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FOREWORD

-~ This report covers the work perforicad by Solar from January 1, 1976 to
March 31, 1977 on Contract N00014-73-C—040]. sponsored by the Office of Naval

- i Trch~~t5~partxnent of the Navy . Dr. A. Diness of the Metallurqy Program is
- 

- 
monitoring this contract. The work was performed by Mary Ellen Gulden,• Senior Research Engineer, as Principal Investigator under the direction of
Dr. Arthur G. Metcalfe, Associate Director of Research. The testing was
performed by R. Bradley Domes, Senior Research Technician.
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~IBSTRACT

Erosion behavior of hot pressed and reaction bonded Si3U~ was determinedusing natural quartz particles in the subsonic velocity regime. Six narrow
size ranges were used varying between 15 and 385~im average diameter. Erosion
behavior of these two forms of Si3N~ was markedly different. It was found
that erosion of hot pressed Si3Nk was proportional to particle momentum (mass
x velocity) over five orders of magnitude. Erosion of reaction bonded
silicon nitride was approximately proportional to the fourth order of both
particle size and velocity. Strength of hot pressed Si3Nk was not reduced
under these test conditions. However, a major strength decrease was
exhibited by the reaction bonded material. Examination revealed that erosion
or impact of these materials under these test conditions did not clearly fit
the current models for brittle materials, and that more than one mechanism
exists. A small test program was performed on a MgF2 target impacted with
large SiC particles used as an additive in some aircraft carrier decking. It
was found that cracking and material loss was sustained by the target at
velocities as low as 15 mps.
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1. INTRODUCTION

The purpose of the present program is to provide an understanding of the
mechan isms of erosion of engineering ceramics and also to provide informat ion
necessary for improving erosion resistance of engineering structures. The
approach is to perform experiments in a controlled manner under simulated
service conditions . The target materials which have been investigated are:
Alsimag 614 glass bonded Al203; NC 132 hot pressed Si 3N~ ; NC 350 reaction
bonded Si3N&~; and hot pressed magnesium fluoride . All of these materials are
in current use, or considered for potential use as radomes or infrared
transparent windows. Silicon nitride is being considered for use in advanced
gas turbine application an* for bearings. Results for Alsirnag 614 were
presented in a previous report (Ref. 1).

The erosion tests were performed using natural quartz and SiC particles
of narrow size ranges , and specific subsonic velocities . In previous work at
Solar , it was found that quartz was the most erosive constituent of natural
dust (Re f . 2 ) .  SiC is used as an additive in some anti—skid aircraft carrier
decking.

The general approach is to determine erosion behavior and relate it to
current erosion and impact models by considering particle mass-velocity
dependences , appearance of massively eroded surfaces and single particle
impacts , and the basic properties and structure of the targets. Erosion
thresholds and effect  of erosion on strength were also determined for the two
forms of Si3N~.

2.  EXPERI MENTAL PROCEDURE

2. 1 EROSION TEST FACILITY AND TEST PROCEDURE

A detailed description of the erosion test facility is given in
Reference 2 .  Br iefly , erosion tests are performed with a stationary target
impacted by particles accelerated in an air stream. Particles are injected
into the air stream 3 meters f rom the target to provide sufficient distance
for acceleration. High pressure , filtered and chemically dried air is used
for the particle carrier gas. The carrier air velocity is measured using
standard Pitot t ube techniques . The air velocity variation across the 0.95
on diameter nozzle is less than five percent and velocity is varied between
15 and 343 rn/sec to achieve the desired particle velocity .

Particle velocity is measured using the rotating double disc technique
described in Reference 3. Comparison with calculated velocities based on two
phase flow theory is good (Ref. 1).
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All erosion tests were performed at 90 degree impingement angle at
ambient temperature. The n~mther of particles used per test was varied from
a few particles (to examine single particle impacts) to as many as 108 (to

- , insure initiation of uniform erosion and to avoid incubation effects). The
particles are fed into the gas stream using a precision feeder at a
suff icient ly low concentration such that particle interactions in the
carrier gas stream or on the target surface are negligible. For the
longtime—large n umber of particle tests , the specimens are wei ghed at
specific t ime intervals to assess any changes in erosion with n umber of
impacts.

Angular, high purity natural quartz particles were used for most of the
erosion testing. Quartz was chosen because in previous work at Solar, it
was found to the principal erosive component in n atural dusts , i .e . ,  the
amount of erosion was directly proportional to the percentage of quartz in
the natural dusts (Ref .  2 ) .  Six particle size ranges were used as follows :
1—30 , 44—5 3 , 62—74 , 105—12 5, 250—297 , 350—42Oijm . These size ranges were
chosen to be representative of airborne dust and to provide significant
particle mass differences of at least 1/2 order of magnitude.

The SiC particles, supplied by Bendix Abrasives Division , are used as
an additive for aircraft carrier anti—skid decking. The particle size
ranges from 660 to l346ii m.

2.2 STRENGTH MEASUREMENTS

Strength was determined in three point bending for  both forms of Si 3N4.
Baseline values were obtained on as—received material . To determine a
strength loss threshold, strength of eroded specimens was measured over a
wide range of test conditions from preweight loss to massively eroded
specimens. Each specimen was visually examined to insure that failure
originated in the area subjected to particle bombardment. The eroded areas
which are circular of 1 cm diameter were located in the center of the 2.5
or 1.25 cm specimens to insure no extraneous edge effects  on strength
measurements.

2.3 EXAMINATION OF E RODED SURFACES

The eroded surfaces were examined both optically, and by r eplica
transmission and scanning e lectron microscopy . The progression of impact or
erosion events was monitored by examining the specimens af ter  various number
of impacts for several particle size - velocity combinations ranging from
single particle impacts to massively eroded surfaces. The surfaces were
also examined in cross section to assess the nature of sub-surface damage .

3. EXPERIMENTAL RESULTS AND DISCUSSION

The results for the individual target materials will be discussed
separately, followed by a general discussion of the implication of the
results.
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3.1 HOT PRESSED Si 3Nt~

Most of the work was performed with NC-l32 Si3N~ in the as-machined
- •

• surface condition. This corresponds to a surface finish of ‘4 1115 RMS. A few
specimens were polished for single particle impact evaluation.

Erosion weight loss or depth is shown as a function of n umber of impacts
in Figure 1 for ll5ij particles traveling at 219 m/sec. As can be seen , the
erosion rate is linear with zero intercept except in the initial stages.
Erosion in the early stages is slightly greater than expected which may be
due to removal of a pre—damaged surface layer due to machining. This region
corresponds to an erosion depth of ~ 5p .

3.1.1 Erosion Function of Particle Size and Velocity

Erosion weight loss as a function of particle mass and velocity was
determined for conditions involving millions of particle impacts. This large
number of impacts is necessary to insure that uniform erosion is occurring.
Weight loss per particle was plotted versus particle radius (log - log plot)
and the slopes at constant velocity were measured to determine the particle
size exponent. The average value of the slope is 3.1 or mass to the first
power. A similar plot of weight loss per particle versus particle velocity
resulted in a velocity exponent of one. The erosion data is shown in Figure
2 plotted as a function of particle mass times velocity (particle momentum).
Error bands are given for each data point. The relationship between weight
loss per particle and particle momentum (my) is valid over 5 orders of
magnitude, and applies for particle sizes between 15 and 38511 and particle
velocities between 24 and 285 mps. Deviations from the straight line
relationship occur as the weight loss threshold is approached for 115 and
273p particles.

This relationship between erosion weight loss and particle momentum has
not been predicted by any of the models developed for erosion of brittle
materials, nor has it been observed previously. The models, whether based on
elastic or plastic impact response, predict a velocity exponent between 2 and
3, and a particle radius exponent near 4 (Ref. 4,5). The results do indicate
that a single mechanism is controlling erosion under these test conditions.

3.1.2 Strength of Eroded Specimens

The strength of hot pressed Si3N14 after erosion was determined for some
of the specimens used to develop Figures 1 and 2. The results are shown in
Figure 3. No significant strength decrease occurred for erosion up to 3711 in
depth which corresponds to 3 x 108 particle impacts or 600 grams of dust.
For erosion of <1 mgm or 411 depth, there was a trend toward strength
increase, which indicates a “polishing” phenomenon may be occurring.

An estimate of the critical flaw size for the as—received material is
‘~‘l0u using a fracture toughness value of 5 MPa/m. Since the maximum depth of
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Figure 1. Erosion Weight Loss Versus Number of Impacts for Hot Pressed
Si3N14 Impacted With 11511 Particles Traveling at 219 m/sec

erosion is ‘~3X this value, the results suggest th~t under these erosion test
conditions, the effective flaw size is no larger than pre—existing flaws
characteristic of a “standard” machined surface.*

3.1.3 Examination of Eroded Surfaces

The eroded surfaces were examined optically and by electron microscopy
techniques. Both single particle events and massively eroded surfaces have
been viewed. The visual examination revealed that under certain erosion
conditions (usually high velocities and small particles) a mosaic pattern
developed on the surface. An example of this appearance is shown in Figure
4. The “matrix” regions have eroded preferentially to the “island” regions.
This behavior is probably related to gross structural or compositional
differences (for a given specimen , the pattern does not change with the
amount of erosion , but does become more pronounced). Norton has reported
that the particular batch of Si3N1~ from which these specimens were machined
does meet specifications, and in particular, is not considered to have low
fracture toughness properties. They have also reported that a similar

* Because very large numbers of flaws are introduced by the erosion process,
the e f fec t ive stress con centrat ion will  depend on both size and spacing of
flaws . In contrast , cr i t ical  flaw sizes are calculated for isolated flaws.
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pattern develops under some etching and polishing conditions. These surfaces
were examined using scanning electron microscopy with an energy dispersive

• X—ray attachment in an attempt to identify differences in composition ,
particularly trace elements. The following elements were examined: Na, Mg,
Al , Si, K, Ca, Fe and W. No differences in compositiDn were detected, and
except for Si , the number of counts was low.
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Examination of the eroded surfaces by electron microscopy has not been
particularly instructive. In the case of single particle events, the impact
areas are not d i f f e rentiable from the as-machined ground surface , an example
of which is shown in Figure 5. The heavily eroded surfaces (Fi g. 6)
qenerally have a relatively flat featureless appearance and do not provide
information concerninq possible mechanisms. A limited number of tests have
been performed on polished surfaces and provide more information concerning
particle impact response. Damage from a single 27311 quartz particle
traveling at 188 m/sec is shown in Figure 7. The chip which has been removed
(~ 4p dia) is quite small compared with the predicted contact area based on
elastic impact of a spherical particle (“~5O11 dia.) and no secondary crackingis apparent. This type of damage, which is typical under these test
conditions, is not characteristic of classical elastic or plastic impact
response .

An estimate o f the volume of material removed per impact can be made
from the weight loss da ta on heavily eroded surfaces. If it is assumed that
the shape is a half sphere, the radius of this sphere is 411 for 273p
particles traveling at 188 rn/sec. This compares with a measured radius of
“~2~ (Fig. 7). Considering the statistical nature of the calculations and the
test procedure , this shows quite good agreement between single particle
impacts and bulk e ros ion , and suggests that secondary cracking and residual
erosion damage do not play a significant role in the erosion process under
these test conditions.

The eroded specimens were examined in cross section to assess the extent
of subsurface damage. The structure under the eroded area was
indistinguishable from that below the as—machined surface, and subsurface
cracking was not apparent. This observation is consistent with the strength
measurements.

3.2 REACTION BONDED Si3N~

NC-350 reaction bonded Si 3Nt~ was subjected to the ~~~~~~~ erosion
cond itions discussed previously for hot pressed Si3N4. The material was
tested in two conditions termed “as-fired” and “polished.” The as—fired
material contains the oxide surface layer inherent in this type of
processing. In the polished condition , this surface layer was removed.

3.2.1 Erosion Function of Particle Size and Velocity

It was found that the oxide surface layer erodes more rapidly than the
bulk material. A characteristic example of this behavior is shown in Figure
8. Beyond the surface layer, the erosion rates for as-fired and polished
material are the same as would be expected . Although not shown in Fi gure 9 ,
the depth of material showing the increased erosion rate is ‘~lOO11. Visually,
the grey surface layer is “~5Op thick. Apparently , the extent of surface
compositional and structural differences extends deeper into the material
than appears visually .

7 
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Figure 8. Effect of Surface Layer on Erosion of Reaction Bonded Si3N~,.
As-fired Condition Contains Surface Oxide Layer . Polished
Condition has Layer Removed. (27311 Quartz, 155 mps) .

The function of particle size and velocity on erosion of reaction bonded
Sj3N11 was established with polished specimens. Weight loss per particle was
plotted versus particle radius (log-log plot) and the slopes at constant
velocity were measured to determine the particle size or mass exponent. The
average value of the slope was close to 4. A similar plot of weight loss per
particle versus particle velocity resulted in a particle radius exponent of 4
also. The erosion data is shown plotted as a function of particle radius and
velocity to the fourth power in Figure 9. The weight loss thresholds are

• indicated by arrows. The data are fairly consistent with this function
except for 1511 particles , but the error in assumption of a mean radius of 1511
for the 1 to 30 micron fraction is very large for this fraction.

For all particle sizes , a measurable weight gain occurred at the lower
velocities which indicates particles are embedding in the surface . For the
1511 particles , this occurred at a velocity as high as 175 rn/sec. Although
measurable weight loss occurred at higher velocities for this particle size ,
it is possible that particles are embedding at all velocities, which would
explain the deviation from (RV)~ function shown in Fi gure 10 for the 1511
particles.

C A measurable weight gain has not been experienced with the other ceramic
target materials investigated on this program . However, reaction bonded
Si3N1~ is the only material that is not fully dense and contains appreciable
porosity . Based on a comparison of densities, the porosity is on the order
of 25 percent.
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The dependence of erosion on particle size to the fourth power is
predicted by both elastic and plastic impact models (Refs . 4 and 5). The
radius exponent for the referenced elastic impact models results from a
combination of Hertzian type impact and Weibull statistics which includes a

- - size effect due to flaw distribution . The radius exponent for the plastic
impact model results from the assumption that erosion or material removal is
due primarily to lateral crack formation and growth. However, neither of
these models predict the high particle velocity dependence on erosion
exhibited by this material. This is probably related to the fact that the
models generally assume an isotropic single phase material whereas reaction
bonded Si 3N~ is essentially a two—phase material with the second phase being
composed of pores.

The extreme sensitivity on erosion with velocity increases is shown in
Figure 10, which gives weight loss per particle versus a function of particle
momentum. Particle momentum was chosen because of the relationship shown
previously for e rosion of hot pressed silicon nitride under identical test
conditions . The data for hot pressed Si 3N~ are also included. Under the
highest velocity conditions, erosion weight loss of reaction bonded Si3N~ is
as much as two orders of magnitude greater for a giver, particle size than for
hot pressed Si3N~~, but under low velocity conditions erosion weight loss is
still occurring with the hot pressed material while a weight gain occurs with
the reaction bonded material.

3 .2 . 2 Strength of Eroded Specimens

The strength of reaction bonded Si 3N &+ after erosion was determined for
specimens in the as—fired surface conditions. The results are shown in
Figure 11. Several specimens were also tested in the as—received condition
to establish baseline strength. If the specimens had been polished , a higher
average strength would be expected , but previous work at Solar has shown a
much greater scatter in strength values for polished compared with as-fired
specimens (Ref. 6). For values up to “-‘lOOp erosion depth , surface layer
effects exist. Beyond lOOp, the results reflect parent material behavior.

• Specimens were eroded with the particle sizes shown in Figure 11
traveling at various velocities. There is an obvious decrease in strength
with erosion. An estimate of/she critical flaw size, based on a fracture
toughness value of 2 .2 MPa m gives ‘I.~l7p for the as—received material, and

• “1230p fo r the weakest e roded specimen , which is an increase of ove r 1 orde r
of magnitude in critical f law size.

According to the model for plastic impact response discussed previously ,
the strength of th e target should be dominated by radial crack formation by
the following relation :

F 

a ( R e f .  5 ) .

L - -
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Figure 11. Effect of Erosion on Strength of Reaction Bonded Si3N&~

A plot of strength versus (V°’5R°’8)
1 
is shown in Figure 12 . The data f alls

roughly into two groups which both have slopes close to 1 on a log—log basis .
The major difference between these two groups is particle size and depth of
erosion. The depth of erosion for these particular specimens subjected to
l5p particle bombardment was still within the surface layer which has
different material properties and composition than the bulk material.

It is also possible that the type of damage produced with the l5p
particles differs from that produced with the larger particles. As discussed
previously,  the erosion weight loss values for l5p particles was not
consistent with the ( RV)~ function of the larger particles.

3.2.3 Examination of Eroded Surfaces

• The eroded surfaces were examined using scanning electron microscopy and
standard metallographic techniques. Single impacts were characterized by
relatively deep pits with no apparent evidence of secondary cracks
intersecting the surface . An example is shown in Figure 13 for impact with a
385p particle traveling at 174 mps. The approximate contact radius was
calculated to be 35p based on spherical elastic impact . The radius of the
impact crater is very close to this value. An estimate of the volume of
material removed per impact can be made f rom the weight loss data on heavily
eroded surfaces. If it is assumed that the shape is a half sphere , the
radius of this sphere is 4lp which is in good agreement with the size of the
impact crater shown in Figure 13. This agreement indicates that secondary
cracking and residual erosion damage do not play a significant role in
erosion weight loss under these test conditions , i .e . ,  the amount of material
removed per impact for  the f irst  impact is approximately the same as for the
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millionth impact. This observation applies for conditions after removal of
the surface oxide layer. This type of damage was characteristic of all
particle sizes (except 1511) and velocities. As expected , absolute size and
depth of the impact d amage varied with particle velocity and size. For the
smallest particles (l5p) single impacts could not be differentiated from the
porosity inherent to reaction bonded Si3N~.

A selection of the eroded surfaces was examined in cross section to
assess the extent of subsurface damage . Two examples are shown in Figure 14.
The depth of the secondary cracks in Figure l4a is “-‘lBOp which is consistent
with the calculated critical flaw size based on strength of this specimen.
The direction of the subsurface cracks is consistent with an increased flaw
size . Very little evidence of lateral cracking was observed for the
conditions of Figure l4a. The subsurface damage produced with the much
smaller l5p particles is apparently different in type (Fig. l4b) than that
produced with 3 85p particles. No evidence of appreciable radial cracks
(perpendicular to surface) was observed, and shallow lateral cracks were
present. The depth of these cracks was “-‘3Op. Lateral cracks are expected to
influence strength less than radial cracks. The calculated critical flaw
size for this specimen was “90p . The explanation for this apparent
discrepancy between the size of subsurface cracks and calculated flaw size is
not apparent .

3 ,3  MAGNESIUM FLUORIDE

The purpose of this phase of the investigation was to determine the
extent and type of damage produced by coarse SiC particles on a MgF2 target
(I rtran I , produced by Kodak) . The particles , obtained from abrasive
Divis ion , Bendix Corporation , are those used in some aircraft carrier
decking . The particles are irregularly shaped and angular as shown in
Figure 15. The particle s ize ranges between 660 and l346p . Tests were
per formed at 6 velocities (125 , 104 , 81, 37 , 30 and 15 mps) considered
characteristic of conditions created during take-off and landing of aircraft
on a deck surface impregnated with these particles. Since d amage was
expected to be extensive, only 6 particles per test were used. Damage was

• sustained by the MgF2 under all test conditions . Examples are shown in
Figure 16. A typical SiC particle is included to illustrate relative size of
damage produced and material removed . Plastic impact response was observed
for all velocities. Plastic impact response is characterized by fracture
propagating f rom the plastically deformed contact area. The two types of
fracture are radial cracks which propagate radially outward from the contact
zone, and lateral cracks that initiate under the contact zone and propagate
on planes nearly parallel to the surface. Material removal occurred
primarily by loss of the volume bounded by the lateral cracks. For particles
traveling at higher velocities, the magnitude of d amage or loss produced by a
single particle impact is of the same order as the particle size. At the
higher velocities small chips were also seen , which presumably , were
secondary damage produced b y f ragments from the initial impact .

15 
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Figure 15. SiC Particles Used for Eroding MgF2
Magnification: l4X

It was also observed that a single particle could produce more than one
distinct area of damage. An example is shown in Figure 17. Apparently the

— particles are sufficiently angular to impact the target at more than one
point . If this type of single particle damage is appreciable, it could lead
to errors in predicting gross erosion behavior from the size and shape of
individual damaged regions, particularly under idealized conditions. In the
current case, since only 6 particles were used for each test, and these
particles impacted on an area of 0.7 cm 2, the damage produced by each
particle could be identified. The relative importance of this type of
phenomenon will be dependent on particle type and shape .

3.4 GENE RAL DISCUSSION

• To this point, the results for each target material have been discussed
separately. In this section a comparision will be made between the erosion
behavior of the various target materials, and the results will be discussed
in terms of impact models and materials properties and structure.

During the course of this program four eng ineering ceramics have been
subjected to erosion conditions considered characteristic of a natural dust
environment. Under these conditions, the erosion response differs markedly
as shown in Figure 18. For a given erosion condition, there is approximately
1 order of magnitude difference in erosion weight loss between each o f the
targets. There is also considerable variation in material properties and
structure between the targets. Table 1 lists the physical properties
considered relevant to erosion response. of the properties listed, fracture
toughness is the only property which varied consistently with erosion . The
other properties (elastic modulus and hardness) would predict either less
separation in erosion weight loss or a different r anking of erosion
resistance . The e f fec t  of structure and particle t ype on erosion will be
discussed later. 
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To date, essentially two types of models have been proposed for impact
or erosion of brittle materials (Refs 4 and 5). The earlier models were
based on elastic interaction and predicted that material removal occurs by
the intersection of ring cracks on the substrate surface . This process has
been observed on glass impacted with glass spheres (R~f. 7) but was notobserved with these target materials under these test conditions. More
recent analysis has treated static and dynamic plastic indentation which is
characterized by plastic deformation of the contact area between the particle
and the target, radial cracks propagatinc-i outward from the contact zone, and
lateral cracks that initiate beneath the contact zone and propagate between
the radial cracks on planes nearly parallel to the surface . The former are
considered a source of strength degradation, and the latter a potential
source of material removal (Ref. 5).

Based on the plastic impact model, maximum erosion loss per impact would
be proportional to the volume encompassed by the lateral cracks which results
in the following expression (Ref. 5).

2.5 4 0.3 5 0.3• E V R p (1/Hx ) f(M)

where E = volume r emoved per impact

V = particle velocity

R = particle radius
p

p = particle density

H = target hardness

K = target fracture toughness

f(M) = is the fraction of the volume encompassed by the
lateral cracks that is actually removed and is con—
sidered a material dependent variable.
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Table 1
Physical Properties of Target Materials and Particles

Elastic Fracture
Modulus Toughness Hardness*
G Pa ~~a m

l/2 G Pa Structure

Hot Pressed Sj 3NL + 320 5.0 16 Pseudo single phase
(NC—l 32) 2p grain size

Glass Bonded A1203 324 4 12 Two phase
(Alsimag 614) 4% glass — 96% Al203

lOp grain size

Reaction Bonded Si3N 4 170 2.2 3 Multi phase -

~Nc-.35O) Si3N4+ porosity + Si +
Si02 (surface)

Hot Pressed MgF 2 170 1 6 - Single phase
(Irtran L) “-‘2p grain size

Natural Quartz 95 “0.7 “-‘6

* The hardnesses are the quasi-static Vickers hardness in the macro indentation
load independent regime.

Using the data from Figure 18, this relationship does predict the
relative erosion rank of the four target materials. However , a log-log plot
of erosion/V2.5 versus (l/Kc5H) results in a slope of “'0.6 between A1203, RB
Si3N~ and MgF2 compared to the predicted value of 0.3 (Ref. 5 ) .  The erosion

• data for hot pressed Si 3N~ does not follow the straight line relationship of
the other materials, but shows a reduced erosion rate. Furthermore, the
velocity exponent of 2.5 does not provide good normalization of the erosion
data between erosion and material properties.

These apparent discrepancies between predicted erosion from plastic
impact and observed erosion for these four ceramics can be related in part to
structural differences, and also to the appearance of the impact damage . The
model assumes an isotropic material . Hot pressed Si 3Nt~ under these test
conditions exhibits very minor chipping, and it is considered to be below the
plastic impact response threshold. However, plastic impact does occur with
hot pressed Si3N~ impacted with 200p WC particles traveling at 650 mps 

(Re f .
5 ) .  The other three targets exhibited plastic impact, but MgF2 was the only
material showing extensive lateral crack formation. Glass bonded A12O3 and
reaction bonded Si 3N4 are two-phase materials , and at least with the Al 203,
erosion is a two—phase process as well (Ref. 1). The glass grain boundary
phase , wh ich can be as wide as 3p eroded pre ferentially to the alumina
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grains. In ext reme cases , no apparent damage was sustained by the grains,
and erosion occurred by actual grain fallout af ter  extensive grain boundary
erosion . Since reaction bonded silicon ni t r ide contains ~ 25 % porosity , a

- 
- crushing phenomenon probably contributes to the erosion process which would

be absent in a f ully dense material. As seen in Figure l4a , subsurface
cracking appears to propagate between pores. Also, a weight gain , ostensibly
due to particle embedment in the pores , was observed with reaction bonded
Si 3Np .

As mentioned previously , the particle composition and shape is known to
affect type of erosion response. However , since the intent of this program
was to simulate a natural dust environment , particle variables othe r than

— size and velocity have not been considered.

These points are presented to illustrate the fact that erosion of
“engineering ” ceramics under a simulated dust environment can be a complex
process , and more than one mechanism exists for this group of materials under
identical erosion conditions.

4. SUMMARY

Solid particle e rosion response of hot pressed and reaction bonded Si 3N~
was dete rmined under conditions which simulate a service dust environmen t ,
i . e . ,  natural quartz particles at subsonic velocities.

It was found that erosion weight loss per particle for hot pressed Si 3N~
was proportional to particle momentum (particle mass x velocity) over 5
orders of magnitude , and that strength was not reduced b y e rosion under these
test conditions.

Erosion weight loss for reaction bonded Si3N~ showed a much higher
dependence on particle velocity in the approximate proportion of R~’V~ . A

• marked strength reduction was also observed. A weight gain was observed
under low velocity conditions.

Examination of single impacts revealed that erosion of hot pressed Si 3N 14
occurs by minor chipping where the approximate diameter of the material
removed is one order of magnitude less than the estimated contact diameter.
The diameter of material  removed per impact for reaction bonded Si 3N 1~ was
essentially the same as the estimated particle contact diameter. In both
cases , secondary cracking was not observed on the surface. However, reaction
bonded Si 3N~ exhibited extensive subsurface radial cracks.

Magnesium f luoride impacted with SiC particles used in aircraft carrier
decking exhibited damage at velocities as low as 15 mps.

It was concluded that  more than one mechanism of erosion exists under
“natural” dust environments , and that the mechanisms are dependent not only
on target physical  prop erties , but also to a large extent on structure.

_ _ _  
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Erosion behavior of hot pressed and reaction bonded Si 3N~ was
determined using natural quartz particles in the subsonic velocity regime.
Six narrow size ranges were used varying between 15 and 385dm average
diameter. Erosion behavior of these two forms of Si~N~ was markedly

• different. It was found that erosion of hot pressed Si3’N4 was
proportional to particle momentum (mass x velocity) over five orders of 
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magnitude. Erosion of reaction bonded silicon nitride was approximately
proportional to the fourth order of both particle size and velocity .
Strength of hot pressed Si~N~ was not reduced under these test conditions.

• However, a major strenqth decrease was exhibited by the reaction bonded
material. Examination revealed that erosion or impact of these materials
under these test conditions did not clearly f i t  the current models for
brittle materials, and that more than one mechanism exists. A small test
program was performed on a MgF~ target impacted with large SiC particles
used as an additive in some aircraft carrier decking. It was found that
cracking and material loss was sustained by the target at velocities as
low as 15 mps .~~ -

.

_ _— _ _ _ _ _ _ _ _ _ _ _ _ _ _

5 , - - 1 1 I ’
S ( C , , H I 1  V C L A S . t I I d  C h O p ,  OF 1~~t f .  P A OI ‘Nbc, 1.. I

- - -- - -

~

--

~

---—— - —--

~

- —


