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ABSTRACT

SIC/SIC composite materials targeted as turbine components for next generation aero-engines are being investigated at
NASA Glenn Research Center. In order to examine damage mechanisms in these materials, SiC/SIiC coupons were
impacted with |59 mm diameter steel spheres at increasing velecities from 115 m/s to 400 my/s. Pulsed ithermography,
a nendestructive evaluation technique that monitors the thermal response of a sample over time, was utilized to
characterize the impact damage. A thermal standard of similar material was fabricated to aid in the interpretation of the
thermographic data and to provide information regarding therinography system detection capabilities in 2.4 mm thick
SIC/SiC composite materials. Flat bottom holes at various depths with aspect ratios greater than 2.5 were detectable in
ihe thermal images. In addition, the edges of holes at depths of 1.92 nmm into the sample were not as resolvable as flat
bottom holes closer to the surface. Finally, cooling hehavior was charecterized in SiC/SiC materials and used to
determine impact damage depth within an 8.5% ervor of a known depth.
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INFRODUCTION

SiC/81C composite materials ave candidate materials for turbine components, such as blades, combustor liners, and
nozzle vanes, due to their high temperature strength properties |11, Water vapor, which causes surface oxidation and
recession in SIC/SIC composite materials, is 2 by-product of the combustion process. To protect the composite from the
effects of the water vapor, an environmental barvier coating (EBC) is necessary. Impact damage to the EBC influences
its ability to protect the SiC/SiC substrate material in addition to reducing the strength properties of coroponents made
from these materials [2]. Therefore, it is necessary to develop nondestructive evaluation (NDE) methods to detect and
characterize impact damage in SiC/SIC composite materials with and without EBCs for material development and
future inspection purposes. The complex nature of the composite weave and the amount of porosity in ceramic matrix
composites makes investigation with ulfrasonic methods extremely challenging. In addition, full scale COMpOnents
require irmmersion in water for ultrasonic c-scan imaging. Conventional x-ray methods are not able to detect planar
defects, such as deleminations, that occur due to impact. Micro-focused computad tomography has been useful in
detecting damage depth in small SiC/8iC composite samples {2]. However, computed iomography has significant
linutations with respect o nspection time, costs, and sample size. These limitations necessitate the research and
improvernent of other inspection methods, such as pulsed thermography, for SiC/SiC composite materials.

Pulsed thermography has many advantages over conventional NDE methods {3-91. It is a fast, noncontact method that
can detect subsurface defects over wide areas. In addition, the method is capable of measuring defect depths provided a
proper calibration standard is available. Damage detection with pulsed thermography is based on the principle that heat
flow in a material is altered by the presence of subsurface discontinuities, such as delaminations and voids {3-91. In this
technique, the surface of a component is heated with an instantaneous, uniform puise of light. The heat is absorbed at
fhe surface and Hows toward the backside of the material. Disruptions in heat flow, due to subsurface discontinuities,
result in localized surface temperature variations which are detected with an infrared camera. The method has proven to
be effective for many applications, including the detection of impact demage in thick composite laptinate materials f41

The long term objective of this research is to develop and improve a thermographic technique to detect and characterize
mmpact dainage tn uncoated and EBC coated SiC/SiC composite materials. The purpose of the research presented here
18 to mvestigate camage detection and characterization capabilities of pulsed thermography in the substrate material,
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without the protective layer of the ERC, Tincoated SiC/SIC samples were impact tested with 1,39 mm diameter steel
ball projectiles a1 impact velocities ranging from 115 m/s to 400 m/s. The relationship between impact velocity and
damage in SIC/SiC material as detected by thermography was examined. In order to determine the depth of impact
damage, 2 thermal standard with flat bottom holes of varving diameters and depths from the surface was fabricated.
The thermal standard also provided information about the detection capsbilities of the thermography system with 2.4
mum thick SIC/8IC composite material. To understand defect resolntion in SiC/SIC materials, a thermal modulation
transter function techmique, which considers the relationship between the image contrast and defect depth, was utilized
ir conjunchon with the thermal standard [3-6] To guantify the depth of damage in impacted samples, the cooling
behavior in regions with and without flat bottom holes was analyzed. Then, the information acquired from the depth
analysis was used to demonstrate how to determine the depth of damage on previonsly collecied thermal data fromoan
mmpacted sample.

PULSED THERMOGRAPHY

The commercially available pulsed thermography system utilized in this study is & full field nondestructive evaluation
technigue for detecting subsurface flaws and material variations {3-8]. Amnalysis of the ideal thermal response signal is
based on the mathematical expression for surface temperature, T, of & specimen subjected to an instantansous hest

1e
pulse,

7= %

B3

witere ) is the input energy, f represents time, and ¢ denotes the effusivity of the sample [4-8]. Effusivity, a measure of
the ability of a material to Increase its tfemperature due 10 & given energy, is the square root of the product of thermal
conductrvity, density, and specific heat of the material of interest. The natural log of the above equation is
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In the logarithmic domain, the thermal response is linear with a slope of -0.5 [3-8}. The time at which the fimction
deviates from this linear behavior comresponds to the transition from ideal one-dimensional conductive cooling behavior
to two-dimensional, lateral heat flow due to the pregsence of a sebsurface defect. Afier calibrating the system to 2
known defect depth, the time of departure from Hnear cooling behavior can be used to measure unknown defect depths
{6-71.

The logarithmic tiwe dependence of each pixel in a thermal image can be approximated by an nP-order polynoniiat
function of the form,

T = i a [}y

After the coefficients, a;, of the relationship are calculated for each pixel, the original thermal image is reconstructed
based on the relationship
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The reconstructed data offers many advantages, such as a reduction of noise, an cptimization of storage and data
bandling requirements, and allowing for the calculation of derivatives to provide additional or more easily interprated

inforimation [8]. Osiginal time domain and first derivative images are presenied in this paper.
EXPERIMENTAL

1. Material Specifications

The pmpact samples, in the forma of tensile dog bone samples, were sectioned ffom Sybramic-iBN SiC fiber-reinforced
3iC matrix composite panels which were fabricated by a shury-casting, melt infiltration method as reported in the



reference [9]. This composite was an 8 ply, 0/90 woven SiC/SiC composite. The 2.4 mm thick samples, with
dimensions of 150 mun (5.91 in) by 13 mon (0.51 inj with & 10 mm (6.39 in) wide gauge region, were impacted in an air
gun facility at room temperature and 1316°C with 1.5 mm diameter chrome steel balls at velocities ranging from 115
nv's to 400 m/s. The specimens were partially supported at the specimen ends in a specimen bolder for the impact.

The thermal standard with flat bottom holes, shown in figure 1, was manufactured similar io the manufacturing of
SIC/SIC composites impacted in this study. The dimensions of the standard wers 152.4 mm {6 in) by 101.6 mm {4 in)
by 2.4 mm (0.09 in). Flat bottom holes of varying diameters and depths were machined into the thermal standard to
simulate discontinuities, sich as delaminations and voids. Damage detection by pulsed thermography is governed not
only by the diameter, or width, of 2 given defect, but iis depth from the interrouation surface. Therefore, sach hole has 2
unique aspect ratie, the ratio of the diameter to the depth from the surface, which is shown in parentheses on the
schematic in figure 1. In general, defects with aspeoct ratios less than 2 are not detectable with pulsed thetmography in
compaosite materials 3], However, this standard has defects with aspect ratios ranging form 0.3 to 27.1 for the sake of
completeness. The standard was rade se that all the flat bottom holes iz a common colurmn were at the same depth
{0.35 mm, 0.9 mam, 1.32 mam, or 1.93 rom) from the interregation surface, shown above the respective columne, The
depth of the flat bottom hele refers to the retaining thickness of composite. The hioles n a common row bad the same
diameter (.5 nuw, 2.4 mum, 4.8 mun, 7.9 wm, and 9.5 mm), which is shown to the right of the image.
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Figore 1. Schematic of the thesmal standard with flat bottom holes machired from the backside. Above each hele is an
alphabetical label with its aspect ratio in parentheses for reference purposes.

2. Pulsed Thermography Setup

The expenimental setup for pulsed thenmography is depicted in figure 2. Two high energy xenon flash lamps, placed to
provide a relatively uniform heat distribution across the surface of a component, produce a 1.8 kJ flash with a 2 ms
duration. A high speed, 640 by 512 InSbh focal plane array infrared camera monitors the thermal response of the
component of interest over time. A smaller portion of the focal plane array may be utilized 1o increase the acquisition
rate. For the thermal standard, a 80 by 128 portion of the full array was utilized for a frame acquisition rate of 613 Hz.
As the impact specimens were tested and destroyed prior to designing the thermal standard, a less optimum acquisition
rate of 409 Hz with a 160 by 128 portion of the full array was utilized. Samples were placed in front of the thermal
camera so the gauge regicn of each sample filled the active focal plane. Flash initiation, data collection, storage, and
processing were performed with 2 commercially available software package loaded onto the acquisition computer. The
software acquires a data cube which consists of a sequence of thermal images starting just prior to the flash event. Bach



Image represents ihe thermal response at a different point in time. The data cube acquired from the irnpacted samples
and the therimal standard consisted of 185 images (or a time length of §.45 secs) and 1226 images (ot a time length of 2
secs), respectively.
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Figure 2. Pulsed thermogiaphy experimental sefup.
RESULTS

t. Damage progression due to ineressing impact veloeiiy

Tigure 3 llusteates the progression of damage due io increasing velocity as detected optically from the impacted side (o)
and the back side (b} of sach impacted sample. The set of samples examined in this section were impact tested at 1316°
C. It is apparent from the figure that as impact velocity increased, damsge increased. For the lower impact velocities
from 115 to 220 nv/s, damage spproximately the diameter of the projectile is visible, From the timpact surface, it
appears that soroe spalling ovcurs at 300 mvs. At veloeities of 325 m/s and above the projectile punctured through the
sample with some additional spalling occurring on the back surface. Tn geneval, the optical bnages suggest that
significant damage into the bulk of the material is not initiated for impact velocities below 300 m/s.
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Figure 3. Optical images of samples impacted from 115 to 373 m/s where damnge is depicted from the impact side () and the back
side (b}, A white mark to the left of each impact was used o identify the impact location,

Thermal dertvative immages, ilustrating the progressien of damage as detected by thermography from the impacted side
{a} and the back side of each sample (b), are shown in figure 4. The therma!l derivative images represent the rate of
temperature change at the sample surface, with black depicting a slower rate of temperature change due to heat being
trapped above a subsurface defect, such as a delamination. The dertvative imsges from the impacted SiC/8iC samples
are depicted since they provide befier contrast than the relative temperature inmges. Each individuai derivative image
was chosen based on the levels of contrast between the damaged and wndamaged zones of each sample. For the lowest



impact velocities of 115 mi/s, damage was not detected with thermography as the damage was masked by the surface
roughness of the sample. Although the contrast levels are difficuit to discern, the surface impact damage was somewhat
detectable for the impact velocity of 160 mfs. At 220 m/s, the surface damage was detected on the impact side. In
addition, a delamination, which was not detecied optically, was detected from the back side of the sample. A1 300 m/s,
delaminations beyond the visible damage are detected on the Impact side and the back side of the sample, For impact
velocities of 325 m/s and 375 /s, damage beyond the visible demags was alsc detected. Thermally, there appears to be
less damage at these higher velocities. However, the projectile punciured through the thickness of these samples.

145 win 480 mis 220 e 00 325 gde % wils

&

&

Figure 4. Thermal derivative images of samples impacied from 115 to 375 n's where damage is depicted from the impact side (a)
and the back side (b} with biack representing damage due to a slow rate of temperature change.

Figure 5 plots width of damage as detected optically and thermally against the impact velocity. In general, the width of
damage detected with thermography is greater than the damage that can be detected optically, excluding the susface
damage at 115 and 160 m/s. The width of damage detected from the back side with thermography is significantly larger
than damage detected optically or with thermography from the impacted side for impact velocities above 220 m/s.
Damage is closer to the back surface than the impacted surface of the sample. However, components made from this
material may be accessible from a single side only. This observation illustrates the need for defining the limits of
detectior: in SiC/SIC composite material and optimizing the capture of therma} data in this material. In addition, the
damage depth information needs to be acquired from the thermal data.
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Figure 5. Width of damage for each impact veloeity as detectad optically from the impacted surface and thermally from the impacted
surface and the back surthce.



2. Thermal modulation trassfer function

Figure & shows a series of {hermal images of the standard. The white ladder pattern is a match pattern for image
processing, since the thermal images were capiured over four regions and were assembled together. Flat bottom holes
closer to the interrogation surface appear earlier in time so that quaiitativety, flat bottom hole depth can be observed.
Also, all the holes that were 0.35 mim from the interrogation surface were detected, including the 8.5 mm diameter hole
designated as A, which appears very faintly in figure 62 and b. Interestingly, this flat bottom hole has an aspect ratio of
1.4 and was ot anticipated to be detected. However, the holes with aspect ratios of 1.8 and 1.2, G and H respectively.
were not detected. All the holes with aspect ratios above 2.5 were detected. However, bole L with an aspect ratio of
exactly 2.5, and depth 1.93 mm from the surface, is slightly more difficult w detect. Hs edges are much less defined
than the holes that were closer 1o the surface. In general, the deeper holes that appear later in time are less defined than
the flat bottorn holes with similar aspect ratios that are closer to the surface.

8} i el
Figure 6. Thermal images at 7 msecs €2), 18 msees {b), and 70 msees {¢} afier the flash event,

To aid in guantifying the minimum level of defect resolution in the SIC/SiC material with the pulsed thermograpby
system described, the thermal modulation transfer fumction (TMTF) method intreduced by Shepard [5-6] was utilized,
Traditionally, the modulation fransfer function is used to evaluate optical imaging system performance. The TMTF
considers the relationship between the image contrast (or modulation} and the depth of the defect. The modulation for
each flat bottom hole was calculated using the mathematical equation, ‘
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where | represents the image intensity. The peak intensity occurred at the cemter of each flat bottom hole. Two lower
intensities were taken one diameter from the center. Figure 7 shows the modulation for flat bottom holes plotted as a
function of 1 divided by the depth. The irend tine in the plot represents a least squares fit of a straight fine to the data
with R*=0.9785, suggesting that defect depth is a good indicator of the resolvability of a defect. Flat botiom holes with
aspect ratios below 1.8 were not included in the plot as they were not expecied to be detectable. I addition, most of
these holes had diameters of 0.5 mm which infroduces a source of resolution error independent from thermal
capabilities since each individual pixel represents a width and height of (.26 mmm. Flat bottom hole E was considered an
outher due to anomalous behavior from unexpected iregularities in the material and was not included.

M, =

For this material system, the resohution threshold was approximately 8% medulation based on modulation values from
regions of the thermal standard without Bat bottom holes. This value, which corresponds to approximately 1.6 mm
from the interrogatinn surface, provides 2 rough gauge as to resolvable defect depihs for this material system. I is
noteworthy that the thickness to depih (L/d) ratio for holes L, P, and T, was 1.2. The modulation for these holes falls
below the modulation thresheld, indicated a5 a dashed line in figure 7. Holes K and F, with aspect ratios of 3.6 and 2.7,
had L/d ratios of 1.8 and 2.7, respectively, These heles are above the modulation threshold. This observation illustrates
the effect that the relationship between sample thickness and hole depth has on the resolution of flat bottom holes.



Two-dimensional, lateral heat flow is the dominant cooling mechanism at the back surface. Defects near the back
surface are less resclvable as there is less of 8 transition from predominantly one-dimensional heat flow to two-
dimensional heat flow. Hence, the edges of flat bottom holes tocated closer to the interrogation surface, such as the

holes at depths of 0.9 mum and 1.32 mum, with lower aspect ratios were better resolved than deeper holes with higher
aspact ratios.
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Figure 7. Modulation plotted against §/depth with hole designations and aspect ratios next to each plot pomt.

3. Depth of damage

The thermographic standard was esseniial for estimating the depth of damage in SiC/8iC materials. The methods for
determining depth of damage were developed by Shepard [6]. Figure 8 shows the logarithmic cooling behavior of thres
regions from the standard compared fo a reference area: (a) flat bottom hole R located .90 mm below the surface, (b) S
located 1.32 mm below the surface, and (¢} T located 1.93 mum below the surface. The reference region represents the
average response {rom a 25 by 25 pixel area without holes. For the regions compared fo the reference region, a 3 by 3
pixel area was taken in the center of gach flat bottom hole. The time at which the dominant cooling mechanism changes
from one-dimensional heat flow to two-dimensional, lateral heat flow is referred to ag the time of departure and is
labeled 14 in the plots. The cooling behavior for sl three locations is identical to the reference region umtil fy. The time
of departure increases as the location of the flat bottom holes deepens into the material. For the flat bottom holes at

depths of 0.35 mm below the surface, t, was not detected as the sampling rate associated with the camera was oo slow
to capiure the early departure time in this material.
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Figure 8. Themmal cooling behavior in the logarithmic domain for flat bottom holes at depths of (8} £.90 mm, (b} 1.32 mm, and {c}
1.93 wrm below the surface plotied against 3 reference region. The reference region is represented by the black curve, while the
compared region is represenied with gray.



Figure 9 shows a plot of the average t,; for the flat bottom holes with depths of 6.9 mum, 1.32 mim, and 1.93 mem from the
interrogation surface. A straight line with a R” value of 0.9991 is fit to the three points. Hence, the depth of damage
can be estimated in components made from SiC/8IC materials based on the observed 1. Ar ilustration of the
application of this data to an impacted sample is presented in the next section. Although near surface damage is
definitely detectable, it shonid be noted that damage depihs very near the surface may not be able to be determined with
ACCUHACY.
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Figure 9. Plot of the average t; for flat bottom hole depths of 0.2 mim, 1.32 mm, and 1.53 mm from the swrface with a straight line fit
through the points.

4. Depth of damage tools applied to impacted sample data

To illustrate how the depth of damage analysis may be applied, the information acquired from the standard was
compared to thermal data aoquired from an impacted SiC/SIC sample with known damage. The sample examined here
was impacted at yoom temperatire. Figure 10 shows a thermal image of the impacted sample with the cooling curves
for a 13 by 13 pixel area averaged reference region and a delaminated 1 by 1 pixel area. The sample, impacted at 300
m/s, bad clearly identifiable damaged and undamaged regions in the thermal image. As shown in the cooling curve, the
time of departure from the reference region is 0.031 seconds. Based on the equation derived from the analysis of the
SiC/8iC standard shown in figure 9, this time corresponds to a depth of 2.03 mm from the serface, which has an 8.5
percent error when compared to the depth of the delamination of 1.87 mm, as measured from & computed tomography
fmage. The commercially available thermography analysis scftware used in this study has a ealibration tool to be used
with a calibration standard, [ike the standard from this study. Afer calibration with the standard, damage depth can be
measured in SiC/SIC composite materials with thicknesses of approximately 2.4 mm.
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Figure 10, Cooling bebavior for an impacted SIiC/3iC sample where the reference region represenis a 13 by 13 average pixel area
and the damaged region iz a | by | pixel region.



The 8.5 percent error between the computed tomography measurement and the estimated depth from the cocling curve
analysis may be due to the difference in acquisition parameters between the standard and the impacted sample. The
thermal data from the impacted sample was acquired prior to manufacturing the thermal standard with a sampling rate
of 409 Hz (capturing an imege every 2.4 msecs). The sampling rate for the standard was 613 Hz (capturing a frame
every 1.6 msecs). The difference in tme resolution can cause 2 difference in time of departure from the reference
curve. it should be noted that there is a region of saturation, or flattening, in the cooling curve from € to 20 msecs.
Saturation is due to temperature Intensity values that are beyond the IR camera’s range and typically ocours
mmmediately afier the flash. Saturation does not introduce another source of error. Surface irregularities can cause
saturation to be abserved. However, the cooling rate and pattern will not vary due o this sataration. Therefore, the
comparison between the data acquired from the impacted sample and the thermal standard is still valid. Many of these
satnration issues have been resolved since the thermal data from the impacted sample was captored.

BISCUSSION

The resulis presented here are valid for uncoated SIC/SIC composite materials with thicknesses of approximately 2.4
mn The thenmal modulation ansfer analysis illustrated that the dominant heat fow mechanism of two-dimensional
heat flow at the back surface interferes with the resolution of discontinuities near the back surface. ¥ is probable that
damage at depths of approximately 1.2 mun from the interrogation surface wouid be better resolved and detected in
thicker samples. Any additional changes to the structure or geometry of this material will likely change the thermual

esponse. For example, the addition of environmental barrier coatings will require new standards and apalysis as the
thermal response of the material systern will change.

Flat hottom holes represent a best case scenario with respect t detection. When a defect is backed by additional
material, as in the case of a delamination, damage with similar aspect ratios may be more difficult to resobve and detect.
Meola {107 observed that the thickness of & defect has influence en its detectability with thermal methods. So, defects
near the back surface with additional material backing may not be detected from the front (impacted) surface. For
example, delamnations 1.93 mm from the front surface may not be detected in these SiC/SiC composites, since the flat
bottom holes at this depth were the least resolvable in terms of contrast. Additional material beyond the delamination
may make those types of defects undetectable. However, the flat bottom holes are more representative of the type of
thermal response that may occur with spalling. So, spailing may be detectable for depths of 1.93 mum provided the
aspect ratio is above 2.5, meaning the diameter of the spalled region is greater 5 mm at a depth of 1.83 mm. The
thermal standard gives a good refersnce point, in terms of aspect ratio, as to defect detection expectations in these
composite materials. Flat bottom boles with aspect ratios above 2.5 were detected in SiC/SiC material with
thermography. Even though the flat bottom heles represent a best case of detection scenario, the cooling curve analysis
for depth measurerpent will not differ when comparing the thermal standard to 2 damaged sample. The time of
departure from reference behavior should not change with the addition of material to the backside of a defect.

These resunlts illustrate some challenges of defect detection in SiC/SiC composite materials by pulsed thermography. As
ilhustrated in figure 5, surface damage on the level of the surface roughness of the weave was not readily detected with
thermography. In addition, damage near the back surface of the composite, although detectable for aspect ratics above
2.5, is not easily resolved due to the two-dimensional heat flow being the dominant heat flow mechanism at the back
surface. The lack of resolution for defects near the back surface means that the measurement of width or diameter for a
defect may have a significant amount of ervor associated with it. Depth measurements for near surface flat bottom holes
also proved challenging. The SiC/SiC composite material cools at such a high rate, that the time of departure for the flat
bottom holes closest to the surface (0.35 mm) was not captured. The highest capture rate the thermal camera from this
siudy was capable of utitizing, without significantly degrading the images, was 613 Hz, There are commercially
available IR cameras that are capable of capturing at higher sampling rates that may be able to provide better depth
measurements for near surface defects. Also, with respect to delaminations existing at multiple depths in 2 local
thickness, thermography will detect only the defect nearest the interrogation surface. Heat flow will be interrupted by
the first defect in the thickness. This is particularly important for the types of damage existing in impacted SiC/SiC
sanples. In addition, the conical shape of the damage induced by impsct can make depth measurement somewhat
difficult, as the depth can be changing within a single pixel width.



Despite these challenges, pulsed thermography is a viable NDE method for use with large scale components fabricated
from SiC/SIC composite materials. There are far more significant challenges associated with inspecting SiC/8iC
compaosite matarials with conventional WDE techniques due fo the types of defecis that are of interest, the composite
weave and potosity issues. Ultrasonic signaly for inmersion ¢-scans are typically attenuated by the composite weave
and porosity, Conventiosnal x-say methods are not sensitive to the planar defects that are typical of impact damaze.
Computed tomography has hmdtations concerning thme costs and component size. Pulsed thermography outperforms
these techniques in terms of contect reguirements, spead of data acquisition and analysis, and sensitivity to subsurface,
planar defects.

COMCLEUSION

Tmpact damage in Si(/SiC composite materials targeted for high temperature enviromments was Investigated and
characterized with pulsed thermogrdphy., Damage that went undetected outically was detected with thermography at
velocities as low as 220 nvs. A thermal standard was fabricated for the purpose of determining defect resclution Hmits
and impact dsmage depth in these materials, Alfhough detectsble in the thermal imnage sequence, the edges of flat
bottom holes with depths 1.93 mm from the imferrogation surface were not readily resolved due w0 their proximity to the
back surface. Holes with aspect ratios sbove 2.5 were detectable in the thermal image sequence for all depths from the
imerrogation surface, Cooling behavior was successfully characterized in SIC/BIC marterials and applied to determine
tmpact damage depth within an 8.5% ermvor of the known depth.

In addition to impact damsge, these results can be uiitized to characterize manufschwing defects in sammles and
components made from SiC/SH0 materials with thickoesses of approwimately 2.4 mm, This research represents a
portion of a larger effort to develop and improve pulsed thermograpby for detection and characterization of fmpact
damage in uncoated and EBC coated SiC/SIC compesite materials. Research is continuing with the investigation of
impact demage with pulsed thermography in BEBC costed SiC/SIC composite materials.
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