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Abstract

Aerospace components require structural materials that have superior long-term
mechanical properties and can be exposed to severe environmental conditions, such as
ultra-high temperature, high pressure, or water vapor. Ceramic-matrix composites
(CMCs), capable of maintaining excellent strength and fracture toughness at high
temperatures, continue to attract attention as candidate materials for aerospace
applications. This research effort investigates fatigue behavior of an oxide-oxide
continuous fiber ceramic composite (CFCC) consisting of a porous alumina matrix
reinforced with laminated, woven mullite/alumina fibers (Nextel 720) at 1200 and
1330°C in laboratory air and in 100% steam environments. This composite has no
interface between the fiber and matrix, and relies on the porous matrix for flaw tolerance.
Tension-tension fatigue behavior was studied for fatigue stresses ranging from 100 to 170
MPa at 1200°C, and for fatigue stresses of 50 and 100 MPa at 1330°C. At 1200°C, the
CFCC exhibited excellent fatigue resistance in laboratory air. However, the presence of
steam caused noticeable degradation in fatigue performance at 1200°C. Fatigue
resistance at 1330°C was poor. Results demonstrate that effects of steam environment on

fatigue performance cannot be neglected.
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EFFECT OF TEMPERATURE AND STEAM ENVIRONMENT ON FATIGUE

BEHAVIOR OF AN OXIDE-OXIDE CONTINUOUS FIBER CERAMIC COMPOSITE

I. Introduction and Background

Advanced aerospace applications are driving the development of new materials to
meet their specific requirements. These requirements include the capability to maintain
mechanical properties at elevated temperatures and in oxidizing environments. Reusable
space launch vehicles and turbine engine components, such as combustor walls and
nozzle flaps, motivate new development (25:214; 29:410). Required characteristics of a
potential material for these applications include low density, good oxidation resistance
and high strength at high temperature, and avoidance of the brittle nature of monolithic
ceramics (3:139, 14:503). Continuous fiber ceramic composites are attracting attention
as candidate materials for use in these aerospace applications due to their non-
catastrophic failure and capacity to maintain strength and fracture toughness in high

temperature environments (2:451, 32:159, 37:70).



Despite the demonstrated capability of ceramic matrix composites (CMCs) to
maintain strength in high temperature environments, the anticipated service requirements
demand more than simple mechanical loading at high temperatures. One example of the
more complex environments in which they are used is that of a typical reusable rocket
engine turbopump rotor, which would expose the CMC to hydrogen, oxygen, and steam
at high pressure (33:1536). Another example is a gas-turbine combustion environment,
which would expose the CMC to ultra-high temperatures, high pressure, and as much as
10% water vapor (8:951). When mechanical loading is applied, microcracking and
fiber/matrix debonding occur, exposing the load-bearing fibers in the composite to the
destructive conditions present in these service environments (15:1720). Because these
applications require exposing the CMCs to oxidizing environments, it is important to
consider oxidation resistance in design and selection of CMCs.

Oxidation limits the service life of many components that are exposed to steam
and is the primary mechanism of environmental degradation in CMCs. Because
oxidation has such an effect on performance, significant effort has been invested in
developing CMCs that will not degrade in humid environments.

Many damage-tolerant CMCs rely on a “weak” interphase between the fibers and
the matrix. The purpose of the interphase is to produce debonding of the fiber from the
matrix resulting in increased toughness (36:327). However, there is a limited choice of
interphase materials (31:417). In some early CMC systems, the weak fiber/matrix
interface contained carbon, but the carbon layer can be easily oxidized in high-

temperature and humid environments (37:70). In an effort to reduce the problems



associated with oxidation, fiber coatings were applied. The most common fiber coating
attempted was monolithic boron nitride (12:393, 37:70). Unfortunately, this was not
sufficiently effective because once matrix cracking occurred, the oxidation process was
accelerated due to the exposure of the interphase to the corrosive environmental
conditions (17:1797, 36:327). Boron nitride (BN) oxidizes to a liquid oxide (B,0O3)
above 450°C and in the presence of water vapor a further reaction results in SiO, glass
where the BN had been. This weakens the mechanical properties of the composite due to
the degradation of the fiber properties and because the BN interphase has been replaced
with the brittle SiO; glass (13:1473, 21:2777).

Numerous studies have focused on the performance of silicon carbide (SiC)
composites in combustion environments (7, 11, 20-24). However, SiC/SiC is an example
of a CMC that employs BN as an interphase layer between the fiber and matrix, which
embrittles and weakens the composite as previously discussed. Silicon Carbide CMCs
have been tested in turbine components, and accelerated degradation is observed after
just a few hours of hot time. This has been attributed to oxidation of the fibers and the
BN fiber coatings in the moist environment (38:1282).

A current approach to overcoming the limitations caused by oxidation is to use an
all-oxide based composite (25:212). Oxide-oxide CMCs are inherently oxidation-
saturated, so they are chemically stable in oxidative and corrosive environments (2:451,
6:63). By using a material that is not subject to the weakening effects of oxidation, the
environmental degradation can be minimized. Because the fibers are already oxidized,

microcracking in the matrix does not cause the fibers to be weakened by their exposure to



steam. These oxide-oxide CMCs do not require an interphase (typically the weakest link
in oxidation resistance) to protect the fibers from oxidation, because their exposure to the
moisture from the environment does not have the same detrimental effect (21:2777).
Thus, oxide-oxide CMCs exhibit damage tolerance combined with inherent oxidation
resistance (1:565).

Another key consideration in developing CMCs that exhibit high strength and
fracture toughness, as well as non-catastrophic failure, is the fine, uniformly distributed
porosity of the matrix. The microstructure must have low toughness to enable crack
deflection through the matrix, yet maintain enough strength for interlaminar properties
(19:2077, 37:71). In oxide-oxide CMCs, this porosity and a weak fiber/matrix interface
(not requiring an interphase) allow the strong, brittle fibers to be isolated from each other
and provide a path along which cracks can propagate without damaging the fibers. This
eventually results in non-catastrophic failure (16:2333). In essence, the porosity creates a
matrix that is already cracked, so increasing microcracking due to mechanical loading
does not degrade the overall performance of the composite. The porosity allows the
cracks to propagate along the fiber/matrix interface instead of through the fibers (9:607).

Previous oxide/oxide CMCs studied consisted of Nextel 610 or 720 fibers with a
porous aluminosilicate matrix. These showed excellent fatigue performance in air up to
1100°C, but at greater temperatures a rapid decline in fatigue performance was observed,
attributed to the oxidizing presence of silica in the matrix. This motivated the further
development of an oxide/oxide material with a matrix that was all alumina and not

aluminosilicate (30:695).



The material studied in this thesis, consisting of Nextel 720 fibers and a porous
alumina matrix, resulted from a Small Business Innovative Research contract awarded to
Composite Optics, Inc. (29:Sec 2, 28-29). This oxide-oxide material developed by
Composite Optics, Inc. (COI) is a result of this search for materials that are not subject to
the corrosive effects of steam (35:1628). The material is also being considered as a
candidate for high temperature gas turbine components due to its potential to reduce NOy
and CO emissions, an advantage that is not further studied in this research effort (34:183,
38:1282).

The fibers of the N720/A studied in this effort are the commercially available
Nextel 720 (manufactured by 3M Corporation). Levi, et al. investigated the performance
of all-oxide ceramic composites with both Nextel 610 and Nextel 720 fibers. While the
Nextel 610 fibers have higher strength and Young’s modulus, the Nextel 720 fibers have
greater stability against coarsening (19:2078). Antti, et al. suggests this leads to
improved thermal stability (1:566).

Fatigue loading is an important test of strength because in the anticipated
applications the material is subjected to cyclic loading situations. It characterizes
performance in materials tested in a manner similar to their expected service life
conditions (4:246-247). However, simple fatigue loading is not sufficient to determine
the expected life of the components. As previously stated, anticipated applications also
subject the material to ultra-high temperatures and a steam environment with repetitive

loading.



To address the suitability of N720/A in any potential applications, it is necessary
to develop a complete understanding of its mechanical properties. While the
performance of N720/A at elevated temperature and with intermittent exposure to
moisture has been investigated in the past, the effect of a constant steam environment has
not been researched (38:1282). The objective of this study is to expand on current
understanding by looking at how the presence of constant steam affects N720/A behavior
at elevated temperature. Tension-tension fatigue performance of an oxide-oxide
composite at elevated temperatures and in the presence of a 100% steam environment

will be investigated.



I1. Experimental Arrangements

2.1. Material and Specimen

The materiel studied in the thesis, Nextel 720/Alumina (N720/A), was developed
by Ceramics Optics, Inc. (COI). It resulted from Small Business Innovative Research
(SBIR) contract to develop a CMC for applications up to 1200°C (29:Sec 2, 28). The
primary objective of the initiative was to develop an oxide matrix composite that would
retain more than 90% of its original strength after 100 hours of exposure to 1200°C.

The matrix of the N720/A material is alumina, which is resistant to oxidation
because it is already oxidized. The matrix is porous, allowing for crack deflection and
longer durability, and for the load-bearing fibers to be isolated from damage caused by
mechanical loading. The need for fiber coatings is eliminated because the N720/A relies
on controlled matrix porosity for toughness (5).

Figure 1 shows a scanning electron microscope (SEM) micrograph of the Nextel
720/Alumina material showing the porous nature of the matrix. See Section 2.2.3 for

background on the equipment used to obtain micrographs.
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Figure 1. SEM micrograph of N720/A, showing porous matrix between fibers.

The continuous fibers in the oxide-oxide material used in this effort are the
commercially available Nextel 720 fibers. These fibers are a mixture of fine-grained
mullite (3Al,05:2Si0,) and alumina, and serve as the principal load-bearing component
of the CMC (16:2333, 19:2078).

The manufacturing process for N720/A is relatively low cost because it does not
require pyrolysis steps or repetitive re-infiltration (5). The fiber is infiltrated into the
matrix using a sol-gel process and dried under low pressure and low temperature,

8



resulting in pressureless sintering (1:567). Figure 2 shows a 0° fiber bundle infiltrated

with the matrix material.

Figure 2. As-received material showing (a) successful
infiltration in fiber bundle and (b) incomplete infiltration.

Figure 2a shows an area where matrix infiltration was successful. An area of incomplete
infiltration is seen in figure 2b.

During the manufacturing process, shrinkage cracks are introduced during
sintering, which are visible in the matrix of the untested material. These cracks are
typically oriented perpendicular to the fibers (19:2080). Thus, the new material comes
with inherent cracks. These shrinkage cracks are visible in the SEM micrograph shown
in Figure 3. The cracks shown are oriented perpendicular to the fibers, in between the

fiber tows.



Figure 3. As-received material showing shrinkage cracks.

2.1.1. Specimen Preparation.

The N720/A material was provided in two panels, number 3342 and 3307-1, each
consisting of 12 0°/90° woven layers. Panel thickness was 2.8 mm, with a porosity of
~24% and a fiber volume of ~44%. Specimens were machined to specifications shown in

Figure 4.

10
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1. Drawing not to scale
2. Dimensions in millimeters

Figure 4. Tension-tension fatigue specimen, with cut-out showing fiber orientation.

The dogbone shape prevented grip failures and encouraged the failure to occur in the
gage section, where the environmental conditions were applied.

The specimens were fit with fiberglass tabs to prevent grip failures or slipping.
They were held in place by several drops of M-bond 200, manufactured by
Measurements Group Inc.

Figure 5 shows one of the specimens used, with the fiberglass tabs bonded to the
grip ends. The specimens were gripped at 600 psi. Neither grip failures nor specimen

slipping occurred during this experimental investigation.

11



Figure 5. Nextel 720/A specimen with fiberglass tabs in place.

2.2. Testing and Characterization Equipment

2.2.1. Mechanical Testing Apparatus.

A 5 kip (5000 Ib) MTS (MTS Systems Corporation) 810 Material Test System
vertical servohydraulic machine with water-cooled hydraulic wedge type clamping grips
were used. A grip pressure of 600 psi was used in all tests. The MTS Test Star |1
controller was used for input signal generation and data acquisition.

Standard MTS procedures and equipment were used to ensure and periodically
verify grip alignment.

Strain measurement was accomplished with an MTS high-temperature

extensometer, model #632.53E-14, with a gauge section of 0.5 in.

12



2.2.2. Environmental Control Equipment.

Testing at elevated temperatures was accomplished using an Amteco two-zone
furnace. The furnace had two independently controlled zones, one on each side. The
zones were each monitored using S type thermocouples. Figure 6 shows the

experimental set-up.

Figure 6. Experimental set-up.

In order to determine the temperature controller settings, one specimen was
outfitted with two S type thermocouples. The thermocouples were attached directly to
the specimen using Zircar Alumina Cement. The furnace temperature was raised in
increments until the temperature of the specimen reached the desired test temperature. At

that point, the controller settings were recorded and used in the tests. This procedure was
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repeated for the steam conditions. For the duration of the tests, the temperature remained
within £3°C of the nominal temperature.

Tests at elevated temperature in the steam environment were accomplished using
a steam generator and pump made by Amteco, Inc, model #HRFS-STMGEN, which was
supplied with de-ionized water. Inside the oven was a susceptor, which served to create a
more uniform environment immediately about the test specimen. Figure 7 shows the

susceptor inside the oven. The extensometer rods are also visible.

Figure 7. Susceptor inside oven, with extensometer rods visible.

The steam is fed directly into the susceptor through a tube. The susceptor is not sealed,
thus creating a 100% steam environment as the dry air is forced out through the constant

introduction of steam.
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2.2.3. Microstructural Characterization.

To characterize the fracture surfaces, both an optical microscope and a scanning
electron microscope (SEM) were used. The optical microscope was a Zeiss model Stemi
SV Il, and the SEM was a Quanta 200 manufactured by the FEI Company.

No preparation of the specimen was necessary to view the fracture surfaces under
the optical microscope. To examine fracture surfaces under the SEM, further preparation
was necessary. Because the CMC is non-conductive, specimens had to be coated with
gold prior to viewing under the SEM. The fracture surface of the specimen was isolated
using a diamond saw, a Buehler Isomet 1000. Following the cut, the specimen was

sputter coated using a Spi-module Sputter Coater on the 110 second setting.

2.3. Test Procedures

In the 1200°C elevated temperature tests, the oven ramped up to the set point over
a period of 25-30 min., and then was allowed to soak at temperature for 15 min. In the
1330°C elevated temperature tests, the oven ramped up in 35-50 min., and again allowed
to soak at temperature for 15 min. Once the specimen was thermally equilibrated,
thermal strain was measured and the coefficient of thermal expansion determined. The

strain was re-zeroed prior to the mechanical test.
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2.3.1. Monotonic Tension to Failure.

The tension tests were performed in displacement control with a constant rate of
0.05 mm/sec. Tension tests to failure were performed at 23, 1200, and 1330°C in
laboratory air. No tension tests were conducted in the 100% steam environment.

2.3.2. Tension-Tension Fatigue Tests.

The tension-tension fatigue tests with an R ratio (minimum stress divided by the
maximum stress) of 0.05 were performed in load control with the frequency of 1 Hz.
Tension-tension fatigue tests were carried out at 1200 and 1330°C, in laboratory air and
in 100% steam environments.

Fatigue run-out was defined as survival of 10° cycles at 1 Hz. Specimens which
achieved run-out were subjected to a tensile test to failure to determine retained strength
and stiffness. Environmental conditions of the fatigue test were maintained during
measurement of retained properties. The test was conducted in the same manner as the
monotonic tension test described in Section 2.4.1.

2.3.3. Data Collection

In all tests, time, segment number (1 segment = % cycle), displacement,
temperature, strain, and load were measured and recorded. On the monotonic tension
tests, data was collected at a rate of 20 Hz (20 data points per second). During the fatigue
tests, the peak/valley data was collected for every cycle until failure. On selected cycles,
the complete loop was recorded with the data collected at a rate of 32 Hz. These selected

cycles included the first 25 cycles, and thereafter every 100" cycle until cycle number
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5000. From cycle 5000 to cycle 25,000, the complete loop was recorded for 500" cycle,

and after 25,000 cycles the complete cycle was collected every 5000 cycles.
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I11. Results and Discussion

3.1. Chapter Overview

This chapter will outline the results that were obtained, and discuss the effects of
temperature and steam on the performance of the Nextel 720/Alumina composite
material. Section 3.2 discusses the thermal expansion of the material. Section 3.3
summarizes the results of the monotonic tests to failure. Section 3.4 outlines the results
of the tension-tension fatigue tests conducted in laboratory air at elevated temperatures,
and is followed by section 3.5, which compares the laboratory-air results to those
obtained in the 100% steam environment at elevated temperatures. Section 3.6 examines

the microstructure of the fracture surfaces of the failed specimens

3.2. Thermal Expansion

Nine tests were carried out at 1200°C and six tests at 1330°C. In each high-
temperature test, thermal strain was recorded at the conclusion of the heating stage.
Thermal strain measurements were used to determine the linear thermal expansion
coefficient of the material. Thermal expansion results are summarized in Table 1, where

test temperature, corresponding thermal strain and coefficient of linear thermal expansion
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are presented for most specimens tested. Expansion of the extensometer extension rods
contributes to the total measured strain, but it is expected that this contribution was

negligible.

Table 1. Thermal Expansion of Nextel 720/A Composite
between 23°C and Test Temperature

Test Temperature = 1200°C
Specimen # Thermal Strain (%) a (10°/°C)
2 0.85 7.22
6 0.85 7.21
7 0.93 7.87
9 0.83 7.09
14 0.84 7.12
15 0.85 7.18
Average 7.28
Standard Deviation 0.29
Test Temperature = 1330°C
Specimen # Thermal Strain (%) a (10°/°C)
3 0.96 7.32
4 1.02 7.82
10 1.00 7.63
11 0.99 7.57
Average 7.59
Standard Deviation 0.21

The coefficient of thermal expansion, o, obtained in the 1200°C tests compare well to
that obtained in the 1330°C tests. These results are consistent with the coefficient of

thermal expansion of 6.3x10°/°C, reported by the material manufacturer (COI).
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3.3. Monotonic Loading

Results of monotonic tests are summarized in Table 2. Given in Table 2 are test
temperature, elastic modulus, ultimate tensile strength (UTS), failure strain (&), and

failure location. It is noteworthy that all specimens failed within the extensometer gage

section.
Table 2. Summary of Monotonic Tension Test Results
. Temperature Failure
Specimen # °C) E (GPa) UTS (MPa) &t (%) Location
1 23 66.8 168.8 0.35 gage section
2 1200 74.7 192.2 0.38 gage section
3 1330 33.4 118.4 1.43 gage section
4 1330 28.0 122.8 1.96 gage section

Results presented in Table 2 demonstrate a significant reduction, almost by a
factor of two, in elastic modulus at 1330°C compared to that obtained at 1200°C.
Ultimate tensile strength at 1330°C is likewise considerably lower than the UTS obtained
at 1200°C. It should be noted that UTS obtained at 1200°C is greater than that produced
at room temperature. Material exhibits improved strength and stiffness at 1200°C
compared to room-temperature properties. Strength and stiffness data reported by the

material manufacturer (COI) are presented in table 3 (5).

Table 3. Monotonic Tension Data Provided by COI

Temperature (°C) E (GPa) UTS (MPa) & (%)
23 71.7 175.7 0.31
1200 76.1 218.7 0.43
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The strength and modulus data obtained in this effort were consistent with results
reported by COIl. The lower UTS at 1330°C is consistent with expectations.

Figures 8-10 show tensile stress-strain curves obtained at 23, 1200, and 1330°C.
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Figure 8. Tensile stress versus strain behavior for Nextel 720/A at 23°C.
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Figure 9. Tensile stress versus strain behavior for N720/A at 1200°C.

Stress-strain curves at 23 and 1200°C are nearly linear to failure. Conversely, the stress-
strain curve at 1330°C (shown in Figure 10) reveals inelastic behavior; a distinct “knee”

in the stress-strain curve is seen at ~95 MPa.
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Figure 10. Tensile stress versus strain behavior for N720/A at 1330°C.

3.4. Tension-Tension Fatigue at Elevated Temperatures in Laboratory Air

Fatigue tests conducted in the laboratory air environment are summarized in
Table 4, where test temperature, maximum stress level, number of cycles to failure, and
failure location are given for each specimen. In discussions below, tests conducted in

laboratory air will be referred to as tests in air or in-air tests.
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Table 4. Fatigue Tests in Air at Elevated Temperatures

Specimen # Ma:/:?:m Strrss (;_8'_?_)? Cycles to Failure | Failure Location

Test Temperature = 1200°C

6 100 52 >120,199 run-out

7 125 65 >146,392 run-out

8 150 78 >167,473 run-out

9 170 88 >109,436 run-out
Test Temperature = 1330°C

10 50 41 97,282 gage section

11 100 83 1,519 gage section

Figure 11 shows the maximum stress versus cycles to failure for fatigue tests
conducted in air at 23, 1200 and 1330°C. All 1200°C tests in air achieved a run-out
condition, defined at 10° cycles. Conversely, at 1330°C the run-out was not achieved: all
1330°C tests failed before reaching 10° cycles. At 1330°C, the 50 MPa test failed at

97,282 cycles, just before reaching the run-out condition. The material exhibits excellent

fatigue resistance at 1200°C in air. At 1330°C, however, fatigue performance is

significantly diminished.
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Figure 11. Fatigue plot for Nextel 720/A showing maximum stress versus
cycles to failure for fatigue tests in air at 1200 and 1330°C.

3.4.1. Secant Modulus Evolution.

The secant modulus, the slope of a line from the maximum to the minimum point
in each cycle, is a measure of damage development in the material. A decrease in the
secant modulus may be an indication of damage growth. Ideally, the reduction in
modulus should not exceed 10% during the expected service life of the material (26:738).
In this oxide-oxide material, the secant modulus decreases gradually as the cycling

progresses, the decrease becoming more rapid when approaching failure.
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Figure 12 shows the normalized modulus versus fatigue cycles at 1200°C. The
modulus is normalized by the modulus of the first complete cycle (Eo). Not shown are
the results from the 125 MPa in-air test at 1200°C and the 50 MPa in-air test at 1330°C.

Due to an extensometer slip during these tests, strain data was incomplete.

1.2

| T=1200 deg C
| In-Air Fatigue

=
=

[y
T \/\\ T T

©
o]
T

—O— Specimen 6, 100 MPa
—&— Specimen 8, 150 MPa
----Specimen 9, 170 MPa

06 L——riiin
1 10 100 1000 10000 100000 1000000

Cycles

Normalized Modulus (E/E0)
o
(o]

o
~
T

Figure 12. Normalized modulus versus fatigue cycles for specimens tested at 1200°C in air.

Note that although all three tests depicted in Figure 12 were run-outs, a decrease

in the normalized modulus is observed. Reductions in normalized modulus were 20, 12,

and 5% for the 170, 150, and 125 MPa tests, respectively.
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Figure 13 depicts a more rapid decrease in normalized modulus in the 1330°C
test. At 1330°C, modulus loss in the 100 MPa test was ~15%. This suggests that fatigue

damage is accumulating faster at the higher temperature.
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Figure 13. Normalized modulus versus fatigue cycles for specimen
tested at 1330°C in air. Specimen failed at 1519 cycles.

Compared to the 5% decrease in modulus observed at a stress level of 100 MPa at
1200°C (Figure 12), the decrease of ~15% is substantial and is an indication of the

accelerated fatigue damage leading to an earlier failure.
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3.4.2. Energy Dissipation.

Presented in Figure 14 are the cyclic hysteresis loops obtained for various cycles

in the 100 MPa fatigue test conducted in air. The plot is representative of the cyclic

hysteresis loop evolution observed in all fatigue tests conducted in this effort.
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Figure 14. Evolution of hysteresis stress-strain loops with fatigue cycles for
Specimen 6, tested in tension-tension fatigue at 100 MPa in air at 1200°C.

Generally, energy is dissipated during fatigue in the form of heat when plastic

deformation is present. Thus, during each cycle some energy is dissipated. The energy

lost as the cycles progress is characterized by the change in the area enclosed by the

hysteresis loops (18:374, 27:54). The area of each hysteresis loop can be expressed in

mm/mm*MPa, which is equivalent to kJ/m?, referred to as hysteretic energy density
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(HED). Thus, the energy loss per cycle, or AW, can be assessed by examining the change
in area of the hysteresis loops.

In the case of the oxide-oxide material investigated, the hysteresis loops are
narrow, so the shape of each loop can be approximated by a quadrilateral. To find the
area of each loop, a best-fit line was found for both the ascending and the descending
portion of the cycle. These lines represented two sides of the quadrilateral. The third and
forth sides were the distance between these lines at the maximum and minimum points in
the cycle.

Figure 15 depicts the hysteretic energy density versus fatigue cycles for

specimens tested in air at 1200°C.
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Figure 15. Hysteretic energy density versus fatigue cycles for specimens tested at 1200°C in air.

Figure 15 shows that HED decreases rapidly during the first few cycles. As the
cycling progresses, less hysteretic energy is lost per cycle. The stabilized values of the
HED in these tests were between 5 and 15 kJ/m”.

The same qualitative behavior is observed for specimens tested at different
maximum stress levels and temperatures. It is seen in Figure 16 that at 1330°C, the HED
decreases in a similar fashion. A sharp decrease in HED is observed during the first few

cycles. As cycling progresses, the HED values stabilize at about 20 kJ/m°.
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Figure 16. Hysteretic energy density versus fatigue cycles for specimen tested at 1330°C in air.

Note that at both 1200°C and 1330°C, the HED exhibits similar evolution with fatigue
cycles. However, the saturated HED values are higher at 1330°C than at 1200°C, which
indicates a more rapid damage growth with cycling at the higher temperature.

3.4.3. Strain Accumulation.

Fatigue damage growth can be assessed by monitoring the evolution of the
maximum and minimum strain with fatigue cycles. Accumulation of strain is frequently
an indication of development of fatigue damage in the material. Figures 17 and 18 show
the evolution of the minimum and maximum strain with cycling at 1200 and 1330°C in
air. Two curves are depicted for each specimen, which represent the maximum and

minimum strain measured within each cycle.
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Figure 17. Maximum and minimum strain versus fatigue cycles
at 1200°C in air. All three tests were run-outs.

Although all tests represented in Figure 17 were run-outs, there is still a
noticeable accumulation of strain. The test conducted at the highest stress level, 170
MPa, has the greatest amount of strain accumulation. As the stress level decreases, so
does the amount of strain accumulated. This indicates that as the maximum stress level
decreases, a lesser amount of fatigue damage growth occurs as the cycles progress.

All three specimens tested at 1200°C and shown in Figure 17 maintain an
insignificant amount of strain (less than 0.5%) until nearly 1000 cycles. Strain
accumulated in the 150 MPa test remains below 0.5% until 6000 cycles, and the strain

accumulated in the 100 MPa test doe so until more than 13,000 cycles.
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Figure 18 shows the maximum and minimum strain as functions of cycle number

for the 100 MPa test at 1330°C in air.
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Figure 18. Maximum and minimum strain versus fatigue cycles
at 1330°C in air. Specimen failed after 1519 cycles.

Figure 18 shows that the strain accumulates more rapidly at the higher temperature,
indicating faster fatigue damage growth leading to the earlier failure. Also noteworthy is
the higher level of strain attained in this test. All of the 1200°C tests, which achieved
run-out, accumulated less strain than the 1330°C test that failed after 1519 cycles.
Furthermore, the strain in the 1330°C test exceeded 0.5% at a significantly earlier 12

cycles.
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Because this is a brittle material, progressive microcracking of the matrix and the
breaking of individual fibers are responsible for development of larger strains. As the
loading continues, fiber/matrix debonding, crack deflection at the fiber/matrix interface,
and fiber pullout occur, ultimately leading to a non-catastrophic failure of the specimen
(3:239).

3.4.4. Retained Strength and Stiffness Properties.

All of the 1200°C tests in air achieved run-out, defined as surviving 10° cycles at
1 Hz. Once run-out is achieved, retained strength and stiffness are measured in a tensile

test to failure at 1200°C. Table 5 shows the residual strength and stiffness.

Table 5. Retained Properties of the N720/A Specimens Subjected
to Prior Fatigue in Laboratory Air at 1200°C

Specimen Maximum Fatigue Residual Residual Residual _Failure
4 Stress (MPa) Cycles Strength Modulus Strain
(MPa) (GPa) (%)
6 100 120,199 194.4 52.9 0.44
7 125 146,392 199.0 54.9 0.45
8 150 167,473 199.1 42.7 0.53
9 170 109,436 192.0 40.7 0.51

At 1200°C the material retained 100% of its strength. Results in table 5 illustrate
that the residual strength of the specimens subjected to prior fatigue cycling in air is even
higher than that of the as-received material. This is possibly due to straightening of fibers
during the fatigue cycling. These results are consistent with those reported by Steel, who
examined fatigue of this material at 1200°C in air for stress levels < 122 MPa (29:Sec 4,

15,47).
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3.5. Effect of Steam Environment on Tension-Tension Fatigue at Elevated

Temperatures

The effect of the steam environment on the fatigue performance of oxide-oxide at
elevated temperatures was investigated in six tests, four at 1200°C and two at 1330°C.
Steam represents an oxidizing environment that the material would be exposed to in its
service life. Fatigue tests conducted in the steam environment are summarized in table 6,
where test temperature, maximum stress level, number of cycles to failure, and failure
location are given for each specimen. It is noteworthy that all specimens failed in the
gage section. In discussions below, tests conducted in 100% steam environment will be

referred to as tests in steam or in-steam tests.

Table 6. Fatigue Tests in Steam at Elevated Temperatures

Specimen # I\/Ia'>\</: ?:m Striess (50_8'_?2) Cycles to Failure | Failure Location

Test Temperature = 1200°C

12 100 52 >100,780 run-out

13 125 65 >166,326 run-out

14 150 78 11,782 gage section

15 170 88 202 gage section
Test Temperature = 1330°C

16 50 41 25,852 gage section

17 100 80 347 gage section

Results are presented in Figure 19 as maximum cyclic stress versus cycles to

failure. Figure 19 reveals that fatigue life increases with decreasing stress levels in both
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the air and the steam environments. In addition, it is seen that the steam environment

significantly reduces fatigue life.
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Figure 19. Effect of steam environment on fatigue life of Nextel 720/A at 1200 and 1330°C.

While all of the in-air tests at 1200°C achieved run-out, the 150 MPa and 170
MPa fatigue tests in steam failed prior to surviving 10° cycles.

The effect of steam is also apparent in the 1330°C fatigue tests. While all of the
tests failed short of run-out due to the increased temperature, the tests conducted in steam
again exhibited shorter fatigue life than those conducted in air. These tests show that
steam does have a significant effect on the fatigue performance of the material.

It interesting to note that at 1330°C, the tests conducted at both 50 and 100 MPa

resulted in a similar reduction in fatigue life when subjected to the steam environment.
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The presence of steam at 100 MPa resulted in a 77% decrease in number of cycles to
failure while at 50 MPa the decrease in fatigue life was 73%.
3.5.1. Modulus Evolution in Fatigue Tests Conducted in Steam Environment.
Figures 20 and 21 show evolution of the secant modulus evolution with fatigue

cycling in steam environment at 1200 and 1330°C, respectively.
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Figure 20. Normalized modulus versus fatigue cycles tested at 1200°C in steam environment.

As seen in Figure 20, both the 100 MPa and 125 MPa tests in steam achieved run-
out. The 125 MPa test exhibited a modulus reduction of approximately 17%, while

modulus reduction in the 100 MPa test was only 10%. As mentioned previously, it is
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generally desirable that the modulus not decrease more than 10% during the service life
of the material. Although the 125 MPa test achieved run-out, it did not meet this design
criterion.

The normalized modulus for the 170 MPa fatigue test conducted in steam dropped
a significant 30% prior to the specimen failing after 202 cycles. The modulus for the 150
MPa test, where the specimen failed at 11,782 cycles, decreased only ~5%. In several of
the tests, the modulus slightly increased in some early cycles before subsequently
decreasing. This phenomenon may be attributed to the straightening of ceramic fibers
during the first few cycles of the test.

It is interesting to note that the specimen tested at 125 MPa (a run-out test)
experienced a greater reduction in modulus than the specimen tested at 150 MPa that
failed. Therefore, a decrease in modulus alone may not provide a conclusive indication
of impending failure.

In comparing the results obtained in the in-steam tests at 1200°C to those obtained
in the air environment, it is seen that greater decrease in modulus was produced in steam.
The 150 MPa test conducted at 1200°C in steam represents an exception. The presence
of steam appears to accelerate fatigue damage growth.

Figure 21 shows the decrease in normalized modulus with fatigue cycles for the

specimens tested at 1330°C in steam.
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Figure 21. Normalized modulus versus fatigue cycles at 1330°C in steam environment.

Neither specimen represented in Figure 21 achieved run-out. The 100 MPa test failed
after 202 cycles and the 50 MPa test after 97,282 cycles. Interestingly, modulus loss for
both specimens was approximately 15%.

The specimen tested in air at 1330°C also lost approximately 15% in modulus
(see Figure 13 in Section 3.4.1). This suggests that the reduction in modulus with fatigue

cycles at 1330°C may be independent of the stress level or test environment.
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3.5.2. Evolution of Hysteresis Energy Density in the Steam Environment.

The hysteresis loops for the specimens tested in steam had the same qualitative
appearance as those tested in air. For their typical appearance, the reader is referred to
Figure 14 in Section 3.4.2. The area of the hysteresis loops, representing the hysteretic
energy density (HED), is calculated using the method described in Section 3.4.2.

Figure 22 shows the HED versus fatigue cycles for tests conducted in steam at
1200°C. The data obtained in the 170 MPa test is not shown due to its significantly
higher scale. It illustrates the same general trend, but its depiction would overshadow the

smaller HED values.
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Figure 22. Hysteretic energy density versus fatigue cycles tested at 1200°C in steam environment.

Figure 22 shows that the HED exhibits a decreasing trend for each stress level
when tested in steam. The HED in the 150 MPa test continued to decrease until failure at
11,782 cycles, while the HED in the 125 and 100 MPa tests became saturated at
approximately 6 kJ/m® and 3 kd/m®, respectively.

These saturation values are similar to those obtained at 1200°C in the air
environment. It does not appear that the HED behavior is affected by the steam

environment at 1200°C.
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Figure 23 shows the HED as a function of fatigue cycles in the steam environment

at 1330°C.
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Figure 23. Hysteretic energy density versus fatigue cycles at 1330°C in steam environment.

The HED again decreases with fatigue cycles at 1330°C in a steam environment. This is
similar to the behavior observed in air at 1330°C, indicating that the presence of steam
does not significantly affect the HED behavior.

3.5.3. Strain Accumulation in the Steam Environment.

Figures 24 and 25 show the maximum and minimum strain as functions of cycle

numbers at 1200 and 1330°C, in steam environment.
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Figure 24. Maximum and minimum strain versus fatigue cycles at 1200°C in steam environment.

All specimens tested at 1200°C in steam had accumulated similar amounts of
strain. The 100 and 125 MPa tests achieved run-out, while the 150 and 170 MPa tests
failed. Interestingly, the strain accumulated in the 1330°C tests conducted in steam is
less than that obtained in the in-air tests at 1200°C.

Figure 25 depicts the strain accumulated in the specimens tested at 1330°C in the
steam environment. As in the case of the 1200°C tests in steam, both the 100 and 50
MPa tests produced similar amounts of strain. This suggests that in the steam

environment, the material will only produce a certain amount of strain before failure.
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Figure 25. Maximum and minimum strain versus fatigue cycles at 1330°C in steam environment.

It is noteworthy that the specimens tested in air produced higher strain for a given
number of cycles and maximum stress level than those tested in steam (see Section
3.4.3.). The in-air tests at 150 and 170 MPa achieved run-out conditions while the 150
and 170 MPa tests in steam failed after 11,782 and 202 cycles, respectively. This
observation leads to a conclusion that lower strain accumulation (generally indicative of
matrix microcracking) in the 150 MPa and 170 MPa in-steam tests may be attributed to
early fiber bundle failures leading to specimen failures. Therefore, strain accumulation

may not provide a reliable criterion for fatigue life prediction.
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3.5.4. Retained Strength and Stiffness of Specimens Subjected to Prior Fatigue

in Steam Environment.

Two tests conducted at 1200°C in the steam environment achieved run-out. None
of the tests conducted at 1330°C in steam achieved run-out. Table 7 shows the residual

strength and stiffness for specimens subjected to prior fatigue in steam.

Table 7. Retained Properties of Specimens Subjected
to Prior Fatigue in Steam at 1200°C

Specimen Maximum Fatigue Residual Residual Residual _Failure
M Stress (MPa) Cycles Strength Modulus Strain
(MPa) (GPa) (%)
12 100 100,780 173.7 47.6 0.40
13 125 166,372 168.5 52.1 0.43

Compared to the residual strength produced in air (reported in section 3.4.4), prior
fatigue in steam results in significant reduction in residual strength. Thus, although these
tests achieved run-out, prior fatigue in steam caused a significantly greater degradation of

properties than prior fatigue in air.

3.6. Microstructure Analysis

It is instructive to examine the fracture surfaces of the failed material at a
microscopic level to evaluate the failure mechanisms involved.
Figures 26-29 show optical micrographs of the failed specimens, presented in

order of increasing maximum stress, in both air and steam environments.
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Figure 26 shows the fracture surfaces of specimens failed in monotonic tension.

y - il . - : : " — < i | -.‘-— e = T T T
= 1200 deg C | . Bl i gt e 1 1330 deg C
| TENSION |* o ﬁ-. i " | TENSION

...—'- = e

a r"|""
-

Figure 26. Optical micrograph of fracture surfaces of specimens subjected to
monotonic tension at (a) 1200°C and (b) 1330°C.

Figure 27 shows the fracture surfaces of specimens subjected to fatigue in air at
1200°C, followed by monotonic tension to failure after achieving fatigue run-out. At
1200°C, with increasing stress levels there is no apparent trend in the fracture surfaces of
the material. For each stress level, extensive pullout in the form of individual fibers and

complete fiber bundles is observed.
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Figure 27. Optical micrographs of specimens tested in air at 1200°C in fatigue loading with
maximum stress of (a) 100 MPa, (b) 125 MPa, (c) 150 MPa, and (d) 170 MPa. After achieving
run-out specimens were subjected to monotonic tension to failure.

Figure 28 shows optical micrographs of the fracture surfaces of specimens tested
in steam at 1200°C. The specimen tested at 100 MPa and 125 MPa achieved run-out, and

were subsequently subjected to monotonic tension to failure.
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Figure 28. Optical micrographs of specimens tested in steam at 1200°C in fatigue loading
with maximum stress of (a) 100 MPa, (b) 125 MPa, (c) 150 MPa, and (d) 170 MPa. After
achieving run-out specimens shown in (a) and (b) were subjected to monotonic tension to failure.

As for the specimens that were subjected to fatigue in steam, there is again no apparent
trend in the fracture surfaces. Figure 28 shows that the failure surfaces of the specimens
are not uniform, with both individual fiber pullout and fiber bundle pullout. Furthermore,
comparison of the in-steam failures (Figure 28) and the in-air failures (Figure 27) does
not reveal any apparent differences. Tests conducted in the air and steam environments
produced similar fracture surfaces.

Figure 29 shows the fracture surfaces of the specimens that were subjected to

fatigue at 1330°C in air and in steam environments.
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Figure 29. Optical micrographs of specimens tested at 1330°C in fatigue loading with maximum stress of
(a) 50 MPa in air, (b) 100 MPa in air, (c) 50 MPa in steam, and (d) 100 MPa in steam.

The specimens tested at 1330°C, like those tested at 1200°C, do not exhibit distinctive
trends in the appearance of fracture surfaces. As in the case of the 1200°C tests,
specimens tested at 1330°C produce an irregular fracture surface with both individual
fracture pullout and fiber bundle failure present.

A conclusion is drawn that there is no apparent trend in the appearance of the
fracture surfaces of specimens tested at different fatigue stress levels, temperatures, or

environments.
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Figures 30-34 present fracture surfaces of various specimens tested in this study.
Although each was subject to a different combination of maximum stress, temperature,
and environment, produced fracture surfaces are similar in appearance.

Figure 30 shows a typical and representative fracture surface. The fracture

surface includes areas that appear nearly flat, and others that show a great amount of fiber

pullout.
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Figure 30. SEM micrograph of Specimen 2, failed in monotonic tension at 1200°C.
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Figure 31 shows a failed fiber bundle from a specimen failed under monotonic
tension at 1200°C. As with the less magnified view, areas where the matrix and fiber

remain well-bonded and areas where the fibers seem to have separated from the matrix

are clearly visible.

Figure 31. SEM micrograph of Specimen 9, failed in monotonic tension following
109,436 fatigue cycles with maximum stress of 170 MPa in air at 1200°C.
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Figure 32 shows a portion of the fracture surface that appears nearly flat at a
lower magnification. The closer examination shows that it is not exactly flat, although
many fibers failed at nearly the same levels. It is seen that the matrix remains well-
bonded to the fibers with a few exceptions.

It is interesting to note the presence of a crack running perpendicular to the
fracture surface through the matrix (Figure 32). Although this crack did not contribute to
the failure of the specimen, it does serve to illustrate how the porous matrix allows a

crack to propagate through the matrix and around the fibers.
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Figure 32. SEM micrograph of Specimen 17, failed under fatigue loading in steam at 100 MPa at 1330°C.

Figure 33 is also representative of areas found in a typical fracture surface. In this
micrograph, it can be seen that several fibers broke at about the same level, while others
fractured at different planes. Again, the matrix is generally still well-bonded to the

fibers, with a few exceptions where spacing between fiber and matrix is visible.
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Figure 33. SEM micrograph of Specimen 6, failed in monotonic tension testing following 120,199 cycles
of fatigue loading with maximum stress of 100 MPa in air at 1200°C.

Figure 34 shows a region of the fracture surface where individual fiber pullout is
dominant. In this region of the fracture surface, the matrix is not visible between the

individual fibers.
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Figure 34. SEM micrograph of Specimen 15, failed under fatigue loading conditions
in steam at 170 MPa at 1200°C.

The SEM micrographs shown here, coming from specimens tested in fatigue
under a variety of conditions, do not reveal a trend in the failure mechanisms of the

oxide-oxide material as it is exposed to higher stress levels with and without steam.
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IVV. Conclusions and Recommendations

4.1. Conclusions

The Nextel 720/Alumina material exhibits excellent fatigue resistance at 1200°C
in the laboratory air environment. As expected, the fatigue life of the material decreases
as the maximum load is increased. Exposure to a steam environment and/or higher
temperature (1330°C) results in reduced fatigue life. Therefore, even though the material
is already oxidized, it is not immune to the corrosive effects of steam.

A decrease in stiffness of the oxide-oxide material was observed for tests
conducted in both 1200 and 1330°C as the cycles progressed. The modulus decreased at
a higher rate in the presence of steam. At 1200°C, the modulus generally decreases faster
at higher stress levels. At 1300°C, reduction in modulus was independent of fatigue
stress level.

The hysteretic energy density decreases as the cycles progress until reaching
saturation at both 1200 and 1330°C. Presence of steam does not significantly affect the
HED behavior with cycling.

All specimens showed accumulation of strain with cycles. The tests conducted at
1330°C accumulated more strain than those conducted at 1200°C. The strain
accumulation was greater in air (which had longer fatigue life) than in steam, indicating

that strain accumulation may not provide reliable criteria for fatigue life prediction.
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Optical and SEM micrographs of the material reveal that there is no distinct trend
in the fracture surfaces of the specimen with either increasing stress or in air or steam
environments. Both fiber bundle failure and individual fiber pullout is visible in fracture
surfaces produced by all of the specimens tested in this effort.

The material retains 100% of its strength when subjected to prior fatigue at
1200°C in air. The presence of steam noticeably degrades its fatigue performance.
While N720/A shows considerable improvement in performance when compared to other
CMC:s, caution must be exercised when considering this material for application, where it
would be subjected to repetitive loading at elevated temperatures in oxidizing

environments.

4.2. Recommendations for Future Research

As was noted in Section 3.5.4, residual strength testing showed that the ultimate
strength of the material was lower when the fatigue test achieving run-out was conducted
in a steam environment. This indicates that there is some degradation of the material,
even though it did achieve run-out. Future studies could include high-cycle fatigue to
determine fatigue life at the given stress levels.

In addition, this effort only tested one specimen at each load level in the varying
temperature and steam environments. Although these tests produced consistent results,
repeating the tests with a greater number of specimens for each test condition would
serve to further validate and give statistical significance to the results presented here.
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Appendix A: Addition SEM Micrographs

Figure 35. SEM micrograph of a fracture surface of Specimen 2, monotonic tension to
failure at 1200°C. Shows both fiber tow pullout and individual fiber pullout.
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Figure 36. SEM micrograph of Specimen 6, failed in monotonic tension testing following 120,199 cycles
of fatigue loading (defined as a run-out) with maximum stress of 100 MPa in air at 1200°C.
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Figure 37. SEM micrograph of Specimen 6, failed inmonotonic tension testing following 120,199 cycles
of fatigue loading (defined as a run-out) with maximum stress of 100 MPa in air at 1200°C.

60



Figure 38. SEM micrograph of Specimen 7, failed n monotonic tension testing following 146,392 cycles
of fatigue loading (defined as a run-out) with maximum stress of 125 MPa in air at 1200°C.
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Figure 39. SEM micrograph of Specimen 7, faile in monotonic tension testing following 146,392 cycles
of fatigue loading (defined as a run-out) with maximum stress of 125 MPa in air at 1200°C.

62



——20.0um—
Figure 40. SEM micrograph of Specimen 8, failed in monotonic tension testing following 167,473 cycles
of fatigue loading (defined as a run-out) with maximum stress of 150 MPa in air at 1200°C.
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Figure 41. SEM micrograph of Specimen 8, failedin monotonic tension testing following 167,473 cycles
of fatigue loading (defined as a run-out) with maximum stress of 150 MPa in air at 1200°C.
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Figure 42. SEM micrograph of Specimen 8, failed in monotonic tension testing following 167,473 cycles
of fatigue loading (defined as a run-out) with maximum stress of 150 MPa in air at 1200°C.
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Figure 43. SEM micrograph of Specimen 9, failed in monotonic tension testing following 109,436 cycles
of fatigue loading (defined as a run-out) with maximum stress of 170 MPa in air at 1200°C.
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Figure 44. SEM micrograph of Specimen 12, failed in monotonic tension testing following 100,780 cycles
of fatigue loading (defined as a run-out) with maximum stress of 100 MPa in steam at 1200°C.
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Figure 45. SEM micrograph of Specimen 12, failed in monotonic tension testing following 100,780 cycles
of fatigue loading (defined as a run-out) with maximum stress of 100 MPa in steam at 1200°C.

68



——20.0pm—
Figure 46. SEM micrograph of Specimen 13, failed in monotonic tension testing following 166,326 cycles
of fatigue loading (defined as a run-out) with maximum stress of 125 MPa in steam at 1200°C.
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Figure 47. SEM micrograph of Specimen 13, failed in monotonic tension testing following 166,326 cycles
of fatigue loading (defined as a run-out) with maximum stress of 125 MPa in steam at 1200°C.
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Figure 48. SEM micrograph of Specimen 13, failed in monotonic tension testing following 166,326 cycles
of fatigue loading (defined as a run-out) with maximum stress of 125 MPa in steam at 1200°C.
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Figure 49. SEM micrograph of Specimen 14, failed in fatigue loading at 150 MPa in steam at 1200°C.
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Figure 50. SEM micrograph of Specimen 14, failed in fatigue loading with
maximum stress of 150 MPa in steam at 1200°C.
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Figure 51. SEM micrograph of Specimen 15, failed during fatigue loading at 170 MPa in steam at 1200°C.
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Figure 52. SEM micrograph of Specimen 15, failed in fatigue loading with
maximum stress of 170 MPa in steam at 1200°C.
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Figure 53. SEM micrograph of Specimen 3, failed in monotonic tension at 1330°C.

76



—50.0ym———

Figure 54. SEM micrograph of Specimen 3, failed in monotonic tension at 1330°C.
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Figure 55. SEM micrograph of Specimen 4, failed in monotonic tension at 1330°C.

78



Figure 56. SEM micrograph of Specimen 10, failed under fatigue loading conditions
with maximum stress of 50 MPa at 1330°C in air.
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Figure 57. SEM micrograph of Specimen 10, failed during
fatigue loading conditions in air at 50 MPa at 1330°C.

80



—500.0pm——

Figure 58. SEM micrograph of Specimen 11 failed under fatigue loading conditions
with maximum stress of 100 MPa at 1330°C in air.

81



—100.0ym———
Figure 59. SEM micrograph of Specimen 11 failed under fatigue loading conditions
with maximum stress of 100 MPa at 1330°C in air.
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Figure 60. SEM micrograph of Specimen 16 failed under fatigue loading conditions
with maximum stress of 50 MPa at 1330°C in steam.
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Figure 61. SEM micrograph of Specimen 16 failed under fatigue loading conditions
with maximum stress of 50 MPa at 1330°C in steam.
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Figure 62. SEM micrograph of Specimen 17 failed under fatigue loading conditions
with maximum stress of 100 MPa at 1330°C in steam.
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Figure 63. SEM micrograph of Specimen 17 failed under fatigue loading conditions
with maximum stress of 100 MPa at 1330°C in steam.
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