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ABSTRACT

Foreign object damage (FOD) phenomena of two
gas-turbine grade silicon nitrides (AS800 and SN282) were
assessed at ambient temperature applying impact velocities
from 20 to 300 m/s using 1.59-mm diameter hardened steel
ball projectiles. Targets in a flexural configuration with two
different sizes (thicknesses) of 1 and 2 mm were ballistic-
impacted under a fully supported condition. The severity of
impact damage, as well as the degree of post-impact strength
degradation, increased with increasing impact velocity,
increased with decreasing target size, and was greater in
SN282 than in AS800 silicon nitride. The critical impact
velocity where targets fractured catastrophically decreased
with decreasing target size and was lower in SN282 than in
AS800. Overall, FOD by steel projectiles was significantly
less than that by silicon-nitride ceramic counterparts, due to
much decreased Hertzian contact stresses. A correlation of
backside cracking velocity versus target size was made based
on a simplified elastic foundation analysis.

[Keywords: foreign object damage (FOD); impact damage;
impact test; silicon nitrides; ceramics; ballistic impact; target
size effect]

INTRODUCTION

Ceramics, because of their brittle nature, are prone to
localized surface damage and/or cracking when subjected to
impact by foreign objects. It is also obvious that ceramic
components may fail catastrophically or structurally even by
relatively soft particles when the kinetic energy of the
impacting objects exceeds certain limits. Phenomena of
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particle impact have been frequently encountered in
aeroengines where combustion products, metallic particles,
sand, thermal barrier coatings (TBCs) loosened from a
combustor, or small foreign objects ingested cause damage to
related components, resulting in structural or functional
problems. Hence, foreign object damage (FOD) associated
with particle impact needs to be considered when ceramic
materials, either monolithic ceramics or ceramic matrix
composites (CMCs), are designed for acroengine applications
such as combustor liners and stationary or rotating airfoils. A
significant amount of work on impact of brittle materials by
different projectiles or plates has been done experimentally
and analytically in the past for a variety of applications
including gas turbine engines [1-18].

Series of FOD work on two gas-turbine grade silicon
nitrides (AS800 and SN282) have been performed using
flexure bars or disks [19-22]. Targets in a rigid support were
ballistic-impacted by hardened chrome-steel (SAE 52100) ball
projectiles with a diameter of 1.59 mm using an impact
velocity range of 220 to 440 m/s. AS800 silicon nitride
exhibited a greater FOD resistance than SN282, attributed to
greater fracture toughness of AS800. Assessments of FOD in
AS800 silicon nitride were also made using four different
projectile materials of 1.59-mm-diameter hardened steel,
annealed (at 350 and 700°C) steel, silicon nitride, and brass
balls [23-26]. The hardness of the projectile materials was a
key parameter affecting the most amount of impact damage.
The FOD work has been extended to three different ceramic
matrix composites (CMCs), melt-infiltrated (MI) Sylramic™
SiC/SiC [27], N720/aluminosilicate [28] oxide/oxide, and
N720/alumina [29] oxide/oxide CMCs. The most appreciable
distinction between the monolithic ceramics and the CMCs
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was that the CMCs revealed no catastrophic failure even up to
an impact velocity of 400 m/s in which the monolithic
counterparts did not survive at all. Recent FOD work also
investigated the impact behavior of AS800 and SN282 by
using silicon nitride projectiles with varying target thicknesses
of 1 mm and 2mm [30].

The current work is to extend the previous work
[26,30] to include the effects of target size on FOD by steel
ball projectiles. Two different thicknesses of 1 and 2 mm of
the flexure targets of AS800 and SN282 were employed with
1.59 mm-diameter hardened steel ball projectiles. The data on
t=3mm previously obtained [25] were also used as a
supplementary baseline. Post-impact strength and damage
morphology were determined to quantify the severity of
related impact damage. Analysis of backside cracking was
also made as a function of target thickness and impact velocity
based on a simple elastic foundation approach. This paper is
considered as a companion to the previous one with ceramic
projectiles [30] in terms of target size effect.

EXPERIMENTAL PROCEDURES

Target Materials and Test Specimens

Target materials were described elsewhere in the
previous work [19-22] and briefly mentioned here again. The
materials were two commercial, sintered silicon nitrides,
AS800 (fabricated by Honeywell Ceramic Components,
Torrance, CA, 1999 vintage) and SN282 (fabricated by
Kyocera, Vancouver, WA, 2000 vintage). These two silicon
nitrides have been considered as gas-turbine grade in view of
their much enhanced toughness and -elevated-temperature
properties. The SN282 silicon nitride has been recently
considered as a candidate for a recuperated ceramic turbo-
engine for UAV (Unmanned Air Vehicle) [31]. Figure 1
shows the microstructures of both AS800 and SN282: The
AS800 silicon nitride was typified of elongated grain
structure. The plates for each material were machined into
flexure target specimens measuring 4 mm and 25mm,
respectively, in width and length with two different
thicknesses of t = 1 and 2 mm. The final finish of target
specimens was completed with 600-grit diamond grinding
wheel. The basic physical and mechanical properties of both
AS800 and SN282 are presented in Table 1.

Foreign-Object-Damage Testing

Foreign object damage (FOD) testing was conducted
using a ballistic impact gun at ambient temperature. Detailed
descriptions of the impact apparatus can be found elsewhere
[19-22]. Briefly, a hardened steel ball projectile with a

Figure 1. Microstructures of (a) AS800 and (b) SN282
silicon nitrides used in this work.

Table 1. Basic mechanical properties of target and
projectile materials at ambient temperature [19,20]

Elastic Vickers Flexure Fracture
Material modulus' | hardness® strength® | toughness*
E(GPa) | H,(GPa) | o, (MPa) | (MPavm)
Targets AS800 Si;N, 309 13.6£1.4 775445 8.1£0.3
SN282 Si;Ny 304 15.3+0.2 595+64 5.5+0.2
Projectile (Cslg%msezsltgg; 200 | 82402 | 2200%*

1. By the impulse excitation technique, ASTM C 1259 [32]; 2. By Vickers
microhardness indentation, ASTM C 1327 [33]; 3. By four-point flexure testing, ASTM
C 1161 [34]; 4. By single edge precrack beam (SEPB) method, ASTM C 1421 [35];

** From literature data.

diameter of 1.59 mm was inserted into a 300 mm-long gun
barrel with an inner diameter of 1.59 mm. Helium-gas in
conjunction with relief valves were used to pressurize the
reservoir to a specific level, corresponding to a prescribed
impact velocity. Upon reaching a specific level of pressure, a
solenoid valve was instantaneously opened accelerating the
steel ball projectile through the gun barrel to impact a target
ceramic specimen. The target specimen was fully supported
through a thick steel block (as shown in Fig. 10). Each target
specimen was aligned such that the projectile impacted at the
center of the target specimen with a normal incidence angle.
Impact velocity of projectile was determined using two pairs
of laser transmitter and receiver. The range of impact velocity
employed in this work was from 20 to 300 m/s. A relatively
large number of target specimens, typically 10, were used at
each impact velocity for a given material/thickness condition
to improve reliability/reproducibility of data while considering
a cost issue. In many cases, a relatively small (“a few”)
number of target specimens have been used in the literature.
Table 1 also includes the basic properties of the silicon nitride
ball projectiles.
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Figure 2. Post-impact flexural strength (or) as a function of impact velocity (V) for (A) AS800 and (B) SN282 silicon nitrides
with different target thicknesses, impacted by 1.59mm-diameter hardened steel ball projectiles at ambient temperature. The

data for a target thickness of t=3 mm, determined previously [25], are included for comparison. The “AsR” represents as-
received strength with no impact.
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Post-Impact Strength Testing

Strength testing was performed at ambient
temperature for the impacted target specimens to assess
quantitatively the degree of impact damage, using a four-point
flexure fixture with 10-mm inner and 20-mm outer spans.
Each impacted target specimen was loaded in the flexure
fixture with its impact site being placed to tension within the
inner span. An electromechanical test frame (Model 8562,
Instron, Canton, MA) was used in displacement control with
an actuator speed of 0.5 mm/min. As-received strengths were
also determined for each material using a total of 20
specimens for a given target thickness.

RESULTS AND DISCUSSION

Post-Impact Strength

The post-impact strength results of AS800 and
SN282 with different target thicknesses are presented in Fig.
2, where individual post-impact flexure strength was plotted as
a function of impact velocity for each target thickness. The as-
received (“AsR”) flexure strength was included for each target
thickness. The post-impact strength determined previously
with a target thickness of t = 3 mm [25] was also included for
comparison. Most of target specimens did fracture in strength
testing originating from their impact sites. Exception to this
was some of target specimens impacted at lower velocities
where resulting impact damage was insignificant or
comparable to inherent flaw/defect sizes of the target
materials. Post-impact strength decreased with increasing
impact, due to increased impact damage. For a given target
thickness/impact velocity condition, the impact damage was
much greater in SN282 than in AS800. The damage that
controlled strength degradation was radial and/or cone cracks
emanating from the impact sites, as seen previously [25]. The
size of related cracks for a given target thickness/impact
velocity was greater in SN282 than in AS800, ascribed to the
lower fracture toughness of SN282 (5.5 vs 8.1 MPaVm, see
Table 1), thereby resulting in greater strength degradation.

The degradation of post-impact strength of both
materials increased with decreasing target thickness, indicative
of a target size effect. The thickness effect was attributed to
the following facts that: 1) the cracks/damage at impact sites
were relatively large as compared to the target thickness with
decreasing target size; and 2) the impact event in thinner
targets tended to generate additional backside cracks
emanating just beneath the impact sites. These dual aspects of
cracking/damage contributed greatly to the effect of target
size. Impact morphology will be discussed in a later section.

Figure 3 presents the critical impact velocity (V;) as a
function of target thickness for the two materials. The critical
impact velocity has been defined as a velocity where target
specimens were broken catastrophically into two pieces [19-
22]. Both of the materials showed an increase in V. almost

FOD by steel ball projectiles
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Figure 3. Critical impact velocity (V;) as a function of target
specimen thickness (t) for AS800 and SN282 silicon nitrides
impacted by 1.59mm-diameter hardened steel ball projectiles at
ambient temperature. The data for t=3 mm [25] were included for
comparison.
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Figure 4. Probability of catastrophic failure upon impact as a
function of impact velocity for different target thicknesses for
AS800 and SN282 silicon nitrides impacted by 1.59mm-diameter
hardened steel ball projectiles at ambient temperature. The data
for t=3 mm [25] were included for comparison.

linearly with increasing target thickness. However, AS800
showed greater V, for a given target thickness than SN282,

due to its greater fracture toughness, as was also observed
from the previous work by silicon nitride ball projectiles [30].
The probability of catastrophic failure upon impact is shown
in Fig. 4, where failure probability was plotted against impact
velocity for three different target thicknesses. The
responsiveness of catastrophic failure at the moment of impact
was readily discernible from the figure between the two
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materials. The V, corresponds to the case of a 100%
probability of failure upon impact.

The two-parameter, Weibull plots of post-impact
strengths for AS800 and SN282 are presented in Fig. 5 for
three different target thicknesses. Failure probability
(InIn[1/(1-F)]) was plotted as a function of strength (Ing;). As-
received (“AsR”) strengths for t=1 and 2 mm as well as the
Weibull plots for t=3 mm previous determined [25] were also
included for comparison. The target specimens fractured at V.,
designated as “CF” in the figure, were plotted with a strength
of 10 MPa for a behavioral representation, although they
actually yielded a ‘zero’ strength. The Weibull moduli (m) of
the as-received strengths were m=14-21 and 9-13 for AS800
and SN282, respectively, for three different thicknesses. The
statistical aspect of FOD damage or strength degradation is
clearly seen from the figure. Weibull modulus (m) for either
AS800 or SN282 rapidly decreased not only with increasing
impact velocity but also with decreasing target thickness. At
higher impact velocities, Weibull modulus was significantly
lower with m=1-9 or the distribution yielded bimodality. The
lower m values are indicative of a wide range of impact
damage size. The bimodality was a result of two aspects of
fracture such that some specimens broke catastrophically
(“CF”) due to significant damage while other specimens
retained some finite strength attributed to less but varying
degrees of damage. Hence, a transition from unimodality to
bimodality took place below the corresponding critical impact
velocity. The results of the Weibull distributions also show
that post-impact strength was of a stochastic nature. This
suggests that the use of only a few samples in FOD tests
should be avoided and that a reasonable number of target
samples be used to ensure improved reproducibility/reliability
of the data.

Impact Morphology of Targets and Projectiles

It has been observed that hardened chrome-steel ball
projectiles, upon impacting on AS800 or SN282 targets, were
flattened as a result of plastic deformation with their degree of
flattening being dependent on impact velocity [19,22,25]. At
higher impact velocity (>350 m/s), the hardened steel ball
projectiles fractured into several pieces. By contrast, the
silicon nitride ball projectiles did not break up to 90 m/s but
fractured, shattered or pulverized at impact velocities > 90 m/s
[26]. A typical mode of deformation of a steel projectile and
its peculiar fracture surface are presented in Fig. 6. The
projectile was impacted on a 2mm-thick AS800 target at 250
m/s. Dominant tensile failure of the projectile, which was split
into two halves upon impact, is apparent from its fracture
surfaces.

The impact damage generated in target specimens, in
general, was typified of plastically deformed impact sites, ring
(cone) cracks, and radial cracks with their size/degree

dependent on impact velocity and target thickness. Radial or
ring (cone) cracks were primarily responsible for strength
degradation. As mentioned in the Post-Impact Strength
section, the thin target specimens (t=1 mm) exhibited backside
cracking emanating from the point just beneath the impact
site. This was due to the localized deflection of targets by
impact force associated with deformation of elastic foundation
of the steel block support. Typical backside cracks for both
AS800 and SN282 are shown in Fig. 7. The severity of
backside cracking was greater in SN282 as well as at higher
impact velocity. This type of backside cracking was also
observed in disk targets (2 mm-thickness and 45 mm-
diameter) [21]. The backside cracking is reminiscent of the
fracture pattern of disks subjected to biaxial testing. Backside
cracking will be discussed and analyzed in more details in a
later section.

Examples of fracture surfaces of 2mm-thick targets
impacted at 200 m/s are shown in Fig. 8. For SN282, two
damage systems of front radial and backside cracks were
coexistent; whereas, for AS800, one front radial crack was
predominant. Fracture surfaces of the thin targets of t=1mm
were complex in nature because of the presence of both the
impact site cracks and the backside cracks. These cracks were
not in coplanar in many cases, yielding irregular, rough
fracture surfaces.

Comparison in FOD Behavior between Steel and
Ceramic Ball Projectiles

Figure 9 shows comparison in post-impact strength
between steel ball projectile from this study and silicon nitride
ball projectiles determined previously [30]. For a better
plotting clarity, data symbols were not included. The
difference in post-impact strength between the two different
projectile materials becomes more significant with increasing
target thickness: The difference was least, intermediate, and
greatest, respectively, for t=1, 2, and 3 mm. The size of impact
damage (as well as its dual aspect as aforementioned)
occurring in thinner targets was comparable to target size,
resulting in significant strength degradation, regardless of the
type of projectile materials. In thicker targets, the situation
was different since the damage created by the ceramic
projectiles was much greater than that by the steel projectiles,
attributed to much higher Hertzian contact stresses exerted by
ceramic projectiles, creating significant strength degradation.
The plastically deformed projectiles at the contact point, as
shown in Fig. 5, reduced the corresponding contact stresses
significantly, resulting in much less cracking and in turn the
least strength degradation, as compared with the ceramic
counterparts. This again emphasizes the importance of
projectile materials with regard to response to impact damage
or FOD. This is consistent again with the previous observation
[25] that for a given material/impact condition, the hardness of
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(b)

Figure 6. Overall shape (a) and fracture surface (b) of a hardened
steel ball projectile split into two upon impact on an AS800 target
with t=2 mm at 250 m/s, showing an evidence of tensile failure
from the impact site.

V=40m/s

(600 MPa) (590 MPa)

V=65 m/s

(640 MPa) (130 MPa)

(a) AS800 (b) SN282

Figure 7. Typical appearances of backside cracking occurring in
(@) AS800 and (b) SN282 targets with a thickness of 1 mm,
impacted at 40 m/s (above) and 65 m/s (below) by 1.59 mm-
diameter hardened steel ball projectiles at ambient temperature.
Values of corresponding post-impact strength are also given for
each of targets.

Impact site Impact site

(a) AS800; t=2 mm (b) SN282; t=2 mm

Figure 8. Typical fracture surfaces of target specimens impacted
at 200 m/s by 1.59 mm-diameter hardened steel ball projectiles at
ambient temperature: (a) AS800; (b) SN282. A backside crack is
outlined as a dotted line in (b) SN282.
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Copyright © 2011 by ASME



Elastic foundation

t

Cross section

Figure 10. A schematic of elastic foundation considered in the
analysis. A target fully supported on elastic foundation is subject
to impact force F by an impacting projectile.

projectiles is a key parameter to affect the most impact
damage.

Backside Cracking and Its Analytical Considerations

As mentioned in the preceding sections, thinner
target specimens exhibited a peculiar feature of backside
cracking that occurred on the reverse side of targets. Well-
defined multiple radial cracks originating from a point just
beneath the impact site were typically semi-elliptical in shape.
Backside cracking was observed to initiate with an about 50 %
probability at V=20 and 40 m/s for SN282 and ASS800,
respectively; it reached a 100 % probability at 65 m/s for both
materials. The size of backside cracks, measured from its
center, was around 1-3 mm, depending on impact velocity
applied: The higher impact velocity, the greater backside
cracks, and vice versa.

Although the target specimens were rigidly
supported, they were actually supported on an elastic
foundation of a ‘steel’ block. Any deflection of the elastic
foundation by impact force would result in a localized
deflection (bending) of the target specimens, which in turn
would induce tensile stresses on the reverse side of a target,
just beneath the impact site. Backside cracking was analyzed
quasi-statically based on a somewhat complex elastic
foundation approach [36] to predict the backside cracking
velocity. However, it was felt that the approach presented
some difficulty in determining certain parameters (particularly
the spring constant of related elastic foundation) and that it did
not predict the actual pattern of biaxial backside cracking (see
the pattern of backside cracking in Fig. 7).

In this study, a rather simplistic, quasi-static approach
was made to predict how and when backside cracking occurs
as a function of target thickness. As in the general approach, a
thin target specimen is assumed to be supported by an elastic
foundation as shown in Fig. 10. The maximum tensile stress

(Gpax) On the backside of a target due to an impact force (F) is
governed by linear elasticity and may be generalized as

aF
where a is an experimentally determined parameter, associated
with the elastic foundation as well as the target in conjunction
with their configurations, elastic modulus, and Poisson’s ratio,
etc. The b and t are target width and thickness, respectively.
The ‘yield stress” model [25] can approximate impact force as
a function of impact velocity (V) for the case of impact of
silicon nitride target-versus-hardened steel ball projectile as
follows:

F=gre 2

where £ and ¢ are the parameters to be determined for a given
combination of target and projectile. Equations (1) and (2)
simply yield

y - [(—b“m“) rz} ()

ag

When o, reaches the strength of a target material, then
backside cracking takes place. In this case, V=V, (with V.
being the backside cracking velocity) and 6,,.=0 (With o,
being the strength of a target material). Therefore, Eq. (3)

becomes
bG ) 1/q
Vie = {(—-’ ) rz} 4)
ag

The critical impact velocity (V,.) may be considered to be
identical to V. for thicker targets of t=2 or 3 mm. Using the
SN282 data on 6,=595 MPa (see Table 1), 5=4 mm, and V. in
Fig. 3, together with {=22.5 and ¢=1.0 [5], one can estimate
the parameter o in Eq. (4) to be

0=2.7x10" [m]

The units are in Newton for F, meter/sec for V. and
Newton/(meter)® for 6. Using the experimentally estimated
a, Vy. can be determined from Eq. (4) for the two target
materials as a function of target thickness and the result is
presented in Fig. 11. The V. data at t=1, 2 mm represent a 50
% probability of backside cracking. As seen from the figure,
the prediction is in surprising agreement with the experimental
data, despite the lack of in-depth physical insight/elaboration
of the model. This implies that the seemingly complex,
underlying mechanics behind the backside cracking would be
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Figure 11. Predicted backside cracking velocity (Vi) as a function
of target thickness (t) for AS800 and SN282 silicon nitrides
impacted by 1.59mm-diameter hardened steel ball projectiles at
ambient temperature. Experimental data for AS800 and SN282 are
included.

rather simple, even operative quasi-statically in an elementary
beam or plate theory. The backside cracking for both materials
was hardly observed for thicker target specimens with t=3
mm. This would be due to that fact that the backside cracking
may coincide with the critical impact velocity so that backside
cracking would not be observable since one dominant single
crack can control the catastrophic failure of a target.

The occurrence of backside cracking leads to
important implications in design of ceramic components if
their configurations resemble the type of target support
employed in this work. Since the backside damage is much
more significant in size and degree, overall structural
reliability of the components may be controlled by the
backside damage than by the front counterpart. Furthermore,
the backside damage is hidden and NLOS (non-line-of-the-
sight) in its configuration. Therefore, an optimum structural
design should be exercised to mitigate this type of structurally
induced FOD. Also, a pertinent tool such as nondestructive
evaluation (NDE) is of necessity for structural assessments.

FOD Design Considerations

As has been stated, designing aeroengine ceramic
components to withstand FOD events is a complex task.
Considerations of many factors are needed [17]. A sample of
these factors, some of which might be potential tasks of future
work, can be listed as follows:

o Effect of primary impact variables such as impact
velocity, incidence angle

o Effect of material, geometry, and size of projectiles

o Effect of target material, CMCs or monolithic ceramics,
surface condition

o Effect of type, size, and material of target support

o Effect of operating temperature/environment

o Effect of long-term exposure of FOD to service
environment

o Effect of protective coatings such as impact barrier
coatings, and thermal/environmental barrier coatings
(T/EBCs)

It is also noted that FOD is complex both from an analytical
standpoint as well as characterizing the phenomena.
Appropriate modeling of the phenomena should serve in a
feedback loop to experimental techniques, one complementing
and improving the other.

CONCLUSIONS

1) Regardless of thickness of target specimens, overall FOD
resistance was greater in AS800 than in SN282, attributed
to greater fracture toughness of AS800.

2) Radial or ring (cone) cracks emanating from the impact
sites were observed and primarily responsible for strength
degradation.

3) Strength degradation and critical impact velocity were
significantly dependent on target thickness: The thinner
targets yielded greater strength degradation and lower
critical impact velocity, and vice versa.

4) Backside cracking was dominant in the target specimens
of a thickness of 1 mm, occurring from a low impact
velocity >20 m/s in SN282. A backside cracking analysis
based on a simple elastic foundation approach together
with a simple beam or plate theory yielded a very
reasonable prediction of the backside cracking velocity as
a function of target thickness for both AS800 and SN282
silicon nitrides.
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