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Damage Progression and Stress Redistribution
in Notched SiC/SiC Composites
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The stress fields adjacent to machined notch roots were examined during tensile tests of woven SiC/SiC
composites using thermoelastic stress analysis. As expected, the stress-concentration factor (SCF) at the
notch roots increased with increasing notch lengths. Damage-induced stress-relief was not evident in these
composites. In fact, the redistribution of stresses onto isolated fiber tows adjacent to the notch root caused
an increase in the apparent SCF. Lastly, the SCF increased with mean stress. This was assumed to occur as
a result of opening matrix cracks that are typically closed due to residual compressive stresses in the matrix

material at near zero loads.
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stress-concentrations, thermoelastic stress analysis
(TSA)

1. Introduction

Woven silicon carbide (SiC) fiber SiC matrix composites
are considered to be candidate materials for combustor liners
and other components of future turbine engine applications
(Ref 1-4). This class of materials possesses good high-
temperature creep and rupture properties, and exhibits reason-
ably good thermal conductivity. However, there are a number
of properties and material behaviors that need to be understood
prior to full acceptance as applicable structural materials. One
topic of concern is related to stress-concentrations (e.g.,
notches, holes, or attachment points). Stress risers may
adversely affect the mechanical behavior of these composites
at room and elevated temperatures. A desirable attribute of
ceramic matrix composites (CMCs), in general, is their reduced
sensitivity to the presence of notches or holes in comparison to
monolithic ceramics (Ref 5). CMCs exhibit fiber-bridged
matrix cracking above a certain threshold stress. Matrix
cracking, in the vicinity of a stress-concentration, enables
stress redistribution, thereby reducing the magnitude of the
local stress-concentration (Ref 6). Most of the research in this
arena has sought to determine the effect of notch or hole size on
the ultimate strength properties of CMCs at room temperature.
The ultimate strengths of some CMC systems have been shown
to be notch insensitive (Ref 7, 8) and others only slightly notch
sensitive (Ref 9, 10). Notch strength data have shown SiC/SiC
composites to be mildly notch sensitive (Ref 10, 11).
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It is expected that typical applications for CMCs will have
local areas of stress-concentration due to thermal gradients,
geometric discontinuities, and/or joining incompatibilities.
However, the applied stress for such applications will be
considerably lower than the ultimate strength. In addition,
CMCs will be expected to survive extended periods of time at
elevated temperatures in severe oxidizing environments. There-
fore, an understanding of the damage accumulation and the
stress-state around stress-concentrators at applied loads well
below the ultimate strength is a necessity. Such knowledge is
required to complement a data base of notch-dependent
ultimate strengths. This study addresses the issue of stress-
relief due to inelastic damage mechanisms. Two types of woven
SiC fiber reinforced, BN interphase, melt-infiltrated (MI) SiC
matrix composites were studied. The composites differ in their
fiber reinforcement; one system had Hi-Nicalon™ fibers
whereas the other system was composed of the stiffer
Sylramic® fiber-type. Room temperature, uniaxial tensile tests
were conducted using standard double-edge notch specimens.
Surface stress profiles of the notched specimens were obtained
by employing the thermoelastic stress analysis (TSA) tech-
nique. The TSA images allowed for a relative analysis of the
stress-concentration behavior as a function of notch length,
damage level, and in situ stress level. It should be noted that
this study supplements an earlier research effort (Ref 11) by the
authors concerning the notch sensitivity of SiC/SiC composites.
For that study, parametric experimentation was utilized in order
to define the ultimate tensile strength at room temperature as a
function of notch length and specimen width. Modal acoustic
emissions and post-test destructive sectioning were used for
characterizing the progression of damage.

2. Experimental Procedure

2.1 TSA Theory

TSA is a full-field, noncontacting technique for surface
stress mapping of structures. TSA is based on the fact that
materials experience a temperature change when compressed or
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expanded (i.e., experience a change in volume). If the load
causing, the volumetric change is removed and the material
returns to its original temperature and shape, the process is
deemed reversible. This reversibility is achieved when a
material is loaded elastically at a high enough rate so as to
eliminate significant conduction of heat. The thermoelastic
temperature change, in CMCs for instance, as a result of a
typical cyclic load in the nondamaging elastic range is between
0.01 and 0.1 °C (Ref 12).

Lord Kelvin (Ref 13) first quantified an analytical relation-
ship between the change in temperature and the change in
stress. The formulation is as follows:

orT —0!511

of _ Eq 1
T~ oG, (Eq 1)
= —KdI,, (Eq 2)

where 37 is the cyclic change in temperature; o is the coeffi-
cient of linear thermal expansion; T, is the absolute tempera-
ture of the specimen; oI, is the cyclic change in the sum of
the principal stresses; p is the material density; C, is the spe-
cific heat at constant pressure; and K is the thermoelastic con-
stant. Note that the method allows for a two-dimensional
stress map of a loaded structure with spatial variations in the
stress field showing up as spatial variations in the temperature
profile.

2.2 TSA Procedure

The TSA system employed for this study utilizes a liquid
nitrogen cooled infrared (IR) camera with a 128 x 128 focal
plane array of detectors to measure the surface temperatures of
the cyclically loaded, notched specimens. The system operates
by recording a periodic temperature change, as viewed by the
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Fig. 1 Schematic diagram of TSA system (DeltaTherm 1000 User’s
Manual)
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IR camera, of a specimen subjected to a cyclic mechanical load.
The system is schematically represented in Fig. 1. A reference
signal from the load cell is used by the software to allow it to
monitor only the true thermoelastic change in temperature and
to disregard any noise and environmental effects that do not
correlate with the reference signal’s primary frequency. This is
accomplished by using a lock-in detection method (Ref 14).
The lock-in technique filters the thermal response allowing the
analysis of only the TSA frequency component that corre-
sponds to the primary frequency of the reference signal. To
further improve the TSA signal-to-noise ratio, the IR signal is
monitored, accumulated, and averaged over a period of
hundreds or thousands of load cycles. When an image is
captured, the computer display depicts a dimensionless,
digitized value of the average camera signal range correspond-
ing to the cyclic load range for each of the 16384 pixels. For
typical structural stress measurements, the dimensionless digital
IR values are correlated to a known cyclic stress amplitude
(e.g., as measured by a strain gage which represents a finite,
local area) and then utilized to map the surface stress
amplitudes of the entire structure.

During this study, the applied cyclic stress levels used to
obtain a TSA response were kept low enough so that no further
damage was induced in the CMC specimens (i.e., the current
state of damage was maintained). The line scans of the TSA
images between the two notches were analyzed and used to
compute a relative stress-concentration factor (SCF) (Ref 12).
The SCF was calculated using the following relationship:

A610cal _ ATlocal

SCF = A = y ,
Onet AT urfiel d( lr:maa)
net

(Eq 3)

where AT is the measured temperature range as represented
by the dimensionless digital values of the captured TSA
image; Ac is stress, and A4 is the cross-sectional area of the
specimen. Hence, the SCF is the ratio of the actual measured
stress near the notch root, Acj,ca, and the net section stress,
AG ., which takes into account the reduced area between the

Ay,
notches [Aﬁnet = Acfarﬁeld( ::l\itld)}

The TSA was conducted using the DeltaTherm 1000 system
manufactured by Stress Photonics Incorporation. The distance
from the camera lens to the specimen was 11.4 cm. This
equated to a pixel resolution of approximately 0.25 mm. The
following system software settings were utilized during IR data
acquisition: Accumulation Time = 4.7 s; Gain = 4; and AC
Channel Integration Time constant = 60 s.

2.3 Materials

The composite materials studied consisted of woven Syl-
ramic or Hi-Nicalon fibers with a BN interphase that had a
melt-infiltrated SiC matrix. The Sylramic fiber system is
designated as SYLMI, and the Hi-Nicalon system is referred
to as HNMI. The materials were processed by Honeywell
Advanced Composites Inc. (Newark, Delaware) and supplied in
the form of panels for each system. In summary, the processing
steps were as follows: (1) eight plies of woven (five harness
satin) cloth were stacked to form a preform, (2) the preform was
chemical vapor infiltrated (CVI) with BN, (3) the BN-coated
preform was infiltrated (CVI) with a thin, ~2 pm, thick layer of
SiC, (4) the SiC-coated preform was infiltrated with a SiC
particle slurry and then infiltrated with liquid silicon to near full
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density. For further details related to processing, see Ref 1.
Some properties of the composites used in this study are
tabulated in Table 1 (Ref 11). Four-notched specimens (two for
each fiber-type) were mechanically tested and analyzed using
TSA. Test preparation included painting all the specimens with
an ultra-flat black paint to improve surface emissivity. The
straight-sided specimens were 15 cm long and had two
different specimen widths and a variety of notch sizes. Figure 2
shows a schematic representation of a notched specimen.

Table 1 Physical properties of composites (Ref 11)

Fiber Elastic Panel
volume modulus, density,
Composite fraction, % GPa glee
HNMI 33.1 161 2.77
SYLMI 40.7 225 2.83
(o)
| C
> > e
a a
<4 2w P
(¢}

Fig. 2 Schematic of double-edge notch specimen

Table 2 Test details for specimens

Table 2 provides details concerning the specimen and notch
geometries as well as describing the goals of the experiments
for each specimen. A 12.7 cm x 0.4 mm diamond impregnated
wafering blade (Buehler, Lake Bluff, IL) was used to cut and
extend the notches resulting in a notch radius of approximately
0.2 mm.

2.4 Experimental Procedure

A servo-hydraulic, uniaxial test system with hydraulic
actuated grips was utilized for loading the specimens. All tests
were conducted using load control. During the TSA captures, a
10-Hz sinusoidal wave form was employed for the loading of
the specimen. This frequency was shown to provide consistent
adiabatic results for similar notched materials in Ref 6. The
uniform phase images captured during this study also supported
the assumption of adiabatic conditions. The cyclic stress range
was fixed at 35 MPa while the mean stress was maintained at
17.5 MPa, except for specimen 00lc. For that particular
specimen, the mean stress was varied in order to analyze the
notch behavior (i.e., the stress profile adjacent to the notch) as a
function of in situ stress during TSA data capture. To induce
damage or increase the current damage state, the specimens
were mechanically loaded in a repeated load/unload/reload
fashion. With each reload, the maximum stress level was
progressively increased. The increasing stress rate was
0.69 MPa/s, while the decreasing stress rate was 2.1 MPa/s
during the damage-inducing tests. The maximum stress values
(i.e., the reversal points) for each damage-inducing load/unload
test are summarized in Table 2.

3. Results and Discussion

3.1 TSA Results

Figure 3 shows the TSA results for the HNMI composite
concerning the notch length dependence. Included in the figure
are the TSA images and horizontal line scans between notch
tips as a function of increasing notch length. The line scan
values were based on Eq 3 with AT}, utilizing the dimen-
sionless temperature data from the raw line scans and AT, feig
using an average of the dimensionless temperature data in the
rectangular boxes near the top of each of the TSA images.
Similar tests were conducted using the SYLMI composite, and
the results are presented in Fig. 4. It was observed that the peak

Specimen Total notch
Specimen width, lengths, Macx stress levels Test goals: Notch stress
1D Composite 2w, mm 2a, mm (a), MPa dependence on...
NOOla HNMI 15 4 69, 103, 138, 207, 241 Damage
001c HNMI 25 2,4, 8 (b) 138, 207, 241 Notch length, Damage (b), In situ (mean)
stress of 17.5, 69, 138, 207 MPa
NO15a SYLMI 15 4 69, 103, 138, 207 Damage
015¢ SYLMI 25 2,4, 8 None Notch length

(a) Maximum stress levels for load reversals during load/unload/reload damage progression tests (based on net area)

(b) Damage was not induced until the final notch size was cut
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Fig. 4 Peak stress-concentration for 25.4-mm wide specimens with
increasing notch length. TSA stress range and mean stress were 35
and 17.5 MPa, respectively

SCF near the notch tip increased with increasing notch length
for both composite systems. This behavior was expected
and has been documented for other ceramic composites as well
(Ref 10, 11).

Next, TSA data were collected at various points during load/
unload/reload damage-inducing tensile tests (see Table 2 for
test details). From acoustic emission data and destructive
sectioning (see Fig. 5 and Ref 11), it was known that significant
matrix cracking had occurred at the notch roots. The TSA
readings were taken at near zero stress after unloading (TSA
stress range of 0-35 MPa). Surprisingly, very little if any relief
in the peak SCF at the notch tip was observed for either
composite as summarized in Fig. 6. This lack of apparent
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Fig. 5 Cracks emanating from notch for a fractured HNMI
composite

stress-relief was similar to what was observed for a Nicalon™
fiber reinforced CVI SiC matrix composite in Ref 6. In that
study, the peak stress-concentration at the notch tip was only
reduced by about 8% after loading to 160 MPa compared with
a Nicalon™ reinforced calcium aluminosilicate glass ceramic
matrix where the stress-concentration was reduced by 26% after
loading to 90 MPa. More specifically, the results in Ref 6
showed that one notch (representing the peak SCF) had an 8%
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Fig. 7 Peak stress-concentration as a function of both damage state
and mean stress during TSA measurements of a HNMI specimen.
Each line represents a constant damage state defined by the maxi-
mum stress achieved prior to unloading. TSA stress range was
35 MPa while the mean stress was varied between 17.5 and
207 MPa

reduction while the second notch actually showed a SCF
increase of 7%.

Lastly, the mean stress dependence of the peak SCF was
studied concerning the HNMI composite. After each of the
damage-inducing tensile tests, TSA measurements were made
at multiple mean loads. The stress range during the TSA
measurements was always maintained at 35 MPa while the
mean stress was varied. Figure 7 summarizes the mean stress
results concerning the peak SCF for the HNMI composite with
various levels of damage. The figure shows a definite mean
stress dependence concerning the peak SCF. With increasing
mean stress, the specimen indicated an increasing peak SCF.
Also noted was a bi-linear behavior indicated by the increased
slope above the mean stress of 69 MPa. Figure 8 shows the
TSA images at various mean stresses for the 241 MPa damage
level. From Fig. 8, it was apparent that stress redistribution
occurred. As a result, the left notch carried a bigger burden as
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the stress was increased, while the right notch indicated a slight
decrease in the SCF with increasing mean stress.

3.2 Discussion

The two results that require further attention are the lack of
apparent stress redistribution due to damage, and the issue of
mean stress dependence concerning the SCF. First, focusing
on the lack of observable stress redistribution, a strong notch-
dependent behavior concerning the ultimate strength should
exist for a material that lacks a mechanism for diffusing
stresses in the vicinity of a notch. Strength results for both of
these composites showed them to be only mildly notch
sensitive (Ref 10, 11). In addition, acoustic emissions and
post-test sectioning indicated substantial matrix cracking near
the notch (=4 cracks/mm for the HNMI composite). A
possible explanation focused on stress redistribution in the
form of intact fiber bundles near the notch tips taking on
larger portions of the load as the adjacent matrix damage
accumulated. Furthermore, the peak SCF data, plotted in
Fig. 6, were probably related to particular fiber bundles within
the surface plies adjacent to the notches. Although it was
shown that the SCF values increased with damage, the effect
on actual failure strengths was minimal since the elevated
stresses were highly localized to the given fiber bundles. The
reader should be aware that the TSA images had a pixel
resolution of 0.25 mm?® while the width of a typical fiber
bundle was on the order of 1.2 mm (the matrix crack spacing
in the vicinity of the notch was approximately 0.25 mm for
the case of the HNMI composite). As a result, it is apparent
that camera resolution was not an issue when describing the
stress-state in an individual fiber bundle.

The mean stress dependence of the SCF data concerning the
HNMI composite was probably related to the existence of
compressive residual stresses in the matrix. These materials are
known to exhibit stiffening upon unloading, presumably due to
the closure of cracks at low stresses (Ref 11, 15-18). Figure 9
shows the hysteretic response of an unnotched, HNMI com-
posite. Also indicated in the figure are values for the tangent
modulus measured at initial unloading and initial reloading
(Ref 18). Note the small drop in modulus for the unloading
measurements as compared to the reloading values. The “true”
elastic modulus (response) that was influenced by the matrix
cracking in the material should correspond to the unloading
modulus. When collecting TSA data with a mean stress close to
zero (as indicated in Fig. 9), it was assumed that some of the
matrix damage was masked by crack closure. With increasing
mean stress, the matrix cracks were opened and the adjacent
fiber bundles appeared to take on more of the load (see the TSA
results in Fig. 7 and 8). The inflection point of the bilinear
behavior in Fig. 7 may even relate to a critical stress that
defines crack opening (i.e., the residual stress in the matrix).
Note that a cautious approach is recommended in the interpre-
tation of the TSA data related to these ceramic composites since
it was focused on localized stresses within the surface plies of
these rather complex material systems.

3.3 Adiabatic Assumption

After the above analyses, questions arose regarding the load
frequency during TSA measurements and whether or not true
adiabatic conditions were met at 10 Hz (selected due to the
positive results attained in Ref 6 and the uniform phase images

Journal of Materials Engineering and Performance
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length = 4.27 mm. TSA stress range was 35 MPa with mean stresses between 17.5 and 207 MPa. The multishade specimen images correspond
to the dimensionless digital values of the TSA system while the plots represent the results of using Eq 3, i.e., SCF, vs. pixel position of a line

scan between the two notch roots

E, = 161 GPa

2504 RELOADING MODULUS:
E (70 MPa) = 161 GPa

E (140 MPa) = 147 GPa
2001 E (210 MPa) = 146 GPa

UNLOADING MODULUS:
E(70 MPa) = 149 GPa
100 E(140 MPa) = 142 GPa
E (210 MPa) = 102 GPa
E (280 MPa) = 89 GPa

I TSA Cycle Range

0 0.1 02 03 04 05
Strain, %
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HNMI specimen showing the TSA cycle range and unloading
and reloading moduli measured for each hysteresis loop. The effect
of crack closure and apparent residual stress in the matrix is even
greater for SYLMI

seen here). As a result further tests were conducted with the one
remaining, HNMI double notch specimen (2.29 mm per notch).
TSA data were collected with load frequencies of 3, 5, 10, 20,
and 30 Hz (cyclic stress range of 0-34 MPa with mean stress of
17.5 MPa: three to six repetitions per test condition) in order to
observe the thermal response in the high-stress region of the
notch. It was understood that if the frequency was too low and
an adiabatic condition was not achieved then there would be
some conduction of heat away from highly stressed regions.
Hence, the TSA observed stress-concentration under nonadia-
batic conditions would be lower than the true value.

Figure 10 shows the typical results of these additional tests
in the form of raw TSA images and the associated line scans
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between the two notches. It was apparent from the line scans
that consistent adiabatic conditions were not met until 20 Hz.
For the frequencies lower than 20 Hz, the peak stresses at the
notch roots were attenuated, especially when observing the
right notch. Figure 11 shows the SCF of the right notch as a
function of frequency, again, indicating adiabatic conditions at
20 Hz and higher. These results do not negate the outcomes and
discussions within this paper, but it should be realized that the
observed/discussed SCFs may be a bit lower than SCFs
attained under true adiabatic conditions (approximately 14%
lower than the actual based on Fig. 11). Lastly, because of the
complexity of these materials, creating a model in order to
correct the nonadiabatic data is beyond the scope of the current
paper, although, it may be of interest for a future study.

4. Conclusions

In this study, the stress fields adjacent to machined notch
roots were examined for woven SiC fiber reinforced, melt-
infiltrated SiC matrix composites with a BN interphase,
utilizing either Hi-Nicalon™ fibers or the stiffer Sylramic®
fibers. The SCF at the notch roots were obtained using the TSA
technique. The SCF behavior was analyzed concerning notch
length, damage level, and mean stress. It was shown that the
peak SCF values for both composite systems increased with
escalating notch lengths, as expected. Next, the peak SCF
values were shown to increase with accumulated damage,
again, for both composite types. This was assumed to be
indicative of load redistribution from the damaged matrix to the
intact fiber bundles adjacent to the notches. Lastly, the mean
stress dependence of the SCF was addressed concerning the
Hi-Nicalon composite. It was shown that SCF values increased
with increasing mean stress. This behavior was assumed to
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result from compressive residual stresses within the matrix
material that cause crack closure at near zero stress levels. With
increasing mean stress, the cracks opened and caused a
redistribution of load onto the intact fiber bundles.
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