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Abstract

Wet erosive wear rates for alumina-silicon carbide
nanocomposites have been measured and compared
with those for pure polycrystalline aluminas of similar
grain size. In pure materials for mean grain sizes
>2 wm the dominant wear mechanism appears to be
grain-boundary microfracture, leading to grain pull-
out; for finer grain sizes the worn surfaces are
smooth. Within both grain size ranges significant
reductions in wear rate are found for the nanocom-
posite materials, thus extending the span of estab-
lished benefits obtained through the incorporation of
silicon carbide nanoparticles into ceramic materials.

Introduction

The wear behaviour of hard ceramic materials
such as alumina is a subject of considerable indus-
trial importance, even. more so when ‘wear’ is
taken to include the material removal processes of
cutting and grinding. The wear of alumina is known
to be strongly dependent on the microstructure,
and on the mean grain size (G) in particular. For
a wide range of wear and abrasion processes the
wear rate decreases as G decreases.'!® For pure
alumina with G in the range 2 to 50 um, the predom-
inant wear mechanism is grain-boundary fracture.
For very fine-grained materials (<1 um) plastic
deformation or polishing seems to be the preferred
wear mechanism and it is likely that in these cases
an underlying slow tribochemical wear mechanism
may become the dominant process.

A tentative model for the wear of polycrys-
talline ceramics of grain sizes in the range 1 to 12
um has been proposed,'' based on microcrack
propagation. This model assumes the preferred
passage of cracks along two-grain boundaries, with
delays in crack propagation occurring at multiple
boundary junctions for readjustment of the direction
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of crack propagation. This ‘stop-go’ crack propa-
gation process is a product of the fluctuating
stress field experienced under bombardment by
multiple erodent particles.

The time (#) for the crack to progress a specified
distance (d) is given by:

t=2(t+1)d/ G e}

where #; (proportional to the mean grain dimen-
sion, G) is the time to traverse a two-grain boundary
face of dimension ~G/2 at a mean rate characteris-
tic of the material, and ¢ (a constant) is the time
taken to realign at a three-grain junction. The
experimentally observed wear rate (W) given by:

W=Ad/t ()

thus becomes
W=AG/2(t+1) 3)
where A is a constant related to the microstructural
crack linking process and the experimental conditions

of the test. 7; can be eliminated by defining a charac-
teristic grain size (G,) for which ¢ = 1. Thus:

1= (G/G,) 1 4
and substitution into eqn (3) gives:
W=4GG,/[24(G+G,) (5)

There should therefore be a proportionality
between W and G / (G + G,) with the plot passing
through the origin, a prediction supported by a
wide range of wear data for which the value of G,
ranges from 1 to 100 um, depending on the nature
of the process.'! The G, term is expected to vary
with the nature of the wear process and conditions,
which affect in particular the scale of the damage
and the way that individual cracks propagate and
link. This wear model specifically focuses on grain
size effects and ignores possible contributions from
other material removal processes less likely to be
grain-size dependent, such as plastic-deformation-
dependent and tribochemical wear. The model is
therefore considered to be applicable to ceramics
with grain sizes above a lower limit of ~1 um;
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microfracture is not observed in ceramics of grain
size <1 um. Porosity has a detrimental effect on
wear properties, but for levels <2% the effects
would be expected to be small.'

The incorporation of nanoparticles (<1 um) of sil-
icon carbide (SiC) into polycrystalline alumina materi-
als is known to confer marked improvements in their
mechanical properties (for example, increased stren-
gth, toughness and creep resistance).'>!> This paper
reports the results of a preliminary investigation
into whether these advantages extend to the wear
properties of hot-pressed aluminas containing
varying proportions of three grades of nanoparticle
SiC powder. The study was based on a simple system
of wet erosion, using a slurry of alumina grit in water.
Direct comparisons of the wear rates for these materi-
als with those for alumina, silicon nitride and zircon
materials are possible because the experimental
technique for wearing the materials was identical
to that used in previous investigations.'®!%17

Experimental

Alumina (Sumitomo AKP53) and silicon carbide
(Lonza o-SiC, UF45, UF32 and UF15 at levels of
5 and 10 wt%) powders were used. The mean par-
ticle size (d) for the alumina was 90 nm and the
maximum (d,,,,) 320 nm; d for SiC ranged from 90
nm (UF45) to 110 (UF15) and d,,, from 320 nm
(UF45) to 500 nm (UF15). The powders were
blended by attrition milling in water with Dispex
A40 dispersant (Allied Colloids, Bradford, UK),
and then freeze-dried. One sample of freeze-dried
alumina without SiC additions (Al,O;-I) was used
as a control material; a second sample of alumina
was also prepared using a spray-drying alumina
powder (Al O;-1I). Discs of material 50 mm in
diameter and ~6 mm thick were hot-pressed in a
graphite die at temperatures in the range 1400 to
1700°C and under pressures of 25 MPa. Selected
hot-pressed discs were given subsequent annealing
treatments under a non-oxidizing atmosphere at
<1900°C to cause grain growth. This process was
carried out under an argon gas flow (100 cm™
min™") and the discs were further embedded in fine
SiC powder as an oxygen getter to prevent oxida-
tion of the nanoparticle SiC. Densities were measured
by the water immersion method using BS7134.
Discs of 25 mm diameter were core drilled from
the larger discs for the wear rate measurements,
and surfaces were ground using a steel-bonded
75 pwm diamond wheel. Worn disc surfaces were
gold-coated and examined by scanning electron
microscopy (SEM); other surfaces were ground
and polished to 1 um diamond, embedded in SiC
powder and thermally etched at 1400°C for

40 min under flowing argon, gold-coated and photo-
graphed by SEM for grain size measurements.

Wet erosion was carried out in a modified high-
torque attritor mill using 0-5 to 1 mm dimension
crushed fused alumina aggregate in water.!%!®¢ The
alumina discs (25 mm diameter and ~5 mm thick)
were clamped between shaped discs of hard poly-
urethane attached to the shaft of the mill, with
~50% of the disc exposed. The sample holder was
immersed in an externally water-cooled slurry consist-
ing of 700 g of alumina grit (of stated purity
92-2% Al,O;, with SiO, and TiO, as the major
impurities) in 250 cm?® of deionized water and rotated
at a speed of 8 Hz with a disc track radius of 36
mm (giving a disc perimeter linear velocity of ~1.9
m s7!). After wearing for 2 h (¢,) and 6 h (,) discs
were ultrasonically cleaned in deionized water,
dried for 20 min at 110°C, and weighed to $0-1
mg (w; and w,). A wear rate (R) measured in m s
was calculated on the basis of the expression:

R=[w —w)/(t,- 1)/ (Ap)

where A, arbitrarily, is the area of the exposed
leading quadrant of the 6 mm thick disc rim
(approximately 1/4 of the total rim area): experience
showed that with this wear configuration very little
wear took place on the disc faces and the face
area (although much larger) was therefore ignored.
This time period was chosen in order to minimize
any effects of initial surface finish at short times
and the significant smoothing of the grit particles
at longer times. The slurry was replaced by a fresh
batch after use for two tests (total time 12 h).
Worn and fracture surfaces of the discs were gold-
coated and examined by SEM.

Mean alumina grain size (G) was measured using
a standard line intercept technique from SEM
photographs. At least 100 grains were measured for
each material, and G obtained by multiplication of
the mean intercept length by the factor 1-56.18

Results

The alumina and alumina-silicon carbide nanocom-
posite materials were produced by hot-pressing and,
for one composition, subsequent annealing, alumina
and SiC powders using the conditions set out in
Table 1, which also summarizes material characteris-
tics and wear rates (the means of two determinations).
The microstructure of a typical nanocomposite
is illustrated by Fig. 1; the uniform distribution of
the nanoparticles of SiC (darker phase) at the grain
boundaries and within the alumina grains is clear.
Wear rate data for the coarser-grained nano-
composite materials, compared with those for a
series of pure aluminas,'® are shown in Fig. 2. For
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Table 1. Materials’ fabrication conditions and properties
Material Hot-pressing Density G (pm) R (nms)
temperature (°C)
(g cm™) %Theoretical
1 ALO;-1 1450 395 99-3 1-3 11-8
2 Al,O;-11 1400 393 98-7 07 2.2
3 +5% UF45 1550 3-87 982 05 1-2
4 +5% UF45 1700 392 99-5 2:0 142
5 +5% UF45 as 3 + 1900 anneal 3-80 95-4 50 16-1
6 +5% UF32 1550 3-88 985 1-0 1-8
7 +5% UF15 1550 3-89 98-8 11 4.6
8 +10% UF45 1550 378 97-0 0-8 1-4
9 +20% UF45 1550 348 912 0-4 59
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Fig. 1. Microstructure of a typical nanocomposite.

greater clarity, data for finer-grained (G <2 um)
materials, for which wear is by mechanisms other
than microfracture, are shown separately in Fig.
3. Examination of the worn surfaces of the pure
aluminas of grain size 22 um predominantly
showed grain-boundary fracture; all the nanocom-
posites, including the 5 um grain size material,
although showing some indication of grain detach-
ment, showed a predominantly smooth wear surface
similar to that of a very fine-grained pure alumina
and indicative of plastic deformation or tribochem-
ical wear. Figure 4 is that of a worn surface of a
2:5 um pure alumina;'® Fig. 5 shows a typical surface
of a worn 5 um nanocomposite material.
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Fig. 2. Wear rate data for the coarser grain nanocomposite
materials, compared with those for pure alumina.!
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Fig. 3. Wear rate data for the finer grain nanocomposite
materials, and fine grain size pure alumina.

Fig. 4. Typical surface of a worn 2-5 um grain size pure
alumina.

Fig. 5. Typical surface of a worn 5 um grain size nanocom-
posite material.
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Discussion

There is a clear improvement in the wear behaviour -

of the nanocomposites in comparison with that of
the pure aluminas of equivalent grain size. For nano-
composites of G 22 um the wear rates were reduced
by a factor of 2 to 3. The data for the finer-
grained materials are less conclusive, but the wear
rate appears to be reduced by a factor of 1-5 to 2.
The deleterious effect of a high porosity level (9%)
is indicated by the poor wear resistance of sample
9 prepared with the addition of 20% of SiC pow-
der, and therefore less easy to densify fully.

One of the best established effects concerning
AL O,/SiC composite materials is the ‘strengthening’
of the alumina grain boundaries by the nanophase.
This is manifested, for example, by relatively smooth
transgranular fracture paths in the nanocompos-
ites, compared with those of pure alumina, and
the smoother surfaces during polishing (indicative
of a reduced degree of grain pull-out).’® These
effects of the SiC nanoparticles on wear rate are also
associated with a change in the nature of the wear
process, from that typical of a large grain material
(where there is relatively easy material removal by
grain-boundary fracture) to that typical of a smaller-
scale material removal process with mechanisms
involving much slower localized plastic deforma-
tion or atomic removal of material. The nanocom-
posites thus have much better wear resistance than
that predicted by the microfracture model, because
of inhibition of the grain-boundary fracture process
by the SiC particles. However, even when the worn
surfaces of the small-grained pure alumina and the
nanocomposites are similar, the wear rate of the
nanocomposite is much slower. It is known that
dislocation substructures form in nanocompos-
ites" and these may reduce the efficiency of pro-
cesses involving plastic deformation.

Conclusions

The incorporation of nanoparticle SiC into dense
polycrystalline alumina leads to a significant reduc-
tion in wear rate and parallels the action of this type
of SiC in improving other mechanical properties
of ceramic materials. Although grain size is the
single most important parameter in determining
the wear rate of pure polycrystalline aluminas, the
presence of nano-phase SiC has (at equivalent grain
sizes) a significant additional beneficial effect. The
presence of the fine SiC particles in the sintering
alumina powder also inhibits grain growth so that,
for given densification conditions, the nanocom-
posites tend to possess desirable fine grain sizes.
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