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In the study of fracture in thick silicon nitride plates by

particle impact and quasi-static indentation, we used three types of
silicon nitride: hot pressed, reaction bonded, and oxidized hot

pressed. , The fractures were characterized, quantified, and where

e
/" possible, correlated with calculated elastij stress fields.

L

O € € AN e
.>The fracture damage was _seen to occur in well-defined progressive

stages. For impact loads or quasi-static indentation loads that do
not appreciably exceed the flow stress in the silicon nitride, the
elastic- radial tensile stresses cause ring and Hertzian cone cracks

to form. In the dynamic case, the short duration of the tensile pulse
restricts the formation of the ring cracks to the vicinity of the
maximum contact radius of the impacting particle. 1In the quasi-static
case, the ring cracks form well outside the maximum contact radius,
suggesting that the fracture nucleation and growth kinetics play a

significant role in determining the extent of damage.

For dynamic loads that exceed the flow stress of the silicon
nitride, the plastic flow reduces the tensile radial stress and produces
tensile hoop stresses, which in turn, cause radial cracks to form and
propagate. At still higher dynamic loads, lateral cracks form. The
intersection of these later-stage cracks with the free surface causes

material removal (erosion).ﬁ:

Computer modeling with elastic-plastic material models will be
required to improve our understanding of this fracture behavior. Radial
and lateral cracks were not formed in the quasi-static indentation
tests because flow and failure of the indentors prevented application

of sufficient load levels.

The oxidized surface on hot pressed silicon nitride spalled
locally under particle impact. Crack size determination showed that
the oxide has little influence on the morphology and extent of fracture

damage in the host material.

1141




We found that the local crack propagation is sensitive to micro- o
structural features in the hot pressed silicon nitride; the fractures |
were intergranular and the fracture paths were tortuous. Thus,
resistance to erosion might be improved by modifying the size and
shape of the grains. In reaction-bonded silicon nitride, on the other '
hand, the grains and pores are mostly smaller than 1 ym and do not

appear to exert a marked influence on crack propagation and macrofracture. f

At high temperatures representative of turbine blade operating

conditions, the silicon nitride exhibited significantly more resistance
: to fracture, thus suggesting that future work should focus on this

effect.
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I INTRODUCTION k

Development of materials and fabrication processes for ceramic
turbine components continues to emphasize silicon nitride and silicon
carbide. Although hot pressed high-density silicon nitride has superior
strength, the reaction bonded silicon nitride is more resistant to high-
temperature creep and can be formed into components less expensively.

i Therefore, both types of silicon nitride hold promise of being useful

gas turbine materials. However, because silicon nitride is brittle,

it is very susceptible to localized surface cracking by repeated bombard-
? ments of debris and solid impurities in the hot and corrosive environment
‘ of a turbine engine. Brittle cracks that form in silicon nitride may
f cause serious strength degradation, leading to gradual deterioration i

in performance and even failure of the vital ceramic components. To

| solve this problem, we need to define the mechanisms that govern the

impact erosion process in silicon nitride.

| In our earlier work on zinc sulfide,1 we noted the similarity

between quasi-static indentation and dynamic particle impact fracture

damage and suggested the use of quasi-static indentation experiments

and theory to characterize the impact erosion process in ZnS. Silicon

nitride, however, is a stronger ceramic and its response to particle

AR

contact situations is little known. Both quasi-static indentation and

particle impact experiments were therefore required to determine if the

quasi-static approach was adequate for silicon nitride.

The problem of progressive oxidation of silicon nitride at high
turbine operating temperatures has been recently recognized,z’3 and it
is believed that gradual thickening of the oxide scale coupled with
significant spallation of the scale by particle impact may accelerate
the erosion process. However, the effect of the oxide scale on the .

erosion process has not, to our knowledge, been experimentally investigated. g
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The Navy is also interested in determining whether microstructural
features may influence resistance to impact erosion of these materials

and, if so, how optimum microstructures can be produced.

The specific objectives of this research were to:

: (1) Define in detail the mechanism of particle impact
b | fracture in hot pressed and reaction bonded silicon
nitride.

(2) 1Investigate the response of silicon nitride to quasi-
static indentation.

| (3) Explain the effects of particle size, particle
{ material, and the oxide scale on particle contact
| damage in silicon nitride.

(4) Describe the influence of microstructural features
on crack propagation and particle contact fracture
damage.

Bl (5) Determine the effect of high temperature on impact
‘ erosion resistance of silicon nitride.

| (6) Develop analyses for predicting particle impact
3 fracture behavior of silicon nitride.

In the remainder of this report we describe our progress toward
meeting these objectives. Section II describes the material characteriz-
ation, Sections III and IV discuss the dynamic and static experimentation,

respectively, and Section V covers the observed effect of high temperature

on the dynamic results. Section VI describes the observed correlation
of fracture behavior with microstructural features, and Section VII

discusses the analysis of the experimental data. Finally, in Section

SRR RRORY T

| VIII we present our conclusioms.
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IT SPECIMEN MATERIALS

Hot Pressed Silicon Nitride

Hot pressed silicon nitride (HP Si3N4) NC132 with a density of
3.2 g/cm3 was obtained from Norton Company in the form of a flat billet
approximately 15 cm by 15 cm by 1.3 cm. X-ray diffraction showed
B-Si_ N, and small peaks attributed to WSi, and 8120N2. The WSi

374 2
results from reaction of tungsten carbide (WC) and Si

2

3N4 during hot

pressing, and the WC pick-up arises from the use of WC milling balls

in the original powder processing. Specimens for the impact experi-
ments were all taken parallel to the hot pressing direction and polished
to a 1-um particle finish. 1In this condition the surface was essentially
featureless. The microstructure illustrated in Figure 1 was revealed by
etching in a solution of 30% HF, 25% LZOZ and 5% HNO3 at 100°C for

up to 2 minutes. The structure consists of B—Si3N4 with large grains

of about 2 um and submicrometer grains. Most grains are equiaxed, but

occasional ones have aspect ratios up to 10:1. No microstructural

evidence of grain boundary phases or inclusions could be found.
Oxide Scale

Several samples of NC132 were oxidized for 100 hours at 1250°C

P B

in air to form an oxide scale about 20 um thick. The structure and

composition of scales on NC132 have been studied in detail.z’3 Scales

formed at 1250°C consisted of a-cristobalite and MgSiO, as major

3

9 crystalline phases with small amounts of B-Si3N4 and Si3ON2. The most

striking microstructural feature of the scale was its porosity. Pores

up to 5 uym in diameter were present throughout the scale's thickness,

and pits were formed beneath the scale in the unoxidized material. The

. outer surface of the scale consisted of a thin layer of much less

ek —nie

porous oxide.




MP-4928-71

FIGURE1 MICROSTRUCTURE OF HOT PRESSED SILICON NITRIDE
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Reaction Bonded Silicon Nitride

Reaction bonded silicon nitride (RB Si3N4), NC350, was obtained
from the Norton Company in the form of a disc approximately 22.5 cm in
diameter by 6 cm thick. Test specimens were polished to a l-um particle
finish. A scanning electron micrograph of the microstructure at the
specimen surface is shown in Figure 2. Density and pore size distri-
bution were measured using a mercury porosimeter; the results are
shown in Figure 3. The density was 2.65 g/cm3, which is 84.5% of the
theoretical value. The pore size ranged from 0.01 to 0.1 um, with
the mean close to 0.05 um. X-ray diffraction studies identified a-
and B—Si3N4 with no other second phases. A comparison of peak
intensities showed the material to consist of approximately 60% a-Si3N

and 40% B-SiBNA'

4




mMr-4928-72

FIGURE2 MICROSTRUCTURE OF REACTION BONDED SILICON NITRIDE




- ¥ b} R e PR i Sl 9% o e = -
L R NIRRT 2 i AR i 5 WAL (S il St Y MR S =

D = PORE DIAMETER, um

0.12 1.0 0.10 0.010
- 44 27 B el R L B e N B L
0.10— -
- 0.081— ~
§ o
z g |
- . |
o O
-
%:004 = o/ o
b /
O
0.02 - / -
O
E
0.00 ] b Sl ) {&/Ll L1l I
100 1,000 10,000

P = ABSOLUTE PRESSURE, psi

MA-4928-73

FIGURE 3 PORE SIZE DISTRIBUTION IN REACTION BONDED SILICON NITRIDE
(PENETRATION IS A DIRECT MEASURE OF VOLUME FRACTION OF ;
PORES AND MAXIMUM PENETRATION, ABOUT 0.07 cm3 CORRESPONDS i
TO VOLUME FRACTION OF ALL PORES, 0.155)




...,

e

At

A S R TR

ITI PARTICLE IMPACT EXPERIMENTS

Experimental Procedure

An impact facility for accelerating small, single, solid particles
against target specimens, as shown schematically in Figure 4, was
designed and constructed at SRI International for our ONR erosion
program. Individual spherical particles of WC and steel, positioned
in the breech section of the gun and held in place by a magnetic ring,
were accelerated by fast release of nitrogen gas. Fast release of the
high-pressure gas was activated by a rupture disc assembly that consisted
essentially of a thin disc located in a two-part chamber, Figure 4(b).
The gas pressure was allowed to build up on one side of the chamber. At
a desired pressure, the disc ruptured, dumping the gas to the side where
the particle was initially at rest. The expansion of the gas was rapid
and the particle was propelled to high velocities. The disc material

and thickness were varied to provide a wide range of velocity.

The impact and rebound velocities were measured by a system of
three photomultipliers, each consisting of a photosensitive element
located in a housing that was connected to a light pipe. The three
light pipes directed light at locations of known distances apart along
the path of the particle. Light reflected from the moving particle
entered the pipes and sent signals via the photomultipliers to a
recorder. At each photomultiplier location, the moving particle was
illuminated by a common light source via individual fiber optics cables.

Typical velocity records are shown in Figure 5.

The particle-impact facility is capable of operating at temperatures
from ambient to 1500°C and at velocities from 13 to 700 m/s. Maximum
impact velocity depends on particle size. Velocities higher than 700 m/s
can be obtained by higher gas pressures and improved gas-release devices.

Particles of the following diameters can be accelerated in the facility:
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FIGURE 4 SRI PARTICLE-IMPACT FACILITY
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e STATION 1
R SR STATION 2
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REBOUND
500 us/DIVISION

REBOUND

Particle: Steel, 2.4 mm
Target: SizNg4
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STATION 1
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ARRIVALE /\' PARTICLER
BFRAGMENTATION

200 us/DIVISION
Particle: WC, 2.4 mm
Target: SigNy4
Velocity: 1209 m/s
MP-4928-12

FIGURE 5 TYPICAL VELOCITY RECORDS
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Diameter (mm)

4 Tungsten carbide 0.4 to 4.8
| Steel 1.0 to 4.8
; Glass 0.1 to 4.8
| Nylon 1.0 to 4.8
1 A1203 3.2 to 4.8

i The smallest diameter is dictated by the smallest commerc¢ially available
: particles; the largest is the diameter of the largest current gun barrel.
The nonmagnetic spheres, glass, nylon and A1203, can be held in the

gun breech by suction.

Hot Pressed Silicon Nitride

i Summary of Particle Impact Experiments

We performed 43 particle impact experiments on HP Si3N using

spherical particles of two sizes (1.6 and 2.4 mm diameter),atwo particie
materials (tungsten carbide and steel), and a range of impact velocity

{ (16.9 to 368 m/s). Table 1 lists the important parameters of these
tests.. The experiments were expected to provide a wide range of
fracture damage and show influences of impact velocity, particle size,

material, and particle/target combination.

Reasonably normal impacts and accurate velocity measurements (both
impact and rebound velocities) were realized for most of the 43 experi-
ments. The selected combinations of impact velocities, particle sizes,
and particle/target combinations resulted in a wide range of fracture
damage from light incipient surface cracks to significant material
removal and target failure. Some particles were recovered and examined

for impact damage. The results were included in Table 1.

Fractographic Observations

Optical micrographs of typical surface damage observed in the
HP 513N4 specimens are presented in Figures 6 through 8. The results

show increasing surface damage with increased impact velocity as expected.

12
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Table 1

PARTICLE IMPACT EXPERIMENTS ON HOT PRESSED SILICON NITRIDE

: Impact Rebound
- Test Velocity Velocity Damage to
No. SRI No. (m/s) (m/s) Particle

Impact configuration A

(2.40-mm-diameter steel, HP Si3N4) ;
1 4928-119 42.3 a Intact :
2 4928-131 42.3 32 Intact
3 4928-133 46.2 a Flattened
i 4 4928-132 56.4 34 Flattened
| 5 4928-129 62 36 b
6 4928-120 87.6 a b
7 4928-121 105.8 52 b
8 4928-122 133.7 58 b 1
. 9 4928-124 141 63 b
: 10 4928-123 154 67 b
: 11 4928-126 195 69 b
12 4928-127 231 70 Fragmentation®
13 4928-128 299 a Fragmentation®

Impact configuration B
(2.40 mm-diameter WC, HP Si3N4)

14 4928-117 16.9 15 Intact
15 4928-116 19.5 16 Intact
16 4928-115 24,2 18 Flattened
17 4928-114 31.7 24 Flattened

3Rebound velocity not available or particle fragmented. 4

bParticles were not recovered or no signals from fragments.

» ®Determined from photomultiplier signals of rebounded fragments.
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Table 1 (continued)

PARTICLE IMPACT EXPERIMENTS ON HOT PRESSED SILICON NITRIDE

Impact Rebound
Test Velocity Velocity Damage to
No. SRI No. (m/s) (m/s) Particle

Impact configuration B (continred)
(2.40 mm-diameter WC, HP Si3NA)

18 4928-112 33.8 25 Flattened
19 4928-113 39 27 b
20 4928-118 39 30 b
21 4928-111 46.2 35 b
22 4928-109 50.8 39 b
23 4928-110 52.9 39 b
2 4928-108 92.3 25 Fragmentation®
25 4928-107 97.7 a Fragmentation®
26 4928-105 121 a Fragmentation®
27 4928-106 121 a Fragmentation®
28 4928-103 159 a Fragmentation®
29 4928-102 169 a Fragmentation®
30 4928-104 231 a Fragmentation®

Impact configuration C
(1.60-mm-diameter WC, HP Si,N,)

31 4928-99 37.6 30 b

32 4928-97 46.2 35 b

33 4928-96 67.7 43 Flattened

34 4928-94 78.1 a Fragmentationc

@Rebound velocity not available or particle fragmented.

b
Particles were not rccovered or no signals from fragments.

“Determined from photomultiplier signals or rebounded fragments.




Test
No.

35
% 36
37
38
39
§ 40
' 41
42
43

SRI No.

4928-95
4928-93
4928-92
4928-89
4928-91
4928-87
4928-100
4928-101
4928-64

Table 1 (concluded)

Impact Rebound
Velocity Velocity
(m/s) (m/s)
3N4)
78.1 30
84.6 30
92.4 24
102 ( 24
127 a
195 a
254 a
254 a
368 a

Impact configuration C (concluded)
(1.60-mm-diameter WC, HP Si

8Rebound velocity not available or particle fragmented.

bParticles were not recovered or no signals from fragments.

15

Damage to

Particle

Fragmentationc
Fragmentationc
Fragmentationc
Fragmentationc
FragmentationC
b
Fragmentationc
FragmentationC
b

“Determined from photomultiplier signals of rebounded fragments.
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(f) 299 m/s

MP-4928-31

FIGURE 6 TYPICAL IMPACT DAMAGE IN HP Si;N, BY 24-mm-DIAMETER STEEL SPHERES

(Impact Configuration A)
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(b) 39 m/s (d) 97.7 m/s
MP-4928-33

FIGURE 7 TYPICAL IMPACT DAMAGE IN HP Si;N, BY 2.4-mm-DIAMETER WC SPHERES
(Impact Configuration B)
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FIGURE 7

(e) 121 m/s

(h) 231 m/s

MP-4928-34

TYPICAL IMPACT DAMAGE IN HP 853N4 BY 2.4-mm-DIAMETER WC SPHERES
(Impact Configuration B) (Concluded)
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FIGURE 8

(c) 78.1 m/s

(b) 67.7 m/s (d) 92.4 m/s
MP-4928-35

TYPICAL IMPACT DAMAGE IN HP Si3N4 BY 1.6-mm-DIAMETER WC SPHERES
(Impact Configuration C)

19




FIGURE 8

e 5

(e) 102 m/s

(f) 127 m/s (h) 368 m/s

MP-4928-36

TYPICAL IMPACT DAMAGE IN HP Si3 N4 BY 1.6-mm-DIAMETER WC SPHERES
(Impact Configuration C) (Concluded)
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The cracking sequence caused by the 1.6- and 2.4-mm-diameter WC spheres
was qualitatively similar. It consisted of ring cracks (shallow cir-
cumferential cracks) followed by a plastic impression, radial cracks,

lateral cracks, and target fracture.

Damage in HP Si3N4 due to 2.4-mm-diameter steel spheres (impact
configuration A) consisted exclusively of ring cracks throughout the
velocity range. At 299 m/s the steel projectile disintegrated, and no
significant increase in target damage was observed beyond this velocity.
The white areas in Figure 7(f) seem to result from outflow of material
from the disintegrating sphere. Ring cracks started to form at fairly
low velocities for all three impact configurations (42.3 m/s, Figure 6;
19.5 m/s, Figure 7; and 37.6 m/s, Figure 8). As impact velocity

increased, more and longer ring cracks formed.

The ring cracks appeared to be similar to the Hertzian ring cracks
formed under quasi-static loading (Reference 4, for example). A magni-
fied view of a typical population of ring cracks is presented in Figure
9. Most ring cracks were short segmental cracks that seemed to nucleate
at an arbitrary location where a particular flaw might exist, propagated
circumferentially a short distance, and stopped. There were also some
full-circle cracks. The number of these cracks increased strongly with
increasing impact velocity, spreading both toward the contact center

and to outer regions.

We produced ring cracks by both quasi-static indentation and particle
impact and used replica and scanning electron microscopy to examine the
influence of microstructure on crack nucleation and growth. The results

are described in Section VI.

Slight plastic impressions were first observed at 31.7 and about
42 m/s for impact configurations B and C, respectively. As the velocity
increased, the impression became deeper but did not enlarge. Plastic
impression and radial cracks seemed to appear at the same time in the
cracking sequence. As the impression deepened with increased velocity,
the radial cracks grew in both size and number, although only a few

(8 or 9) of the radial cracks g}ew to great lengths (several millimeters).
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MP-4928-37

FIGURE 9 A MAGNIFIED VIEW OF TYPICAL RING CRACKS IN HP SisN‘(Particle: 2.4-mm-
diameter steel sphere, Velocity: 195 m/s, See also Figure 6d)
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Plastic deformation in the target probably modifies the previous elastic
stress field outside the contact zone. The hoop stress must become
tensile, creating the necessary conditions for radial cracking as

observed.

To determine internal damage and the extent of growth of the various
cracks below the specimen surface, we sectioned the specimens to expose
surfaces at various radial distances from the center of the contact
zone and examined the subsurface fracture damage microscopically. The
nucleation and growth sequence of the ring cracks is illustrated in
Figure 10. The surface ring cracks grew in depth into cone cracks
starting at approximately 45° and veering toward the specimen surface
at various angles up to about 75° from the vertical. At higher impact
velocities, additional cone cracks formed both inside and outside the
main cone crack, and the innermost cone grew several millimeters in

depth.

Figure 11 shows profiles of several cone cracks, essentially
depicting a section view across the cone cracks of the area marked
AA in Figures 10 and 11. Figure 11 also illustrates the surface profile
of a radial crack and its interaction with the cone cracks. Cone cracks
1, 2, 3, (Figure 11) appeared first and grew independently of each other
followed by the radial crack that intersected the first two cone cracks,
reached the third cone, and then branched out. Newer cone cracks
seemed to nucleate and grow in the presence of radial cracks, and their

growth was often interrupted (cone crack 4 in Figure 11).

Under increasingly severe impacts, Figure 12, cone cracks seemed
to cease growing; instead, new types of cracks were created. There
were profiles of what appeared to be lateral cracks that nucleated near
the contact center, ran approximately parallel to, and eventually veered
sharply toward the specimen free surface. There were also vertical
cracks that initiated from inside the innermost cone and converged to
the damage center as successive sections were examined. We speculate
that these are penny-shaped cracks similar to the median-vent cracks
observed by Evans and Wilshaw in their quasi-static indentation experi-

ments.5 A zone of damage-induced porous material, approximately spherical
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(a) 56.4 m/s (b) 231 m/s

MP4928-38

FIGURE 10 SECTIONAL VIEWS SHOWING SUBSURFACE GROWTH OF RING CRACKS INTO
CONE CRACKS IN HP SizN, (Particles: 2.4-mm-Diameter Steel Spheres)
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MP-4928-39

FIGURE 11 SECTIONAL VIEW OF SEVERAL CONE CRACKS AND ONE RADIAL CRACK 0.50 mm
FROM CONTACT CENTER

Note the interaction between cone and radial cracks. Particle: steel, 2.4 mm; Target: HP

SizN,
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RING AND (@
CONE CRACKS

RADIAL CRACK

P

R ADIAL
SOl CRACK
p LATERAL
2 cRACK

(a) 0.60 mm FROM CONTACT CENTER
MP-4928-40

FIGURE 12 SECTIONAL VIEW OF SEVERAL TYPES OF CRACKS IN HP Si;N, IMPACTED
AT 231 m/s BY A 2.4-mm-DIAMETER WC SPHERE
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(b) 0.25 mm FROM CONTACT CENTER
MP-4928-41

FIGURE 12 SECTIONAL VIEW OF SEVERAL TYPES OF CRACKS IN HP SizN, IMPACTED
AT 231 m/s BY A 2.4-mm-DIAMETER WC SPHERE (Continued)
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B D AMAGED-INDUCED
& POROUS ZONE

(c) AT CONTACT CENTER
MP-4928-42

FIGURE 12 SECTIONAL VIEW OF SEVERAL TYPES OF CRACKS IN HP Si,N, IMPACTED
AT 231 m/s BY A 2.4-mm-DIAMETER WC SPHERE (Continued)
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”f" . T ey qyp“ §0
(d) MAGNIFIED VIEWS OF DAMAGE-INDUCED POROUS

| ZONE BENEATH CONTACT CENTER
| - . MP-4928-74

FIGURE 12 SECTIONAL VIEW OF SEVERAL TYPES OF CRACKS IN HP Si,N, IMPACTED
AT 231 m/s BY A 2.4-mm-DIAMETER WC SPHERE (Concluded)
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in shape, was also observed beneath the contact area, Figure 12(b) and
(c). High-magnification photographs give detail of this porous zone

in Figure 12(d). Zinc sulfide impacted by 0.4- and 0.8-mm-diameter WC

1,6

spheres exhibited a similar porous zone. The failure mechanism

responsible for this porous zone is not clearly understood.

Figures 6 and 7 compare impact damage at 231 m/s by spheres of
steel and WC. The surface and subsurface damage by the WC sphere is

significantly greater.

The foregoing preliminary fractographic observations provide

several qualitative conclusions:

® While larger particles produced larger damage zones and cracks,
the fracture-damage morphology produced by the 2.4-mm-diameter
and 1.6-mm-diameter WC spheres was qualitatively similar.

® The cracking sequence produced by the WC spheres consisted of
surface ring cracks with associated cone cracks followed by
plastic deformation and radial cracks, lateral cracks, and
median-vent cracks. There were strong interactions between
these different types of cracks.

® For a similar range of velocity, the softer steel spheres
produced only ring cracks, some of which grew into cone cracks.
Complete fragmentation of the steel sphere at 299 m/s and
little increase in target damage above 299 m/s indicated the
inability of the steel spheres to produce other types of
damage.

Reaction Bonded Silicon Nitride

Summary of Particle Impact Experiments

We performed 18 particle impact experiments on RB 513N4 with
particles of two sizes (1.6 and 0.4 mm in diameter), one particle/target
combination (WC sphere/RB Si3N4 target), and a range of impact velocities
(11.3 to 700 m/s). The experiments were conducted to obtain a wide

range of fracture damage in RB Si to investigate the influences of

N

374
impact velocity and particle size on the damage. The results could also
be compared with those obtained for HP Si3N4 under similar impact

conditions.

Fourteen impacts were carried out on RB Si3N4 using the 1l.6-mm-

diameter WC spheres ranging in impact velocity from 11.3 to 72.6 m/s.

30
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It was discovered during the experiments that low velocities were suf-

ficient for the 1.6-mm-diameter WC spheres to cause substantial damage

in the RB Sin4' The 2.4-mm-diameter WC spheres were not used for

similar expczriments because it was expected that even lower velocities -
would be adequate to cause severe damage and the information would be
less useful. We decided to conduct several experiments in which sub-
millimeter WC spheres were used to raise the impact velocities to a
~§ damage level more representative of erosion conditions. Four experiments
kg were performed using a 0.4-mm-diameter WC sphere with impact velocities
[ ranging from 310 to 700 m/s. Table 2 summarizes the important details

of these tests.

b Fractographic Observations

! Typical scanning electron micrographs of the RB Si3N4
il
& are presented in Figures 13 through 15. The SEM gave a better resolu-

specimens

tion to the various damage features than the optical microscope because
1 the large population of dark pores did not reflect light very well

when an optical microscope was used.

The damage characteristics found for the RB material were similar ;
to those for the HP material described earlier, although much lower |
velocities were necessary to cause equivalent damage in the RB material. |
Observable damage features included ring and cone cracks followed, as
impact velocity increased, by a plastic impression; radial, lateral,
and median-vent cracks; material removal; and target failure. Plastic
i impressions were deeper for impacts with the 0.4-mm-diameter spheres
E (Figure 14). Ring cracks were visible at the bottom of the craters.

These ring cracks formed earlier in the impact process, but their
surface profile later became closed or healed by the increased compressive

stress field and significant plastic flow in the target.

Test 17, Figure 14(c) shows surface interaction of the lateral
1 cracks. They are approximately planar cracks that ran almost parallel

to and eventually intersected with the specimen free surface, causing

portions of the material between adjacent radial cracks to be removed

from the impact site. Test 18, Figure 14(d), performed at about 700 m/s,
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Table 2

PARTICLE IMPACT EXPERIMENTS ON REACTION BONDED SILICON NITRIDE

Impact Rebound
Test Velocity Velocity Damage to
No. SRI No. (m/s) (m/s) Particle

Impact configuration D
(1.60-mm-diameter steel, RB Si3N4)

1 4928-76 11.3 11.52 Intact
2 4928-75 12.7 12.6 b
3 4928-74 15.9 15.4 Intact
4 4928-70 16.9 16.8 Intact
5 4928-73 18.1 20 Intact

! 6 4928-712 24.2 27 b

1 7 4928-78 30 34 Intact

1 8 4928-71 31.7 33 Intact

1 9 4928-83 46.2 44 Intact

1 10 4928-85 48 46 b

| 11 4928-82 48.4 43 b

1 12 4928-81 58.4 50 b

: 13 4928-80 65.7 56 b ‘

4 14 4928-79 72.6 58 b ‘

; Impact configuration E

j (0.40-mm-diameter WC, RB Si3N4)

ué Impact configuration E WC-0.40/RB Si3N4

i 15 4928-52 310 c b

! 16 4928-50 356 c b

1 17 4928-49 506 c b

{ 18 4928-54 700 c b

aHigher rebound velocities indicate increased error in measurements of
low velocities (estimated at + 5%).

bParticles were not recovered or no signals from fragments.

CRebound velocity not available or particle fragmented.
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(a) 11.3 m/s

(b) 18.1 m/s

(c) 24.2 m/s

MP-4928-43

FIGURE 13 TYPICAL IMPACT DAMAGE IN RE Si;N, BY 1.6-mm-DIAMETER WC SPHERES
{Impact Configuration D)
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(f) 48.4 m/s
1' MP-4928-44

t |

FIGURE 13 TYPICAL IMPACT DAMAGE IN RB Si;N, BY 1.6-mm-DIAMETER WC SPHERES
(Impact Configuration D) (Concluded)
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