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The effect of erodent particle properties for solid particle erosion in a series of alumina ceramics
was investigated using alumina and SiC erodents. Using a new model analysis, the results were
interpreted in terms of particle fragmentation effects and related erodent—target properties. An
increase in the erosion rate with increase in the particle-target hardness ratio reported in the
literature is related to these effects but is not actually a direct consequence of hardness. Changes
in the velocity exponents for erosion were observed and can be explained by blunting due to
crushing and fragmentation of larger erodent particles. The quasi-static model for erosion predicts
a reduction in the velocity exponent as the particle-tip blunting increases. In steady state, SEM
observations show that lateral crack controlled erosion mechanisms operate in all cases but, for
certain combinations of erodent and target properties, damage accumulation by plastic punching

occurs.

1. Introduction

Under erosive conditions, it has been suggested that
the relative hardness of the erodent particles and the
target material may play an important role in the
erosion behaviour of brittle materials. Recent obser-
vations by Wada and co-workers [1, 2] have shown
that the properties of the erodent particles affect the
erosion rate and crack morphology of brittle mater-
ials. Wada and Watanabe [1] reported an increase in
the erosion rates when the ratio of the hardness of the
particle, H,, to the hardness of the target, H,, was
increased. In particular, erosion rates increased mark-
edly at a transition point H,/H, = 1. Similar changes
in the overall erosion behaviour and crack morpho-
logy were noticed when the ratio of H,/H, was in-
creased from unity to higher values for aluminas and
SiC-reinforced alumina [2]. Impact events on these
materials using alumina erodents yielded punching-
type events with the absence of lateral cracking. How-
ever, when impacted with SiC particles, typical lateral
crack formation was seen to occur. The velocity expo-
nent using alumina abrasives was also very low and in
the range of 1.3-1.8, compared to values of over 2
obtained for ceramics impacted with SiC. Such
transitions in velocity exponents were also reported by
Sykes et al. [3] on SiC whisker-reinforced alumina
samples impacted with alumina erodent. It was seen
that the velocity exponents decreased from 2.9 to 0.8
with increasing additions of SiC whiskers up to about
25%. When impacted with SiC, the same samples
showed less change in velocity exponents [4]. Invest-
igations by Morrison et al. [5] on the erosion of Siz N,
reinforced with SiC using alumina erodents, reported
a lack of classical lateral cracking. A limited series of
erosion tests by Srinivasan et al. [6] on commercial
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aluminas of varying hardness found that alumina and
SiC erodents gave different results for identical ero-
sion conditions. An effect of the indentation load on
fragmentation and crushing of individual erodent par-
ticles was recently reported [7] and the results in-
dicated the presence of a threshold load for particle-
tip crushing.

The objective of the current work was to systemati-
cally study the effect of erodent particle properties on
erosion in alumina ceramics. The H,/H, effect re-
ported earlier was one aspect of the work. A series of
aluminas with varying hardness, and a single-crystal
sapphire, were eroded using alumina and SiC
erodents. Steady state erosion rates were measured
and SEM observations were used to characterize
single-impact events on polished surfaces and the
steady state eroded surfaces. The results are discussed
in the context of the quasi-static erosion model and
a new adaptation of critical-depth models to analyse
erodent fragmentation effects.

2. Erosion models

2.1. Lateral crack propagation

The most widely accepted mechanistic models for ero-
sion in brittle materials are based on the propagation
of lateral cracks [8, 9]. The elastic—plastic impact of
a sharp particle will produce a damage zone where
residual tensile forces, P, will generate and propagate
subsurface, penny-shaped lateral cracks [10] as shown
in Fig. 1. The erosion rate, AE, is given as the target
volume removed per particle impact

AE oc ¢*h 5))
where ¢ is the equilibrium lateral crack extension and
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Figure | Schematic of an erosion impact event.

h is the depth of formation of the lateral cracks. As-
suming that c is large, the crack behaves as a centre-
loaded penny crack subjected to point loading by
residual forces, P. Standard fracture-mechanics ana-
lysis gives the equilibrium crack extension [11]

1/ P\
= 2lz) @

where K¢ represents the fracture toughness for Mode
I loading. Using quasi-static analysis for the particle
contact conditions [9], & scales with maximum pen-
etration depth of the particle, z.,, Or the mean size of
the indented volume, 13, while P scales with max-

imum contact force, F .,

By OC Zmax (3a)
or

hy o val (3b)
and

P o Fry (3¢)

Substituting into Equation 1 for ¢ and A, the erosion
rate AE for normal impact is given as

AE oc Ki¢*PF3h “4)

where h = h; or h, as above. Using quasi-static ana-
lysis outlined in the Appendix to estimate F,, and
hin terms of particle kinematics and target properties,
one obtains the well-known power-law form for the
erosion-rate equation

AE = constant pHIK “3R™p™ )

where the constant is fixed for given erodent and
impact angle, p,, is particle density, H, is target hard-
ness, K, is target fracture toughness, V' is erodent
velocity and R is erodent size. Note that the right-
hand side of Equation 5 must be divided by R>p, to
get AE in mass/mass units for a given target material.
The exponents, s, g, n and m vary with model assump-
tions. Increase in the target hardness H, increases AE.
The size exponent m =2/3 in all cases and
2/3 < n < 22/9 depending on erodent particle shape
and model assumptions (see Appendix). AE also tends
to increase with p, but the dependence is weak and
can be ignored for the current results.

2.2. Target—particle response — fragmentation
The contact conditions between the impacting erodent

particle and the target are important in determining
the target-particle response and, in particular, the pro-
pensity for erodent fragmentation on a given target.
The analysis of fragmentation effects has been gener-
ally ignored in the erosion literature. Fig. 2a (left)
shows the particle-target contact during impact. For
an impact of a perfectly rigid indentor on to a ceramic
target, the classic lateral cracking mechanism of the
target occurs when the plastic zone in the target ex-
ceeds a threshold size. This reflects the fundamental
scaling relationship between fracture energy and plas-
tic work for localized deformation conditions [12].
The critical penetration depth, d., of the particle-into-
target to initiate fracture (lateral cracking) of the tar-
get depends on the geometry of the indentor as well as
the material or defect properties of the target material.
Following the analysis of Lawn and Evans [13], this
can be written as

. = 55 (7) ©)

where B, is a geometric factor that will depend on
indentor shape and the intrinsic flaw population in the
target, K, is the fracture toughness, H, is the hardness
and E, is the elastic modulus of the target material.
Larger flaw populations tend to reduce P because
fracture initiation will be facilitated.

The indentor (erodent) is not perfectly rigid and the
properties of the erodent particle cannot, in fact, be
ignored. In a similar fashion to Equation 6, one can
consider that the target “indents” the erodent particle
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Figure 2 (a) Critical depth, d,, to generate lateral crack in target
(left) and critical depth, d;, to generate crack in particle (right),
which produces fragmentation. (b) Impact penetration depths z, in
target and z¢ in particle.
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as shown in Fig. 2a (right). In this case, fracture initia-
tion will lead to fragmentation of the erodent. The
critical penetration depth, d;, of the target-into-par-
ticle to cause fracture (fragmentation) of the particle
can be written as

i = 5(5) (2) o

where B, is another geometric constant that depends
on the intrinsic flaw population of the particle. K,
H, and E, now refer to particle properties. One can
expect that B, will be particle-size dependent, ie.
larger erodent particles have a larger population of
flaws (size effect), which reduces B,.

The critical depths d, and d; should be normalized
to account for the actual penetration depths, z, at
impact. These will not be the same for the particle and
target, as shown in Fig. 2b. The quasi-static analysis
(see Appendix) gives the maximum particle penetra-
tion depth z = z,,, (or vi3)oc Hf, where H, is the
hardness of the target material and — 1 <r < — 1/3,
depending on particle shape and model assumptions.
D = d/zis a normalized measure of the ease of fracture
initiation such that larger D signifies a higher resist-
ance to fracture. D = 1 is the threshold condition for
fracture initiation. The ratio D./D; = (d/z)./(d/z); will
be taken as a measure of the relative tendency for
erodent fragmentation. The smaller D /D is, the less
likely erodent fragmentation relative to target lateral
cracking will be. Neglecting E/H, which is approxi-
mately a constant for conventional ceramics (= 20 to
30), D./D; can be written as

D, Bo\ " (Ko \ P (Hp )\
> - constant<E) (E) (E) (8)

where 1 <2 + r < 5/3. The hardness ratio H,/H, and
the fracture toughness ratio K,/K, or geometry-flaw
ratio B,/B. have opposite effects on fragmentation
processes. As shown schematically in Fig. 3, an in-
crease in H,/H, leads to increased erodent fragmenta-
tion while an increase in K,/K, or B,/B; leads to
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Figure 3 Schematic plot showing the relative trend to erodent frag-
mentation or target lateral cracking as a function of the D, /D ratio.
The effect of the various property ratios in Equation 8 is also
indicated.
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reduced fragmentation, and enhanced lateral cracking
of the target.

The analysis of erosion mechanisms will be based
on Equations 5 and 8. The former is a measure of the
maximum propagation of lateral cracks via Equation
2 and involves the target material properties, H, and
K. The latter is a measure of the relative tendency for
erodent fragmentation via fracture initiation and in-
volves a combination of erodent and target property
ratios. A direct connection between erodent frag-
mentation and erosion rate is quite difficult to estab-
lish because it depends on the details of the deforma-
tion-material removal path (implicitly included in the
proportionality constant in Equation 5). It has been
suggested that fragmentation will enhance erosion
rates through secondary erosion effects [14]. How-
ever, fragmentation will also lead to the crushing and
blunting of sharp erodent particle tips, diminishing the
load transfer characteristics and reducing the efficacy
of lateral crack generation. From an energy stand-
point, the energy loss in fragmentation must reduce
the energy transfer to the target and so reduce erosion
rates. Therefore, it appears reasonable to assume that
fragmentation can also reduce erosion rates. This is
the viewpoint adopted by the current authors.

3. Experimental details

3.1. Material specifications

A series of seven different alumina ceramics with grain
size < 10 um were used. Table I shows the specifica-
tions for the different target materials. The fracture
toughness values were not measured as part of this
investigation but, based on existing data, it can
be assumed that these range between about
3.0-3.5 MPam'/? for the materials used here [15-17].
The toughness of sapphire is about 2.0 MPam /%, The
materials were cut into plate samples measuring
25 mm x 25 mm using a diamond saw. The thickness
of the piates varied from 5-8 mm depending on the
manufacturer. The erodent particles were alumina
(Norton E-17 Alundum} and SiC (Norton 37 Crys-
tolon), hereafter referred to as E17 and SiC, respect-
ively, in 63 and 405 um sizes. Stereological analysis
gave similar size and shape parameters for E17 and
SiC [18]. They are both sharp, angular erodent par-
ticles with comparable overall topology. Particles of
405 um SiC and E-17 were cast into metallographic
epoxy and polished flat. The hardness was measured
using a Micromet hardness tester fitted with a Vickers
indentor at a load of 400 g. Similar hardness tests were
made on flat, polished plates of the target materials.
The hardness of the SiC particles was 25.7 GPa while
that of the E17 particles was 16.9 GPa. Table II shows
the ratios of the particle-to-target hardness H,/H, for
both erodents. Toughness data for the erodent par-
ticles is not available.

3.2. Experimental procedure

Erosion testing of the samples was conducted using an
air-blast type erosion rig [18, 19]. The velocity of the
erodent particles in the air stream is controlled by



TABLE I Specifications of alumina target materials

Sample Supplier ALOj% Grain size® Vickers hardness
(wt %) (um) (GPa-400 g load)

A-459 Kyocera 90 1.51 +0.30 8.1

AD-90 Coors 90 2,65 +043 114

AD-995 Coors 95 883 + 148 14.6

A-500 Kyocera 98 8.15 4+ 2.83 154

A-479SS Kyocera 99.5 7.31 + 3.88 17.7

A-56 Kyocera 99.7 4.54 + 1.40 18.2

Sapphire Saphikon 100 Single crystal 222

* Manufacturer’s specifications.

®Samples were polished using Buehler Dialog Method 10.02. The samples A-459, AD-90 and A-500 were chemically etched using 100 % HF.
Remaining samples were thermally etched at 1400 °C for 30 min. Grain size was measured by Heyn’s intercept method

TABLE II Ratio of particle to target hardness (H,/H,)

Sample A-459 AD-90 AD-995 A-500 A-4798S A-56 Sapphire
E17 2.08 148 1.16 1.09 0.95 0.92 0.76
SiC 3.17 225 1.76 1.67 145 141 1.16
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4] of the graph in the steady state regime gives the steady
N state erosion rate in gm/gm. Steady state erosion rates
() for all samples tested are given in Table III. Consider-
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adjusting the pressure of the air. The particle velocity
was calibrated using the paddle-wheel method [20].
Velocities of 40, 60, and 90 ms ™! were used for testing
at normal (90°) impact in all the cases. Erosion of the
samples was measured by recording the weight loss of

able variability was found in the microstructure for
A-459 and erosion-rate measurements did not give
consistent results due to sample-to-sample variation.

Consequently, data for A-459 is not included in
Figs 4-6.

4. Results and discussion
Fig. 4 shows a plot of the steady state erosion rates
versus the hardness ratio, H,/H,, for the three test
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TABLE I11 Steady state erosion rates (10" *gg™')

Sample Erodent Size (um) 40ms™! 60ms ™! 90ms™!
A-459 SiC 63 1.22 3.70 12.75
SiC 405 4.38 16.00 49.76
El7 63 0.68 11.14 24.94
E17 405 4.68 14.38 31.28
AD-90 SiC 63 0.79 2.58 7.94
SiC 405 245 9.20 315
E17 63 0.40 1.31 4.61
E17 405 2.73 6.75 16.49
AD-995 SiC 63 143 4.55 17.50
SiC 405 5.85 14.5 45.50
E17 63 0.39 2.28 8.20
E17 405 483 10.00 22.56
A-500 SiC 63 1.35 3.67 12.25
SiC 405 4.10 13.83 38.86
E17 63 0.61 2.73 8.38
E17 405 2.08 4.03 10.50
A-4798S SiC 63 1.35 4.60 11.85
SiC 405 5.20 16.17 41.00
E17 63 0.44 2.25 7.50
Et7 405 318 6.10 7.83
A-56 SiC 63 1.32 4.60 14.22
SiC 405 5.25 18.25 43.13
E17 63 0.52 2.25 7.83
E17 405 3.09 5.50 11.25
Sapphire SiC 63 0.71 2.85 11.75
SiC 405 6.08 21.75 73.46
E17 63 0.07 0.38 2.08
E17 405 2.75 6.90 16.67

velocities. While some scatter exists, erosion rates
generally decrease with increasing H,/H, for the
aluminas. Sapphire (the smallest H,/H, point on each
curve) shows an anomalously low erosion rate for
63 um E17 particles. The erosion rates for SiC are
higher than for E17 at a given particle size. Larger size
erodents show a larger erosion rate because, even
when AE is normalized as mass removed/mass impac-
ted, there remains an inherent particle size dependence
for AE reflected in the size exponent, m. The values of
m, based on two particle sizes only, showed some
scatter without systematic variation. The measured
values were close to the predicted value of m = 2/3 (see
Appendix) for most cases.

The trend in erosion rates with increasing H,/H,
can be rationalized in terms of the effect of hardness
on lateral crack propagation and erodent fragmenta-
tion. For a given erodent, the ratios K,/K, and B,/B,
can be considered constant for the data shown in Fig.
4. The toughness of sapphire is not simply related to
that for alumina, as will be noted further later. As seen
from Fig. 3, an increase in H,/H, leads to increased
fragmentation of the impacting erodent particles. This
should reduce the effectiveness of lateral crack genera-
tion and reduce erosion rates. Decreasing the target
hardness, H,, reduces lateral crack extension, as reflec-
ted in Equation 5, reducing erosion rates as H,/H,
increases (H, decreases). Both effects lead to decreas-
ing erosion rates with increasing H,/H,, which is the
general trend observed in Fig. 4. However, some in-
crease in erosion rate could occur because of second-
ary erosion processes associated with increased frag-
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mentation [ 14] and this would counteract the decreas-
ing trend to some extent. Based on the analysis given
here, no sharp transition in erosion rates should occur
at H,/H, = 1, and none is observed in Fig. 4.

While the toughness of erodent particles cannot
be measured, based on bulk toughness values, it is
reasonable to assume that SiC has a higher toughness
than E17. Typical toughness value ranges are
3.0-3.5 MPam'/? and 3.5-4.5 MPam*/? for aluminas
and SiC, respectively [15-17, 21]. Polycrystalline
alumina also shows crack growth resistance behavi-
our [22], which will reduce the operative toughness
for the smaller scale fracture events concomitant with
crosion. Given that K, /K, is larger for SiC than for
E17, Fig. 3 shows that less fragmentation should be
expected for the former and the erosion rates should
therefore be higher with SiC. The results in Fig. 4 con-
firm this trend for given erodent particle size and
further suggest that fragmentation effects controlled
by the K, /K, ratio are an important factor in deter-
mining erosion rates.

An interesting anomaly arises in Fig. 4 for the
63 pm E17 erodent on sapphire (lowest H,/H, value).
The erosion rate for 63 pm E17 on sapphire is notice-
ably low compared to the polycrystalline aluminas.
This is not an H,/H, transition effect. The low rate can
be attributed to crack growth resistance effects
(R-curve behaviour). For very small crack-size scales,
as pertain to 63 um erodent impacts, the toughness of
sapphire can actually be larger than that of polycrys-
talline alumina. This results from the fact that, for very
short cracks, the toughness in alumina is controlled by



grain boundary fracture toughness. This can bg signi-
ficantly less than that of sapphire (Al,O3) single crys-
tal (effective fracture energy for grain-boundary cracks
is Yett = 2Ysurface - Ygrain boundary)- For IOngT CraCkS,
the toughness of alumina is controlled by grain-
boundary pull-out and grain-bridging processes, lead-
ing to a higher fracture toughness than for sapphire
single crystal. These crack-size scale effects have been
clearly demonstrated in the studies by Cook et al.
[22]. The implication for Fig. 4 is that K, is relatively
high and K, /K, relatively low for 63 pm E17 impacts
on sapphire because of the small crack-size scale (E17
erodent is polycrystalline alumina). In the light of
Fig. 3 and Equation 5, this implies increased erodent
fragmentation and reduced lateral crack extension.
Consequently, the anomalously low erosion rates are
observed in Fig. 4 for 63 um E17 on sapphire.
Anomalies in the performance of aluminas due to
crack growth resistance behaviour have been reported
in the literature in other contexts [23, 24].

An interesting aspect of the erosion behaviour can
be analysed without having to predict the absolute
value of the erosion rate. This follows by combining
the quasi-static analysis for erodent particle contact
conditions with the lateral crack controlled erosion
model, as outlined earlier. The essential feature of this
analysis rests in the assumption that fragmentation
effects can be treated as bluntings of sharp erodent
particle tips. By considering very sharp (conical) to
very blunt (flat-cylinder) shapes, it can be shown that
the velocity exponent in Equation 5 decreases with
increasing fragmentation (blunting), irrespective of the
details of the model assumptions. The results are sum-
marized in the Appendix.

Velocity exponents for the erosion data were ob-
tained by plotting logarithmically the erosion rate
against particle velocity (Table III). Very good linear
fits were obtained, as is usually the case for ceramics
[25] and the exponent, n, in Equation 5 was obtained
from such plots. Fig. 5 is a plot of the velocity ex-
ponents versus the target hardness, H,. The results
show no systematic correlation with H,/H,. However,
there is a definite shift in the mean exponent values
(horizontal lines) with changes in the erodent particle
size. 63 um particles show higher n values than do
405 um particles for both SiC and E17. Furthermore,
there is a much larger shift in exponents for E17 than
for SiC. This inherent “particle-size shift” for velocity
exponents can be rationalized on the basis of the
geometry-flaw ratio B,/B, in Fig. 3. It is reasonable to
assume that f,/B, decreases for larger erodents be-
cause of their higher intrinsic flaw population (size
effect for brittle solids). This in turn leads to increased
fragmentation and particle-tip blunting for larger
erodents, reducing the n values in accord with the
quasi-static predictions for particle-tip blunting. That
larger size erodents tend to show more fragmentation
is in agreement with the studies of Tilly and Sage [14].

The shift in velocity exponents in Fig. 5 is larger for
E17 than for SiC. This behaviour is consistent with the
expectations in Fig. 3 because K, /K, is larger for SiC
than for E17. The former has less propensity for frag-
mentation and particle-tip blunting. It is also possibie

that E17 has a larger intrinsic flaw population than
SiC and the enhanced fragmentation can result in part
from a smaller overall B,/p, ratio. Alundum-grade
alumina erodents such as E17 are described as being
“friable” sharp abrasives by the supplier [26]. The
actual magnitude of the velocity exponents in
Fig. 5 must be determined by the shape and frag-
mentation characteristics of the particles. Analysis of
E17 and SiC showed that both particles were sharp
and angular, with some differences in shape and form
factors that may affect the exponent values [18].

The decrease in velocity exponents observed by
Sykes et al. [3] is also consistent with a K, /K, effect,
albeit in a different mode. As the amount of SiC
whisker-reinforcement in the alumina matrix com-
posites increased, velocity exponents decreased signi-
ficantly for an alumina erodent. K, increases with
whisker content in such composites and so K,/K,
decreases. This enhances fragmentation as whisker
content increases (Fig. 3) and reduces the n values. The
authors analysed their results in terms of R-curve
effects, which can lead to some decrease in the n values
[3, 6]. However, it appears that erodent fragmentation
is a major factor for the trends observed. Recent re-
sults by Routbort [4] indicate that the velocity expo-
nent shift for the composites studied in [37 is smaller
for SiC erodents.

Fig. 6 shows a typical plot of the erosion rate versus
the inverse grain size for the polycrystalline aluminas.
The inverse grain size for sapphire is taken as zero. It
can be seen that there is no systematic correlation of
the erosion rate with grain size (63 um E17 on sap-
phire shows the anomalously low rate discussed
earlier). The results do not show the grain size depend-
ence required for Ritter’s grain-ejection erosion model
[27], thus supporting a lateral crack controlled ero-
sion mechanism.
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Figure 5 Velocity exponent, n versus target harness (GPa) for the
materials listed in Table I. Mean-value horizontal lines are shown
with n values indicated. The mean-value velocity exponents are 3.52
and 1.86 for (O) 63 and (1) 405 pm E17, respectively, and 2.95 and
2.78 for (@) 63 and (M) 405 um SiC, respectively.
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Figure 6 Erosion rate versus inverse mean grain size for the mater-
ials listed in Table I. (O) 63 and (0J) 405 um E17; (@) 63 and (M)
405 pm SiC.

Scanning electron microscopy (SEM) observations
of single impacts on polished surfaces were made to
provide insight into the erosion mechanisms. Typical
results for 405 pum E17 and SiC impacts on sapphire
are shown in Fig. 7. A plastic-punching type impact
with the absence of lateral cracking is seen for E17.
SiC impact events under similar conditions showed
classic lateral cracking, as can be seen in the figure.
Confocal laser microscopy (CLM) was used to
measure the width and depth of the plastic-punching
zone for the 405 um E17 impacts as well as the width
and depth of the lateral crack zone for SiC impacts.
The results shown in Fig. 8 indicate a smaller width
and shallower depth for the punching events on sap-
phire. Similar trends were observed for polycrystalline
aluminas impacted with E17 and SiC.

The plastic-punching impacts observed for E17 sug-
gest increased fragmentation due to decreased K, /K
for E17 on alumina or sapphire targets. Particle-tip
blunting is sufficiently adverse so as to prevent the
generation of lateral cracks altogether in this case,
leaving only a plastic indentation zone at the impact
site. It is clear from this observation that fragmenta-
tion should inhibit lateral crack controlled erosion.
Direct evidence for particle-tip crushing effects were
recently reported by Murugesh and Scattergood [7].
405 pm erodents were mounted on to microhardness
indentor fixtures and used for indentation tests on
sapphire plates. Particle-tip crushing and fragmenta-
tion was observed using an indentation-replication
technique with polished copper as the replicate mater-
ial. As indentation load increased, fragmentation ini-
tiated and became more severe. Although particle-
to-particle variation was evident, E17 underwent no-
ticeable fragmentation at lower loads than SiC. It is
pertinent to note in this regard that the lower H,/H,
ratio for E17 on sapphire implies less fragmentation
for E17 relative to SiC (Fig. 3), which is contrary to the
observation. K,/K, thus emerges as a key parameter
for fragmentation effects.
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Figure 7 Scanning electron micrographs of single impacts on sap-
phire at V' =90ms~. (a) 405 pm E17, and (b) 405 pm SiC.

Figure 8 Confocal laser microscope profiles of single impacts on
sapphire at ¥ = 90 ms ™!, (a) 405 um E17, and (b) 405 um SiC. The
average width, w, and depth, d, of impact events are w = 57.7 and
22.1 pm for SiC and E17, respectively, and d = 5.04 and 2.95 pm for
SiC and E17, respectively.



SEM observations of steady state erosion surfaces
offer a quite different picture of erosion mechanisms
than do the single impact observations in Figs 7 and 8.
In virtually all cases, the steady state surfaces show
clear evidence of lateral crack controlled erosion. Fur-
thermore, differences in surface morphologies for E17
versus SiC erodents cannot be detected, in spite of the
clear differences noted in Fig. 7. Figs 9 and 10 show
typical SEM observations of the steady state surfaces
for sapphire and AD995 alumina, eroded under sim-
ilar conditions with E17 and SiC erodents. The sur-
faces show the classical features of impact zone debris
and lateral crack fracture events. The latter are ex-
pected to occur along grain boundaries for the poly-
crystalline aluminas. In spite of the very similar steady
state erosion surface appearance, the differences in
erosion rates between E17 and SiC can be large. For
example, the 63 um E17 rate is a factor of 7.5 less than
the SiC rate for the surface morphologies shown in
Fig. 9.

The similarities in steady state erosion surfaces for
E17 and SiC erodents and, in particular, the lateral
crack morphology evident in steady state for E17,
suggest that the operative erosion mechanism involves
a damage accumulation process. Since single impacts
of E17 produce plastic-punching, with insufficient
plastic zone size (critical penetration depth) to initiate
lateral cracks, multiple impacts are needed to build up

the requisite zone size for lateral crack generation.
Stated otherwise, multiple impacts are needed to drive
the plastic zone depth to that corresponding to the
critical penetration depth, d., for a single impact.
Thus, the “average” critical penetration depth event
for E17 erodents is actually the accumulation of dam-
age depths from multiple impacts. Nevertheless, the
primary material removal mechanism is still the
propagation of lateral cracks. The lack of effective
lateral crack generation for a single impact event must
in turn be related to particle-tip fragmentation and
blunting effects. That damage accumulation is neces-
sary is also supported by the fact that, compared to
SiC, E17 erodents were observed to display long ero-
sion-rate transients prior to achieving steady state.
Fragmentation and blunting of erodent particle tips
also leads to the generation of Hertzian cone (ring)
cracks. Hertzian cracks are normally associated only
with spherical indentors. The fact that they can be
observed for the sharp erodents used here is further
evidence of blunting by fragmentation. A Hertzian
crack generated by a single impact of a 405 um E17
particle on sapphire is shown in Fig. 1ta. Fig. 11b
shows an interesting feature found on steady state
erosion surfaces for both sapphire and alumina. The
very round “worm-hole” feature observed on sapphire
in Fig. 11b cannot be due to microstructural variation
such as porosity but instead must be a result of the

Figure 9 Scanning electron micrographs of steady state erosion surfaces on sapphire at ¥ = 90 ms ™", (a) 63 pm E17, and (b) 63 um SiC. Note

the round hole appearing in (b) which is discussed in the text.

Figure 10 Scanning electron micrographs of steady state erosion surfaces on AD995 alumina at ¥ = 90ms™"'. (a) 63 pm E17, and (b) 63 pm

SiC.
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interconnection of Hertzian cone cracks with subsur-
face lateral cracks, removing a circular plug of mater-
ial (another example can be seen in Fig. 9). Hertzian
cone crack effects are consistent with the damage
accumulation processes noted earlier because the for-
mer are indicative of plastic-punching events occur-
ring simultaneously with lateral crack controlled ero-
sion. Shear band features were occasionally observed
on the steady state erosion surfaces in alumina and
sapphire. Shear microbands for an impact event on
sapphire are shown in Fig. 11c. These are reminiscent
of the thermally induced shear-flow instabilities occur-
ring during very high-speed cutting operations [28].
This implies that quite high temperatures can be
achieved locally for favourable erosion contact condi-
tions. Furthermore, such shear bands do not require
the presence of a glassy second phase in the micro-
structure.

A comment on the relationship of erodent-to-target
properties and the role of H,/H, is in order. The
interesting results reported by Wada and Watanabe
[1] initially suggested that a critical transition point
for the erosion behaviour occurred at H,/H, = 1. Ero-
sion rates increased sharply above this point. No evid-
ence was found in the current investigation to verify
this effect, either theoretically or experimentally. In
fact, it now appears that the erodent—target toughness
properties play a more important role than hardness
in dictating phenomena such as reduction in erosion
rates due to erodent fragmentation. The previous
authors [1] varied H,/H, by using a series of different
erodents on a given target material. It is likely that the
toughness ratio, K,/K;, entered into their results and
was implicitly included in the H,/H, plots. Glass was
among the erodents used for the lower H,/H, values.
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Figure 11 Scanning ele¢tron micrographs for 405 pm E17 on sap-
phire at ¥ =90ms~1, (a) Hertzian type cone cracks about the
impact site, (b) “worm-hole” morphology produced by Hertzian and
lateral crack interaction as discussed in the text (see also Fig. 9b),
and (c) shear bands within the impact site.

Certainly a lower value of K /K, could suppress ero-
sion rates for glass erodents, and possibly others,
through fragmentation effects. For the results ob-
tained here, a fixed erodent and a series of target
materials with the same nominal toughness were used
to investigate the H,/H, effect. K /K, was isolated and
the role of H,/H, could be more clearly identified.

Finally, while effects related to erodent—particle
fragmentation have been used to help rationalize the
experimental results, direct measurements of frag-
mentation during erosion were not made. Such
measurements may be possible by careful determina-
tion of erodent particle-size distributions taken before
and after erosion tests. Because particle-tip crushing
can be localized [7], special attention will have to be
paid to analysing subtle changes in the fine end of the
particle-size distribution curves. Undertaking this
kind of study was beyond the scope of the present
investigation.

5. Conclusions

The work reported here was aimed at investigating the
relationship between crodent and target properties
during solid particle erosion for a series of aluminas
and sapphire. E17 (alumina) and SiC erodents were
used. New models were developed to help elucidate
the role of toughness, hardness and erodent frag-
mentation effects. The results of this investigation sup-
port the following conclusions.

1. Using a critical-depth criterion for fracture ini-
tiation and recognizing that erodent and target will
simultaneously undergo localized plastic deformation
at impact, a relative measure of the propensity for
erodent fragmentation can be derived. Particle-to-
target ratios of hardness, H,/H,, toughness, K /K|,
and geometry-flaw characteristics, B,/p;, play a role in
fragmentation phenomena. The amount of fragmenta-
tion is predicted to increase as H,/H, increases or as
K,/K, or B,/B, decrease.



2. Results obtained for a series of aluminas did not
confirm the H,/H, effect reported earlier in the literat-
ure, where erosion rates increased sharply with in-
creasing H,/H, above the transition point H,/H, = 1.
Furthermore, no theoretical basis could be established
for such a transition. It appears that the earlier work
may implicitly have included K,/K, effects that re-
duced erosion rates by fragmentation, giving the ap-
pearance of an H,/H, trausition point.

3. It is difficult to establish a direct connection
between erodent particle fragmentation and steady
state erosion rates. The results obtained here are,
nevertheless, consistent with a reduction in erosion
rate for increased fragmentation. Furthermore, by in-
cluding particle shape effects in the quasi-static ero-
sion model, it was shown that the blunting of sharp
erodents due to fragmentation will reduce velocity
exponents. Because of a decrease in B,/B, with increas-
ing erodent particle size via flaw population statistics,
velocity exponents are expected to decrease as particle
size increases. The experimental results confirm this
expectation. Because of lower K,/K, values, the velo-
city exponent shift is noticeably greater for E17
erodents than for SiC on aluminas.

4. In certain cases where crack size scales are very
small, crack growth resistance effects (R-curve behavi-
our) can be inferred from the erosion-rate data. In
particular, sapphire can have a significantly larger
toughness than polycrystalline alumina in the short
crack limit, thereby modifying the effective K, and
K,/K,, producing anomalously low erosion rates.

5. When conditions are favourable for particle-tip
fragmentation, plastic-punching type single impacts
are observed on polished surfaces rather than classical
lateral cracking. Nevertheless, the steady state erosion
surfaces display lateral crack controlled morphology
when single impacts under identical conditions pro-
duce plastic-punching. Evidently, damage accumula-
tion processes underlie the steady state erosion mech-
anisms. Multiple plastic-punching impacts build up
the requisite critical penetration depth (plastic zone
size) needed to generate lateral cracks. The observed
erosion rate transients and the existence of Hertzian
cone crack damage are consistent with this viewpoint.

Appendix — quasi-static analysis

Erosion models for brittle materials are derived using
the centre-loaded penny-crack fracture mechanics
analysis for lateral cracks given in Equation 4. This
gives the erosion rate AE in terms of F,,, and A
A “contact model” analysis is needed to obtain these
quantities in terms of erodent-target properties and
kinematic variables such as impact velocity. The
quasi-static analysis [9] captures the essential features
and is the easiest to develop.

Fig. Al shows a contact event for a perfectly rigid,
sharp, conical-shaped particle. The particle has mean
size, R (base radius) and apex angle, 2. For penetra-
tion depth, z, the parameters characterizing the con-
tact geometry are

Vo = volume of cone = mR? (Ala)
°© T © 3tan\ 4
a = contact radius = ztany (Alb)

na’
= indented vol = —
v indented volume Jtany (Alc)

In the quasi-static approximation (no inertial forces),
the particle contact force F(z) balances the tractions
exerted by the target material and

F(z) = ma?H, = nH,z%tan*{ (A2)

where H, is the target hardness (in principle, strain-
rate effects should be included in H, and K,). The
analysis is carried out here for normal impact, because
this is the case used for the experiments. Further
assumptions are needed to deal with oblique impact,
for example, only the normal component of the con-
tact force contributes to erosion. It is then assumed
that the plastic work done is a fixed fraction of the
particle kinetic energy so that

J o F(z)dz =

0

Wplastic YKE

1
Y5 Pp VO Vz

3 (A3)

where p, is the particle density and y is a transfer
coefficient equal to the fraction of kinetic energy used
in plastic deformation work. Substituting and evaluat-
ing the integral, while for simplicity combining all
unnecessary geometric factors into the propor-
tionality constants, one obtains

Zmax = constant pi*H 3RV (Ada)
valy = constant p}H*PRV??  (Adb)
Fmsx = constant p? HY3R2V*P  (Ado)
where V' is the erodent velocity, R is the size, p, is

particle density and H, is target harness. v repre-

sents the mean size of the maximum indented volume.
For other than the conical shape, z,,, and v will not
involve the same combination of exponents as in
Equation A4. For development of the erosion model
in Equation 5, scaling-law assumptions are made such
that the residual tensile force, P, is proportional to
F,... and the depth, h, is proportional to either z,,, or
vL3 as indicated in Equation 3. Residual tensile force
results because of the plastic constraint existing after
elastic unloading, as has been documented by indenta-

tion studies [ 10, 11]. Tt is the residual tensile force that

z\\w
-

Figure A/ Schematic diagram of the impact of a conical-shape
erodent particle.
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TABLE Al Parameters and relations from quasi-static analysis. Proportionality constants are omitted for z,,,, etc. The exponents s, q,
m and n pertain to Equation 5. The right-hand side of Equation 5 is divided by R*p, to obtain the values of s, g, m and p shown for AE in

mass/mass
Shape Zmax vrln/ﬂg;( Fmax AEl(h = Zmax) AEZ (h = vrln/ai

s q m n s q m n
Cone pLAH 1B Ry pLAHI Ry pZIHIB R 43 29 19 3 29 29 19 23 22/9
Sphere piPH '?RV paRH YRRV py2HI*R*V 16 23 23 73 0 1/3 273 2
Cylinder p.H 'RV? pilPH ‘PR3 H.R? 0 /3 273 2 -2/3 1 2/3 273

drives the lateral cracks which cause erosive material
loss. Substituting Equation A4 into Equation 5 results
in the final phenomenological form for the erosion
rate given in Equation 5. The right-hand side of Equa-
tion 5 should be divided by p,R* to obtain AE as mass
target eroded/mass erodent impacted. Target density
is essentially constant for the aluminas used here and
is omitted.

An interesting trend can be obtained from the
quasi-static analysis by varying the particle shape
from conical (very sharp) to spherical to flat-cylin-
drical (very blunt). The analysis is carried out just as
indicated above but with appropriate changes in the
geometry relations. Full details have been given else-
where [18]. The results are summarized in Table Al
The particle shape trends in AE are independent of
model assumptions (h = z,, or vl) but the actual
numerical values for the power-law exponents will
vary. In particular, notice that the particle size expo-
nent is fixed at m = 2/3 while the velocity exponent, n,
decreases as particle shape changes from sharp to
blunt. Using h = v}3, n decreases from 22/9 to 2/3.
Velocity exponent trends from the model analysis can
be used to rationalize the fragmentation effects, as
discussed in the text. Fracture toughness enters as
K. #? in all cases while target hardness, H,, varies as
shown in Table Al. A weak dependence on erodent
particle density, p,, is also shown. Density corrections
to the experimental data were not made here, and the
values reported in Table IIT are mass/mass, as is meas-
ured directly in the testing procedure.
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