olid solution to any notable degree. Aging for 0 h at 1450 ◦C

o
Y
i

able 1
ickers hardness (HV5; GPa) for monolithic Al2O3, A10F solid solution and nanocom

aterials

onolithic Al2O3 (as sintered; 1450 ◦C; 5 h)
10F solid solution (as sintered; 1450 ◦C; 5 h)

ged samples Aging temperature: 1450

Y2O3-free

l2O3–FeAl2O4 (aged in N2 + H2 for 0 h) 17.8 ± 0.3
l2O3–FeAl2O4 (aged in N2 + H2 for 10 h) 18.6 ± 0.2
l2O3–FeAl2O4 (aged in N2 + H2 for 20 h) 18.4 ± 0.7
ction aging at 1450 ◦C for 0 h and (b) nanocomposite developed on reduction

esulted in only a small improvement in the wear resistance, even
n the presence of Y2O3. The most important result of the present
nvestigation is that the Al2O3–FeAl2O4 nanocomposites, devel-
ped on reduction aging of the Al2O3–Fe2O3 solid solutions for
0 and 20 h at 1450 ◦C, exhibited considerably reduced wear
ates compared to Al2O3, the solid solutions and specimens
ith insufficient aging to develop intragranular nanoparticles.
dditionally, doping with Y O resulted in a further lowering
2 3
f the wear rates for these nanocomposites. In the absence of
2O3, the nanocomposite produced by aging for 10 h exhib-

ted the lowest wear rate but with Y2O3-doping, the wear rate

posites developed by reduction aging.

Y2O3-free Y2O3-doped

20.1 ± 0.4 –
17.1 ± 0.8 16.9 ± 0.9

◦C Aging temperature: 1550 ◦C

Y2O3-doped Y2O3-free Y2O3-doped

17.4 ± 0.4 17.1 ± 0.4 17.2 ± 0.5
18.9 ± 0.5 16.8 ± 0.2 17.1 ± 0.8
19.1 ± 0.8 15.6 ± 1.9 15.9 ± 1.5
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Fig. 4. (a) Abrasive wear rates against aging duration at 1450 ◦C for the
Al2O3–FeAl2O4 nanocomposites. The wear rates measured for the monolithic
alumina and the Al2O3–10 wt.% Fe2O3 solid solution are also presented for
comparison. (b) Plot of abrasive wear rates against aging duration at 1450 ◦C
and 1550 ◦C for the Al2O3–FeAl2O4 particulate nanocomposites.

d
t
b
i
a
w
o
f
m

p
1
e
t
t
w
t
f
b

3

s
t
t
F

c
m
p
g
5
u
a
p
r
i
s

o
1

Fig. 5. SEM images of worn surfaces of (a) monolithic Al2O3 and (b) Al2O3–10 wt
one of the pullouts.
pean Ceramic Society 31 (2011) 339–350 343

ecreased monotonically with increase in the aging duration up
o 20 h. The wear rate of this Y2O3 doped specimen was lower
y a factor of 1.6 than that of the corresponding Y2O3-free spec-
men, and by a factor of 2.8 compared with that of a monolithic
lumina of similar grain size. This improvement in abrasive
ear resistance for Al2O3–FeAl2O4 nanocomposites over that
f monolithic Al2O3 approaches the maximum improvement (a
actor of ∼3.4) reported for Al2O3–SiC nanocomposites when
easured using the same experimental procedure.5,6

Fig. 4b shows the wear rates obtained with the nanocom-
osites developed at the higher reduction aging temperature of
550 ◦C along with the 1450 ◦C results for comparison. It is
vident that the nanocomposites developed at the higher aging
emperature possessed inferior wear resistance with respect to
hose aged at 1450 ◦C. Indeed, no significant reduction in the
ear rates could be seen after aging at 1550 ◦C. For this aging

emperature, Y2O3-doping improved the wear resistance only
or the nanocomposite developed on aging for 0 h, and then only
y a small amount.

.2.2. Observation of the worn surfaces
In order to gain insight into the wear mechanisms, the worn

urfaces were examined using SEM. The images corresponding
o the worn surfaces of monolithic alumina, solid solution and
he composites developed via reduction aging are presented in
igs. 5–7.

The worn surface of monolithic alumina showed the classi-
al features of extensive pullout,2,3,5,6 whereby large pieces of
aterial are removed by brittle fracture (Fig. 5a). The average

ullout diameter was 4.5 �m, which is larger than the Al2O3
rain size (3 �m). Such pullouts occupied an area fraction of
3% of the worn surface. Pullout formation was by intergran-
lar fracture (inset of Fig. 5a). The worn surfaces of the A10F
nd A10FY solid solutions were also characterised by extensive
ullout by intergranular fracture (Fig. 5b). Due to the extremely
ough topography of these worn surfaces, with pullout account-
ng for nearly ∼80% of the area, precise estimation of the pullout

ize could not be made.

Fig. 6 shows the worn surfaces of the nanocomposites devel-
ped on aging of A10F solid solutions (without Y2O3) at
450 ◦C. The composite aged for 0 h (Fig. 6a), in which only

.% Fe2O3 (A10F) solid solution. Inset in (a) is a higher magnification view of
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Fig. 6. SEM images obtained from the worn surfaces of the nanocomposites developed upon reduction aging of A10F at 1450 ◦C for (a) 0 h; (b) 10 h; (c) and (d)
20 h. The black and white arrows indicate two different types of pullout like features (see main text). Inset of (c) presents a higher magnification view of one of the
large pullouts showing transgranular fracture.

Fig. 7. SEM images obtained from the worn surfaces of the Y2O3-doped nanocomposites developed upon reduction aging of A10FY at 1450 ◦C for (a) 0 h; (b) 10 h;
(c) and (d) 20 h. Note the almost complete absence of pullouts in (b) and (c).
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rain boundary precipitates were present, suffered pullout by
ntergranular fracture similar to monolithic Al2O3 (Fig. 5a) and
l2O3–Fe2O3 solid solution (Fig. 5b). By contrast, the worn

urfaces of the nanocomposites developed on aging for 10 h
Fig. 6b) and 20 h (Fig. 6c), in which nanosized intragranular par-
icles had precipitated, developed much smoother worn surfaces
ith much less pullout. Careful observation reveals that the pull-
uts in these materials can be grouped into two types. One set of
ullouts have dimensions between 1 and 2 �m (some indicated
y black arrows in Fig. 6b–d) and appear to have been formed
ue to some of the coarse intergranular precipitates falling out
uring grinding, as can also be observed from the higher mag-
ification image presented in Fig. 6d. The other set of pullouts
white arrows in Fig. 6b and c), are larger in dimensions (up to
5 �m) and tend to be associated with transgranular fracture of

he matrix grains (inset of Fig. 6c). It is apparent from Fig. 6b
nd c that the pullouts due to transgranular fracture occurred less
requently and are much shallower than the pullouts associated
ith the removal of the intergranular precipitates. Also, there

re more of the latter (particle pullouts) in the specimen aged
or 20 h than in the 10 h specimen.

The effect of Y2O3 doping on the appearance of the worn
urfaces of the composites aged at 1450 ◦C is shown in Fig. 7.
he surface of the specimen aged for 0 h (Fig. 7a) was similar

o its Y2O3-free counterpart. However, the worn surfaces of the
2O3-doped nanocomposites aged for 10 h (Fig. 7b) and 20 h

Fig. 7c) were almost completely devoid of pullouts of any kind;
nly abrasive scratches formed by plastic deformation can be
bserved on the worn surfaces.

Fig. 7b and c shows many surface particles, suggesting the
resence of a compacted layer of wear debris. Observations at
igher magnification suggest that such features are an inherent
art of the structure of the worn surfaces (Fig. 7d). The formation
f a tribolayer seems unlikely given the high material removal
ates, however, and the absence of such a layer in the other spec-
mens. In addition, a common feature of tribolayers is that new
hases are formed due to tribochemical reactions, but no extra
eaks were present in the X-ray diffraction (XRD) patterns taken
rom the worn surfaces (Fig. 8a). There was some broadening of
he diffraction peaks of both phases present, however (Fig. 8b),
hich may be due to strain induced by plastic deformation. We

onclude that any tribolayer was minimal and that the particles
bserved in the surface are simply the FeAl2O4 precipitates,
ade visible by atomic number contrast.
SEM images of the worn surfaces obtained with the nanocom-

osites aged at 1550 ◦C are shown in Fig. 9. The Y2O3-free
omposite aged for 0 h showed the presence of extensive pullouts
aused by intergranular fracture (Fig. 9a) as for the 0 h/1450 ◦C
omposite. Extensive pullout persisted after aging for longer
imes at 1550 ◦C and was again by a mixture of transgranular
racture of matrix grains and more significantly due to fall out
f the coarser second phase particles (Fig. 9b). Y2O3-doping
id not have as much effect on the appearance of the worn sur-

aces of the nanocomposites aged at 1550 ◦C as on those aged
t 1450 ◦C; there was still extensive pullout although the sur-
ace features were finer than those seen in the absence of Y2O3
Fig. 9c and d).

(
b
i
a

t.% Fe2O3 solid solutions) at 1450 ◦C for 20 h in reducing atmosphere
N2 + 4% H2); (b) magnified view of the FeAl2O4 and �-Al2O3 peaks showing
eak broadening in the pattern obtained from the worn surface.

.3. Indentation polish test

In order to investigate the subsurface damage caused by
lastic deformation, the 1 �m diamond polished surfaces of
reviously indented specimens were examined in the SEM (see
ection 2.2). Images after polishing to the bottom of the indenta-

ion are presented in Fig. 10, along with the original indentations
efore polishing. In the images of the polished indentations
Fig. 10b, d and f), the remaining parts of the original indenta-
ions can be seen in the centre of the picture, along with the traces
f the classical radial cracks outside the indentation plastic zone.
he boundaries of the original indentations are indicated by
ashed lines. It is evident from the results for monolithic alumina

Fig. 10b) that whilst most of the surface has been well polished
y the 1 �m diamond paste, a lot of surface pullouts occurred
n a well-defined region corresponding closely to the shape
nd size of the original indentation before surface removal by
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ig. 9. SEM images obtained from the worn surfaces of the nanocomposites de
nd reduction aging of A10FY (∼250 ppm Y2O3-doped solid solutions) at 155

ubsequent polishing. This is assumed to be the plastic zone
eneath the indentation. Similar pullouts can be seen in the
ndentation plastic zone of the A10F solid solution specimen
Fig. 10d). By contrast, although some pullout is evident
ver the whole surface, with much of it being due to the
oss of coarse FeAl2O4 particles, the polished indentation
lastic zone of the 20 h/1450 ◦C nanocomposite does not
how a significantly higher level of pullout (Fig. 10f) than the
urrounding material. This suppression of fracture initiation in
he indentation plastic zone has been observed previously in
l2O3–SiC nanocomposites.6

. Discussion

The results show that the aging schedule and consequent
icrostructural development has an enormous effect on the wear

ehaviour of the Al2O3/Fe2O3/FeAl2O4 ceramics. The main
onclusions are (i) that Fe3+ in solid solution in Al2O3 leads
o a modest reduction in hardness and wear resistance compared
ith pure alumina, (ii) the presence of nanoscale FeAl2O4 pre-

ipitates within the grains has a very beneficial effect on the wear
esistance of the materials, and (iii) coarse FeAl2O4 particles at
he alumina grain boundaries tend to fall out of the surface,
hus reducing the wear resistance. The reduction of hardness of
l2O3 caused by Fe2O3 in solid solution is well known20 and
he general correlation between hardness and wear resistance
s sufficient to explain the present results. The influence of the
recipitation of FeAl2O4 particles will now be explored in more
etail.

t
o
p
a

ed via reduction aging of A10F solid solutions at 1550 ◦C for (a) 0 h; (b) 20 h;
or (c) 0 h and (d) 20 h.

.1. Influence of nanosized intragranular FeAl2O4

recipitates on wear

The presence of nanosized FeAl2O4 precipitates appears to
ave a similar effect on wear resistance to that observed with
iC,5–7 that is the wear rate is reduced by a factor ∼3 compared
ith pure Al2O3, even though in the present case the hardness
f these aged materials is slightly less than that of Al2O3. The
mprovements in the Al2O3/SiC system have been shown to have
wo sources.5,6 The first is the change in fracture mode from
ntergranular to transgranular on adding the SiC, which results
n a reduction in size of each individual pullout resulting from the
nitiation of a surface or near-surface crack.5 The second is that
ntragranular SiC particles are thought to block the twins and/or
islocation pileups thought to be responsible for nucleating the
ear-surface cracking during grinding.6

Considering the fracture mode first, the same change in frac-
ure mode is observed in the current Al2O3/FeAl2O4 composites
Fig. 3, Section 3.1) as in the Al2O3/SiC system and can there-
ore be safely assumed to make a major contribution to the
eduction in wear rate on formation of the nanosized precipi-
ates within the grains. The reason for the change in fracture

ode in this case is not clear however. In the alumina/SiC sys-
em, there is persuasive evidence that SiC nanoparticles on the
rain boundaries can deflect intergranular cracks into the grain
nterior because of a mixture of compressive residual stresses in

he particles, high particle and good particle–matrix bonding, all
f which hinder the passage of the crack past the grain boundary
article.21,22 The change in fracture mode is also seen with rel-
tively low volume fractions of coarse SiC, however, and it has
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ig. 10. SEM images of the original indentations (10 kg) and the partly polishe
onolithic Al2O3; (c) and (d) A10F solid solution; (e) and (f) nanocomposite de

nduced pullout in the indentation plastic zones of the monolithic alumina and A

een argued that impurities, possibly carbon, introduced with the
iC also play a role by strengthening the grain boundaries.6,23

n the present materials, however, none of these factors can be
esponsible for the change in fracture mode: the change in frac-
ure mode only becomes significant when nanoparticles appear
ithin the grains rather than grain boundary particles being

nvolved, there are very few fine particles on the grain boundaries
n any of the microstructures and in any case the particles are less
tiff than alumina, have a thermal expansion greater than that of
lumina so that they are in tension rather than compression (see
elow) and are not well bonded to the alumina (Figs. 1d and 2a).
lthough impurity segregation to the grain boundaries has not
een studied in these materials, it is difficult to see why this
ould differ significantly between the composite reduction aged
or “0 h”, in which grain boundary particles of FeAl2O4 have
lready been produced and the main fracture mode remains
ntergranular, and the specimens aged for ≥10 h, where predom-
nantly transgranular fracture occurred. The only obvious differ-

p
o
s
t

nant indentations (1 �m diamond paste), respectively, obtained on (a) and (b)
ed on aging A10F for 20 h at 1450 ◦C. Note the presence of extensive cracking
olid solutions, but very little plasticity induced damage in the nanocomposites.

nces between these specimens are the appearance of the intra-
ranular particles and a coarsening of the grain boundary parti-
les. It is evident that further investigation is needed in this area.

Turning now to the other mechanism for improved wear
esistance known from the Al2O3/SiC system, crack initiation
ay be hindered because the intragranular nanoparticles impede

winning and dislocation motion during the surface plastic defor-
ation caused by grinding.6 Plastic deformation still occurs but

he length of the associated deformation bands is limited to the
istance between the particles so that the stress concentration at
he head of any individual band is no longer sufficient to nucle-
te a crack. The experimental results in the present materials
ppear very similar to those from Al2O3/SiC nanocomposites
nd offer plenty of support for this mechanism. The presence of

ulledout material because of microcracking in the plastic zones
f indentations in pure alumina and solid solutions (Fig. 10)
hows that plasticity is indeed a potent source of crack ini-
iation. The suppression of microcracking in the plastic zone
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f hardness indentations is clear (Fig. 10) and occurred only
hen the aging treatment produces intragranular nanoparticles
f FeAl2O4, as did the improvements in wear resistance. Fur-
hermore, direct evidence of the proposed interactions between
wins/dislocations and the intragranular particles was found
uring TEM investigation of fractured bend specimens of the
anocomposites developed at 1450 ◦C for 20 h. There were many

pparent interactions of the intragranular particles with dislo-
ations (Fig. 11a and b). Fig. 11c shows clear evidence that
wins were blocked by the FeAl2O4 particles within the alumina
rains, whereas the majority of twins in pure Al2O3 extended

o
s
m
o

ig. 11. Bright field TEM images showing (a–c) interaction of deformation bands (
rom the tensile surface of bent bar of Al2O3–FeAl2O4 nanocomposites, developed by
rom one grain boundary to another in a foil obtained from the tensile surface of bent b
article with the matrix (A10F aged 20 h at 1450 ◦C).
pean Ceramic Society 31 (2011) 339–350

ight across the grains from one grain boundary to the other
Fig. 11d).

.2. Influence of coarse grain boundary FeAl2O4

recipitates on wear

The worn surfaces of the nanocomposites show pullouts

ccurring due to the falling out of the coarser, micron scale
econd phase particles, which were mostly present along the
atrix grain boundaries (Figs. 6 and 9b–d). The frequency of

ccurrence of such pullouts increased with the increase in aging

dislocations and twins) with intragranular nanosized particles in foil obtained
reduction aging of A10F at 1450 ◦C for 20 h; (d) twins propagating unhindered

ar of monolithic Al2O3; (e) presence of crack at the interface of an intergranular
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uration and temperature, which in turn is correlated with the
ncrease in average size of these particles. The coarse particles
resent in the nanocomposites aged for 20 h, have also been
bserved to fall out during preparation of TEM samples (see
ig. 2b) and to fracture during bend tests.12,13 By contrast, the
anosized intragranular particles have rarely been observed to
all out in any of the processes.

Since the thermal expansion co-efficients of the matrix
Al2O3; αm ∼ 8 × 10−6 K−1 24,25) and the second phase par-
icles (FeAl2O4; αp ∼ 13 × 10−6 K−1 25) are different, stresses
ill develop in the two phases during cooling from the heat

reatment temperatures. In the present case the radial stress at
he particle/matrix interface is expected to be tensile and this can
ffectively weaken the particle/matrix interfaces and even lead
o spontaneous circumferential cracking around the interfaces
bove a certain critical size of the second phase particles.26–29

or low volume fractions of particles, the pressure (P) which the
articles are subjected to during cooling from the heat treatment
emperatures can be approximately estimated from the following
xpression developed by Weyl30 and Selsing31:

= �α�T

(1 + νm)/2Em + (1 − 2νp)/Ep

(2)

n this equation, �α = αm − αp ∼ −5 × 10−6 K−1, �T is the
ooling range over which plasticity is considered to be negli-
ible ∼1000 ◦C, νm and Em are the Poisson’s ratio (∼0.2) and
lastic modulus (∼350 GPa) of the matrix (Al2O3),32 νp and Ep
re the Poisson’s ratio (∼0.3) and elastic modulus (∼225 GPa)
f the second phase particles (FeAl2O4).33,34 Eq. (1) gives a
alue of −1.4 GPa for the pressure (P) which the particles are
ubjected to (i.e. the stress is tensile).

Based on an energy balance criterion, Davidge and Green26

eveloped the following expression for the critical radius of the
econd phase particles (Rc), above which spontaneous cracking
s possible due to the pressure (P) developed during cooling from
he fabrication/heat treatment temperature:

c = 8γs

P2{(1 + νm)/Em + 2(1 − 2νp)/Ep} (3)

here γs is the effective surface energy at the particle matrix
nterface. Assuming a toughness of ∼1 MPa m1/2 for the inter-
ace and using the mean of the Young’s moduli of Al2O3 and
eAl2O4 allows γs to be estimated as Gc/2∼2 J/m2 giving a
alue of 1 �m for Rc. This indicates that second phase particles
f sizes greater than ∼2 �m are liable to develop spontaneous
racks along their interfaces with the matrix.

This critical size for spontaneous cracking explains several
etails of the results. It correctly predicts that the nanosized
articles should be free from any cracking along the interface,
hilst the coarser micron scale intergranular secondary phase
articles are more prone towards peripheral cracking. The pres-
nce of microcracks along the interface of the coarse particles

as observed during TEM investigations (Fig. 11e). The micro-

racking leads to the pullout of the coarse particles during wear
f the nanocomposites. After aging for 10 h at 1450 ◦C, the mean
article size was just below the critical size (see Section 3.1) so

R
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he consequences are not severe and the reduction in size of the
rain boundary particles on doping with Y2O3 resulted in only
slight reduction in wear rate (Fig. 4). After aging for 20 h at
450 ◦C, however, the intergranular particle size in the absence
f Y2O3 exceeds 2 �m and it is reasonable to suppose that this
s responsible for the small increase in wear rate compared with
he 10 h specimen seen in Fig. 4. The particle size in the Y2O3
oped specimen aged for 20 h at 1450 ◦C remains close to 1 �m,
owever, so the further development of the nanoparticles with
he increased aging time is able to yield further improvements in
ear resistance. Finally, in all the nanocomposites developed at
550 ◦C the average sizes of the intergranular particles are well
n excess of the critical size, irrespective of the absence or pres-
nce of Y2O3. The particles therefore fall out spontaneously
rom the surface of the composite. This, and the fact that the
ano-precipitate free zones close to the grain boundaries are
ider after aging at this higher temperature12 are thought to be

he reasons why the composites aged at 1550 ◦C did not show
mproved wear resistance compared with alumina.

. Conclusions

The abrasive wear resistance of “in situ” Al2O3/FeAl2O4
anocomposites produced by the aging of Al2O3–10 wt% Fe2O3
olid solutions in a reducing atmosphere has been investigated,
ith the following conclusions.

a) Al2O3–FeAl2O4 nanocomposites could be produced with
wear resistance improved by almost a factor of 3 compared
with pure alumina of the same grain size.

b) Optimising the wear resistance is a matter of maximising
the precipitation of nanosized particles of FeAl2O4 within
the grains and minimising both the volume fraction and size
of the coarser grain boundary precipitates.

c) The nanosized particles within the grains improved the
wear resistance by inhibiting crack initiation by deforma-
tion bands during grinding and reducing the size of the
individual surface pullouts by changing the fracture mode
from intergranular in pure alumina to transgranular in the
nanocomposites.

d) Tensile thermal stresses around coarse grain boundary par-
ticles led to spontaneous cracking when their size exceeded
∼2 �m. The resulting falling out of the particles from the
surface during wear was the main source of their detrimental
effect.

e) The optimum microstructure was produced by reduction
aging of solid solutions doped with 250 ppm Y2O3 for
10–20 h at 1450 ◦C. The Y2O3 inhibited the growth of the
grain boundary precipitates by reducing the grain boundary
diffusion coefficients.
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