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Abstract

This study investigates characteristics of foreign-object damage in plain-woven SiC/SiC
composites after thermal loading. High-speed impact tests were conducted on virgin
specimens, thermally exposed specimens, and thermally shocked specimens, in which the
maximum temperature during thermal loading was 600°C or 1000°C. An oxide layer was
generated on the specimen surface by thermal loading at 1000°C. Damaged areas on the front
and back surfaces induced by particle impact were independent of thermal loading. However,
in specimens thermally loaded at 1000°C, brittle failure, i.e. cone cracking without fiber pull-
out, occurred due to oxidation of the fiber/matrix interfaces, and the ballistic limit velocity
significantly decreased. Finally, the ballistic limit is predicted using static strength properties,
and the effect of thermal loading on impact resistance is discussed.
" : A. Ceramic-matrix composites (CMCs); B. Impact behaviour; B. Environmental

degradation; B. Embrittlement; Ballistic limit

1. Introduction
Ceramics have various advantages such as good thermal resistance, high modulus and
strength, and a low thermal-expansion coefficient. However, they are brittle because of their

high sensitivity to internal defects or damage. Ceramic matrix composites (CMCs) have been
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developed by reinforcing ceramics with particles, whiskers, and fibers to improve damage
tolerance. The bridging mechanism, i.e. fibers bridging matrix cracks, is the most important
factor for high fracture toughness in CMCs. The fiber/matrix interface is debonded to prevent
fiber breakage when matrix cracks reach fibers or fiber bundles. An appropriate cohesive
strength of the fiber/matrix interface is required to achieve a phenomenon of fiber pullouts.

Woven CMCs in some cases exhibit higher fracture resistance than unidirectional. or
laminated CMCs and are expected to have extensive applications. Applying woven CMCs to
high-temperature components of gas turbines will enable higher turbine inlet temperatures
and improve efficiency [1-3]. However, high-speed impact of particles (foreign objects) is a
key issue in practical use, since foreign-object damage (FOD) induces failure in high-
temperature components such as rotating or stationary airfoils [4]. Therefore, high-speed
impact tests have been conducted for some types of CMCs, and the damage characteristics,
stiffness, and strength after impact have been investigated [5-9].

In order to use CMCs in high-temperature components, their FOD behavior at high
temperatures should be clarified. Choi and co-workers [7,8] conducted high-speed impact
tests of satin-woven SiC/SiC composites at room temperature and 1316°C using a burner rig,
and reported that significant post-impact strength degradation but with little difference in
damage size was observed. The authors [10] investigated the FOD behavior of three-
dimensionally woven SiC/SiC composites at room temperature and 800°C, and observed
embrittled damage characteristics in thermally exposed specimens. This embrittlement was
ascribed to formation of the nanometer-scale oxidation layer at the fiber/matrix interface.
However, studies on the FOD behavior of thermally loaded CMCs are limited, and the
influence of thermal loading on FOD behavior has not been clarified.

This study investigates the FOD characteristics of thermally loaded plain-woven SiC/SiC
composites. First, CMC specimens were thermally loaded under the following two conditions:
(1) specimens were heated up to a given temperature and were gradually cooled; (2)
specimens were heated up to a given temperature and were rapidly quenched. High-speed
impact tests were conducted for as-received specimens (virgin specimens) and for thermally

loaded specimens ((1) thermally exposed specimens; (2) thermally shocked specimens), and
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damage patterns were observed. Finally, the ballistic limit velocity is predicted for thermally

loaded CMCs, and the effect of thermal loading on impact resistance is discussed.

2. Experimental
2.1 Materials

The material used was plain-woven composites consisting of Si-Ti-C-O Tyranno™ fibers
(Lox M) and a SiC-based matrix. Fiber interfaces were coated with a 10 nm SiOy-rich layer
surrounding an inner 40 nm carbon-rich layer [11]. Table 1 lists the material properties of
Tyranno™ fibers. Each fiber bundle consists of 800 filaments, and the plain-woven fabrics
were laminated as depicted in Fig. 1. Using polytitanocarbosilane as a precursor, a matrix was
impregnated in the preform through eight cycles of polymer impregnation pyrolysis (PIP).
The material was burned at 800°C and was heat-treated at 1200°C in a PIP cycle.

Two plates (Material #1 and Material #2) were used in this study. The fiber volume fraction
was 38%, and there were eight layers for Material #1 and 10 layers for Material #2. Their
thicknesses, densities, and void contents are listed in Table 2. The densities and void contents

were measured by the Archimedian method.

2.2 Thermal-loading test

Thermal-exposure tests and thermal-shock tests were conducted on Material #1. The
specimen size-was 55 mm square (2.5 mm thick), which was the same as that for the impact
tests. A thermocouple (type R) was attached to the specimen surface using heat-resistant
ceramic adhesive to measure the specimen temperature. Specimens were heated by an infrared
image furnace.

Figure 2 plots the temperature history of the specimen surface during thermal-loading tests.
All specimens were heated up to a given temperature (600°C or 1000°C) at a constant heating
rate of 50 K/min and were held at the given temperature for 30 minutes. After experiencing
the maximum temperature, the specimens were gradually cooled in the furnace in the thermal-
exposure tests. In the thermal-shock tests, specimens were quenched in to an oil bath of

silicon oil (50°C). The distance from the specimen to the oil surface was less than 100 mm,
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and the specimen was dropped vertically. Before and after the thermal-loading tests, the
specimen surfaces and edges were observed by an optical microscope and a scanning electron
microscope (SEM). There were five specimens for thermal exposure at 1000°C, five for
thermal exposure at 600°C, five for thermal shock at 1000°C, and one for thermal shock at

600°C.

2.3 High-speed impact tests

High-speed impact tests were conducted on virgin specimens (Material #1 and Material
#2), thermally exposed specimens (Material #2), and thermally shocked specimens (Material
#2).

Figure 3 is a schematic diagram of a high-speed impact testing machine (Maruwa
Electronic Incorporated). A projectile set in a sabot was accelerated with high-temperature,
high-pressure metal plasma obtained by melting and evaporating aluminum foil (2 mm x 60
mm) subjected to high-voltage (3 to10 kV) pulse current. The sabot was stopped at the mouth
of the gun, and inertia carried the projectile forward. The projectile velocity was controlled by
the voltage applied to the aluminum foil.

A steel ball of the type used for bearings with a diameter of 2.5 mm (0.0623 g) was used as
the projectile. The four edges of each of 55-mm square target specimens were rigidly clamped
by a fixture jig as shown in Fig. 4a. A 50 mm square hollow existed at the back of the fixed
specimen (Fig:4b), and bending deformation due to impact loading was permitted.

Acceleration sensors were mounted on the mouth of the gun and the fixture jig, and the
time interval after projection from the sabot before impact was measured to calculate the
projectile velocity. The range of the impact velocity v was 100 to 600 m/s. There were seven
virgin specimens of Material #1. For thermally loaded specimens of Material #2, there were
five virgin specimens, five for thermal exposure at 1000°C, six for thermal exposure at 600°C,

five for thermal shock at 1000°C, and five for thermal shock at 600°C.

2.4 Damage observation

After the impact tests, damage patterns on the impact surface and the back surface were
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observed by a stereomicroscope, and the damage area was measured using image-processing
software. The specimens were then cut and polished, and damage beneath the impact point
was observed using an optical microscope. Moreover, internal damage was nondestructively
imaged using a micro-focus X-ray CT system (TOSCANER-3000pthd, Toshiba IT & C ontrol

Systems Corporation) for some specimens.

3. Experiment results and discussion
3.1 Damage after thermal loading

Figure 5 presents SEM images of the specimen edges before and after thermal loading at
1000°C. The edge tarnished after thermal loading, even if the surface was polished to a mirror
surface. This observation suggested the generation of an oxide layer, to be described later.
Fibers were chipped off in both the thermally exposed and thermally shocked specimens.

Furthermore, pores were generated between fibers in the thermally shocked specimen.

3.2 High-speed impact damage
3.2.1 Virgin specimens

Figure 6 depicts typical damage patterns on the front (impact) surface and the back surface
of virgin specimens. A crater was generated and a slight bump and fiber breaks were observed
around the crater at impact velocity v = 100 m/s (Fig. 6a); no damage occurred on the back
surface. At v =150 m/s (Fig. 6b), a bump and fiber breaks as well as a crater were generated
on the front surface, similar to those in Fig. 6a, and bumps were observed beneath the impact
point on the back surface. At v =350 m/s (Fig. 6¢), a penetration hole with bumps and fiber
breaks was generated on the front surface, and bumps and fiber breaks were observed over a
large area near the penetration hole on the back surface.

Figure 7 depicts internal damage in the above-observed specimens inspected using an X-
ray CT system. In all of the specimens, a cone crack extended from the crater edge. Severe
damage with interfacial debonding, matrix cracks, and fiber breaks was observed inside the
cone crack region at v = 150 m/s (Fig. 7b). Fiber/matrix interfacial debonding was observed

near the cone crack at v = 350 m/s (Fig. 7¢). The projectile bounced back from the specimen
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at v = 350 m/s, and the damage in Fig. 7c was in fact spall damage in which the cone crack
penetrated the thickness of the specimen.

Figure 8 plots the relationship in projected damage area between the front and the back
surfaces as a function of impact velocity. Here, the damaged region was divided into the crater
and the damage in the neighboring area (peripheral damage); the area of the penetration hole
was counted as part of the crater. The sum of the areas of the crater and the peripheral damage
is also plotted as all damage. The vertical line in Fig. 8 represents the penetration limit
velocity of the damage at which damage appeared on the back surface, and the horizontal line
represents the projected area of the projectile. The peripheral damage area, as well as the total
damage area, increased on the front surface with increasing impact velocity regardless of
penetration. The crater area increased up to the penetration limit and converged to the
projected area of the projectile (= 5 mm?) over the limit velocity. The damaged area on the
back surface was larger than that of the front surface. The area of the penetration hole (the
crater in Fig. 8b) on the back surface was almost a constant value (8 mm?), since the angle of
the cone crack changed only slightly in the velocity range of this study. The peripheral

damage area was approximately constant (17 mm?).

3.2.2 Thermally loaded specimens

Figure 9 illustrates the classification of the pattern of damage at several impact velocities
for the thermally exposed and thermally shocked specimens. The maximum temperature
during thermal loading is presented on the vertical axis, and the data at room temperature
represents the results for virgin specimens. Although the impact response of woven CMCs
could have stochastic aspects, the impact damage was classified into four patterns: (1) damage
was generated on the front surface only; (2) damage reached the back surface; (3) perforation
occurred but the projectile bounced back; and (4) perforation occurred and the projectile
penetrated the target. For specimens thermally loaded at 600°C, the ballistic limit, i.e. the
velocity at which the projectile penetrated the specimen, was 250 to 350 m/s regardless of the
thermal-loading type, and was similar in range to that for virgin specimens. However, for

specimens thermally loaded at 1000°C, the projectile penetrated the specimen at a velocity
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less than 150 m/s, and the impact resistance was significantly degraded. This result suggests
that the primary factor affecting the impact resistance was not the state of thermal stresses
during cooling but the maximum holding temperature during the thermal loading.

Figure 10 depicts the damage states on the front and back surfaces of all of the specimens
impacted at velocities over the ballistic limit. Fibers were raised near the penetration hole on
both front and back surfaces in the virgin specimen (Fig. 10a) and the specimen thermally
exposed at 600°C (Fig. 10b). The outermost layer peeled off of the back surface and fibers of
the inner layers were observed in the specimen thermally shocked at 600°C (Fig. 10c),
although fibers were raised similarly to Fig. 10b. A sharp-edged penetration hole without
projection of fibers was generated in specimens thermally loaded at 1000°C (Figs. 10d, 10e).

Figure 11 presents cross-section images beneath the impact point observed by an optical
microscope, in which the specimens are the same as in Fig. 10. The bridging mechanism
functioned, and fiber pull-out occurred on the surface of the cone crack in the virgin specimen
(Fig. 11a) and in the specimens thermally loaded at 600°C (Figs. 11b, 11c), which resulted in
the projection of fibers observed in Figs. 10a-10c. However, in the specimens thermally
loaded at 1000°C (Figs. 11d, 11e), the cone crack extended in a straight line without fiber
pull-out. This damage state was a typical failure pattern of brittle CMCs. Moreover, a few
outermost layers peeled off in the specimens thermally loaded at 1000°C, although the spall
broke into small pieces in the other specimens. This difference suggests embrittlement in the
specimens thermally loaded at 1000°C.

Figure 12 plots the projected damage area on the front and back surfaces of all of the
specimens. ‘The damage area on the front surface increased in proportion to the impact
velocity regardless of thermal loading type. Moreover, no significant difference in the damage
area on the back surface was observed among all of the specimen types, although the data

varied widely.

3.3 Discussion
The brittle FOD characteristics in thermally loaded specimens suggest a change in the

strength of the fiber/matrix interface due to thermal loading. Since the carbon layer
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surrounding the fibers was oxidized by exposing the specimens to air at 1000°C, the interface
was strongly adhered between fibers and matrix, resulting in strong interface rather than weak
interface [10,12]. In this case, primary cracks generated in the matrix hardly induced
debonding when they reached the fiber/matrix interfaces, and fibers broke concurrently with
crack extension. The embrittlement after thermal loading was clearly reflected in static
strength. Figure 13 depicts load-displacement curves in four-point flexural loading-unloading
tests for specimens with and without thermal loading at 1000°C. The specimens were 60 mm
long, 10 mm wide, and 2.6 mm thick. The inner (outer) span was 20 mm (50 mm). Although
quasi-ductile characteristics were observed in virgin specimens, thermally loaded specimens
exhibited brittle fracture, and their bending strengths were much lower than that of virgin
specimens. Therefore, thermal loading resulted in a degradation of the tensile strength of the
SiC/SiC composites. Indeed, a straight cone crack without fiber pull-out, which is evidence of
fiber/matrix fixture, was observed in the specimens thermally loaded at 1000°C (Fig. 11).
These results indicate that the ballistic limit was degraded by embrittlement of the interface.

The ballistic limit velocity V}, can be predicted from the static strength properties, following
a semi-empirical energy-based approach proposed by Wen [13]. Although this analysis was
applied to FPRs and the FOD characteristics of CMCs differed from those of FRPs, its
formulation was independent of the material system or impact mechanism. This analysis
could therefore be used for any material system if an appropriate value of the empirical
constant £ (described later) is used. The pressure in the target imposed by the projectile, o, is
divided into a static term o, involving elastic-plastic deformation and a dynamic term o, that
resulted from the impact velocity v. It was assumed that the static term was equal to the elastic
limit g,, and that the dynamic term was a function of a parameter (p,/ae)l/ 2v, where p, was the
density of the target. Here, the total pressure o is expressed as

0:(1+ﬁ &vjae, (1)
O-e

where f is an empirical constant concerning the shape of the projectile. Considering the work
done by the total pressure o, the initial kinetic energy of the projectile required to penetrate

the target, Ex, is
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2
EkzﬂDTO'e(

1+ ij )

where D is the diameter of the projectile and 7 is the thickness of the target. The first term on
the right-hand side represents the static indentation at a pressure equal to the elastic limit; the
second term represents the increase of the pressure due to dynamic phenomena as well as the
energy absorption by damage extension to the peripheral region. Substituting the kinetic
energy of the projectile £, = (1/2)mV,” into Eq. (2), where m is the mass of the projectile, the

ballistic limit velocity V} is obtained as follows.

D*T
:M(H 1+8_mj

V
’ 4m 7B’ p,D’T

)

The constant £ is 1.5 for projectiles with hemispherical ends [13], and f = 1.2 is assumed for a
spherical projectile, considering the volume ratio. The elastic limit is obtained from the load-
displacement curve in four-point bending tests (Fig. 13) and was the maximum bending stress
of the linear region. The elastic limit in the specimens thermally loaded at 1000°C was equal
to the breaking stress, since no damage occurred until final failure.

Table 3 lists the predicted ballistic limit velocity of the virgin specimen and the specimens
thermally loaded at 1000°C, along with the experiment results. The prediction agreed well
with the experiment for the virgin specimen. However, the predictions for the thermally
loaded specimens significantly differed from the experiment results. Figure 14a plots the
ballistic limit velocity against the elastic limit. It was found that the reduction of the ballistic
limit could not be represented solely by the change in the static strength property o,, and that
the damage extension characteristics should be considered in Eq. (2). The energy absorption
due to damage extension was small in the thermally loaded specimens, since fiber pull-out
hardly occurred. Taking this observation into account, the second term on the right-hand side
of Eq. (2) was multiplied by a coefficient C, which captures the effects of energy absorption

due to damage extension to the peripheral region.

E,

_ 7o, (1+Cﬁ &V,,] 4)
(o3

e

If no internal damage was assumed (C=0), the ballistic limit velocity was
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V,=D e (5

Predictions made using Eq. (5) agreed with the experiments for thermally loaded specimens
(Table 3, Fig. 14a). The input energy can be divided into that required for penetration,
projectile deformation and/or fracture, target delamination or cracking, and rebounding of the
projectile. Here, Eq. (5) considers only the work at pressure g, during target penetration, and
the energy absorption by projectile deformation and the remaining kinetic energy of the
projectile were disregarded. It was then found that the energy absorbed by the projectile was
not dominant.

This approach to predicting the ballistic limit was applied <to three-dimensionally
orthogonally woven SiC/SiC composites (3D-CMC) consisting of the same fibers and matrix.
Figure 14b illustrates the predicted ballistic limit velocity along with the experiment results
for virgin and the thermally exposed (800°C) 3D-CMCs (7 = 6 mm) [10]. Here, the elastic
limits were obtained by bending tests, and were 172 MPa (virgin) and 171 MPa (thermally
exposed at 800°C). Although these elastic limits were almost the same, the ballistic limit of
the virgin specimen agreed with-a prediction based on Eq. (3), and that of the thermally
exposed specimen was intermediate between Eqs. (3) and (5). Here, fiber pull-out was
observed in the fracture surface of the bent thermally exposed specimen, although the
specimens were embrittled and the breaking strength was degraded [10]. This failure pattern
suggests that the fiber/matrix interface was not entirely fixed. Therefore, it was deemed
appropriate to consider damage extension in the target (0<C<I) when predicting the ballistic
limit velocity. For thermally exposed specimens, the prediction coincided with the experiment
when the energy absorption by damage extension slightly decreased (C=2/3). These results
indicate that reduction of the ballistic limit in thermally loaded specimens is caused by a
decrease in energy absorption due to internal damage extension, as well as by degradation of

the static strength.

4. Conclusions

This study investigated the effects of thermal loading on FOD behavior in plain-woven

10
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SiC/SiC composites. Specimens were thermally exposed or thermally shocked, with

maximum temperatures during thermal loading of 600°C or 1000°C. High-speed impact tests

were then conducted, and the resulting damage state was observed in detail. Our conclusions

are summarized below.

1.

An oxide layer was generated on the specimen surface by thermal loading at 1000°C.
Fiber chipping and gaps between fibers were also generated.

The ballistic limit velocity of specimens thermally loaded at 600°C was almost the same
as that of virgin specimens. However, the impact resistance of specimens thermally
loaded at 1000°C was significantly degraded from that of the virgin specimens.
Therefore, the maximum temperature during thermal loading .was the primary factor
affecting the impact resistance.

The projected damage area on the front (back) surface was independent of thermal
loading, and varied with the impact velocity.

Fibers were pulled out near the penetration hole, and the fiber/matrix interface was
debonded near the cone crack in the specimens thermally loaded at 600°C. The brittle
fracture characteristics, i.e. no fiber pull-out and straight cone cracks, were observed in
the specimens thermally loaded at 1000°C.

A comparison between the theoretical ballistic limit velocity and the experiment results
indicates that the ballistic limit was degraded by thermal loading because of embrittled
damage extension behavior and degraded static strength, both of which occurred due to

the fixture of the fiber/matrix interface.

It should be noted that this embrittlement due to thermal loading would be avoidable by

treatment with appropriate thermal/environmental barrier coating.
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Figure caption

Fig. 1  Surface and cross-sectional views of the plain woven SiC/SiC composite.

Fig.2  Time history of the specimen temperature during thermal exposure tests and thermal
shock tests.

Fig. 3  Schematic diagram of the high-speed impact testing machine.

Fig. 4 Fixture of the target specimen: (a) overview, and (b) schematic diagram.

Fig. 5 SEM images of the specimen edge before and after thermal loading.

Fig. 6  Surface-damage states of impacted virgin specimens.

Fig. 7 X-ray CT images of impacted virgin specimens. The specimens correspond to those
in Fig. 6.

Fig. 8 Relation between projected damage area and impact velocity for virgin specimens.

Fig. 9 Temperature-impact velocity diagram for classification of impact damage.
Penetration limit velocity, at which the projectile penetrated the target, was estimated
from both of thermally exposed and thermally shocked specimens.

Fig. 10 Damage states on the front and back surfaces of specimens impacted at velocities
exceeding the ballistic limit.

Fig. 11 Damage in the cross-section beneath the impact point for specimens impacted at
velocities exceeding the ballistic limit.

Fig. 12 Relation between the projected damage area and impact velocity for all thermal-
loading types.

Fig. 13 Typical load-displacement curves from four-point flexural loading-unloading tests.

Fig. 14 A comparison of the theoretical prediction of the ballistic limit with the experiment

for virgin and thermally loaded specimens.
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Table 1  Material properties in Tyranno-fiber (Lox-M).

Tensile strength (GPa) 33
Fracture elongation (%) 1.8
Density (g/cm3) 2.48
Filament diameter (um) 11

Filament number (number/bundle) 800
Thermal conductivity (W/m/K) 1.4

Table 2 Material properties of plain-woven SiC/SiC composites.

Thickness (mm) Density (g/cm’)
Material #1 2.5 2.3
Material #2 3.5 2.1

Porosity (%)

8.6
15.7

Table 3 _Prediction of the ballistic limit.

Elastic limit (MPa). ~ Ballistic limit (m/s) Ballistic limit (m/s)

Specimen type N

o, Prediction by Eq. (3)  Prediction by Eq. (5)
Virgin 43.8 286 N/A
Thermal exposure

27.9 228 124
at 1000°C
Thermal shock

27.8 227 124
at 1000°C

Ballistic limit (m/s)

. *
Experiment ?

278

<128

154

*1 Obtained by four-point bending tests.

*2 Minimum impact velocity at which the projectile penetrated the target.
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(a) Surface

(b) Cross-section

Fig. 1 Surface and cross-sectional views of the plain woven SiC/SiC composite.
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Fig. 2 Time history of the specimen temperature during thermal exposure tests and thermal shock tests.
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Fig. 3 Schematic diagram of the high-speed impact testing machine.
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Fig. 5 SM images of the specimen edge before and after thermal loading.



(c) v=350 m/s (left: front, right: back)

Fig. 6 Surface-damage states of impacted virgin specimens.

Cone crack

(a) v=100 m/s (b) v=150 m/s (c) v=350 m/s

Fig. 7 X-ray CT images of impacted virgin specimens. The specimens correspond to those in Fig. 6.
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Fig. 8 Relation between projected damage area and impact velocity for virgin specimens.
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shocked specimens.
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Fig. 10 Damage states on the front and back surfaces of specimens impacted at velocities exceeding the
ballistic limit.



(a) Virgin,
v =384 m/s

(b) Thermally exposed
at 600°C,
v =256 m/s

(c) Thermally shocked
at 600°C,
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(d) Thermally exposed
at 1000°C,
v =283 m/s

(e) Thermally shocked
at 1000°C,
v=209 m/s

Fig. 11 Damage in the cross-section beneath the impact point for specimens impacted at velocities
exceeding the ballistic limit.
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Fig. 13 Typical load-displacement curves from four-point flexural loading-unloading tests.
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Fig. 14 A comparison of the theoretical prediction of the ballistic limit with the experiment for virgin and
thermally loaded specimens.



