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Abstract

The work investigates the correlation between the microstructure and wear behaviour of novel Al,O;-FeAl,O4 nanocomposites, developed by
precipitation of FeAl,O4 particles through reduction aging of Al,03;—10 wt.% Fe, O3 solid solutions in N»/4%H,. Reduction aging at 1450 °C for 10
and 20 h resulted in considerable improvements in abrasive wear resistance. The nanocomposites developed from solid solutions doped additionally
with ~250 ppm of Y,0;3 contained finer intergranular second phase particles (by a factor of ~2) and showed further improvements in the wear
resistance. Doped nanocomposites reduction aged for 20 h at 1450 °C exhibited the minimum wear rate (reduced by a factor of ~2.5 with respect
to monolithic Al,O3). The suppression of fracture-induced surface pullout in the presence of intragranular nanosized second phase particles was
the major factor responsible for the improved wear resistance of the nanocomposites with respect to monolithic alumina; microstructures without
these intragranular nanoparticles showed no improvement. Higher aging temperature led to the presence of coarse (>2 pm) intergranular FeAl,O,

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

AlyO3—matrix nanocomposites' ™ exhibit superior mechani-
cal and tribological properties to those of single phase alumina
but processing difficulties have hindered their commercial appli-
cation. The difficulties arise mainly from the mixed powder
processing route that is commonly used. The incorporation of
refractory, covalent nanoparticles such as SiC severely inhibits
sintering.>*%9 Although pressureless sintering is possible with
low volume fractions of SiC through the use of sintering
aids,'®!! the available processing window is limited. The more
general solution has been to use pressure assisted sintering tech-
niques, such as hot pressing and spark plasma sintering.!™
However, such techniques possess serious drawbacks with
respect to mass scale commercial productions because as well as
being very expensive, they are not suitable for continuous batch
production and severely limit the shape and size of the compo-
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nents that can be produced.?>!2-14 When less refractory, oxide
nanoparticles are incorporated into the powder mixture, pres-
sureless sintering is feasible but the particles tend to coarsen
beyond the nanosized regime and adhere to the grain bound-
aries.

To avoid these problems, an alternative to mixed powder
processing has been developed in which the material is first sin-
tered as a solid solution of Fe;O3 in Al;O3 and then FeAl,Oq4
nanoparticles are precipitated from the matrix by reduction of
the dissolved Fe* cations.!?"!> This avoids both the inhibition
of sintering by refractory second phases and the coarsening of
oxide phases and may allow commercial exploitation of these
promising materials.

Tribological applications encompass one of the major com-
mercial uses of Al,O3, and Al,O3/SiC nanocomposites have
been reported to possess much better resistance to severe wear
than monolithic Al;03.235~7 The present work therefore inves-
tigates the abrasive wear resistance of the Al,O3—FeAl;O4
nanocomposites to establish whether similar advantages are
possible in this system. The effects of different heat treatment
schedules and Y,0O3-doping on the wear resistance have been
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investigated in detail and analysed in terms of the microstructural
developments.

2. Experimental procedure
2.1. Processing and microstructure

a-Al,O3 powder (99.995% purity; AKP50, Sumitomo,
Japan) with median particle size ~0.2 um was used as the
starting material for the matrix (Al,O3). Fe3* and Y3* were
incorporated by adding solutions of Fe(NO3)3-9H,O and
Y(NO3)3-6H>0 (Sigma Aldrich, UK, purity >98%) in ethanol
to the alumina slurries. Pure alumina slurries were also made for
comparison. All the slurries, which also contained ~250 ppm of
MgO, !¢ were ball milled for 24 h in bottles made of polyethy-
lene, using high purity (99.99%) alumina balls. After ball
milling, the slurries were dried on a hot plate with a magnetic
stirrer and ground in an Al,O3 mortar and pestle. Green com-
pacts were produced by uniaxial cold pressing of the powders
into 10 mm discs at 100 MPa, which were then pressurelessly
sintered at 1450 °C for 5h in air. After sintering, the samples
were ‘quenched’ by pushing them immediately to the end of
the furnace tube using an alumina rod. The Al,O3 samples con-
taining 10 wt.% Fe, O3, will henceforth be referred to as ‘A10F’
and the samples additionally doped with Y,03 (~250 ppm by
weight) will be referred to as A10FY. The supersaturated solid
solutions were then aged in a tube furnace with capped ends
in a flowing N2 +4% H, forming gas mixture at 1450 °C and
1550 °C for different durations (0-20 h). Aging for O h indicates
that the furnace was ramped up to the aging temperature and then
the specimen was quenched immediately. More details about the
processing are given in previous reports.'>'4 Although several
components of the current processing route are not conducive
to commercial production (e.g. the use of high purity alumina,
ethanol as a dispersion medium, quenching of the specimens)
these were included for scientific reasons during the develop-
ment of these materials and it is anticipated that they can be
dispensed with in practice.

For phase identification and microstructural characterization,
the samples were ground and polished using diamond slurries
in order to remove the external surfaces and produce optically
reflective ceramographic surfaces representative of the sample
cores. X-ray diffraction (XRD; Philips, Netherlands) was per-
formed using Cu K, radiation at a collection rate of 3°/min. The
microstructures of all the polished surfaces were observed using
a field emission scanning electron microscope (JEOL 6500F)
operated at 20 kV. Sample preparation for transmission electron
microscope (TEM) observations involved mechanical thinning
of 3 mm discs, followed by ion-milling to electron transparency
in a Gatan Duo Mill (5 kV). Observations were performed using
a 200kV JEOL 2000FX TEM, equipped with an EDS system.

2.2. Abrasive wear and indentation polish tests
A standard abrasive wear test, based on the use of a

load-controlled grinding/polishing machine (MOTOPOL 2000,
Buehler, UK) under standard conditions, was used to investigate

the wear resistance of the materials. All the samples were in the
form of pellets of 10 mm diameter and 3 mm thickness. The
samples were attached using cyanoacrylate adhesive to resin
cylinders (i.e. dummy metallographic specimens) in the stan-
dard carousel for metallographic preparation. The grinding was
conducted using a 305 mm diameter resin-bonded alumina plate
(Kemet, UK) with an oil-based suspension of 45 pum diamond
abrasive. The specimens were ground for 4 min at 350 rpm rota-
tion speed of the grinding plate and a force of 22.2 N per sample.
This set up has been extensively used in our group for investigat-
ing the abrasive wear behaviour of Al;03—SiC nanocomposites
and has been shown to be reproducible.>%

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

Am

UZE (1)

where A is the contact area, ¢ is the testing time and p is the den-
sity of the material. The wear rate can be viewed as the velocity
with which the surface recedes, or equivalently, the volume of
material removed per unit contact area per unit time. Follow-
ing initial bedding in, at least four of these standard tests were
performed for each material. The worn surfaces of the different
samples were observed in a SEM (JEOL 6500F). Prior to SEM
observations, the worn samples were cleaned in an ultrasonic
bath using ethanol. Area fractions of pullout and pullout diame-
ter caused by brittle fracture were measured by linear intercepts
with lines in a grid on SEM micrographs.>-®

Vickers indentations were made using Skg load on the
polished surfaces of the specimens in order both to measure
the hardness, and then to investigate crack initiation by plas-
tic deformation.® The indented surfaces were subsequently
polished with 1 wm diamond paste on a soft cloth using the auto-
mated grinding polishing machine (MOTOPOL 2000, Buehler,
UK) until only the lower tip of the original indentation remained.
In order to observe the presence of cracking that might have
occurred beneath the indentations during polishing, the as pol-
ished surfaces near the residual indents were examined in the
SEM (JEOL 6500F).

3. Results

3.1. Microstructural development, fracture surfaces and
hardness

X-ray diffraction, SEM and TEM observations confirmed the
development of single phase solid solutions of Al,O3—10 wt.%
Fe;O3 (A10F and A10FY) possessing average grain sizes of
~3 wm after sintering, which was similar to that of the pure
Al>,O3. However, a few grains in the solid solutions showed
anisotropic growth, whereas all the grains in the monolithic
Al,O3 were equiaxed. On aging of the solid solutions in reduc-
ing atmosphere (N> +4% H») at 1450 °C and 1550 °C, FeAl,O4
was precipitated as second phase particles due to reduction of
dissolved Fe>* to Fe?*. The FeAl, 04 particles initially appeared
only along the matrix grain boundaries and triple points (after
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Fig. 1. Back scattered SEM (BSE-SEM) images showing bulk microstructural development on aging of (a) A10F solid solution (Y, O3-free) 1450 °C for 20 h; (b)—(d)
A10FY solid solution (Y,03-doped) and aged for (b) 1450 °C for Oh; (c) 1450 °C for 20 h and (d) 1550 °C for 5 h.

0-5h of aging), with intragranular particles (FeAl,O4) being
precipitated on further increasing the aging duration to 10 h or
more (Fig. 1). During aging of the Y;O3-free solid solution
(A10F) at 1450 °C the intergranular particles initially appeared
as micron sized particles and grew to a size >2 um after
aging for 20 h (Fig. 1a). The grain boundary precipitates in the
Y,03-doped solid solution (A10FY) were much finer, appear-
ing initially as sub-micron particles and growing to a size of
~1 pm on aging at 1450 °C for 20 h (Fig. 1b). For a given aging
time at 1450 °C, the addition of Y,0O3 was found to reduce the
size of the grain boundary precipitates by approximately a factor
of 2, as has been reported previously.!? This is presumed to be
because Y203 is known to reduce the grain boundary diffusivity
of alumina.!”'° In contrast to the coarser intergranular parti-
cles, the intragranular FeAl,O4 particles were in the nanosized
regime (<100nm) even on aging for 20h at 1450°C (Fig. la
and c). There was no effect of Y,O3-doping on the sizes of the
intragranular particles but it did lead to the precipitation of a
greater number of intragranular particles than in the Y,Os3-free
material aged for a given duration at 1450°C."3

Much coarser intergranular FeAl,Oy4 particles (~3 wm) were
formed even during the initial stages of aging at the higher
temperature of 1550 °C. This was followed by extremely rapid
growth during continued aging so that after just Sh of aging
at 1550°C a coarse and inter-connected network of inter-
granular FeAl,O4 was formed (Fig. 1d). Considerable pullout
of these coarse intergranular particles occurred during met-
allographic polishing. The addition of Y,O3 did not have
any apparent effect on the sizes of the intergranular particles

precipitated at 1550 °C. However, the FeAl,O4 particles that
were precipitated within the matrix grains maintained their
nanosized dimensions during aging at 1550 °C. More details
concerning the microstructural development have been pre-
sented previously.!>14

TEM observations showed the presence of a high density of
genuinely nano-scale FeAl,O4 particles inside the matrix grains
(Fig. 2). Occasionally holes (~2 um in size) were observed
along the boundaries or triple point corners of the matrix grains
in the foils developed from the nanocomposites obtained on
aging A10F for 20h (Fig. 2a). The holes appear to have been
formed due to the coarser intergranular particles falling out dur-
ing the TEM sample preparation. These were not observed for
the Y,03-doped nanocomposites (Fig. 2b).

The fracture mode of monolithic Al,O3, A10F and A10FY
solid solutions was intergranular. The composites developed by
aging for Oh at both aging temperatures, in which only grain
boundary precipitates were present, also exhibited mainly inter-
granular fracture (Fig. 3a). By contrast, the nanocomposites
developed on aging for longer durations (10 and 20 h), in which
nanosized particles were present within the grains, fractured in
the transgranular mode (Fig. 3b).

The room temperature Vickers hardness values (Hy) are pre-
sented in Table 1. The solid solutions were less hard than pure
alumina, but aging generally caused the hardness to increase
towards the level of pure alumina. This has previously been
attributed to the resulting removal of Fe3* from solid solution. '
However, a considerable reduction in hardness was observed on
aging 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.

Fig. 3. SEM images of fractured surfaces of the (a) ‘composite’ developed on reduction aging at 1450 °C for O h and (b) nanocomposite developed on reduction

aging for 20 h.

3.2. Wear resistance of the AlyO3—FeAl;04
nanocomposites

3.2.1. Wear rates

A comparison of the abrasive wear rates for monolithic alu-
mina, Al,O3-Fe;0O3 solid solutions and the Al,O3-FeAl,O4
nanocomposites aged at 1450 °C is shown in Fig. 4a. The incor-
poration of Fe>Oj3 in solid solution resulted in a slight increase
in the wear rate over that of monolithic Al,O3. Y,03 doping
did not affect the wear rates for either monolithic alumina or the
solid solution to any notable degree. Aging for Oh at 1450 °C

Table 1

resulted in only a small improvement in the wear resistance, even
in the presence of Y>0O3. The most important result of the present
investigation is that the Al;O3-FeAl,O4 nanocomposites, devel-
oped on reduction aging of the Al,O3—Fe; O3 solid solutions for
10 and 20h at 1450 °C, exhibited considerably reduced wear
rates compared to Al,Os, the solid solutions and specimens
with insufficient aging to develop intragranular nanoparticles.
Additionally, doping with Y,0O3 resulted in a further lowering
of the wear rates for these nanocomposites. In the absence of
Y,03, the nanocomposite produced by aging for 10h exhib-
ited the lowest wear rate but with Y,03-doping, the wear rate

Vickers hardness (Hys; GPa) for monolithic Al,O3, A10F solid solution and nanocomposites developed by reduction aging.

Materials

Y,03-free Y,03-doped

Monolithic Al,O3 (as sintered; 1450°C; 5h) 20.1 £ 04 -
A10F solid solution (as sintered; 1450 °C; 5h) 17.1 £ 0.8 16.9 + 0.9
Aged samples Aging temperature: 1450 °C Aging temperature: 1550°C

Y,03-free Y,03-doped Y,03-free Y,03-doped
Al,03-FeAl,04 (aged in N, + H, for 0 h) 17.8 £ 0.3 174 £ 04 17.1 £ 0.4 172 £ 0.5
Al,03-FeAl,04 (aged in N, + Hj for 10h) 18.6 £ 0.2 189 £ 0.5 16.8 £ 0.2 17.1 £ 0.8
Aly03-FeAl,Oy4 (aged in Np + Hj for 20h) 184 +£0.7 19.1 £ 0.8 156 £ 1.9 159 £ 1.5
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Fig. 4. (a) Abrasive wear rates against aging duration at 1450°C for the
Al,O3-FeAl,O4 nanocomposites. The wear rates measured for the monolithic
alumina and the Al,03-10 wt.% Fe;O3 solid solution are also presented for
comparison. (b) Plot of abrasive wear rates against aging duration at 1450 °C
and 1550 °C for the Al,O3-FeAl,O4 particulate nanocomposites.

decreased monotonically with increase in the aging duration up
to 20 h. The wear rate of this Y,0O3 doped specimen was lower
by a factor of 1.6 than that of the corresponding Y,O3-free spec-
imen, and by a factor of 2.8 compared with that of a monolithic
alumina of similar grain size. This improvement in abrasive
wear resistance for Al,O3—FeAl,O4 nanocomposites over that
of monolithic Al,O3 approaches the maximum improvement (a
factor of ~3.4) reported for Al,O3-SiC nanocomposites when
measured using the same experimental procedure.>-°

Fig. 4b shows the wear rates obtained with the nanocom-
posites developed at the higher reduction aging temperature of
1550°C along with the 1450 °C results for comparison. It is
evident that the nanocomposites developed at the higher aging
temperature possessed inferior wear resistance with respect to
those aged at 1450 °C. Indeed, no significant reduction in the
wear rates could be seen after aging at 1550 °C. For this aging
temperature, Y,0O3-doping improved the wear resistance only
for the nanocomposite developed on aging for O h, and then only
by a small amount.

3.2.2. Observation of the worn surfaces

In order to gain insight into the wear mechanisms, the worn
surfaces were examined using SEM. The images corresponding
to the worn surfaces of monolithic alumina, solid solution and
the composites developed via reduction aging are presented in
Figs. 5-7.

The worn surface of monolithic alumina showed the classi-
cal features of extensive pullout,>>>% whereby large pieces of
material are removed by brittle fracture (Fig. 5a). The average
pullout diameter was 4.5 wm, which is larger than the Al,O3
grain size (3 pm). Such pullouts occupied an area fraction of
53% of the worn surface. Pullout formation was by intergran-
ular fracture (inset of Fig. 5a). The worn surfaces of the A10F
and A10FY solid solutions were also characterised by extensive
pullout by intergranular fracture (Fig. 5b). Due to the extremely
rough topography of these worn surfaces, with pullout account-
ing for nearly ~80% of the area, precise estimation of the pullout
size could not be made.

Fig. 6 shows the worn surfaces of the nanocomposites devel-
oped on aging of AIOF solid solutions (without Y,03) at
1450 °C. The composite aged for Oh (Fig. 6a), in which only

Fig. 5. SEM images of worn surfaces of (a) monolithic Al,O3 and (b) Al,03-10 wt.% Fe;O3 (A10F) solid solution. Inset in (a) is a higher magnification view of

one of the pullouts.
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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) Oh; (b) 10h; (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 Y,0O3-doped nanocomposites developed upon reduction aging of AIOFY at 1450 °C for (a) Oh; (b) 10h;
(c) and (d) 20 h. Note the almost complete absence of pullouts in (b) and (c).
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grain boundary precipitates were present, suffered pullout by
intergranular fracture similar to monolithic Al,O3 (Fig. 5a) and
Al,O3-Fe;03 solid solution (Fig. 5b). By contrast, the worn
surfaces of the nanocomposites developed on aging for 10h
(Fig. 6b) and 20 h (Fig. 6¢), in which nanosized intragranular par-
ticles had precipitated, developed much smoother worn surfaces
with much less pullout. Careful observation reveals that the pull-
outs in these materials can be grouped into two types. One set of
pullouts have dimensions between 1 and 2 pm (some indicated
by black arrows in Fig. 6b—d) and appear to have been formed
due to some of the coarse intergranular precipitates falling out
during grinding, as can also be observed from the higher mag-
nification image presented in Fig. 6d. The other set of pullouts
(white arrows in Fig. 6b and c), are larger in dimensions (up to
~5 pm) and tend to be associated with transgranular fracture of
the matrix grains (inset of Fig. 6¢). It is apparent from Fig. 6b
and c that the pullouts due to transgranular fracture occurred less
frequently and are much shallower than the pullouts associated
with the removal of the intergranular precipitates. Also, there
are more of the latter (particle pullouts) in the specimen aged
for 20 h than in the 10 h specimen.

The effect of Y>,03 doping on the appearance of the worn
surfaces of the composites aged at 1450 °C is shown in Fig. 7.
The surface of the specimen aged for Oh (Fig. 7a) was similar
to its Y,Oz3-free counterpart. However, the worn surfaces of the
Y;,03-doped nanocomposites aged for 10h (Fig. 7b) and 20h
(Fig. 7c) were almost completely devoid of pullouts of any kind;
only abrasive scratches formed by plastic deformation can be
observed on the worn surfaces.

Fig. 7b and ¢ shows many surface particles, suggesting the
presence of a compacted layer of wear debris. Observations at
higher magnification suggest that such features are an inherent
part of the structure of the worn surfaces (Fig. 7d). The formation
of a tribolayer seems unlikely given the high material removal
rates, however, and the absence of such a layer in the other spec-
imens. In addition, a common feature of tribolayers is that new
phases are formed due to tribochemical reactions, but no extra
peaks were present in the X-ray diffraction (XRD) patterns taken
from the worn surfaces (Fig. 8a). There was some broadening of
the diffraction peaks of both phases present, however (Fig. 8b),
which may be due to strain induced by plastic deformation. We
conclude that any tribolayer was minimal and that the particles
observed in the surface are simply the FeAl,O4 precipitates,
made visible by atomic number contrast.

SEM images of the worn surfaces obtained with the nanocom-
posites aged at 1550°C are shown in Fig. 9. The Y,0O3-free
composite aged for 0 h showed the presence of extensive pullouts
caused by intergranular fracture (Fig. 9a) as for the 0 h/1450 °C
composite. Extensive pullout persisted after aging for longer
times at 1550 °C and was again by a mixture of transgranular
fracture of matrix grains and more significantly due to fall out
of the coarser second phase particles (Fig. 9b). Y203-doping
did not have as much effect on the appearance of the worn sur-
faces of the nanocomposites aged at 1550 °C as on those aged
at 1450 °C; there was still extensive pullout although the sur-
face features were finer than those seen in the absence of Y,03
(Fig. 9¢c and d).
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Fig. 8. (a) XRD patterns recorded from the polished and worn surfaces of
nanocomposites developed by aging A10FY (~250 ppm Y,03-doped Al,03-10
wt.% Fe;O3 solid solutions) at 1450°C for 20h in reducing atmosphere
(N2 +4% H»); (b) magnified view of the FeAl,O4 and a-Al,O3 peaks showing
peak broadening in the pattern obtained from the worn surface.

3.3. Indentation polish test

In order to investigate the subsurface damage caused by
plastic deformation, the 1 pum diamond polished surfaces of
previously indented specimens were examined in the SEM (see
Section 2.2). Images after polishing to the bottom of the indenta-
tion are presented in Fig. 10, along with the original indentations
before polishing. In the images of the polished indentations
(Fig. 10b, d and f), the remaining parts of the original indenta-
tions can be seen in the centre of the picture, along with the traces
of the classical radial cracks outside the indentation plastic zone.
The boundaries of the original indentations are indicated by
dashed lines. It is evident from the results for monolithic alumina
(Fig. 10b) that whilst most of the surface has been well polished
by the 1 wm diamond paste, a lot of surface pullouts occurred
in a well-defined region corresponding closely to the shape
and size of the original indentation before surface removal by
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Fig. 9. SEM images obtained from the worn surfaces of the nanocomposites developed via reduction aging of A10F solid solutions at 1550 °C for (a) Oh; (b) 20h;
and reduction aging of A10FY (~250 ppm Y,03-doped solid solutions) at 1550 °C for (c) Oh and (d) 20 h.

subsequent polishing. This is assumed to be the plastic zone
beneath the indentation. Similar pullouts can be seen in the
indentation plastic zone of the A10F solid solution specimen
(Fig. 10d). By contrast, although some pullout is evident
over the whole surface, with much of it being due to the
loss of coarse FeAl,O4 particles, the polished indentation
plastic zone of the 20h/1450°C nanocomposite does not
show a significantly higher level of pullout (Fig. 10f) than the
surrounding material. This suppression of fracture initiation in
the indentation plastic zone has been observed previously in
Al>,03-SiC nanocomposites.’

4. Discussion

The results show that the aging schedule and consequent
microstructural development has an enormous effect on the wear
behaviour of the Al,O3/Fe;O3/FeAl,O4 ceramics. The main
conclusions are (i) that Fe?* in solid solution in Al,O3 leads
to a modest reduction in hardness and wear resistance compared
with pure alumina, (ii) the presence of nanoscale FeAl,O4 pre-
cipitates within the grains has a very beneficial effect on the wear
resistance of the materials, and (iii) coarse FeAl,O4 particles at
the alumina grain boundaries tend to fall out of the surface,
thus reducing the wear resistance. The reduction of hardness of
Al O3 caused by Fe;Oj3 in solid solution is well known?® and
the general correlation between hardness and wear resistance
is sufficient to explain the present results. The influence of the
precipitation of FeAl,Oy4 particles will now be explored in more
detail.

4.1. Influence of nanosized intragranular FeAl;O4
precipitates on wear

The presence of nanosized FeAl,O4 precipitates appears to
have a similar effect on wear resistance to that observed with
SiC,>7 that is the wear rate is reduced by a factor ~3 compared
with pure Al;O3, even though in the present case the hardness
of these aged materials is slightly less than that of Al;O3. The
improvements in the Al,O3/SiC system have been shown to have
two sources.>® The first is the change in fracture mode from
intergranular to transgranular on adding the SiC, which results
in areduction in size of each individual pullout resulting from the
initiation of a surface or near-surface crack.> The second is that
intragranular SiC particles are thought to block the twins and/or
dislocation pileups thought to be responsible for nucleating the
near-surface cracking during grinding.®

Considering the fracture mode first, the same change in frac-
ture mode is observed in the current Al, O3/FeAl,O4 composites
(Fig. 3, Section 3.1) as in the Al,03/SiC system and can there-
fore be safely assumed to make a major contribution to the
reduction in wear rate on formation of the nanosized precipi-
tates within the grains. The reason for the change in fracture
mode in this case is not clear however. In the alumina/SiC sys-
tem, there is persuasive evidence that SiC nanoparticles on the
grain boundaries can deflect intergranular cracks into the grain
interior because of a mixture of compressive residual stresses in
the particles, high particle and good particle-matrix bonding, all
of which hinder the passage of the crack past the grain boundary
particle.?!>2 The change in fracture mode is also seen with rel-
atively low volume fractions of coarse SiC, however, and it has
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before polishing

after polishing

Fig. 10. SEM images of the original indentations (10kg) and the partly polished remnant indentations (1 wm diamond paste), respectively, obtained on (a) and (b)
monolithic Al,O3; (c) and (d) A10F solid solution; (e) and (f) nanocomposite developed on aging A10F for 20 h at 1450 °C. Note the presence of extensive cracking
induced pullout in the indentation plastic zones of the monolithic alumina and A10F solid solutions, but very little plasticity induced damage in the nanocomposites.

been argued that impurities, possibly carbon, introduced with the
SiC also play a role by strengthening the grain boundaries.%%3
In the present materials, however, none of these factors can be
responsible for the change in fracture mode: the change in frac-
ture mode only becomes significant when nanoparticles appear
within the grains rather than grain boundary particles being
involved, there are very few fine particles on the grain boundaries
in any of the microstructures and in any case the particles are less
stiff than alumina, have a thermal expansion greater than that of
alumina so that they are in tension rather than compression (see
below) and are not well bonded to the alumina (Figs. 1d and 2a).
Although impurity segregation to the grain boundaries has not
been studied in these materials, it is difficult to see why this
would differ significantly between the composite reduction aged
for “Oh”, in which grain boundary particles of FeAl,O4 have
already been produced and the main fracture mode remains
intergranular, and the specimens aged for >10h, where predom-
inantly transgranular fracture occurred. The only obvious differ-

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

Turning now to the other mechanism for improved wear
resistance known from the Al,O3/SiC system, crack initiation
may be hindered because the intragranular nanoparticles impede
twinning and dislocation motion during the surface plastic defor-
mation caused by grinding. Plastic deformation still occurs but
the length of the associated deformation bands is limited to the
distance between the particles so that the stress concentration at
the head of any individual band is no longer sufficient to nucle-
ate a crack. The experimental results in the present materials
appear very similar to those from Al,O3/SiC nanocomposites
and offer plenty of support for this mechanism. The presence of
pulledout material because of microcracking in the plastic zones
of indentations in pure alumina and solid solutions (Fig. 10)
shows that plasticity is indeed a potent source of crack ini-
tiation. The suppression of microcracking in the plastic zone
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of hardness indentations is clear (Fig. 10) and occurred only
when the aging treatment produces intragranular nanoparticles
of FeAlyO4, as did the improvements in wear resistance. Fur-
thermore, direct evidence of the proposed interactions between
twins/dislocations and the intragranular particles was found
during TEM investigation of fractured bend specimens of the
nanocomposites developed at 1450 °C for 20 h. There were many
apparent interactions of the intragranular particles with dislo-
cations (Fig. 11a and b). Fig. 11c shows clear evidence that
twins were blocked by the FeAl,O4 particles within the alumina
grains, whereas the majority of twins in pure Al,O3 extended

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

4.2. Influence of coarse grain boundary FeAl;O4
precipitates on wear

The worn surfaces of the nanocomposites show pullouts
occurring due to the falling out of the coarser, micron scale
second phase particles, which were mostly present along the
matrix grain boundaries (Figs. 6 and 9b—d). The frequency of
occurrence of such pullouts increased with the increase in aging

Intergranular second
phase particle

Fig. 11. Bright field TEM images showing (a—c) interaction of deformation bands (dislocations and twins) with intragranular nanosized particles in foil obtained
from the tensile surface of bent bar of Al,O3—FeAl,O4 nanocomposites, developed by reduction aging of A10F at 1450 °C for 20 h; (d) twins propagating unhindered
from one grain boundary to another in a foil obtained from the tensile surface of bent bar of monolithic Al,O3; (e) presence of crack at the interface of an intergranular

particle with the matrix (A10F aged 20 h at 1450 °C).
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duration and temperature, which in turn is correlated with the
increase in average size of these particles. The coarse particles
present in the nanocomposites aged for 20 h, have also been
observed to fall out during preparation of TEM samples (see
Fig. 2b) and to fracture during bend tests.'>!3 By contrast, the
nanosized intragranular particles have rarely been observed to
fall out in any of the processes.

Since the thermal expansion co-efficients of the matrix
(ALLO3; o ~ 8 x 107°K~! 24’25) and the second phase par-
ticles (FeAl>Oq; ap ~ 13 x 1070K-! 25) are different, stresses
will develop in the two phases during cooling from the heat
treatment temperatures. In the present case the radial stress at
the particle/matrix interface is expected to be tensile and this can
effectively weaken the particle/matrix interfaces and even lead
to spontaneous circumferential cracking around the interfaces
above a certain critical size of the second phase particles.”0-2°
For low volume fractions of particles, the pressure (P) which the
particles are subjected to during cooling from the heat treatment
temperatures can be approximately estimated from the following
expression developed by Weyl*? and Selsing3':

P AaAT
(4 vw)/2En + (1 = 2v)/E)

@

In this equation, Aa=om —ap~ —5 x 107°K~1, AT is the
cooling range over which plasticity is considered to be negli-
gible ~1000 °C, vy, and Ey, are the Poisson’s ratio (~0.2) and
elastic modulus (~350 GPa) of the matrix (A,03),%? v, and E,,
are the Poisson’s ratio (~0.3) and elastic modulus (~225 GPa)
of the second phase particles (FeAl,04).333* Eq. (1) gives a
value of —1.4 GPa for the pressure (P) which the particles are
subjected to (i.e. the stress is tensile).

Based on an energy balance criterion, Davidge and Green”
developed the following expression for the critical radius of the
second phase particles (R.), above which spontaneous cracking
is possible due to the pressure (P) developed during cooling from
the fabrication/heat treatment temperature:

6

_ 8ys
P14 vm)/Em +2(1 — 2vp)/Ep)

3

R

where yj is the effective surface energy at the particle matrix
interface. Assuming a toughness of ~1 MPam!'/? for the inter-
face and using the mean of the Young’s moduli of Al,O3 and
FeAl,Oy4 allows y to be estimated as G./2~2J/m? giving a
value of 1 wm for R.. This indicates that second phase particles
of sizes greater than ~2 pm are liable to develop spontaneous
cracks along their interfaces with the matrix.

This critical size for spontaneous cracking explains several
details of the results. It correctly predicts that the nanosized
particles should be free from any cracking along the interface,
whilst the coarser micron scale intergranular secondary phase
particles are more prone towards peripheral cracking. The pres-
ence of microcracks along the interface of the coarse particles
was observed during TEM investigations (Fig. 11e). The micro-
cracking leads to the pullout of the coarse particles during wear
of the nanocomposites. After aging for 10 h at 1450 °C, the mean
particle size was just below the critical size (see Section 3.1) so

the consequences are not severe and the reduction in size of the
grain boundary particles on doping with Y,Oj3 resulted in only
a slight reduction in wear rate (Fig. 4). After aging for 20h at
1450 °C, however, the intergranular particle size in the absence
of Y,0j3 exceeds 2 wm and it is reasonable to suppose that this
is responsible for the small increase in wear rate compared with
the 10 h specimen seen in Fig. 4. The particle size in the Y03
doped specimen aged for 20 h at 1450 °C remains close to 1 um,
however, so the further development of the nanoparticles with
the increased aging time is able to yield further improvements in
wear resistance. Finally, in all the nanocomposites developed at
1550 °C the average sizes of the intergranular particles are well
in excess of the critical size, irrespective of the absence or pres-
ence of Y20s3. The particles therefore fall out spontaneously
from the surface of the composite. This, and the fact that the
nano-precipitate free zones close to the grain boundaries are
wider after aging at this higher temperature'? are thought to be
the reasons why the composites aged at 1550 °C did not show
improved wear resistance compared with alumina.

5. Conclusions

The abrasive wear resistance of “in situ” Al,O3/FeAl,O4
nanocomposites produced by the aging of Al,O3—10 wt% Fe; O3
solid solutions in a reducing atmosphere has been investigated,
with the following conclusions.

(a) Al,O3-FeAl,0O4 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 FeAl,O4 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 wm. 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 Y,O3 for
10-20h at 1450 °C. The Y03 inhibited the growth of the
grain boundary precipitates by reducing the grain boundary
diffusion coefficients.
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