ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Journal of the European Ceramic Society 31 (2011) 85-95

ELRRS

www.elsevier.com/locate/jeurceramsoc

An indentation model for erosive wear in Al,O3/SiC nanocomposites

LP. Shapiro®*, R.1. Todd®, J.M. Titchmarsh®, S.G. Roberts"
& University of Manchester, Materials Science Centre, Grosvenor Street, Manchester M1 7HS, UK
5 University of Oxford, Department of Materials, Parks Road, Oxford OX1 3PH, UK

Received 29 April 2010; received in revised form 1 July 2010; accepted 20 July 2010
Available online 15 September 2010

Abstract

The erosive wear resistance of Al,O3; has been shown to be improved by the addition of 5vol.% of sub-micron sized SiC particles to form
a ‘nanocomposite’, in agreement with previous results. The erosive wear was measured directly, and also estimated by an indentation model
consisting of closely spaced grids of indentations that mimic the effect of successive particle impacts; in the model, particle impacts cause sub-
surface cracking but loss of material from the surface occurs only from an impact within a region damaged by a previous impact. The volume of
material lost from within indentation grids was used to predict the wear rate. These predictions agreed well with the directly measured values.

The commonly observed change in fracture mode from intergranular for Al, O3 to transgranular for nanocomposites was confirmed. Transgranular
fracture can allow a smaller volume of material to be removed during an impact and hence increase erosion resistance.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Nanocomposites

‘Nanocomposites’, consisting of AloO3 with a few percent
of sub-micron sized SiC particle additions, initially caused great
excitement as they were reported to show considerable increases
in strength! and increased toughness> compared to Al,O3. Sub-
sequent work has not been able to reproduce these results.>*
However, it is well-established that the fracture mode changes
from characteristically intergranular for Al,O3 to transgranular
when SiC is added.>® The wear resistance of nanocomposites
has also been consistently found to be greater than that of alu-
mina during abrasion’-® and erosion.>%!9 Nanocomposites also
exhibit smoother surfaces compared to Alp,O3 after identical
polishing treatments.!!

* Corresponding author.
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1.2. Wear testing

Erosion of Al,Oj3 results in two regimes: ‘mild’ and ‘severe’
wear.!”> Mild wear is thought to proceed through plastic
deformation whereas severe wear involves brittle fracture.
Miranda-Martinez et al.!3 found that, for the erosion conditions
they used, smaller grain size (1 pwm) Al,O3 wore in the ‘mild’
regime (smooth wear surface) and larger grain size (12 pm)
Al,O3 wore in the ‘severe’ regime (rough wear surface). A
related effect is that the wear rate of Al,O3 has a strong depen-
dence on grain size.'>!* Even for a given grain size, Al,03-SiC
nanocomposites are found to have lower erosive wear rates than
Al,05.3:9:10 (Al,03-SiC nanocomposites also generally have
finer grain sizes than monolithic alumina, further increasing
their wear resistance.) Kumar et al.!® also measured a further
reduction in abrasive wear rate when 1 wt.% Y, O3 sintering aid
was added to 5 vol.% SiC nanocomposites. However, absolute
values of wear rate cannot confidently be compared between the
various different studies as they used different wear conditions
and equipment.

Reduced abrasive wear rates are also observed for nanocom-
posites compared to AlpO3. For example, Ortiz-Merino and
Todd® found the wear rate with 5vol.% SiC was less than half
that of Al,O3 of similar grain size when abraded with 45 pm
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diamond. Similarly pin on disk wear testing under aggressive
conditions has shown a marked reduction in wear rate for SiC
nanocomposites compared to Al,03.117

Ortiz-Merino and Todd? attributed the improvement in abra-
sive wear resistance of the nanocomposites to the change in
fracture mode (from intergranular to transgranular) and devel-
oped a model where the wear rate is dependent on the area
fraction of ‘grain pullout’. The amount of grain pullout tends
to be reduced in the nanocomposites as transgranular fracture
allows a volume smaller than the whole grain to be pulled out
rather than the whole grain as would occur in Al,O3. This
hypothesis directly links the changes in wear rate to the change
in fracture mode. Kara and Roberts!® observed a greater degree
of transgranular fracture on the eroded surfaces of nanocom-
posites and so the mechanism described by Ortiz-Merino and
Todd may also apply to erosive wear. Recent work’ has shown
that a secondary factor in the improvements in wear resistance
in the nanocomposites is that intragranular SiC particles sup-
press the formation of microcracks during plastic deformation
by indentation or abrasion.

1.3. Modelling erosion behaviour

The way materials are damaged by erosion was linked to their
indentation fracture behaviour by Evans and Wilshaw.'® They
found that lateral indentation crack extension could be enhanced
by an adjacent indent and that, at a critical load and material
dependent spacing, lateral cracks from each indent merge, and
chips of material are lost from the surface. This process could
provide a mechanism for erosive wear.

The extent of cracking around an indentation is linked to the
material’s toughness and hardness!® and to the contact load;
Evans and Wilshaw'® developed an equation relating the wear
rate to these parameters. However, for Al;03-SiC ‘nanocom-
posite’ materials the SiC addition is found to significantly
improve the wear resistance above that of Al;O3 despite having
little or no effect on the hardness and toughness.?”

Franco and Roberts?! observed that in the early stages of ero-
sive wear, isolated particle impacts produced sub-surface cracks
but did not remove material in the form of wear debris. They
hypothesised that a subsequent impact close to these cracks
was what caused large amounts of debris to be released from
the surface. Franco and Roberts?? extended the theory that the
interaction between two impacts controls wear to develop a
quantitative model (Eq. (1)). This equation is based on the idea
that an area of sample, A, is exposed to a flux of particles, @,
each impact of which causes sub-surface cracking that ‘primes’
an area, ap. A subsequent impact in the primed area will result
in that area losing a flake of material with area a,,. At the start
of erosion the total area of primed surface, Ap, will increase.
However, as the removal of material restores fresh ‘unprimed’
surface the proportion of primed surface will reach a steady state,
i.e. the rate of change in Ap with time, ¢, is zero:

dAp
7:(AO_Ap).gp.ap_Ap-<1§-aw=0 (D

Hence:
Ap_
Ao aw + ap

@)

The rate at which material is eroded is given by the number
of impacts on the primed area (Ap-@) multiplied by the volume
of material lost due to each of these impacts. The volume of
material removed at each impact is related to its area (ay), depth
(d) and shape («).
av a
— =A, ®-ay-a-d=A)—"—®-ay-a-d (3)
dt ap + ay

The erosive wear rate is then the loss in material volume with
respect to time per unit area:

ap - aw-o-d

R = ) 4

ap+aw

Franco and Roberts?® and Twigg et al.>* suggested that the
critical spacing between impacts (which is related to ap) and the
volume of material removed per impact in the primed area, ay,,
can be estimated using arrays of indentations. Indentation arrays
in alumina were made at loads equivalent to those of the impact-
ing erodent particles with incrementally decreasing spacing to
find the spacing at which material is lost from the surface due
to lateral cracks linking up.>3?* For an evenly distributed flux
of erosive particles the smaller this critical distance, the longer
the time between an area being primed and a particle impact-
ing within the critical distance, and hence material being lost,
leading to a lower erosive wear rate. Consequently the larger the
critical distance the more frequently material is expected to be
lost and the greater the erosive wear rate.

1.4. Outline of experiments

This work compares the erosive wear resistance of AlyO3
with an Al,O3-5vol.% SiC nanocomposite material and also
the effect of a Y, O3 sintering aid. The erosive wear resistance is
compared to the damage that occurs within grids of indentations
at various spacings. Quantification of the damage that occurs
within these grids is used to test the validity of the erosive wear
model of Franco and Roberts.??

2. Experimental methods
2.1. Materials preparation

AlpO3 and Al,O3-5vol.% SiC ‘nanocomposite’ materi-
als were produced using conventional processing with and
without 0.15wt.% Y,Os sintering aid.!> Appropriate quanti-
ties of Al,O3 (99.99% pure, AKP50, Sumitomo, Japan), SiC
(>97.4% pure, 0.45 pm, UF25, H.C. Stark, Germany) and
Y(NO3)3-6H>0 (99.9% pure, BDH, UK; which decomposes to
Y>03 on heating) were ball milled in aqueous suspension for
3h using Al;O3 media. To help dispersion 0.1 wt.% of Dispex
A40 (Ciba, Switzerland) was added and, to help green body
formation, 4 wt.% polyethylene glycol (PEG) was added. Pow-
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Table 1
Sintering temperature, sintered density and grain size of the materials studied
(from ref.?).

Material Sintering Density (% Grain size (pum)
temperature (°C) theoretical)

Al O3 1550 99.7 3.17

AL O3 +Y,03 1550 100.0 2.25

Al O3 +SiC 1775 99.2 191

AL O3 +SiC+Y,03 1750 100.1 2.03

ders were subsequently freeze-dried and uniaxially pressed at
137 MPa.

All materials were sintered in a flowing N> atmosphere
(44cm? cross-section alumina tube with a flow rate of
300 cm3/min; LTF18, Lenton Furnaces, UK). The furnace was
heated at 3 °C/min and held at the sintering temperature for
120 min before cooling at the same rate. The microstructure
of these materials and the grain boundary segregation found
to occur in them has been previously reported in detail.>> The
sintering temperatures, the sintered densities and grain sizes are
summarised in Table 1. Before wear and indentation testing the
sintered disks (~20 mm diameter) were flat-bed ground on each
side and subsequently diamond polished with successive grades
down to 1 pm.

2.2. Erosive wear testing

Erosive wear rate was measured using a ‘rotating-jet slurry
wear tester’ designed, constructed and calibrated by Franco and
Roberts'* and illustrated in Fig. 1. The sample to be tested
was held in the ‘jet body’ which was rotated at 180 rev/min in
slurry consisting of 81 of water and 1.5 kg of SiC grit particles
with mean diameter ~780 pwm (24C6, Washington Mills, Electro

Motor
T i
Buffer
Rotating jet Paddle
body / sample
holder | Slurry
60 mm I I 85 mm
‘ 275 mm ‘
; 35 mm .
I 1
= Exhaust
E £
Slurry S E ¢ Sample

Fig. 1. Top: cross-section through the ‘rotating-jet slurry wear tester’. Bottom:
cross-section through the ‘rotating-jet body’/sample holder.

Mineral Ltd., UK).'* The nylon jet body consisted of a funnel
which accelerated the slurry into a tube at the end of which the
sample was positioned. This ensured that particle impacts were
normal to and confined to a particular area of the sample surface.

Samples were initially weighed then eroded for a total of 12 h
with the sample removed, dried and weighed after 1, 2, 4, 8 and
12 h erosion. The erosive wear rates were calculated using Eq.
(5), where p is the specimen density, Ajyp is the impacted area
and Aw/At the rate of weight loss. Ajmp was calculated from the
diameter of each of the wear craters (between 7.2 and 7.7 mm)
and Aw/At is taken as the gradient of the best fit line of weight
loss against time.

1 Aw
P Aimp \ Af

2.3. Fracture behaviour

The surfaces of samples eroded for 12 h were examined by
SEM (S520, Hitachi, Japan). The degree of transgranular and
intergranular fracture was estimated for each material. Micro-
graphs were each divided up into a 10 x 10 grid and the number
of rectangles which were considered to contain an area major-
ity of intergranular fracture were counted; this figure was then
used as the percent intergranular fracture. Areas on the surface
(rather than points) were used due to the difficulty in assign-
ing a fracture mode at a single point. However, statistical rigour
would require that 100 defined points rather than areas should
be sampled, although the differences in values are expected to
be minor. Fracture was also induced by a crude 3-point bending
rig using a G-clamp to load rectangular beams approximately
25 mm x 5 mm x 5 mm. The degree of transgranular and inter-
granular fracture on these surfaces was also estimated as above.

2.4. Erosive wear model

The impact of particles on the surface which occurs during
erosive wear was modelled by arrays of indentations.

Indentations were made using a Berkovich indenter in an
instrumented microhardness tester (CSM instruments, Switzer-
land). Sets of 9 indentations were made in square arrays with
the central indentation made last. Arrays were made with inden-
tation spacing of 40.0, 34.6, 30.0, 26.0, 22.5 and 19.6 pm with
100 pm gaps between grids repeated 3 times for each material.

The indentation load was set as 4.9 N. This load was an appro-
priate load for damage to interact at a suitable spacing to be
observed in an optical microscope and is of the same order as
the load (2 N) that Franco and Roberts'# estimate as equivalent
to the impact force of erosive particles under the conditions used
in this work. Loading and unloading took 30 s with a 15 s hold
period at maximum load.

An optical profilometer (white light interferometer,
MicroXAM, ADE Phase Shift, USA) was used to measure the
volume of material lost due to fracture within and around each
set of 9 indentations. The instrument averaged the data from 5
focal scans to produce a height map. The software (MapVue
version 6.32, ADE Phase Shift, USA) was used to calculate the
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Fig. 2. Weight loss with time for four Al,O3 samples with no additions showing
linear weight loss with time but variation between samples. Error bars lie within
symbols.

volume below the plane of the undisturbed surface outside the
indentation grid. This volume represents the volume of material
lost from the surface due to fracture plus the volume of the 9
indentations. The volume of material lost was averaged for the
3 grids at each spacing.

2.5. Sub-surface crack observation

Focused Ion-Beam milling (FIB 200, FEI Company, USA)
was used to examine regions below the surface of apparently
undamaged areas between indentations.

Samples were carbon coated to prevent charging and a 5nA
gallium ion beam was rastered over a 10 pum x 60 pm rectangle
for 32 min. The beam raster was set to dwell longer at the top so
as to make a stepped trench. Once this trench was completed the
beam current was reduced to 1 nA and the beam rastered over a
60 wm x 1.5 pm rectangle positioned to overlap the top edge of
the previous trench. This second pass cleaned and polished the
surface of interest.

After etching the sample was removed, recoated with carbon
and examined by SEM (JEOL 840F, Japan). The specimen was
tilted 60° towards the detector resulting in the surface of interest
being tilted 30° away from the detector. Samples were then ther-
mally etched at 1475 °C for 30 min in a vacuum furnace (Lenton,
<108 mbar, 5°C/min heating/cooling rate) to reveal the grain
boundaries, then carbon coated and re-examined by SEM.

3. Results
3.1. Erosive wear

The weight loss was plotted against erosion time and found
in all cases to give a straight line as shown for Al,O3 in Fig. 2.
Due to variation in wear rate between specimens, at least 3 sep-
arate specimens of each material type were tested. The results
of each wear test and the average for each material are shown in
Fig. 3. There is considerable scatter within the data however the
addition of SiC is seen to cause a decrease in average wear rate,
and this decrease is extended when Y,Oj3 sintering aid is added.

Wear rate (nm/s)

. 2

2 T T T T
ALO,  ALO,+Y,0, Al,O,+SiC  Al,0,+SiC
+Y50,

Fig. 3. Measured () and average values (O) of erosive wear rate with standard
deviation shown.

For each material type typical eroded surfaces are shown
in Fig. 4, and typical fracture surfaces in Fig. 5. Fig. 6 shows
the fraction of transgranular fracture measured on the eroded
and fractured surfaces. The materials with SiC show a greater
tendency towards transgranular fracture after both erosive wear
and fracture in 3-point bending.

3.2. Indentation model

Fig. 7 shows a set of indentation grids on a nanocomposite
material with Y,0O3 sintering aid. It can be seen that the grids
made at wide spacing (40 and 34.6 um) tend not to result in
damage to the surrounding surface. However as the indenta-
tion spacing decreases, damage starts to occur within the grids
and results in material being lost from the surface. The severity
of the damage continues to increase as the indentation spacing
decreases.

Typical height maps derived from optical profilometry are
shown in Fig. 8 for widely spaced grids (undamaged) and for
more closely spaced grids (damaged). The volume of impres-
sion below the surface level varies between 1.2 x 10> um? for
the undamaged grid (Fig. 8a) and 1.8 x 10* wm? for the severely
damaged grid (Fig. 8b). For the undamaged grid this volume rep-
resents the volume of the 9 plastic hardness impressions whilst
for the damaged grid this volume includes both the volume of
material lost from the surface and the plastic hardness impres-
sions. The maximum recorded depth also varies from 3.2 pm for
the undamaged grid to 11.9 wm for the severely damaged grid.

In Fig. 8d a grid with moderate damage shows a high point
(white) around the central indent which indicates that some lat-
eral cracking has occurred and allowed the surface to lift up.
This raised section of material has remained attached to or rest-
ing on the underlying material resulting in only 2.5 x 10° pm?
material having been “lost” from the surface. However when
this sample was immersed in ethanol and ultrasonically cleaned
for 2 min the raised flake was removed (Fig. 8c), and the volume
of material lost increased significantly to 7.2 x 10> wm?>. The
effect of ultrasonic cleaning on the volume of material lost from
the surface is also illustrated in Fig. 9. In erosive wear testing
loose material is likely to be removed by continuing impacts and
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(c) Al203 + SiC

(d) Al203 + SiC + Y203

Fig. 4. Surfaces after 12 h erosive wear (all to same scale). Fracture appears to be predominately intergranular except for the materials with SiC added (c and d)

which show a greater degree of transgranular fracture.

by the fluid flow. Hence the volume measured after cleaning is
expected to be more representative of an erosive wear situation
and it is these values that are considered in this paper.

Fig. 10 shows the volume of material lost plotted against grid
spacing for all the material types tested. The transition in vol-
ume of material lost from a low to a high value occurs at closer
grid spacing for materials containing SiC (between 26.0 and
30.0 pm) than for those without (between 30.0 and 34.6 wm).
The volume of material lost from severely damaged grids is also
reduced for materials containing SiC (~1.8 x 10* um?) com-
pared to those without SiC (~2.2 x 10* wm?). There is no clear
difference between materials with and without Y03 sintering
aid additions.

The differences in fracture mode seen after erosive wear
and 3-point bending are also reflected in the lateral crack-
ing that occurs within the indentation grids. Figs. 11 and 12
show nominally undamaged 40 wm spaced grids in Al,O3 and
a nanocomposite respectively. FIB trenches across both grids
reveal sub-surface lateral cracking. Thermal etching reveals that

in the Al,O3 material the crack follows an intergranular path,
while in the nanocomposite material the fracture path is trans-
granular.

4. Erosive wear rate modelling

Franco and Roberts’ model?® uses the concept that there is a
critical distance between impacts from erodent particles below
which lateral fracture from each impact links up and results in
the loss of material. The critical spacing at which damage from
neighbouring impacts links up can be estimated as the spacing
at which damage starts to occur within indentation grids, and the
volume of material lost with each of these critical impacts can be
estimated by the volume measured using optical profilometry.

The critical spacing at which damage starts to occur can be
taken as the spacing between indentations when a significant
volume of material starts to be lost from the sample. We set this
volume as 1 x 10% um? (indicated by the dotted line in Fig. 10)
which is mid-way between “high” and “low” values. To define a
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Fig. 5. Fracture surfaces created by 3-point bending (all to same scale).

critical spacing the grid spacing at which this volume is lost from
the sample is interpolated between the grids above and below
the significant volume. These values are given for each material
in Table 2. The area encompassed by this critical radius is taken
as the area primed by a single erosion impact.

The average crater volume for grids below the critical spacing
is given for each material in Table 2. These volumes represent the

I Erosion
100+ - Bending

90+
80+
70
60+
50-
40
30+
20
10+

% Transgranular fracture

ALO;  ALO;+Y,0, Al,O,+SiC ALO,+SIC
+Y20,

Fig. 7. Optical image of 3 sets of indentation arrays of grids of between 19.6
and 40.0 pm spacing for the nanocomposite material containing Y,O3 sintering

Fig. 6. Percentage of transgranular fracture area on eroded surfaces and fracture d
aid.

surfaces created by 3-point bending.
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-7 pm B +2 pym

]
40 um

Fig. 8. Optical profilometry height maps of indentation grids in the nanocomposite material containing Y, O3 sintering aid. Image (a) is an undamaged 40 pm spaced
grid (1.2 x 10° wm? impression volume); (b) is a severely damaged 22.5 wm spaced grid (1.8 x 10* wm?> material lost); (c) and (d) are the same 30 pm spaced grid
after cleaning (c, 7.2 x 10 wm?® material lost) and before cleaning (d, 2.5 x 103 wm? material lost).

material lost resulting from 9 sub-critically spaced indentations,
i.e. a grid which has 12 nearest neighbour spacings. The volume
of material lost due to a pair of critically spaced erodent impacts
is estimated as one-twelfth of the average crater volume from
each sub-critically spaced grid.

20
mg —@— Before cleaning s
o 161 —{— 2 min cleaning
g —\— 4 min cleaning
E 12
8
8
© 8+
£
‘s
£
E 41 SR
S
0 + t t + t t
40.0 346 30.0 26.0 225 196
Grid spacing (um)

Fig. 9. The volume of material lost from the surface of the nanocomposite
sample as aresult of indentation grids at various spacings averaged over 3 repeats
at each spacing. The circular points show the volume before cleaning whilst the
squares show the volume lost after ultrasonic cleaning for 2 min. The triangles
are repeated optical profilometry measurements of the same grids after a further
2 min ultrasonic cleaning.

Franco and Robert’s model also includes a term for the area of
surface that is removed in each chip (and is therefore no longer
primed). The area of the crater was not conveniently measured
using optical profilometry; however an estimate could be made
using the depth of the craters (given in Table 2). If the depth to
area ratio of the crater is assumed to be 1:3 (e.g. a quarter of a
sphere) the worn area is 3 times the crater volume divided by
the maximum depth.

25
. ] - Al,0, i
e -0 ALD, + Y,0, '.O"/ \
o 20 -4 ALO, +SiC e B
2 Y + SiC + . Thhspans
T AlLQ, + SiC + Y,0, e, “
g 15 4 "
E 4
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T 10 -
£
5 |
g 54
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40.0 346 300 26.0 225 196
Grid spacing (um)

Fig. 10. The volume of material lost against grid spacing plotted for all four
materials studied. The volume lost is generally reduced for the materials con-
taining SiC. The dashed horizontal line is proposed as an arbitrary transition
above which material starts to be ‘eroded’ from the surface.
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Fig. 11. SEM images of a stepped trench in a 40 pm grid in pure Al,O3 shown
flat in (a) and at 60° tilt in (b) to show the ‘polished’ section. The area in the
dotted box is detailed unetched in (c) and thermally etched in (d). Intergranular
cracking is indicted by arrows.

The estimates for area primed, the volume of material lost
due to a pair of critical impacts, the surface area removed and
the flux of particles (8.60 x 107 m~2s~!) previously measured
for the erosive wear tester used in this work!# are used as inputs
for the model (Eq. (4)) to estimate erosive wear rates. These are
given in Table 2, and compared with the experimental values.
Though the trends in experimental erosive wear rate are repro-

(b)

duced by the model, the modelled values are ~10x higher than
the experimental ones. This is discussed in the following section.

5. Discussion

5.1. Wear and fracture behaviour

The variations in erosive wear rate of the materials stud-
ied here are consistent with previous results for Al,O3 and
Al,03-SiC nanocomposites.g‘l1’15‘17 The erosive wear rate is
reduced when SiC is added either with or without the sinter-
ing aid addition. Wear rate in Al,Os3 is always dependent on
grain size!3 so some caution has to be exercised to ensure that
the improvement in wear rate is not simply because of grain
size refinement (Table 1) due to grain boundary pinning by
SiC.2> However when grain size is carefully controlled most
researchers consider that the SiC addition improves the wear
resistance of Al,03.3%10.20 The reduction in wear rate when
Y,03 sintering aid was added to the nanocomposite material
is certainly significant as there is a slight increase in grain size
when this addition is made.

The change in fracture mode from intergranular to transgran-
ular when SiC is added is clear and consistent with previous
data.> Fracture paths in 3-point bending fracture surfaces, ero-
sive wear surfaces and sub-surface cracks within indentation
grids all show this transition.

5.2. Indentation model of erosive wear

The difference in response of the materials to indentation
was clear from visual inspection of the indentation grids. The
Al>,O3/SiC material resisted chipping between indentations to
closer spacings compared to plain Al,O3. The profilometry val-
ues for volume of material lost confirmed this trend. The increase
in volume lost occurred at wider grid spacings for Al,O3 com-
pared to the nanocomposite. The nanocomposite materials also
showed reduced crater volume once damage did occur. How-
ever, no obvious effect of Y,0O3 addition was seen either with or
without SiC (Fig. 10).

(c)

Fig. 12. SEM images of the ‘polished’ section of a stepped trench in a 40 pm grid in Al,O3 with SiC added (a). The area in the dotted box is detailed unetched in

(b) and thermally etched in (c). Transgranular cracking is indicated by arrows.
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Table 2

Experimental values for critical grid spacing, average volume lost from grids and crater depth plus calculated values for primed area (a;,), worn area (ay) and modelled
erosive wear rate (R). Experimental erosive wear rates at a lower impact load are included for comparison.

Material Critical grid Primed area, ap Average volume  Crater depth, d Worn area, ay, Modelled wear Experimental
spacing (um) (x10~10m?2) lost from grid (m) (x10710m?) rate, R (49N wear rate (2N
(x10* pm?) indents) (nms~')  impacts) (nms~')
AL O3 31.8 7.93 1.84 11.45 4.01 87 9.2
AlLO3 +Y,03 32.0 8.05 1.83 10.27 447 85 8.2
AL O3 +SiC 28.1 6.22 1.56 9.20 425 67 6.1
AlLO3+SiC+Y,03 29.0 6.59 1.60 9.05 441 69 4.1

When the parameters from the indentation grids are used as
inputs to Franco and Roberts’ model?? to estimate wear rates,
a reduced wear rate is predicted for materials containing SiC
(~68 nm s~ ! compared to ~86 nm s~ for plain Al,03), though
no significant effect is predicted for the Y,0O3 addition. These
values are an order of magnitude higher than the experimental
erosive wear values (~4 to ~9 nms~!) and also show a slightly
smaller relative difference between Al O3 and nanocomposites.
The factors expected to influence the parameters in Franco and
Roberts” model and consequently the wear rates predicted by
Eq. (4) are discussed below.

5.2.1. Indentation/impact load

Changes in indentation/impact load will influence both the
extent and the depth of cracks formed. For an isolated indentation
the extent of cracking will depend on the indentation load chosen
as well as the materials parameters of hardness, modulus and
toughness, with the length of cracks scaling as the 2/3 power
of load.!® Consequently the area primed (ap) will be expected
to scale with the 4/3 power of load. The worn area (ay) is also
related to the extent of cracking from two indentations/impacts
so will also be expected to scale with the 4/3 power of load.

The depth at which lateral cracks form is likely to be related to
the indentation depth. By definition, hardness is the ratio of load
to projected indentation area, hence for a given indent geometry,
depth is proportional to the square root of load and the depth (d)
of craters is expected to vary similarly.

If these relationships are all considered Eq. (4) is expected
to show that predicted wear rate (R) will depend on load to
the power 11/6. In the present work indentations were made at
~2.5 times the load that Franco and Roberts'* measured for
the erodent particles impacts in the erosive wear equipment.
Hence the wear rates predicted are expected to overestimate the
experimental values by ~5.4 times. (Indentations were not made
at a lower load as this would have required more closely spaced
grids which would be more sensitive to surface imperfections,
and because the reduced volume of material lost would also have
been more difficult to measure accurately.)

A further effect may be that the lower effective loads for
impacts encountered in the wear test may not always initi-
ate a fracture event. The inhibition of crack initiation in the
nanocomposites’ would then produce an additional reduction in
wear rate compared to alumina. The rate of loading will also be
different between indentation and erosion which may result in
different fracture behaviour.2

5.2.2. Criterion for primed area

The critical spacing from the indentation grids was deter-
mined using a fairly arbitrary criterion for the volume threshold
which was considered to be ‘significant’ damage. This thresh-
old was used to define the area primed (ap) hence the criterion
selected will alter the predicted wear rate.

5.2.3. Criterion for volume lost

The indentation model also involved grids of 9 indentations,
rather than pairs of impacts as considered in Franco and Roberts’
model.>? The grid of 9 indentations has 12 nearest neighbour
gaps so the volume of material lost from the grids was taken
to represent 12 times that which would have been lost due to a
pair of impacts. This assumption allows the worn area (ay) to
be calculated using the volume, depth and shape of the crater.
However if the volume lost was not due to 12 nearest neighbour
interactions an error will be introduced into the predicted wear
rate.

5.2.4. Shape of wear craters

An assumption for the shape of wear craters (shape factor, «)
was necessary to calculate the worn area (ay) using the volume
and depth (d) of the craters within indentation grids and hence
if false this assumption will alter the predicted wear rate. If the
shape of craters is similar between materials this will represent a
systematic error; however if different fracture paths in different
materials lead to different shaped craters the relative values may
be affected. For example, if the transgranular fracture mode in
nanocomposites creates a shallower crater, the predicted wear
rate will be exaggerated for nanocomposites.

5.2.5. Measurement errors

All the inputs are subject to measurement errors. For exam-
ple, an error in the flux of erodent particles'* would also cause
a discrepancy between experimental and predicted wear rates.
These errors however would not be expected to influence the
trends between materials.

Despite these sources of uncertainty the model (outlined in
section 1.3) is thought to reflect the fracture process that occur
during erosive wear and the fit to a factor of ~2 between the
observed and (load-corrected) predicted erosive wear rates indi-
cates that the model is valid.
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5.3. Mechanism for erosive wear

The mechanism for erosive wear described by the indenta-
tion model together with the change in fracture path between
Al,O3 and nanocomposites suggest that the erosive wear rate
difference between the two materials is controlled by changes
in fracture behaviour. A reduction in extent of lateral crack-
ing around impacts or indentations reduces the primed area and
hence wear rate. A reduction in primed area was observed for
grids in nanocomposites compared to Al,O3. Similarly the vol-
ume of material removed once damage does link up was also
reduced for nanocomposites compared to AloO3 which will also
result in reduced erosive wear rate.

As has previously been suggested for abrasive wear of Al,O3
and Al,03-SiC nanocomposites,’ changes in the path of lateral
cracks can reduce the volume of material chipped away from the
surface. A transgranular fracture path could allow a fraction of a
grain to be removed as a chip where as intergranular fracture may
force the crack to propagate around a whole grain. The change
in fracture mode to transgranular for nanocomposites during
erosion could be considered to reduce both the primed area and
the volume of material lost due to impacts of erosive particles.
This change in fracture path between Al,O3 and nanocomposites
was directly observed for shallow lateral cracks (Figs. 11 and 12)
although the depth of indentation craters measured suggest that
deeper lateral cracks would also be involved for erosive wear at
similar impact loads.

6. Conclusions

Erosive wear testing has shown a reduction in wear rate for
Al,O3-SiC nanocomposite materials compared to Al;O3. Con-
sistent with previous work, this change is attributed to a genuine
change in erosive wear behaviour due to the presence of SiC, as
the variations in grain size between the different materials tested
were minor. A clear change in fracture mode with the addition of
SiC was also observed on wear and fracture surfaces and around
indentations, consistent with previous studies.

Grids of indentations have been used to model the effect
of particle impacts on a ceramic surface during erosion. This
model has been shown to be effective in distinguishing, both
qualitatively and quantitatively, between Al,O3 and Al,O3-SiC
nanocomposite materials. Experimental constraints limited the
similarity of particle impact/indentation load in the direct ero-
sion experiments and the indentation-grid model; however, the
wear rates predicted (67-87 nms~!) by the indentation model,
when adjusted for the likely effects of these differences in load
(giving ~12 to ~16nms~!) are in reasonable agreement with
those measured directly in erosive wear tests at lower impact
load (4-9 nm s~!). It should be noted that whilst some assump-
tions were necessary to calculate a predicted wear rate using
the indentation model no fitting or calibration parameters were
used. This supports the validity of the mechanism proposed by
Franco and Roberts?? for material removal during low-speed
impact erosive wear of ceramics, in which sub-surface crack-
ing generated by a particle impact is needed before subsequent
impacts cause damage to link up and material to be lost.

This work also implies that the differences in erosive wear rate
between Al O3 and Al,O3—-SiC nanocomposites can be linked to
the change from intergranular fracture in Al,O3 to trangranular
fracture in AlO3-SiC nanocomposites, as has been previously
described for abrasive wear of similar materials.”
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