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Abstract

Ceramic matrix composites provide characteristics suita-
ble for high-temperature applications such as jet engines,
due to their high strength and toughness, low density, creep
and thermal shock resistance. The use of continuous fiber-
reinforced ceramic-matrix composites for propulsion appli-
cations requires evaluation of performance and durability of
these materials under static and cyclic loading at elevated
temperatures. This paper presents the results of an experi-
mental study as part of a larger investigation, to characterize
cyclic fatigue response of a SiC/SiC composite-material
system. In this study, the author investigated and character-
ized the behavior of fiber-reinforced silicon-carbide matrix
composites at 1800 °F under fully-reversed cyclic loading
with a frequency of 1 Hz. Results for various stress levels
representing various states of damage are presented. Results
of tests for cross-ply and quasi-isotropic laminates are pre-
sented and compared.

Introduction

Reinforcement of ceramic materials with high modulus
and high strength fibers has resulted in tougher materials
with improved properties such as strength, fracture re-
sistance [1], fatigue resistance, creep resistance and thermal
shock resistance [2]-[3]. These improved properties prompt-
ed many researchers to look into potential uses of these ma-
terials in structures with launch technology propulsion appli-
cations [4], nuclear applications [5], or as fasteners [6],
among others. For propulsion applications, with operating
temperatures well above 1800 °F, evaluation of performance
and durability of any candidate material under static and
cyclic fatigue loading is required. This study followed the
previous work by the author and is intended to characterize
the thermo-mechanical behavior of a model material, sili-
con-carbide fiber (Nicalon) reinforced enhanced silicon-
carbide matrix composite (Nicalon'/E-SiC) processed by a
chemical vapor infiltration technique (CVI) [7].

Iﬁvestigative Approach

The emphasis was mainly on the cyclic fatigue behavior of
this material at elevated temperatures.

Potential damage modes and failure mechanisms as a
function of applied load levels—stacking sequence, speci-
men geometry, and test temperature—are discussed. This
study was part of a larger investigation and followed the
earlier experimental research [7]. In the near future, the re-
sults of this study will be used for calibration of a prediction
model, which is based on a damage-accumulation concept
and uses remaining strength as a damage metric, to predict
life and remaining strength

Fully-reversed cyclic loads are considered by many to be
the most damaging to fiber composites because of activation
of both tensile and compressive damage modes. Depending
on the relative competition of these damage modes, either
tensile or compressive-failure will be the controlling mode.
Therefore, fully-reversed loading provides an opportunity to
observe different damage mechanisms in composite lami-
nates. In a load-controlled mode, bow-tie shaped specimens
with stacking sequences of [(0,90)/(0,90)],s (cross-ply) and
[(0,90)/(+45,-45)], (quasi-isotropic) were subjected to a
sinusoidal waveform with a frequency of 1 Hz, and a fatigue
ratio of R=-1 under atmospheric air at 1800 °F (Figure 1).

Figure 1. Geometry of test specimens
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Figure 2. Schematic of the test set-up for elevated-temperature
axial testing
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The proposed test matrix for cross-ply and quasi-isotropic
laminates is presented in Table 1. Based on the availability
of specimens at least two specimens were tested at each
stress level. A run-out (RO) test, according to the High-
Speed Civil Transport (HSCT) standards for cyclic fatigue
of ceramic matrix composites [8], was set at 10° cycles. The
remaining material properties of run-out specimens were
obtained by conducting quasi-static tensile tests at tempera-
tures under stroke control.

Table 1. Test matrix for cyclic tests of [(0,90)/(0,90)],; and

[(0,90)/(+45,-45)],; laminates for R=-1, f=1 Hz, T=1800 °F
# of Loading | Max. Stress % Life
Specimens Mode Level Cycled
2 Load o 100
2 Load o, 100
2 Load O3 100

Material and Specimen Geometry

Test specimens were fabricated of 2-D woven flat coupons
made of Ni/E-SiC composite material. This material was
processed by an isothermal chemical vapor infiltration tech-
nique (ICVI) manufactured by Du Pont Lanxide Compo-
sites, Inc. The reinforcement phase was ceramic grade Nica-
lon fiber (0/90 plain weave cloth) and the matrix material
was enhanced SiC (containing boron-based particles for pro-
tection of fibers against oxidation). Each ply had a thickness
of 0.0105”, a density of 0.83 Ibs/in’, a fiber volume fraction
of 40%, and a porosity of 12%. Specimens were cut from
12”x12” panels with cross-ply and quasi-isotropic stacking
sequences into bow-tie shapes using a water-jet technique.
Based on their width, specimens were categorized as wide
specimens (average thickness = 0.09”, gage section width =
0.75”, grip section width = 0.85”, and length = 6.0”), and the
narrow specimens (thickness = 0.09”, gage section width =
0.40”, grip section width = 0.50”, and length = 6.0”). Final-
ly, for protection against oxidation, a layer of SiC (80-100
wm) was deposited on the outer surface.

Utilizing an elevated-temperature axial testing system
(Figure 2) and tensile test results of cross-ply and quasi-
isotropic laminates at 1800 °F obtained from the first phase
of this investigation [7], fully-reversed cyclic fatigue tests
were carried out at 1800 °F under three different stress lev-
els. According to the tensile stress-strain curve for these
laminates (Figures 3 & 4), these stresses correspond to loca-
tions of well below, right at, and well above the Proportional
Limit Strength (PLS). Based on a PLS of 12.7 ksi (measured
using a 0.005% offset strain method), stresses of ;=10 ksi,
6,=13 ksi, and 63=15 ksi were chosen as the maximum ap-

plied stress levels. The 10 ksi stress level is located within
the linear elastic range; the 13 ksi stress level is located in a
region where material is going through the transition from
linear elastic regime to nonlinear regime; and, the 15 ksi
stress level is located in a nonlinear regime past the transi-
tion region.
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Figure 3. Room and elevated temperature tensile responses of
[(0,90)/(0,90)]2s laminates

f [ —1800F =75F |

40 ¢
35 f
30
25 |
20 |
15 |
10

[ —1800F =75F |

((pmat ./

0 0.1 0.2 0.3 0.4 0.5

Strain (%)
Figure 4. Room and elevated temperature tensile responses of
[(0,90)/(+45,-45)]2s laminates

Cross-Ply Laminates

From a total of seven specimens designated for this testing
category, two were tested at 10 ksi, two at 13 ksi and three at
15 ksi stress levels. At least one 0.75”-width specimen was
included in each stress level. All of the 10 ksi tests lasted
more than 10° cycles (representing an exposure time of 28
hours at temperature) and were considered as run-outs. Typ-
ical stress-strain loops were collected using an x-y plotter
(Figure 5). Close inspection reveals that the application of
the first loading cycle resulted in a small amount of hystere-
sis on the tensile-loading side of the curve, which lasted al-
most 5x10* cycles and gradually disappeared upon further
cycling. This energy dissipation is believed to be associated
with the presence of matrix micro-cracks at this load level.
Damage mechanisms such as stretching of fibers, breaking
of fibers, sliding of interfaces, and crack deflection can also
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contribute, either alone or in combination, to energy dissipa-
tion. The small magnitude of hysteresis area at this load lev-
el did not permit an accurate measurement although stiffness
measurements were made. During these tests, damage and
damage evolution were confined to the tensile side of load-
ing. This was expected as the Ultimate Compression
Strength (UCS) for this material is reported to be almost
twice as large as the Ultimate Tensile Strength UTS [9].

Tensile tests under stroke control at 1800 °F were con-
ducted on the run-out specimens. Large scatters in initial
elastic modulus values (Young’s elastic modulus prior to
cycling) were present, which might have contributed to vari-
ation in material response (especially in strain to failure).
The scatter in initial elastic modulus values was believed to
be directly related to the degree of porosity for these materi-
al systems. A nominal value ranging from 10% to 12% has
been reported. In the initial elastic region, matrix contributes
substantially to the modulus of composite. Presence of any
porosity results in lower actual matrix volume fraction,
thereby causing a reduction in the elastic modulus. This may
explain why there is larger scatter in elastic modulus than
tensile strength.

The 10 ksi tests did not result in failure of specimens. Ini-
tial elastic modulus, representing the virgin state of material,
was measured and recorded. Measured remaining properties
indicated an average final elastic modulus (Young’s elastic
modulus after cycling) of 16.13 Msi, a remaining strength
(St) of 26.16 ksi, and a remaining strain-to-failure of 0.278%
(Table 2). These values represented a decrease of 7%, 27%,
and 47% from the corresponding average values obtained
from the tensile test of virgin specimens at 1800 °F. Due to
the presence of large scatter in initial elastic modulus, the
percent reduction in modulus was based on the average ini-
tial elastic modulus of the same (17.38 Msi in case of the 10
ksi test) specimens, which is much smaller than 20.50 Msi
reported previously). The PLS and its associated strain re-
mained basically unchanged. Specimens with wider gage
width provided higher remaining properties.

The 13 ksi tests resulted in failure of all specimens, where
an average life of 26,000 cycles was recorded (representing
an exposure time of 8 hours). Typical stress-strain loops
were collected and results are presented in Figure 6. The
stress-strain hysteresis loops indicated significant amounts
of damage, generated upon application of the first loading
cycle. This was expected as the 13 ksi stress level caused
significant matrix cracking. An average value of 18.37 Msi
was obtained for initial elastic modulus. Similar to 10 ksi
tests, damage initiated on the tensile side of loading. Upon
further cycling, damage evolved and grew slowly into the
compression side. The presence of a small amount of hyste-
resis on the compression side may, in part, be explained by

the fact that the 13 ksi stress level was large enough to pro-
duce fiber matrix de-bonding, matrix crack, fiber fracture,
and fiber pull-out. Depending on the position of broken fi-
bers and the large matrix cracks upon unloading, some of
these broken fibers did not go back into the matrix from
which they were pulled. The ends of the broken fibers were
deflected such that they prevented full crack closure.

This argument was supported by the absence of stiffness
degradation on the compression side of stress-strain curves,
where the unloading compressive modulus provided the
same value as loading compressive modulus. The hysteresis
area increased steadily from the second cycle with the high-
est hysteresis occurring on the last cycle before final failure.
It was not possible to capture the last few cycles before final
failure without running the risk of computer storage over-
flow. The specimen with larger gage width lasted longer.

Depending on the gage width, the 15 ksi tests showed
large scatter in cycles to failure values. The wider specimens
lasted almost twice as long as the narrow specimens. Narrow
specimens showed similar cycles to failure averaging at
12,350 cycles (representing an exposure time of almost 3.75
hours). It was decided to discard the life of the wide speci-
mens and use the average life of narrow specimens as the
reference life. This life is almost half of the life for 13 ksi
tests. The measured initial elastic modulus values were very
close, averaging 18.03 Msi. Typical hysteresis loops were
collected and are presented in Figure 7. As is indicated by
the size of the hysteresis loops, 15 ksi stress levels generated
more damage in the material than the other two stress levels.
Similarly, damage was initially confined to the tensile load-
ing side (at least for the first 100 cycles).

i
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Figure 5. Stress-strain loops for a [(0,90)/(0,90)]2s laminate
for 6,,,,=10 ksi, R=-1, and f=1 Hz at 1800 °F
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Upon further cycling, hysteresis grew into the compression
side. As to the nature of hysteresis on the compression side,
the same argument as for the 13 ksi tests may be applied
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here. It should be noted that in all of these tests, tensile fail-
ure proved to be the dominant failure mode and always oc-
curred in the specimen’s discoloration zone.
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Figure 6. Stress-strain loops for a [(0,90)/(0,90)]2s laminate
for 6,,,,=13 ksi, R=-1, and f=1 Hz at 1800 °F
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Figure 7. Stress-strain loops for a [(0,90)/(0,90)]2s laminate
for 6,,,,=15 ksi, R=-1, and f=1 Hz at 1800 °F

Normalizing the applied stresses with respect to UTS, the
S-N diagram (stress-cycle relationship), when plotted with a
semi-log axis, indicates a straight line (Figure 8). This line
may best be represented by (Sa/Su) = 1.0008-0.0624*Log
(N), where Sa, Su, and N represent the applied stress, ulti-
mate tensile strength, and number of loading cycles, respec-
tively. These results indicate that matrix cracking played the
most important role. With stress levels at or above the PLS,
the composite has a short life. Also, porosity seemed to in-
fluence the fatigue response. This assessment was supported
by the presence of large amounts of porosity at the fractured

surfaces. Moschelle et al. [10] have reported similar obser-
vations based on room-temperature fatigue test results of
regular Nicalon/SiC.

Table 2. Fatigue test results of [(0,90)/(0,90)],, laminates for R=-

1, and f=1 Hz, at 1800 °F

Spec.l. | G, (ksi) Ei PLS (ksi) Sr (ksi)
D. & & & Ef & Strain &
Width Cycles (Msi) (%) Strain (%)
025-09 10.0 16.41 11.70 24.85
(0.40”) RO, OX & 14.99 & 0.075 & 0.263
020-09 10.0 18.34 13.59 27.51
(0.757) RO, IX & 17.26 & 0.079 & 0.293

Ave. 10.0 17.38 12.65 26.18
Value RO & 16.13 & 0.077 & 0.278
024-07 13.0, OX 18.10 NA NA
(0.407) 23515 & NA

020-08 13.0, OX 18.63 NA NA
(0.757) 28486 & NA

Ave. 13.0 18.37 NA NA
Value 26000 & NA

021-08 15.0, OX 18.12 NA NA
(0.407) 12679 & NA

023-10 15.0, OX 17.93 NA NA
(0.40”) 12022 & NA

018-10 15.0, IX NA NA NA
(0.757) 21825

Ave. 15.0 18.03 NA NA
Value 12350
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Figure 8. Cyclic fatigue response of [(0,90)/(45,-45)]2s laminates
for R=-1, and f=1 Hz at 1800 °F

Quasi-Isotropic Laminates

Similar to cross-ply laminates, all of the 10 ksi tests re-
sulted in run-outs. The stress-strain loops indicated similar
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characteristics as the cross-ply laminates (Figure 9) with an
average initial elastic modulus of 17.76 Msi. Based on quasi-
static tensile tests at 1800 °F, an average final elastic modu-
lus of 16.35 Msi, a remaining strength of 25.56 ksi, and a
remaining strain to failure of 0.289% were recorded (Figure
12).

Figure 9. Stress-strain loops for a [(0,90)/(45,-45)]2s lammate
for 6,,,,=10 ksi, R=-1, and f=1 Hz at 1800 °F
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Figure 10. Stress-strain loops for a [(0, 90)/(45,-45)]2s laminate
for 6,,,,=13 ksi, R=-1, and f=1 Hz at 1800 °F

The 13 ksi tests resulted in an average life of 25,140 cy-
cles (an exposure time of 7.25 hours). This is very similar to
the average life of cross-ply laminates. An average initial
elastic modulus of 18.26 Msi was obtained. The typical
stress-strain loops are presented in Figure 10. The evolution
of hysteresis resembled those of cross-ply specimens and the
same argument for the presence of hysteresis may be ap-
plied. The 15-ksi stress-level tests resulted in an average life
of 14,800 cycles (an exposure time of 4.36 hours). Similar to
cross-ply laminates, this life was almost half of the life
achieved by 13 ksi tests. Unlike 13 ksi tests, the life for 15
ksi tests was slightly higher than its cross-ply counterpart.

An average value of 16.97 Msi was recorded. Typical stress-
strain hysteresis loops are shown in Figure 11.
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Figure 11. Stress-strain loops for a [(0,90)/(45,-45)]2s laminate
for 6,,,,=15 ksi, R=-1, and f=1 Hz at 1800 °F

Spec.I Crmax Ei PLS (ksi) Sr (ksi)
D. & (ksi) & & Ef & Strain &
Width Cycles (Msi) (%) Strain (%)
009-09 10.0 18.63 12.36 26.38
(0.40) RO, IX & 16.82 & 0.077 & 0.300
009-10 10.0 16.89 12.36 24.73
(0.40) RO, IX & 15.87 & 0.082 & 0.277
Ave. 10.0 17.76 12.36 25.56
Value RO & 16.35 & 0.079 & 0.289
030-01 13.0, OX 18.01 NA NA
(0.40) 24300 & NA
030-02 13.0, OX 18.51 NA NA
(0.40) 25980 & NA
Ave. 13.0 18.26 NA NA
Value 25140 & NA
030-03 15.0, OX 17.56 NA NA
(0.40) 15614 & NA
030-04 15.0, OX 16.37 NA NA
(0.40) 13986 & NA
Ave. 15.0 16.97 NA NA
Value 14800 &NA

Figure 12. Fatigue test results for [(0,90)/(+45,-45)],; laminates
with R=-1, and f=1 Hz, at 1800 °F

In general, the off-axis lamination did not significantly
influence the fatigue response. The S-N diagram showed
characteristics similar to the cross-ply laminates. The fatigue
S-N data may best be represented by a straight line such as

(Sa/Su) = +1.0032-0.0595 Log (N), as shown in Figure 13.
The slope of this line was slightly lower than the one for the
cross-ply case. Comparison of average remaining properties
of cycled specimens with the corresponding un-cycled val-
ues indicated a reduction of 8%, 23% and 37% in elastic
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modulus, UTS and strain to failure, respectively. With an
offset strain of 0.005% and a PLS of 12.36 ksi, with a corre-
sponding strain of 0.079%, were also obtained. A compari-
son between remaining strength and remaining strain values
of cross-ply and quasi-isotropic laminates did not show sig-
nificant differences in property degradation as a function of
stacking sequence (Figure 14).
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Figure 13. Cyclic fatigue response of [(0,90)/(45,-45)]2s lami-
nates for R=-1, and f=1 Hz at 1800 °F

Summary

In fully-reversed cyclic fatigue tests, the compression part
of loading, in general, does not influence the material re-
sponse directly, but reduces the time that cracks stay open by
half. Cross-ply and quasi-isotropic laminates show very sim-
ilar fatigue behavior, remaining strength, and life. Results
indicate that matrix cracking plays the most important role.
With stress levels at or above the proportional limit strength,
the composite has a short life. Also, porosity seems to influ-
ence the fatigue response significantly. This assessment was
supported by the presence of a large amount of porosity at
the fractured surfaces. The fatigue threshold stress, the level
at which run-out occurs, is believed to be lower than the
proportional limit strength.
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Figure 14. Remaining strength and strain for [(0,90)/(0,90)]2s
and [(0,90)/(+45/-45)]2s laminates after 100k cycles, cmax=10
ksi, R=-1, and f=1 Hz at 1800 °F

Further Research

To have a better picture of the fatigue response for these
materials, more tests are needed to complete the S-N dia-
gram. The next phase of this research will also include in-
dentifying damage modes and failure mechanisms and to
quantify damage accumulation in terms of stiffness degrada-
tion and remaining strength. The intention is to use the re-
sults of this study to enable and calibrate a prediction model.
This model, which is based on a damage-accumulation con-
cept and uses remaining strength as a measure of damage,
will be utilized to predict life and remaining strength.
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