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Abstract

Solid-particle-erosion studies were conducted on biomorphic SiC based on eucalyptus and pine, reaction-bonded (RB) SiC, and
hot-pressed (HP) SiC. The erodents were angular SiC abrasives of average diameter 63, 143, or 390 um and the impact velocity was
100 m s~!. Impact occurred at normal incidence. Material loss in all targets occurred by brittle fracture. The biomorphic specimens
eroded by formation of both lateral and radial cracks and their erosion rates were higher than both conventional SiCs. The RB SiC
eroded as a classic brittle material, by formation and propagation of lateral cracks. The HP SiC, the hardest target, was the most
erosion resistant. In erosion of the HP SiC, the abrasive particles, especially the largest ones, fragmented upon impact. The resulting
dissipation of energy led to relatively low erosion rates. Flexural strength before and after erosion was measured for the biomorphic
eucalyptus, RB SiC, and HP SiC. Erosion damage reduced the flexural strengths of all of the specimens. The relative strength
reductions were lowest for the biomorphic eucalyptus and highest for the HP SiC. The hot-pressed SiC responded as predicted by
accepted models of impact damage in brittle solids. The responses of the biomorphic and reaction-bonded SiC specimens were
modeled as if they consisted of only SiC and porosity. This approximation agreed reasonably well with observed degradations of

strength.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

A common feature in strong, lightweight materials is
microstructural complexity.! This complexity is evi-
denced in biological structural materials such as wood,
shells, and bones.? Several efforts have focused on pro-
ducing artificial ceramic microstructures that resemble
those of natural materials (continuous-fiber reinforced
ceramics,® porous ceramics,” ceramic fibrous monoliths,*>
etc). Natural materials, perfected by evolution, offer opti-
mal mechanical response with low density. Their micro-
structures typically contain interconnected pores.%’

In recent years, a novel processing method of ceramic
fabrication uses carbonized-wood templates to produce
SiC by reactive gas- or liquid-Si infiltration.®~!> The
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general approach consists of a rapid and controlled
mineralization of the wood. The final SiC material
keeps the wood microstructure and some of its excellent
properties.

The mechanical properties of monolithic SiC ceramics
have been studied widely.!® Those of biomorphic SiC
are less well known.!%1>=15 Among the properties of
interest is resistance to solid-particle erosion,'”-!3
because material loss by erosion may be a concern in
certain applications, such as heat exchangers. The
effects of surface damage on strength are also of
concern.'”

In this study, we have conducted solid-particle ero-
sion tests on reaction-bonded (RB) SiC, hot-pressed
(HP) SiC, and two candidate biomorphic SiCs, fabri-
cated by liquid Si infiltration of pyrolized scaffolds of
eucalyptus and pine. Strengths in flexure have also been
measured before and after erosion testing. The goals of
this work were to establish the response of biomorphic
SiC to erosion and to determine the effects of erosive
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damage on strength in comparison to the responses of
conventional SiC ceramics.

2. Experimental procedures
2.1. Specimen preparation and microstructure

Basic features of biomorphic SiC fabrication process
have been described elsewhere.!%'> The first step was
selection of appropriate wood precursors to achieve a
particular microstructure and set of properties.'> Each
wood was cut to a basic shape, and then pyrolized in Ar
at 1000 °C. The resulting carbon templates lost ~60%
of the initial weight and about 70% of the initial
volume, but kept intact the microstructure of the
wood.!3 The templates were shaped carefully and infil-
trated in vacuum with molten Si at 1550 °C. SiC formed
by a rapid and spontaneous reaction, without measurable
change of volume or shape of the template.

Sufficient reaction and good mechanical properties
can be achieved with pore sizes >5 um. To produce
good final products, excess Si over the stoichiometric
amount is always necessary (20—100%), with the excess
increasing as the typical pore size of the template
increases. If necessary, unreacted Si can be removed
from the material in a second heating cycle in which Si
is soaked away from the porous structure by a carbon
cloth. Final biomorphic SiC materials are always a
combination of SiC with some unreacted Si and C.?°

For this study, Flanders pine and white eucalyptus
were selected. The first had a typical density of 0.53 g
cm~ and the second 0.84 g cm™3. They represented
lower and higher ranges of densities and microstructures
for efficient infiltration. Final products were, respec-
tively, 1.740.1 and 2.0£0.1 g cm—3. The initial excess
of Si was larger in the pine than in the eucalyptus. The
first had maximum SiC fraction of 34% and the second
63% when the reaction was complete.

The microstructures of carbon templates of the SiC
materials are documented in Figs. 1 and 2. The intrinsic
anisotropy of the wood was transferred to the bio-
morphic SiC. [Along the length of the tree (axial), the
materials are typically stronger than in the perpendi-
cular direction (radial).!#] The pore structures of the two
types of wood were vastly different. Pine exhibited
basically a single-modal porosity that covered ~50% of
the section, as measured in the carbon perform, with a
typical size of 15 um. Dispersion of porosity size was
due to differences in the wood cell size in different sea-
sons. Eucalyptus exhibited bimodal porosity. Large
pores from the vascular vessels of the tree, with an
average size of 21 pm, covered 12% of the section, as
measured in the carbon template. Small pores from the
wood cells, with a typical size of 2.1 pm, covered 30% of
the section.!>

The RB SiC was archival material from earlier ero-
sion tests, Noralide NC-430 (Norton, Worcester, MA,
USA). It consisted of 88.5 wt.% SiC and 10.5 wt.% Si
in a duplex microstructure. The RB SiC consists of 50
vol.% large (=100 um) SiC grains, surrounded by a
two-phase mixture consisting of 35 vol.% small SiC
grains and 15 vol.% Si. Details can be found in the lit-
erature.!”>!® The HP SiC was also tested previously:
NC-203 (Norton, Worcester, MA, USA) consisted of

Fig. 1. Microstructure of the carbon template of a Flanders pine
perform, that keeps the same microstructure of the starting wood.
A single-mode array of cells is evident in this radial cross section.

Fig. 2. Microstructure of the carbon template of a white eucalyptus
perform, that keeps the same microstructure of the starting wood. A
bi-modal array of cells is evident in this radial cross section.
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95-99% SiC having an average grain size of ~2-3 um,
with a maximum grain size of ~10 um. Both materials
were >99% dense.!8:?!

Specimens for erosion testing were cut from billets
with a diamond-bladed saw. The average specimens for
determination of erosion rate were approximately
3x10x x25 mm for the eucalyptus-based SiC, 3x20x25
mm for the pine-based SiC, and 3x25x25 mm for the
RB and HP SiC. No surfaces were polished. Smaller
specimens were also prepared for study of individual
impact sites.>>?*> These were polished with 1-pm
diamond paste.

Specimens for fracture tests were prepared from ero-
ded and as-received materials. For the eroded materials,
fracture specimens were cut to widths of approximately
3 mm. Final specimen dimensions were approximately
3x3x25 mm. No surfaces were polished because of the
relatively porous structures of the biomorphic ceramics.
Polishing would not be likely to alter flaw population
significantly. Similar specimens were cut from as-
received materials. The tensile surfaces of the RB and
HP SiC specimens were polished with 1-um diamond
paste and the edges were beveled.

2.2. Erosion and strength tests

Solid-particle erosion tests were carried out in a
slinger-type apparatus that has been described pre-
viously.?* Tests were conducted in vacuum (approx. 500
mTorr), and thus aerodynamic effects were negligible.
The feed rate of the erodent was ~8 g/min. At such a
slow rate, interactions between particles were negligible.

The erodent particles were angular SiC abrasives
(Norton Co., Worcester, MA, USA) with mean dia-
meter (D) of 63, 143, or 390 um.>* The particle velocity
was 100 m s~! and the angle of impact was 90°. Two
specimens of each type of SiC were eroded under each
set of conditions. The eroded surfaces of the biomorphic
SiC specimens were ~8-20x 19 mm; the eroded surfaces
of the RB and HP SiC specimens were 19x25 mm.
Steady-state erosion rates (ER, in mg g~!) were deter-
mined from plots of the specimen weight loss versus
weight of particles impacting the surface. At least four
runs were conducted for each specimen. Following each
run, specimens were removed, brushed, cleaned by an
air blast, and weighed. It is estimated that the average
weight-loss measurements were accurate to £2%. The
uncertainty arose due to slightly incomplete cleaning of
the surfaces.

Specimens eroded with 143-um SiC were used for
post-erosion strength tests. Four-point fracture tests
were conducted with an Instron Model 4505 apparatus
(Canton, MA, USA). The loading rate was 0.5 mm
min~!. The inner load span was 6 mm and the outer
load span was 19 mm. The maximum size of the erosion
specimens determined the size of the samples used for

strength testing. The relatively small sample size could
affect strength results.

Eroded and fractured surfaces were examined by
scanning electron microscopy (SEM). Single-impact
damage sites were also examined by SEM in order to
elucidate the weight-loss mechanism. All specimens
were coated with Au—Pd and examined in a JEOL 5400
(Peabody, MA) or Hitachi S-4700-I1 microscope
(Tokyo, Japan).

3. Results
3.1. Erosion tests

Representative data for weight loss versus dose of
impacting SiC particles are shown in Fig. 3. ER values
were defined as the slopes of linear least-squares fits to
the data. The results for the HP SiC were consistent and
nearly identical. The RB SiC, which exhibited some
microstructural variation, also exhibited slight scatter in
the data. The biomorphic SiC specimens exhibited sig-
nificant apparent variation in the weight-loss data. This
variation is attributable to differences in eroded areas
between nominally identical specimens, and to differ-
ences in erosion rate caused by microstructural effects.

Data of erosion rate versus average diameter of
impacting particles are shown in Fig. 4. In two com-
monly cited models of erosion of brittle materials, the
quasistatic model of Wiederhorn and colleagues®>2® and
the dynamic model of Evans et al.,?” it is predicted that
ERx o« D%7. Power-law fits to the data of Fig. 4 are
shown in Table 1. The RB SiC and pine-based bio-
morphic SiC data fit the prediction of the models rea-
sonably well, the eucalyptus-based biomorphic SiC less
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Fig. 3. Weight loss vs. erodent dose for specimens eroded by 143-um
SiC at 100 m/s: biomorphic eucalyptus (circles), biomorphic pine
(diamonds), RB SiC (triangles), and HP SiC (squares—the open
squares are covered by filled squares).
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well, and the HP SiC not at all. In fact, the particle-
diameter exponent was negative for the HP SiC.

The first question related to microstructure is the
condition of the erodent after testing. Most useful
models of erosion response are based on the erodent
particles remaining intact.>>=3! None of the particles
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Fig. 4. ER vs. SiC erodent diameter D for biomorphic eucalyptus
(circles), biomorphic pine (diamonds), RB SiC (triangles), and HP SiC
(squares).

exhibited significant fracturing when striking the RB
SiC or biomorphic targets. When striking the HP SiC,
the 63-um SiC exhibited virtually no and the 143-pm SiC
minor fracturing. However, the 390-um SiC exhibited
substantial fracturing (Fig. 5).

The single-impact sites were generally characteristic of
erosion of brittle solids. Little difference was observed
among the various types of SiC. Three basic types of
events were observed. Some of the impacts evinced all of
the features that lead to material removal: indenting,
radial-crack formation, and spalling of the target caused
by propagation of lateral cracks (Fig. 6). Most impact
sites were similar, but crack development was not so
clear (Fig. 7). Fracture patterns at damage sites in the

Table 1
Erodent mean-diameter exponent and linear correlation coefficient R
for erosion of various SiC ceramics by angular SiC particles

Specimen D exponent R value
Eucalyptus 1 1.53 0.977
Eucalyptus 2 1.04 0.990
Pine 1 0.85 0.940
Pine 2 0.63 0.843
Hot-pressed 1 —0.003 0.032
Hot-pressed 2 —0.14 0.685
RB 1 0.55 0.983
RB 2 0.62 0.992

Fig. 5. SEM photomicrographs of SiC erodent particles that struck the HP SiC: 63-um SiC (a) before and (b) after impact; 143-um SiC (c) before

and (d) after impact; and 390-um SiC (e) before and (f) after impact.
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(b)

Fig. 6. SEM photomicrographs of single impact by 143-pm SiC erodent: (a) biomorphic pine and (b) RB SiC. Radial crack indicated by arrow.

Fig. 7. SEM photomicrographs of single impact by 143-um SiC erodent: (a) biomorphic pine, in which a variable microstructure is evident; (b) HP
SiC, in which damage and plasticity are evident.

Fig. 8. SEM photomicrographs of single impact of HP SIC by 390-um SiC erodent: (a) classical radial and small lateral cracks, and fracture debris
from the erodent, are evident; (b) significant fracture and embedding of erodent are observed.
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(b)

Fig. 9. SEM photomicrograph of steady-state surfaces of (a) biomorphic eucalyptus, for which voids are evident and relatively large sections appear
to have been removed (arrows); (b) biomorphic pine, in which large voids and finer channels are evident.

Table 2
Four-point flexural strength before (o,,) and after (o) erosion testing

Specimen o, (MPa) oo (MPa) % decrease
Eucalyptus 13012 98+36 25

Pine Not tested Not tested -
Hot-pressed 570£28 2674140 53

RB 245420 168+30 31

eroded biomorphic SiC specimens revealed the complex
microstructures of these ceramics, which consists pri-
marily of a strongly interconnected SiC frame and
unreacted Si and C.

As expected, the size of the damage site scaled with D.
However, impact by the HP SiC by 390-um SiC yielded
damage sites with different appearances. In particular,
clear evidence of significant fracturing of the SiC
erodent was observed (Fig. 8).

The steady-state erosion surfaces all indicated similar
mechanisms of material removal. Brittle, cleavage-like
fracture was dominant. At high magnification, all types
of SiC exhibited similar eroded surfaces. At lower mag-
nification, the biomorphic SiC exhibited several rela-
tively large holes and smaller channels indicative of the
fibrous structure of the host woods (Fig. 9). Many of
the pine- and one of the eucalyptus-based SiC specimens
fractured during erosion testing when they were
clamped into their holder.

3.2. Strength tests

Results of the four-point flexural tests are shown in
Table 2. The pine-based SiC was not tested because it
was too porous to remain intact throughout the erosion
testing. The scatter in the strength data reflects both
statistical standard deviation and estimates of measure-
ment accuracies. From two to four specimens were tes-
ted per condition.

As expected, the HP SiC was initially the strongest
and the eucalyptus-based SiC the weakest. The average

strengths of 570 MPa for the HP SiC and 245 MPa for
the RB SiC were typical of what is commonly
obtained.?? The lower strength of the eucalyptus-based
SiC is attributable to its porous microstructure.!>!4

Erosive damage was least severe in the HP SiC, but its
effect on strength was the greatest. The reduction of
strength in the RB SiC is also evident after erosion. On
the other hand, less significant reduction of strength was
measured in the eucalyptus-based SiC. Even though the
average strength decreased, the error bars of the
strength measurements, 13012 MPa before erosion
and 98 36 MPa after erosion, overlapped.

SEM examination of fracture surfaces revealed that
cleavage dominated the fracture processes. The RB SiC
exhibited two scales of fracture events. Large cleavage
fractures were evident in the SiC regions, and finer
cleavage fractures were evident in the duplex SiC+ Si
regions between the larger SiC aggregates. In places, the
HP SiC exhibited a mixture of transgranular cleavage
and intergranular fracture (Fig. 10).

4. Discussion
4.1. Erosion results

Erosive damage from sharp particles impacting dense
brittle solids has been studied for decades and models
are effective in predicting a material’s response. With
impact at normal or near-normal incidence, material
loss occurs from the following sequence of events: (1)
Indentation creates an elastic-plastic zone beneath the
impacting particle. (2) Radial cracks perpendicular to
the specimen surface are created beneath the elastic-
plastic zone. (3) As the erodent particle recoils, a
resulting tensile stress state induces formation of lateral
cracks approximately parallel to the surface. (4) The
lateral cracks propagate to the surface and chips are
removed.?>?” The models are based on energy transfer
to the target. Given that the scale of the damage was
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Fig. 10. SEM photomicrographs fracture surface of: (a) biomorphic eucalyptus, in which cleavage predominates; (b) HP SiC, in which some inter-
granular fracture is evident; and (c) RB SiC, which exhibits two scales of cleavage.

small relative to the biomorphic SiC membrane thick-
ness, these models should apply. If the erodent particles
fracture significantly, the models may lose some of their
utility.28-30

Taking the dynamic models of Evans and coworkers
as representative, for impact pressure p, radial cracks of
length ¢z form:

2/3
e = [F*(E/H)'/KH Y] p, (1)

where F* is a geometric factor, E is the target elastic
modulus, K. is the target toughness, and H is the target
hardness.3!-33 The lateral cracks that form have length

‘L

o = A[F(E/H)3/4/KCH1/4]l/zps/g, ()

where A4 is a constant, F is a geometric factor, and the
other terms are as defined in Eq. (1). Longer cracks
imply more rapid erosion,’* with the volume of material
removed varying as approximately ¢7. In conventional
monolithic ceramics, when particles impact at near-
normal incidence, lateral cracks induce mass loss, but
the radial cracks do not contribute significantly to
material removal.>>=31-33-35 For impact at oblique inci-
dence, however, radial cracks can lead to material
removal.3¢

Erosion rates expressed in terms of volume (ER,) can
be predicted from particle impact parameters and target
materials properties. Taking, as an example, the model
of Wiederhorn and coworkers for erosion of brittle
solids by sharp particles,?-26-37

where V' is the particle velocity, R is the particle radius,
p is the particle density, and K. and H are as defined

previously. If erosion rate is expressed on a mass basis,
then for radius R (or, equivalently, diameter D)

ER « R"7 @)

The prediction of ERxD®7 was approximately valid
for the pine-based SiC and the RB SiC, but not for the
eucalyptus-based SiC or the HP SiC (Table 2). The data
sets shown in Figs. 3 and 4 were sufficiently consistent
that deviations from the predicted dependence of ER on
D can be interrogated. The eucalyptus exhibited a
stronger dependence on D than predicted. The most
likely cause derives from its microstructure, which
replicated that of the host wood. Channels and pores
were present (Figs. 1 and 2), and they affected erosion
significantly.

It has been shown, for example, that for impact of
brittle materials at oblique incidence, the radial cracks
that are produced are at an angle to the surface and that
they can contribute to material loss from the target.3¢
Radial cracks can also contribute to material loss when
they drive through a relatively thin wall. Such an event
is shown schematically in Fig. 11. The shaded region is
lost without formation of lateral cracks. Larger ero-
dents produce deeper radial cracks. The propensity for
material loss to occur from radial cracking should
increase with erodent diameter. If such a mechanism
represents a significant fraction of the total wastage,
then a stronger-than-predicted dependence of ER on D
should result, as occurred for the eucalyptus.

This speculation is supported by three additional pie-
ces of information. The pine also featured pores and
channels, but the SiC walls of the pine were thicker than
those of the eucalyptus. The average D exponent for the
pine was 0.74, which is slightly greater than predicted
for material loss by purely lateral-crack formation.
Thus, the pine data follow, at least approximately, the



868 A.R. de Arellano-Lopez et al. | Journal of the European Ceramic Society 24 (2004) 861-870

(a) (b)

Fig. 11. Schematic diagram of erosive damage in SiC ceramics: (a)
conventional mechanism of indentation producing an elastic-plastic
zone and radial crack, followed by lateral crack formation as the ero-
dent particle recoils; (b) impact into thin member in which radial crack
induces material loss.

expected trend implied by consideration of radial
cracks. More importantly, SEM images of the eroded
surfaces of the eucalyptus exhibit clear evidence of rela-
tively large-scale material removal (Fig. 9a). These lar-
ger-scale events may be related to wall fractures caused
by radial cracks. Most importantly, the erosion rates of
the biomorphic SiC specimens were all significantly
higher than for the monolithic SiC specimens. Material
loss by combined action of lateral and radial cracks
could account for the differences.

On the other end of the spectrum, the HP SiC exhib-
ited a much weaker dependence of ER on D than pre-
dicted. The data in Fig. 2 can be divided into two
response regimes. There were slight increases in erosion
rate with an increase in D from 63 to 143 um. There
were then clear decreases in ER with an increase in D
from 143 to 390 um. As shown in Fig. 5, the 63-pum did
not fracture upon impact into the HP SiC, the 143-um
erodent fractured only somewhat, and the 390-um ero-
dent fractured into small pieces. Larger erodents con-
tain more severe flaw populations and are subject to
more severe shock during impact. They are thus much
more susceptible to fracturing during impact than are
smaller particles. This size-dependent response has been
observed previously; it is especially severe when the tar-
get is as hard or harder than the erodent.!8>=3! Of the
four targets in this study, only the HP SiC was as hard
as the erodent.

When an erodent particle fractures, some of the
kinetic energy of the impact is converted into surface
energy. Less energy is imparted to the target, and thus
erosive processes remove less material. A reduced
dependence of ER on D results. If the fracturing is
severe, as was the case for the SiC erodent, a negative
dependence of ER on D can result.

Although the erosion data exhibited target-dependent
relations between ER and D, the basic material-removal
mechanisms by brittle fracture were similar. The frac-
tion of material loss caused by radial or lateral cracks
varied among the biomorphic and the RB and HP SiC,
and the loss was least in the HP SiC because of its
hardness. The basic fracture mechanism was, however,

brittle cleavage in all cases. And, for all of the target
materials, erosion induced significant surface damage.

4.2. Strength results

Strength degradation caused by erosion of the various
SiC specimens can be separated into two materials con-
siderations. The HP SiC is considered to be an ideal
dense ceramic, while the RB SiC and eucalyptus-based
SiC, can be considered in this analysis to be effectively a
porous SiC ceramics. Metallic Si filling the porosity is
not expected to play an important role in flexure
strength.

Radial cracks are responsible for strength degrada-
tion.?>3% SEM observations indicated that radial cracks
did indeed form in the various SiC specimens. Fracture
strength o can be related to flaw length ¢f by

=4 Z K/(Y ") 5)

where A4 is a constant equal to 0.47 for a theoretical
indentation radial crack, Z is a flaw-shape parameter
(equal to /2 for a semicircular flaw), and Y is a
numerical constant that depends on loading and flaw
size. The value of A can increase if residual stresses are
relieved by the flaw.3>38

Taking values in Eq. (5) from the analysis of Ritter et
al.,’®> 4=0.82, Z=m/2, and Y=1.9, an estimate can be
made of the critical flaw size after erosion for the HP
SiC. K, was estimated3? as being 3.5 Mpa m'/2. A value
of 8 um was calculated for cg, which is reasonable when
compared with the average crater size, for which cr
~c =0.5D (Fig. 7).

Strength degradation in the HP SiC appeared to fol-
low closely expectation from models for erosion of
brittle solids. Understanding of strength response of
biomorphic SiC, in comparison to denser SiC, can be
achieved through a framework developed for porous
solids.>3 Previous work on the crushing strength of
biomorphic SiC has shown that eucalyptus-based SiC
possesses a well-connected and resistant structure.!'?'4
With respect to fracture properties, the materials of this
study can be regarded as (1) a fully dense structure-HP
SiC, (2) an 15%-porous structure-RB SiC, and (3) a
37%-porous structure—eucalyptus, because the influence
of the Si can be neglected. For such a range of porosity,
a successful theory of solids, due to Rice, is based on the
concept that minimum solid area controls physical
properties.>® Minimum solid area not only depends on
the fraction of porosity, but also on its type, geometry,
and distribution. The operant equation is:

o
—=e"® (6)
OFD

where o is the strength of the porous body, orp is the
strength of the fully dense body, f{(P) is a polynomial
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function of the porosity fraction which forms depends
on the topology of the porosity. In our study, the fully
dense body is considered to be the HP SiC.

In Fig. 12, we have plotted the logarithm of the
strengths & of the RB SiC and biomorphic eucalyptus,
normalized by the strength of the HP SiC (oyp), vs.
porosity fraction (P) for the two sets of data: uneroded
and eroded. The relative strengths of the uneroded por-
ous ceramics are lower than those of the eroded cera-
mics. We speculate that the reason for this is that
flexural strength is dominated by imperfections. A
polished surface of fully dense SiC is significantly more
perfect than polished surface of RB and biomorphic
SiC. In contrast, all of the eroded surfaces contain
similar populations of imperfections induced by impact
damage, and so a systematic underestimation of the o/
oyp relationship is possible for the uneroded porous
specimens.

Phenomenologically-based predictions of Rice the-
ory*® for different pore morphology and distribution
have been also plotted in Fig. 12. For RB SiC, spherical
pores (Sph Pores Cubic) and close-packed spherical
particles (Sph Part Rhom) have been considered. For
biomorphic eucalyptus-based SiC, cylindrical pores,
perpendicularly oriented to the stress, have been con-
sidered. Within its plane, cylindrical pores can be
aligned (Cyl Pores Align) or randomly oriented (Cyl
Pores Random). Our measured strengths fall correctly
within the intervals so constructed.

It is possible to argue that for both materials, micro-
structural features are a combination of the basic types
suggested above. The microstructure of the RB SiC is
probably more similar to a distribution of spherical
pores, and that of biomorphic SiC is more similar to a
distribution of cylindrical pores, with a significant,
although not complete, degree of alignment. Given the
underestimation argument given above, the con-
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Fig. 12. Strength before denoted by filled points and after erosion
denoted by open points of biomorphic eucalyptus (circles) and RB SiC
(triangles), normalized by corresponding strength of fully dense HP
SiC vs. fraction of porosity (defined as fraction not SiC).

cordance of our results with the minimum-solid-area
theory is quite good. Similar concordance was also
recently reported for high-temperature crushing
strength of a variety of siliconized SiC, of the same kind
used in this study.4°

5. Conclusions

Solid-particle erosion of biomorphic SiC based on
eucalyptus and pine, RB SiC, and HP SiC occurred by
brittle fracture. The biomorphic specimens eroded by
formation of both lateral and radial cracks and their
erosion rates were the highest. The RB SiC eroded as a
classic brittle material, by formation and propagation of
lateral cracks. The HP SiC was the hardest material and
the most erosion resistant. For the HP SiC, the SiC
erodents, especially the largest ones of 390 um average
size, fragmented upon impact. The resulting dissipation
of impact energy led to low erosion rates.

Erosion damage induced flexural-strength degrada-
tion in all of the SiC specimens. The HP responded as
predicted by models of impact damage; its relative
reduction in strength was the highest. The responses of
the biomorphic and RB SiC specimens were modeled as
if they consisted of only SiC and porosity. This
approximation agreed reasonably well with the strength
data and SEM observations.
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