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Foreign object damage in disks of
gas-turbine-grade silicon nitrides by steel
ball projectiles at ambient temperature

S. R. CHOI*f,J. M. PEREIRA, L. A. JANOSIK, R. T. BHATT
National Aeronautics and Space Administration, Glenn Research Center, Cleveland,

Ohio 44135, USA
E-mail: sung.r.choi@grc.nasa.gov

Foreign object damage (FOD) behavior of two commercial gas-turbine-grade silicon
nitrides, AS800 and SN282, was determined at ambient temperature through postimpact
strength testing of target disks impacted by steel ball projectiles with a diameter of

1.59 mm in a velocity range from 115 to 440 m/s. AS800 silicon nitride exhibited a greater
FOD resistance than SN282, primarily due to its greater value of fracture toughness (K).
The critical impact velocity V. for which the corresponding postimpact strength was the
lowest was V; ~ 440 and 300 m/s for AS800 and SN282, respectively. A unique lower
strength regime was typified for both silicon nitrides depending on impact velocity and was
attributed to significant radial cracking. The damage generated by projectile impact was
typically in the form of ring, radial, and cone cracks with their severity and combination
being dependent on impact velocity. Unlike the thick (3 mm) flexure bar target specimens
used in previous studies, the thin (2 mm) disk target specimens exhibited a unique
back-side radial cracking on the reverse side just beneath the impact sites at and above
impact velocities of 160 m/s for SN282 and 220 m/s for AS800.

© 2004 Kluwer Academic Publishers

1. Introduction

Ceramics, because of their brittle nature, are susceptible
to localized surface damage and/or cracking when sub-
jected to impact by foreign objects. It is also true that
ceramic components may fail structurally even from
the impact of soft particles when their kinetic energy
exceeds certain limits. The latter case has been often
found in aerospace engines in which combustion prod-
ucts, metallic particles, or small foreign objects cause
severe damage to blade/vane components, resulting in
serious structural problems. Therefore, foreign object
damage (FOD) associated with particle impact needs
to be considered when ceramic materials are designed
for structural applications. In view of this importance,
a considerable amount of experimental and analytical
work on impact damage of brittle materials by sharp
particles as well as by blunt particles or plates has been
accumulated [1-10].

In our previous studies [11, 12], FOD behavior of
two representative gas-turbine-grade silicon nitrides,
AS800 and SN282, was determined at ambient tem-
perature using flexure bar target specimens. Rigidly
supported ceramic target specimens were impacted at
their centers by steel ball projectiles with a diameter of
1.59 mm and velocities ranging from 220 to 440 m/s.

*Author to whom all correspondence should be addressed.

Postimpact strength of the target specimens was deter-
mined as a function of impact velocity to evaluate the
severity of impact damage. AS800 silicon nitride ex-
hibited a greater FOD resistance than SN282, due to its
greater fracture toughness (Ky.). The fact that Ky, was
the key material parameter affecting FOD resistance
was further evidenced by the inferior FOD response of
an additional equiaxed, fine-grained silicon nitride: this
material possessed the lowest fracture toughness of the
three silicon nitrides tested in these previous studies.
The damage generated by projectile impact was typi-
cally in the form of well- or ill-developed ring and cone
cracks with a limited occurrence of radial cracks.

The purpose of the present work, as an extension of
the previous studies [11, 12], was to investigate FOD
behavior of AS800 and SN282 silicon nitrides at ambi-
ent temperature using a thin disk configuration of target
specimens. The target disks were impacted at their cen-
ters at velocities ranging from 115 to 440 m/s by steel
ball projectiles with a diameter of 1.59 mm. Postim-
pact strength of each disk specimen impacted was de-
termined in ring-on-ring biaxial flexure as a function
of impact velocity to evaluate the degree of impact
damage. Fractography was performed before and af-
ter post impact strength testing to determine impact
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morphologies and the nature of strength-controlling
flaw configurations. Full descriptions of this work can
be found from a recent report [13].

2. Experimental procedures

2.1. Materials and target specimens
Materials used in this work were the same as those
used in our previous work, i.e., commercially avail-
able silicon nitrides AS800 (Honeywell, Torrance, CA,
’99 vintage, gel-cast) and SN282 (Kyocera, Vancouver,
WA, ’00 vintage). These two silicon nitrides, both gas-
pressure sintered, are currently considered as strong
candidate materials for gas-turbine applications in view
of their substantially improved elevated-temperature
properties [14—16]. Both materials are toughened sil-
icon nitrides with microstructures tailored into elon-
gated grain structures. AS800 silicon nitride has been
used at the NASA Glenn Research Center in life pre-
diction programs [17, 18]. The billets for each material
were machined into disk target specimens measuring
2.0 mm by 45.0 mm, respectively, in thickness and di-
ameter. The final finishing was completed with a #500
diamond grinding wheel under the specified conditions
in accordance with ASTM standard C1161 [19]. Prior
to testing, all AS800 target specimens were annealed
at 1200°C in air for 2 h to eliminate or minimize dam-
age and/or residual stresses presumably associated with
machining. All SN282 specimens were annealed by the
manufacturer prior to testing with proprietary annealing
condition.

The basic mechanical and physical properties of
AS800 and SN282 silicon nitrides as well as of the
steel ball projectile material (SAE 52100 chrome steel)
are shown in Table 1.

2.2. Foreign object damage testing

Foreign object damage (FOD) testing was carried out
at ambient temperature using the impact apparatus de-
scribed in the previous studies [11, 12]. Briefly, hard-
ened (HRC > 60) chrome steel balls with a diameter of
1.59 mm were inserted into a 300-mm-long gun barrel

with an inner diameter of 1.59 mm. A He-gas cylin-
der and relief valves were used to pressurize the reser-
voir to a specific level depending on prescribed impact
velocity. Upon reaching a specific level of pressure, a
solenoid valve was instantaneously opened accelerating
a steel ball projectile through the gun barrel to impact a
target specimen that was rigidly supported on an AS800
disk specimen (in 2-mm thickness and 45-mm diame-
ter) backed on a rigid metallic specimen holder. Each
target specimen was aligned such that the projectile im-
pacted the center of the test specimen at an incidence
angle normal to the surface. For a given pressure, the
velocity of each steel projectile was determined using
two pairs of transmitter and receiver lasers, in which the
two transmitters were aimed at the respective receivers
through two holes in the gun barrel. The impact velocity
applied in this work ranged from 115 to 440 m/s. Typ-
ically, 10 test specimens were impacted at each chosen
velocity for a given material. Impact morphologies at
both impact site and back side of each impacted speci-
men were examined optically right after impact testing
but prior to strength testing.

2.3. Postimpact strength testing

Strength testing for impacted disks was performed in
ambient-temperature air using a steel ring-on-ring bi-
axial flexure fixture with 20-mm load-ring and 40-mm
support-ring diameters. A series of steel balls were used
to eliminate frictional constraint at each of the load and
support rings, similar to a thrust ball bearing assembly.
Note that a continuous ring configuration, analogous to
four-point flexure with fixed rollers, has exhibited fic-
tional constraint as a source of stress error. Each impact-
tested specimen was coaxially located in the biaxial
flexure fixture such that its impact site was placed in
tension. An electromechanical test frame (Model 8562,
Instron, Canton, MA) was used in displacement control
with an actuator speed of 0.5 mm/min. A fractographic
analysis was performed after strength testing to deter-
mine failure origin, flaw configuration, mode of fracture
and crack branching behavior. The as-received biaxial
fracture strength was also determined for each material

TABLE I Basic mechanical and physical properties of AS800 and SN282 silicon nitrides and steel-ball projectiles at ambient temperature [12]

Flexure strength?

Elastic Mean Characteristic Fracture

modulus® Poisson’s Density® Hardness® strength Weibull strength toughness®
Material E (GPa) ratio® v P (g/cm3) H (GPa) (MPa) modulus (MPa) Kic (MPa/m)
AS800 SizNy 309 0.27 3.27 13.6(1.4) 775 (45)8 21 795 8.1(0.3)
SN282 SizNy 304 0.28 3.32 15.3(0.2) 595 (64) 11 623 5.5(0.2)
Chrome steel 200" 0.30 7.80 HRC > 60f - - - -

balls (SAE 52100)

2By the impulse excitation technique, ASTM C 1259 [19].
"By mass/volume method.
°By Vickers microhardness indentation, ASTM C 1327 [20].

4By four-point flexure with 20/40 mm spans, ASTM C1161 [18]. A total of 20 test specimens used for each material.

°By single-edge-precracked-beam (SEPB) method, ASTM C 1421 [21].
fFrom the manufacturer’s data; HRC = Hardness in Rockwell C scale.
£The numbers in the parentheses indicate +1.0 standard deviations.
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with 8 to 10 test specimens using the same test fixture,
test frame, and test conditions that were utilized for the
postimpact strength testing.

3. Results and discussion

3.1. Strength

3.1.1. As-received biaxial strength

The two-parameter Weibull plots of as-received biax-
ial fracture strengths of both AS800 and SN282 silicon
nitrides are shown in Fig. 1, where Inln[1/(1 — F)] was
plotted as a function of Inoy with F' and of being fail-
ure probability and biaxial fracture strength, respec-
tively. The number of specimens used in the biaxial
fracture strength data was 10 and 21, respectively, for
AS800 and SN282. Weibull modulus m and character-
istic strength oy were m = 18 and oy = 698 MPa for
AS800. For SN282, m = 8 and 0y = 451 MPa. The
mean strength was 678 £ 45 MPa for AS800 and 426
=+ 60 MPa for SN282. The Weibull modulus for AS800
and SN282 (m = 18 and 8, respectively) in biaxial con-
figuration compares well with the values determined
previously (m = 21 and 11, respectively, see Table I)
for AS800 and SN282 in uniaxial four-point configu-
ration [12]. Failure origins of both silicon nitrides, in
many cases, were associated with surface-related de-
fects such as machining flaws, pores, and elongated
grains.

3.1.2. Postimpact strength

The results of strength testing for impacted target spec-
imens are shown in Fig. 2, where postimpact biaxial
fracture strength was plotted as a function of impact
velocity for both silicon nitrides. The biaxial fracture
strength of both as-received materials was also included
for comparison. Frequently, the specimens impacted at
low velocities did not incur fractures originating from
the impact sites and were indicated with closed symbols
in the figure. For AS800, two specimens out of ten did
not obtain fractures originating from the impact sites
when impacted at 220 m/s. For SN282, one, two, four,
and nine (each out of ten) specimens did not fail from
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Figure 1 Weibull distributions of biaxial strength of as-received AS800
and SN282 silicon nitrides disks determined in ring-on-ring biaxial flex-
ure at ambient temperature. The lines represent the best-fit.
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Figure 2 Postimpact biaxial strength as a function of impact velocity,
determined for AS800 and SN282 silicon nitrides disks impacted by steel
ball projectiles with 1.59-mm-diameter steel ball projectiles at ambient
temperature. “AsR” indicates as-received biaxial flexure strength of each
material. The bottom lines indicate the lower strength regime. Open
symbols: failed from impact sites (“FFI”); Closed symbols: failed not
from impact sites (“FNFI”).

the impact at 270, 220, 160, and 115 m/s, respectively.
Those specimens not failing from fractures initiating at
the impact sites were equivalent in strength to the corre-
sponding as-received specimens and thus were used to
provide valid data in estimating the overall as-received
biaxial fracture strength for each material.

As seen in the figure, the postimpact strength, in
general, decreased with increasing impact velocity.
Unlike the postimpact strength of flexure bars [11,
12], the postimpact biaxial strength for a given im-
pact velocity (greater than 220 and 160 m/s for AS800
and SN282, respectively) was typified with two dis-
tinct regions of strength: higher and lower strength
regimes. The strength of the lower regime was around
150 and 100 MPa for AS800 and SN282, respec-
tively. The lower strength regime started at 300 m/s
and 160 m/s for AS800 and SN282, respectively. The
postimpact strength of each material converged to this
lower regime strength as impact velocity sufficiently
increased. This velocity at which a minimum (or the
lowest) postimpact strength was retained is called the
“critical impact velocity” (V.) and was found to be the
following:

V. &~ 440 m/s
V. &~ 300 m/s

for AS800
for SN282

These critical impact velocities for disks are in good
agreement with those for flexure bars, for which V, =
400 and 300 m/s were observed for AS800 and SN282,
respectively [11, 12]. In the case of flexure bars, the tar-
get specimens failed upon impact at the critical impact
velocity yielding a zero strength due to their small width
(4 mm), whereas the disk specimens did not fracture
upon impact but instead exhibited a significant size of
radial cracks while retaining the lower regime strength
in strength testing because of their relatively large disk
diameter (45 mm) compared to the size of the radial
cracks. The results in Fig. 2 lead to a conclusion that
resistance to FOD is greater in AS800 than in SN282,
due to greater fracture toughness in AS800, consistent

6175



with the previous FOD results on flexure bar specimens
[11,12].

3.2. Impact morphology and fractography
3.2.1. Steel ball projectiles

The hardened steel ball projectiles were flattened af-
ter impact mainly at lower impact velocities. The flat-
tened surfaces of the steel ball projectiles retained the
impression of the machining marks of ceramic target
specimens with a series of numerous parallel lines, in-
dicative of the significant severity of plastic deforma-
tion. At higher impact velocities, the projectiles were
subjected to extreme heat and severe cracking, and even
sparks were frequently observed from the impact sites
on the onset of impact.

3.2.2. Target specimens

3.2.2.1. Impression marks. The impression marks,
generated because of material transfer upon impact
from steel ball projectiles to ceramic target specimens
in a phenomenon known as a cold welding, exhibited a
unique feature such that they were in the form of rings,
having inner and outer diameters, as seen in Fig. 3. The
impression marks were either not visible or not pro-
duced on the specimens impacted below 220 m/s, at-
tributed to insufficient impact force to cause cold weld-
ing. At higher impact velocities of 400 to 440 m/s for

AS800, significant material transfer was observed with
a sign of outward splashing of metal. The measure-
ments of the impression marks for both silicon nitrides
are shown in Fig. 3b. The measurements were made us-
ing a total of 5 to 10 specimens at each impact velocity.
The outer diameter d,, increased with increasing impact
velocity for both silicon nitrides, approaching approx-
imately the diameter of projectile; whereas the inner
diameter remained almost constant with an average of
di = 0.82 £ 0.07 mm, regardless of impact velocity. It
is natural to consider that the outer diameter of impres-
sion would correspond to the outside diameter of ball
projectile upon impact and that it would increase with
increasing impact velocity. However, the unchanging
nature of inner diameter with increasing impact veloc-
ity as well as the occurrence of ring shape on impact
sites imposes a difficulty in understanding the details
of the deformation mechanism(s) involved therein.
The tensile principal stress, according to the Hertzian
contact analysis, occurs just outside the area of contact
between two contacting elastic bodies in which a cone
crack initiates and propagates through the locus of max-
imum tensile stress [5, 9]. In cases of impacts with hard
projectiles and hard target materials (such as ceramic
balls and ceramic target materials), it has been shown
that agreement between the calculated contact area (ra-
dius) and the upper size (radius) of a cone was reason-
able [4]. The contact area can be estimated based on
the Hertzian contact theory together with the principle
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Figure 3 (a) A typical impression mark sowing a ring shape from the impact site of a AS800 silicon nitride disk impacted by 1.59-mm-diameter steel
ball projectiles impacted at 350 m/s; (b) Impression size as a function of impact velocity for AS800 and SN282. The contact-area size (2a) estimated
by the quasi-static contact theory, Equation 1, is included for comparison. Open symbols for d,; closed symbols for d;.
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R, Impact site

(b)

Figure 4 (a) A typical example of an AS800 silicon nitride disk failed from a ring crack in postimpact strength testing. Impact velocity = 220 m/s;
postimpact strength = 616 MPa; (b) A typical example showing significant radial cracks in an AS800 disk, situated in the lower strength regime.
Impact velocity = 220 m/s; post-impact strength (controlled by the 4.7-mm crack Ry) = 151 MPa .

of conservation of impact energy as follows [1, 4, 5, 8]:
a=alk/E)Pp SRV (1)

where a is the radius of contact area, « is a constant
(&1.3), E is the elastic modulus of the target material,
p is the density of the projectile, R is the radius of
projectile, and V is the impact velocity. The parameter
k is expressed as

k=1-v)+( —v/z)g 2

with v being Poisson’s ratio and the primes denoting
variables associated with the projectile. As shown in
Fig. 3b, the calculated contact area 2a based on Equa-
tion 1 was significantly greater than the impression sizes
observed. However, it should be noted that a direct com-
parison should not be made between the calculated and
the observed values since the calculated impression size
was unrealistically large, indicating that the calculated
values were in the range of significant plastic deforma-
tion. As a consequence, the impact events in this work
can be characterized as plastic (in projectile)-elastic (in
target material) rather than elastic-elastic impact that is
the case for ceramic balls vs. ceramic target.

3.2.2.2. Impact sites and fracture surfaces. At lower
impact velocities, both AS800 and SN282 specimens
failed similarly from ring cracks, in which a part of
the ring contour was seen at failure origin as a small
curved portion, as shown in Fig. 4. At intermediate im-
pact velocities, ring or radial cracks were associated
with failure. The upper cones located at the impact cen-
ter, whether somewhat well developed or not, seemed
to be rarely associated with failure origins. Failure lo-
cation as a function of postimpact strength, determined
for the specimens failing from ring cracks, showed that
an average value of failure location from the impact
center was 0.28 £ 0.07 mm (or 0.56-mm diameter).
This indicates that the strength-controlling ring cracks
were situated between the inner diameter (0.82 mm) of
impression and the outside of the upper cone diameter
(0.23 mm, determined individually). The lower strength
regime, typified at intermediate velocities of each ma-
terial, was associated exclusively with well-developed

radial cracks ranging in size from 3 to 5 mm, emanating
from the impact sites, as shown in Fig. 4b. These ra-
dial cracks resulted in the lower strength regime around
150 and 100 MPa, respectively, for AS800 and SN282.
Hence, it is important to note that the existence of lower
strength regime was due to the occurrence of these sig-
nificant radial cracks.

At higher impact velocities close to or above the
critical impact velocity, failure of both materials was
mainly associated with well-developed radial cracks
even though well-developed cone cracking invariably
occurred simultaneously. In many cases, cones with
lower diameters ranging from 4 to 6 mm were sepa-
rated from the specimen after strength testing. A typical
impact site showing the impression, radial cracks, and
an upper cone together with a back-side view, a frac-
ture surface, and a separated cone is shown in Fig. 5.
The dimensions of the cones, including upper and lower
diameters and heights, were determined for both sili-
con nitrides from either fracture surfaces or separated
cones using typically seven specimens in measurements
at each impact velocity. The cone angle, defined as half
of apex angle, was calculated based on the determined
cone geometry.! The cone angle with an average value
of 42 + 2° remained almost unchanged regardless of
material over impact velocities from 350 to 440 m/s.
There is limited information in the literature on cone
angles resulting from impact of a ceramic target by steel
ball projectiles, and it is available only as photographs
[e.g., 23], so a meaningful comparison between this
work and the published data could not be made. How-
ever, it should be noted that the angle also depends on
variables such as specimen geometry, type of specimen
support, projectile material, and impact velocity.

Fig. 6 shows the probability of occurrence of radial
cracks as a function of impact velocity, determined with
a total of 10 disks at each velocity for a given ma-
terial. For a given impact velocity, the occurrence of
radial cracking was greater in SN282 than in AS800,
attributed to lower fracture toughness in SN252 (see

I Strictly speaking, the cones were not straight but a little curved par-
ticularly toward their bottom. The calculation of cone angle, however,
was made based on the straight line extended to the bottom in some
cases.
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(d)-2

Figure 5 Typical examples of impact damages occurring in an AS800 silicon nitride disk impacted at 440 m/s: (a) impact site showing impression,
radial cracks (R), and upper cone (UP) before strength testing; (b) backside view showing backside radial cracks (BC, radiating from the center) and
lower diameter of a cone (LC) before strength testing; (c) fracture surface showing a cavity of a cone (CC), impact-site (upper) radial cracks (R), and
backside radial cracks (BC); (d) side and top views of a cone separated from (c). Post-impact strength = 192 MPa.
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Figure 6 Probability of occurrence of radial cracking as a function of
impact velocity for AS800 and SN282 silicon nitrides disks impacted by
1.59-mm-diameter steel ball projectiles.

Table I). The figure also indicates that the critical im-
pact velocity, 300 and 440 m/s for SN282 and AS800,
respectively, corresponds to the case where the prob-
ability of occurrence is close to 100 percent for each
material.

3.2.2.3. Back-side cracking. Unlike flexure bar speci-
mens, disk target specimens exhibited a peculiar fea-
ture of back-side cracking that occurred on the reverse
side of disks depending on impact velocity. Typical
back-side cracking generated upon impact—but prior
to postimpact strength testing—and the corresponding
fracture surface are shown in Fig. 7. Well-defined and
somewhat symmetric radial cracks originated in the re-
verse side of the specimen from a point just beneath the
impact site. The crack configuration was semi-elliptical
with a minor to major axis ratio of around 0.2 to 0.3. The
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occurrence of back-side cracking increased with higher
impact velocity, as shown in Fig. 8. For a given im-
pact velocity, the probability of occurrence of back-side
cracking was a little greater in SN282 than in AS800,
again due to lower fracture toughness in SN282 than
in AS800. The sizes of maximum back-side cracks,
measured from its center, are shown in Fig. 8b. AS800
showed almost consistent crack size independent of im-
pact velocity with a mean size of around 6 mm, whereas
SN282 showed a somewhat dependency of crack size
on impact velocity. The reason for the occurrence of
back-side cracking in disk target specimens will be dis-
cussed later in Section 3.3.

3.2.2.4. Fracture map. As mentioned above, several
different types of damage and/or cracking including
ring, radial, cone, and back-side cracks were gener-
ated in disk target specimens individually or simulta-
neously, depending on impact velocity. Fig. 9 show a
fracture map, which summarizes the types of damage
and/or cracks with respect to impact velocity for both
AS800 and SN282 silicon nitrides. For each material
at its respective low impact velocities, the occurrence
of ring cracks was dominant. At intermediate veloci-
ties, ring with either radial or cone (a rare case) cracks
are prevalent. Either ring or radial cracks determine the
postimpact strength depending on the impact velocity,
with radial cracking becoming the dominant influence
as impact velocity increases. At or above the critical
impact velocities, both well-developed radial and cone
cracks occur; however, radial cracks uniquely control
the postimpact strength.

Fig. 9 also includes the range of impact velocities
where back-side radial cracking for each silicon nitride



(a)

Figure 7 Typical examples of well-developed back-side radial cracking and fracture surface: (a) AS800 silicon nitride disk impacted at 300 m/s
(before strength testing); (b) SN282 silicon nitride disk impacted at 300 m/s (before strength testing); (c) fracture surface of the AS800 specimen (in
(a)) showing back-side cracks (BC) and a failure origin with an arrow. The corresponding post-impact strength was 450 and 96 MPa, respectively, for

AS800 (in (a)) and SN282 (in (b)) specimens.
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Figure 8 (a) Probability of occurrence of back-side cracking and (b)
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SN282 silicon nitrides disks impacted by 1.59-mm-diameter steel ball
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1000
—_ Disks/RT
©
a
Z 800
3 AS800 | Back-side cracking (AS800)
£ I
> 600 |
c Ring
2 SN282
| Tm———
% 400 - T ———
b |
g- Ring | RingsRadial
= 200 | (rcone)
7
o L _ _ . Radi
o Back-side cracking (SN282}

0 . L . I " 1 L I ; )
0 100 200 300 400 500

Impact Velocity, V [m/s]

Figure 9 Fracture map constructed for AS800 and SN282 silicon ni-
trides disks impact by 1.59-mm-diameter steel ball projectiles at ambient
temperature. The range of impact velocity for back-side cracking is also
included. “(4+Cone)” represents cone cracking but not associated with
strength controlling flaws.

takes place. Although cone cracks wouldn’t affect com-
ponent strength significantly in view of their geometry
and size compared with the severity of radial cracks,
they are responsible for material loss when the cones are
formed through the thickness of a component and then
separated from the component. This problem would be
significant if one of the requirements of the component
is some type of sealing, separation, and/or environmen-
tal barriers.

3.3. Analytical considerations

3.3.1. Strength degradation

A phenomenological model of strength degradation due
to ball impact was proposed previously by Wiederhorn
and Lawn [1], based on assumptions that the impact
event was elastic and quasi-static and that strength
degradation was attributed to the formation of cone
cracks. Also, another important assumption was that
the size for strength-controlling flaws to be effective
was proportional to the base radius of the cone [1, 5,
9]. With those assumptions, strength degradation was
modeled using Hertzian contact analysis, the principle
of energy conservation, and indentation fracture rela-
tions. The model, despite several assumptions, was in
good agreement with experimental dada determined for
glass impacted by steel or tungsten carbide spherical
projectiles [1]. The resulting strength degradation as a
function of impact velocity is expressed as follows [1]:

or = Ok/EY/ P p PRIV (3)

where @ is a parameter associated with the projectile
geometry and Kjc is fracture toughness. Equation 3
can also be expressed in terms of impact kinetic energy
(Ug) to yield

of = ®'(k/EY/P RV KLU 4)

where ® = (27/3)!/°® and Ux = mV?/2 with m
being mass of a projectile.

The average postimpact strength (log of), recon-
structed from Fig. 1 with higher and lower strength
regimes, were plotted as a function of impact kinetic
energy (log Uk) in Fig. 10. It is noted from the figure
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Figure 10 Postimpact biaxial strength as a function of impact kinetic
energy for AS800 and SN282 silicon nitrides impacted by steel ball
projectiles. The postimpact biaxial strength data on “sharp” SiC particle
impact for AS440 and GNI10 silicon nitrides [3, 27] were included for
comparison. The higher and lower strength regimes are indicated. The
error bars indicate £1.0 standard deviations. The theoretical slope of
—1/5 is also indicated.

that the discrepancy in slope between the prediction of
—1/5 and the experimental data seemed insignificant
at impact energy of Ux < 0.8 J (V < 300 m/s) for
both AS800 and SN282, except for the lower strength
regime of SN282. However, the discrepancy was signif-
icant above U > 0.8 J for AS800 at the higher strength
regime while it was already significant at the lower
strength regime for SN282, i.e., V > V.. The strength
degradation model (Equation 3 or 4) assumed that cone
cracks are dominant strength-controlling flaws. How-
ever, as seen in this work (e.g., see the fracture map in
Fig.9), cone cracking was not uniquely involved in im-
pact event; rather, several different types of flaws were
associated individually or simultaneously, depending
on impact velocity. Hence, the cone-cracking model,
Equation 3 or 4, would not be appropriate to describe
the postimpact biaxial strength behavior of AS800 and
SN282 silicon nitrides, as also observed previously
from uniaxial flexure beam target specimens [11, 12].
Part of the reason comes from the significant plastic
deformation of a projectile upon impact, deviating re-
markably from the model’s assumption of idealized
elastic impact.

3.3.2. Back-side cracking

As mentioned in Experimental Procedures, the disk
specimens in this work were placed on an extra AS800
disk backed by a bulky steel bracket. Hence, the spec-
imens were considered to be rigidly supported over
their whole area. However, as seen from Fig. 7, well-
developed back-side cracking took place, as if the
specimens had been supported only over their circum-
ferences [e.g., 24]. A most plausible reason for the back-
side cracking would be derived from a concept of elas-
tic foundation. This comes from the idea that although
the specimens were rigidly supported, they—because
of significant impact force—might act like ones sup-
ported on elastic foundation, and any deflection of elas-
tic foundation due to impact results in bending of the
specimens, which will cause a localized tensile stress
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field on the reverse side of the specimens. The solutions
of the elastic foundation effect are very complex and
require a detailed elastic spring constant of the founda-
tion that is a combined AS800 and steel bracket in this
case.

With some simplifying assumptions, the maximum
tensile stress on the back side of the disks occurring
upon impact was estimated based on the elastic foun-
dations approach [25]. The following assumptions were
made in the analysis:

(1) The pressure developed at any point between the
beam and the foundation is proportional to the deflec-
tion of the beam at that point (see Fig. 11).

(2) The specimen is considered as infinite beam sub-
jected to a concentrated load for a conservative ap-
proach.

(3) The impact force acts as a concentrated load.

(4) The impact force can be estimated based on the
quasi-static contact theory by [1, 4, 5, 8]:

P =a(k/E) P pPR?VOP (5)
The maximum tensile stress opm,x occurring in the

tension side of the beam opposite to the load point is
given with other parameters as follows [25]:
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Figure 11 (a) Geometry of elastic foundation; (b) Maximum tensile
stress as a function of impact velocity, occurring on the reverse side
of a disk at a point opposite to impact site, based on the elastic foun-
dation approach [25]. The initiation velocity for back-side cracking is
indicated as an arrow for each material. V4, is a velocity (=350 m/s) that
resulted in 100% backside cracking for both silicon nitrides.
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J k

p= 4E1

k = bk,

where

Ap, = e P*(sin Bz + cos Bz)
) (7)
Cp, = e P*(cos Bz — sin Bz)

where My« is the maximum bending moment, ¢ is
the half of specimen depth, / is the second moment
of inertia of a beam, y is the beam deflection, ky is
the spring constant over the width of the foundation,
ko is the spring constant of foundation, and b is the
beam width. The maximum bending moment (and thus
stress and deflection) occurs at the load point, i.e.,
z = 0; hence, Ag, = Cg, = 1.0. Two different elas-
tic supports of silicon nitride (E =300 GPa) and steel
(E = 200 GPa) disks, placed on an infinitely rigid body,
were considered in this estimation. The spring constants
of the elastic supports were taken as kg = 2 x 10® and
1.3 x 108 N/mm for silicon nitride and steel supports,
respectively, based on their Young’s modulus values
and geometry (2-mm thickness and 40-mm diameter).
Three different beam widths of b = 4, 10, and 30 mm
were considered.

The results of maximum tensile stress estimated us-
ing Equation 6 are shown in Fig. 11. For b = 10 mm,
smaller than target specimen’s diameter, the maximum
tensile stresses at P = 25 kN that correspond to the
case (V, = 350 m/s) where all AS800 and SN282
disks exhibited back-side cracking (see Fig. 8), were
240 and 270 MPa, respectively, for silicon nitride and
steel supports. For » = 30 mm, which might better rep-
resent the actual target specimen diameter, the respec-
tive maximum tensile stresses were 80 and 90 MPa.
Hence, the estimated maximum tensile stress based on
the elastic foundation approach was much lower than
the target material’s strength and consequently, insuf-
ficient to cause back-side cracking. Although several
simplifying assumptions were used in the estimation,
and their justification must be verified, the elastic foun-
dation approach gives an insight into the reason for the
occurrence of back-side cracking at least quantitatively.
The back-side cracking was also observed recently for
rigidly supported intermetallic disks such as MoSiB
and NbSi, subjected to impact by steel ball projectiles
of 1.59 mm diameter [26].

3.4. Comparison in FOD behavior
3.4.1. Steel-ball projectile vs. hard-sharp
particle

A comparison of postimpact biaxial strength of silicon
nitrides between blunt steel ball impact (this study) and
sharp SiC-particle (16 and 46 grit) impact [3, 27] is also
shown in Fig. 10. Note a considerable strength degrada-
tion for the case of sharp particle impact occurring even
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Figure 12 Comparison of post-impact strength as a function of impact
velocity between flexure bars [11,12] and biaxial disks [this study] of
AS800 and SN282 silicon nitrides impacted by 1.59-mm-diameter steel
ball projectiles at ambient temperature. “AsR” indicates as-received flex-
ure strength of both materials. The error bars indicate £1.0 standard
deviations.

at much lower impact kinetic energy, showing that the
severity of impact damage was far greater in “sharp”
particle impact than in “blunt” (steel ball) projectile
impact. The sharp particle impact typically produced
radial cracks emanating from the impact sites (simi-
lar to the Vickers indent cracks that originate from the
corners of an impression site), thereby resulting in sig-
nificant strength degradation. The results in the figure
show again that for a given target material and a given
impact energy, the geometry and material of projectiles
are very important parameters affecting the postimpact
strength behavior of advanced ceramics.

3.4.2. Disks vs. flexure bars

Fig. 12 also shows a comparison of postimpact strength
behaviors between the biaxial disks (2-mm thickness
and 45-mm diameter) in this work and the uniaxial flex-
ure bars (4 by 3 by 45 mm in width, depth, and length,
respectively) in the previous work [11, 12]. Both disks
and flexure bars were rigidly supported, and the same
steel ball projectiles were used. The overall postimpact
strength was higher for uniaxial flexure bars than for
biaxial disks because of the size effect.” The critical
impact velocity for uniaxial bars was V. & 300 and
400 m/s for SN282 and AS800, respectively, while for
biaxial disks it was V. =~ 300 and 440 m/s, result-
ing basically in good agreement in V. between the two
different specimen configurations. However, the lower
strength regime uniquely occurring in biaxial disks was
not seen in uniaxial flexure bars, primarily due to the
difference in specimen thickness: thin (disks) versus
thick (flexure bars). Furthermore, the back-side crack-
ing characterizing biaxial disks was not exhibited in

2 A prediction of strength from one specimen configuration (uniaxial) to
another (biaxial) was made using the principle of independent action
(PIA, Weibull statistics) with surface flaws for as-received specimens.
The ratio of predicted biaxial to uniaxial strengths (as-received) was
0.90 and 0.82 for AS800 and SN282, respectively, whereas the ratio
of actual biaxial and uniaxial strengths was found to be 0.89 and 0.72.
From excellent to reasonable agreement was found for AS800 and
SN282 specimens, respectively. The Weibull moduli in this prediction
were taken as m = 20 and 10 for AS800 and SN282, respectively.
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the flexure bars, possibly again due to the difference in
specimen thickness, as noted by the elastic foundation
approach (with strength depending on [ 1/(thickness)?]).
Although the general trend of postimpact strength with
respect to impact velocity seemed similar in both spec-
imen configurations, the occurrence of significant ra-
dial and back-side cracking was very different from
one specimen configuration to another even using the
same target material under the same impact conditions.
This implies that a particular set of impact data gen-
erated under particular impact conditions may not be
universally applicable to a variety of applications. A
case-by-case approach must be sought.

4. Conclusions

Based on the results of FOD testing using biaxial target
disks at ambient temperature for two in-situ toughened,
gas-turbine-grade silicon nitrides (AS800 and SN282),
following conclusions were made:

1. The overall FOD resistance was greater for AS800
silicon nitride than for SN282 silicon nitride, primarily
due to greater value of fracture toughness in AS800.

2. The critical impact velocities, in which biaxial tar-
get disks exhibited the lowest postimpact strength, were
about 440 and 300 m/s, respectively, for AS800 and
SN282. The occurrence of critical impact velocity was
associated with the generation of significant sizes (5
to 7 mm) of radial cracks originating from the impact
sites.

3. Asimpact velocity increased, more different crack
types were involved in the impact event, occurring ei-
ther individually or simultaneously. A fracture map
was proposed to identify the occurrence of particular
crack systems including ring, radial, cone, and back-
side cracking with respect to impact velocity.

4. In terms of the different specimen geometries and
configurations, the degree of additional damage by ra-
dial and back-side cracking was much more severe in
thin biaxial specimens than in thick uniaxial flexure
bars. This indicates that a particular set of impact data
generated under particular impact conditions may not
be universally applicable to a variety of applications. A
case-by-case approach to specific geometries and con-
figurations should be taken into consideration.
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