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Abstract The tensile creep behavior of two oxide/oxide

ceramic–matrix composites (CMCs) was investigated at

1200 �C in laboratory air, in steam, and in argon. The

composites consist of a porous oxide matrix reinforced

with laminated, woven mullite/alumina (NextelTM720)

fibers, have no interface between the fiber and matrix, and

rely on the porous matrix for flaw tolerance. The matrix

materials were alumina and aluminosilicate. The tensile

stress–strain behavior was investigated and the tensile

properties were measured at 1200 �C. Tensile creep

behavior of both CMCs was examined for creep stresses in

the 80–150 MPa range. Creep run-out defined as 100 h at

creep stress was achieved in air and in argon for stress

levels B100 MPa for both composites. The retained

strength and modulus of all specimens that achieved run-

out were evaluated. The presence of steam accelerated

creep rates and reduced creep life of both CMCs. In the

case of the composite with the aluminosilicate matrix, no-

load exposure in steam at 1200 �C caused severe degra-

dation of tensile strength. Composite microstructure, as

well as damage and failure mechanisms were investigated.

Poor creep performance of both composites in steam is

attributed to the degradation of the fibers and densification

of the matrix. Results indicate that the aluminosilicate

matrix is considerably more susceptible to densification

and coarsening of the porosity than the alumina matrix.

Introduction

Advances in aerospace propulsion technologies have raised

the demand for structural materials that have superior long-

term mechanical properties and retained properties under

high temperature, high pressure, and varying environmental

factors, such as moisture [1]. Ceramic–matrix composites

(CMCs) capable of maintaining excellent strength and

fracture toughness at high temperatures are prime candidate

materials for such aerospace applications. Additionally, the

lower densities of CMCs and their higher use temperatures,

together with a reduced need for cooling air, allow for

improved high-temperature performance when compared to

conventional nickel-based superalloys [2]. Concurrent

efforts in optimization of the CMCs and in design of the

combustion chamber are expected to accelerate the insertion

of the CMCs into aerospace turbine engine applications, such

as combustor walls [3–5]. Because these applications require

exposure to oxidizing environments, the thermodynamic

stability and oxidation resistance of CMCs are vital issues.

The need for environmentally stable composites motivated

the development of CMCs based on environmentally stable

oxide constituents [6–11].

The main advantage of CMCs over monolithic ceramics

is their superior toughness, tolerance to the presence of

cracks and defects, and non-catastrophic mode of failure. It

is widely accepted that to avoid brittle fracture behavior in

CMCs and improve the damage tolerance, a weak fiber/

matrix interface is needed, which serves to deflect matrix

cracks and to allow subsequent fiber pullout [12–14]. It has
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been demonstrated that similar crack-deflecting behavior

can also be achieved by means of a finely distributed

porosity in the matrix instead of a separate interface

between matrix and fibers [15]. This microstructural design

philosophy implicitly accepts the strong fiber/matrix

interface. The concept has been successfully demonstrated

for oxide/oxide composites [6, 9, 11, 16, 17]. Resulting

oxide/oxide CMCs exhibit damage tolerance combined

with inherent oxidation resistance. An extensive review of

the mechanisms and mechanical properties of porous-

matrix CMCs is given in [18, 19].

Porous-matrix oxide/oxide CMCs exhibit several

behavior trends that are distinctly different from those

exhibited by traditional CMCs with a fiber–matrix inter-

face. Most SiC-fiber-containing CMCs exhibit longer life

under static loading and shorter life under cyclic loading

[20]. For these materials, fatigue is significantly more

damaging than creep. Zawada et al. [21] examined the

high-temperature mechanical behavior of a porous matrix

NextelTM610/aluminosilicate composite. Results revealed

excellent fatigue performance at 1000 �C, the material

exhibited high fatigue limit, long fatigue life, and near

100% strength retention. Conversely, creep lives were

short, indicating low creep resistance and limiting the use

of that CMC to temperatures below 1000 �C.

Because creep is shown to be considerably more damag-

ing to porous-matrix oxide/oxide CMCs [21, 22], creep

testing is well suited for assessing the long-term durability

and high-temperature performance of the oxide/oxide cera-

mic composites with porous matrix. The objective of this

study is to investigate the effects of environment on high-

temperature creep performance of two oxide/oxide CMCs,

consisting of a porous oxide matrix reinforced with woven

mullite/alumina (NextelTM720) fibers: NextelTM720/alu-

mina and NextelTM720/aluminosilicate. Creep-rupture tests

of each composite were conducted at 1200 �C in air, argon,

and steam environments for creep stresses ranging from 80 to

150 MPa. Resulting creep performance imposes limitations

on the use of these materials in high-temperature

applications. The composite microstructure, as well as

damage and failure mechanisms are discussed.

Experimental procedure

Material

The two materials studied were NextelTM720/Alumina

(N720/A) and NextelTM720/aluminosilicate (N720/AS),

commercially available oxide/oxide ceramic composites

(COI Ceramics, San Diego, CA), consisting of a porous

oxide matrix reinforced with NextelTM720 fibers. Each

composite was supplied in a form of 305 9 305 mm2 plates

comprised of 12 0�/90� woven layers. The N720/A plates

were 2.8 mm thick, with a density of *2.77 g/cm3, fiber

volume of approximately 45%, and matrix porosity of

*24%. The N720/AS plates were 2.6 mm thick with a

density of *2.68 g/cm3, fiber volume of approximately

48%, and matrix porosity of *22%. Both composites were

manufactured using the same processing techniques. The

fiber fabric was infiltrated with the matrix in a sol–gel pro-

cess. The laminate was dried with a ‘‘vacuum bag’’ technique

under low pressure and low temperature, then pressureless

sintered [23]. No coating was applied to the fibers. The

damage tolerance of the N720/A and N720/AS composites is

enabled by a porous matrix. Representative micrograph of

the untested N720/A material is presented in Fig. 1, which

shows 0� and 90� fiber tows as well as numerous matrix

cracks. In the case of the as-processed material, most are

shrinkage cracks formed during processing rather than

matrix cracks generated during loading. The untested N720/

AS material exhibits similar microstructural features.

Mechanical testing

A servocontrolled MTS mechanical testing machine equipped

with hydraulic water-cooled collet grips, a compact two-zone

resistance-heated furnace, and two temperature controllers

Fig. 1 As-received N720/A

ceramic composite: (a)

Overview and (b) Porous nature

of the matrix is evident
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was used in all tests. An MTS TestStar II digital controller was

employed for input signal generation and data acquisition.

Strain measurement was accomplished with an MTS high-

temperature air-cooled uniaxial extensometer of 12.5 mm

gage length. Tests in steam environment employed an alumina

susceptor (tube with end caps), which fits inside the furnace.

The specimen gage section is located inside the susceptor,

with the ends of the specimen passing through slots in the

susceptor. Steam is introduced into the susceptor (through a

feeding tube) in a continuous stream with a slightly positive

pressure, expelling the dry air and creating a near 100% steam

environment inside the susceptor. An alumina susceptor was

also used in tests conducted in argon environment. In this case

high-purity argon was introduced into the susceptor creating

an inert gas environment around the test section of the

specimen. For elevated temperature testing, two S-type ther-

mocouples were bonded to the specimen using alumina

cement (Zircar) to calibrate the furnace on a periodic basis.

The furnace controllers (using non-contacting S-type ther-

mocouples exposed to the ambient environment near the test

specimen) were adjusted to determine the power settings

needed to achieve the desired temperature of the test speci-

men. The determined power settings were then used in actual

tests. The power settings for testing in steam were determined

by placing the specimen instrumented with two S-type ther-

mocouples in steam environment and repeating the furnace

calibration procedure. To calibrate the furnace for testing in

argon, the specimen instrumented with two S-type thermo-

couples was placed in argon environment.

All tests were performed at 1200 �C. In all tests, a

specimen was heated to test temperature in 25 min, and

held at temperature for additional 15 min prior to testing.

Dog bone-shaped specimens of 152 mm total length with a

10-mm-wide gage section were used in all tests. All N720/

A test specimens used in this study were cut from a single

plate. Likewise all N720/AS specimens were cut from a

single plate. Tensile tests were performed in stroke control

with a constant displacement rate of 0.05 mm/s in labora-

tory air. Creep-rupture tests were conducted in load control

in accordance with the procedure in ASTM standard C

1337 in laboratory air, steam, and argon. In all creep tests

the specimens were loaded to the creep stress level at the

stress rate of 15 MPa/s. Creep run-out was defined as 100 h

at a given creep stress. In each test, stress–strain data were

recorded during the loading to the creep stress level and the

actual creep period. Thus both total strain and creep strain

could be calculated and examined. To determine the

retained tensile strength and modulus, specimens that

achieved run-out were subjected to tensile test to failure at

1200 �C. In some cases one specimen was tested per test

condition. The authors recognize that this is a limited set of

data; however, extreme care was taken in generating the

data. Selective duplicate tests have demonstrated the data

to be very repeatable. This exploratory effort serves to

identify the behavioral trends and to determine whether a

more rigorous investigation should be undertaken.

Fracture surfaces of failed specimens were examined

using SEM (FEI Quanta 200 HV) as well as an optical

microscope (Zeiss Discovery V12). The SEM specimens

were carbon coated.

Results and discussion

Monotonic tension

Tensile results obtained for N720/A and N720/AS com-

posites at 1200 �C were consistent with those reported

earlier [22, 24] (COI Ceramics, unpublished data). For the

N720/A composite, the average ultimate tensile strength

(UTS) was 192 MPa, elastic modulus, 75 GPa, and failure

strain, 0.38%. For the N720/AS composite, the average

UTS was 230 MPa, elastic modulus, 65 GPa, and failure

strain, 0.44%. It is worthy of note that in all tension tests, as

well as in all other tests reported below, the failure

occurred within the gage section of the extensometer.

Creep rupture

Results of the creep-rupture tests for N720/A and N720/AS

composites are summarized in Table 1, where creep strain

accumulation and rupture time are shown for each creep

stress level and test environment. Creep curves obtained in

air, argon, and steam are shown in Figs. 2–4, respectively.

Results from prior work [22] are included in Table 1 and in

Figs. 2 and 4 for comparison.

All creep curves obtained for the N720/A composite at

1200 �C in air environment (Fig. 2a) exhibit primary and

secondary creep regimes. Transition from primary to sec-

ondary creep occurs early in creep life. At the stress of

80 MPa, primary creep transitions to secondary creep after

*10 h. At stresses C100 MPa, primary creep persists for

not more than 4 h. Secondary creep continues to failure.

Likewise, creep curves obtained for N720/AS (Fig. 2b)

exhibit primary and secondary creep regimes. Unlike

N720/A, the N720/AS composite transitions from primary

to secondary creep somewhat later in creep life. At stresses

of 100 and 125 MPa, primary creep persists during the

first 20 h of the creep test. For both composites, creep

strain increases as the applied stress increases from 80

to 100 MPa (125 MPa in the case of N720/AS), then

decreases with increasing stress. At a given stress, the

N720/A composite accumulates larger creep strain than

N720/AS. For N720/A CMC, all creep strains accumulated

in air significantly exceed the failure strain obtained in the

tension test. In the case of N720/AS composite, all creep
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strains accumulated in air are \0.6%. Furthermore, only

the creep strains accumulated at stresses C125 MPa exceed

the failure strain produced in the tension test. It is impor-

tant to recognize that the total strain incurred in a creep-

rupture test represents a sum of two contributions: (1) that

due to the initial loading up to the specific creep stress

level, and (2) that accumulated during the actual creep

period. For the N720/A specimens tested at creep stresses

B125 MPa, close to 90% of total strain was accumulated

during the creep period. However, for the N720/A speci-

men tested at 150 MPa, creep strain accounted only for

33% of the total strain. In the case of all N720/AS speci-

mens tested in air creep strain represents *70% of the total

strain, regardless of the creep stress level.

Results in Figs. 3 and 4 reveal that test environment has

little influence on the appearance of the creep curves

obtained for both N720/A and N720/AS composites. The

creep curves produced by each composite in argon and in

steam are qualitatively similar to the creep curves obtained

for that material in air. Furthermore, the creep strains

accumulated by each composite in argon are comparable to

those accumulated by that CMC in air. In contrast, the

presence of steam had a noticeable effect on creep strain

and creep lifetime of both CMCs. At 80 MPa, specimens of

both composites tested in steam accumulated significantly

more creep strain than the specimens tested in air. In the

case of N720/A, creep strain produced at 80 MPa in steam

was five times that produced in air. For N720/AS, creep

strain accumulated at 80 MPa in steam was three times that

obtained in air. While both composites survived 100 h of

creep at 80 MPa in air and at 100 MPa in argon, neither

CMC achieved creep run-out in steam. Moreover, N720/

AS was not subjected to creep at 150 MPa in steam

because several N720/AS specimens failed before reaching

the 150 MPa stress level. Apparently exposure to steam

environment during 25 min of heating to 1200 �C followed

by a 15 min hold at 1200 �C significantly degraded the

tensile strength of N720/AS. To explore the effect of short-

term no-load exposure to steam on tensile properties of

N720/AS, additional specimens were aged for 12 h at

1200 �C in steam then tested in tension to failure. Results

are discussed below. Note that such no-load exposure at

Table 1 Summary of creep–rupture results for the N720/A and

N720/AS ceramic composites at 1200 �C, in laboratory air, in argon,

and in steam

Test

environment

Creep

stress (MPa)

Creep

strain (%)

Time to

rupture (h)

N720/A

Air 80 0.59 100b

Aira 100 1.52 41.0

Aira 125 1.28 18.1

Aira 150 0.58 0.27

Argon 80 0.66 100b

Argon 100 0.96 100b

Argon 125 1.89 36.3

Argon 150 0.33 0.88

Steama 80 2.96 46.0

Steama 100 1.41 2.49

Steama 125 0.90 0.24

Steama 150 0.40 0.03

N720/AS

Air 80 0.26 100b

Air 100 0.40 100b

Air 125 0.59 29.5

Air 150 0.53 10.0

Argon 80 0.36 100b

Argon 100 0.49 100b

Argon 125 0.39 1.77

Argon 150 0.61 1.45

Steam 80 0.79 10.9

Steam 100 0.36 0.27

Steam 125 0.58 0.20

a Data from Ruggles-Wrenn et al. [22]
b Run-out

Fig. 2 Creep strain vs. time curves at 1200 �C in laboratory air for:

(a) N720/A, data from Ruggles-Wrenn et al. [22] and (b) N720/AS
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1200 �C in steam was shown to have no effect on tensile

strength of N720/A composite [25].

Minimum creep rate was reached in all tests. Creep rate

as a function of applied stress is presented in Fig. 5, where

results obtained in air and in steam for N720/A composite

from prior work [22] are included for comparison. In air the

secondary creep rate of N720/A can be as high as 100 times

that of the N720/AS CMC. In argon and in steam, the

N720/A creep rate can be as high as 10 times the N720/AS

rate. For both composites, the minimum creep rate

increases by approximately two orders of magnitude as the

creep stress increases from 80 to 150 MPa. For a given

creep stress, the N720/A creep rate in argon is close to that

in air, while the creep rate in steam is approximately an

order of magnitude higher than that in air. In the case of

N720/AS composite, creep rate in argon is approximately

one order of magnitude higher and creep rate in steam,

nearly two orders or magnitude higher, than the creep rate

obtained in air for a given stress.

Stress–rupture behavior is summarized in Fig. 6, where

results for N720/A composite in air and in steam from prior

work [22] are also included. As expected, creep life

decreases with increasing applied stress for both

composites. In the case of the N720/A composite, the

presence of argon was beneficial. The increase in creep

lifetimes due to argon was at least twofold for applied

stress levels C100 MPa. On the contrary, the presence of

steam dramatically reduced creep lifetimes. The reduction

in creep life due to steam was at least 90% for applied

stress levels C100 MPa, and 54% for the applied stress of

80 MPa. In the case of N720/AS, the presence of argon has

little effect on the creep lifetimes (up to 100 h) for applied

stresses B100 MPa. For stresses C125 MPa, creep life-

times were reduced by as much as an order of magnitude in

the presence of argon. An even greater degradation of

creep life is seen in the presence of steam. The loss of creep

life due to steam was *99% for applied stress levels

C100 MPa, and 90% at 80 MPa.

Retained strength and modulus of the specimens that

achieved a run-out are summarized in Table 2. Tensile stress–

strain curves obtained for the specimens subjected to prior

creep are presented in Fig. 7 together with the tensile stress–

strain curves for the as-processed material. The N720/A

composite subjected to 100 h of prior creep at 80 MPa in air

retained over 90% of its tensile strength; the modulus loss was

limited to 14%. The N720/A specimens pre-crept in argon

Fig. 3 Creep strain vs. time curves at 1200 �C in argon for: (a) N720/

A and (b) N720/AS

Fig. 4 Creep strain vs. time curves at 1200 �C in steam for: (a)

N720/A, data from Ruggles-Wrenn et al. [22] and (b) N720/AS
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retained over 83% of their tensile strength, while the modulus

loss reached 20%. Conversely, prior creep in air and in argon

had a degrading effect on tensile strength of N720/AS. The

N720/AS specimens subjected to 100 h of creep in air retained

42% of their tensile strength, whereas the specimens pre-crept

in argon retained only 38% of their tensile strength. Prior creep

in air or in argon reduced the failure strain of N720/AS by

nearly a factor of 3, while modulus loss was limited to 18%.
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Fig. 5 Minimum creep rate as a function of applied stress at 1200 �C

in laboratory air, in argon, and in steam for: (a) N720/A and (b)

N720/AS. Data for N720/A in air and in steam from Ruggles-Wrenn

et al. [22] are also shown
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Fig. 6 Creep stress vs. time to rupture for N720/A and N720/AS

ceramic composites at 1200 �C in laboratory air, in argon, and in

steam. Data for N720/A in air and in steam from Ruggles-Wrenn et al.

[22] are also shown

Table 2 Retained properties of the N720/A and N720/AS specimens

subjected to prior creep at 1200 �C in laboratory air and in argon

environments

Environment Creep

stress

(MPa)

Retained

strength

(MPa)

Retained

modulus

(GPa)

Strain at

failure

(%)

N720/A

Air 80 174 64.5 0.31

Argon 80 180 54.7 0.38

Argon 100 161 53.8 0.31

N720/AS

Air 80 116 65.6 0.18

Air 100 97.1 55.3 0.19

Argon 80 105 65.1 0.15

Argon 100 87.0 49.0 0.17
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Fig. 7 Effects of prior creep at 1200 �C in laboratory air and in argon

on tensile stress–strain behavior of: (a) N720/A and (b) N720/AS
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The effects of 12-h no-load exposure at 1200 �C in

steam on tensile properties of N720/AS are typified in

Fig. 8, where a representative stress–strain curve for the

aged composite is shown together with the stress–strain

curve obtained for the as-processed material. The average

tensile strength of the aged specimens was 83 MPa, the

average modulus was 70 GPa, and the average failure

strain was 0.15%. Short-term aging at 1200 �C in steam

resulted in a dramatic 64% loss of tensile strength and a

reduction in failure strain by nearly a factor of 3.

Because the creep performance of the composite with

0�/90� fiber orientation is dominated by the fibers, fiber

degradation is a likely source of the composite degradation.

It is recognized that stress corrosion of the N720 fibers may

be the mechanism behind reduced creep resistance of

N720/A and N720/AS composites at 1200�C in steam.

Earlier studies [26–31] suggested that static fatigue (i.e.,

delayed fracture under a sustained constant load) of silica-

based glasses was a chemical process, where subcritical

(slow) crack growth resulted from and was controlled by a

stress-enhanced chemical reaction between glass and water

in the environment. Michalske and coworkers [32–34]

examined the role of mechanical strain in accelerating

chemical reactions between the Si–O bonds at the crack tip

and environmental molecules and found that the highly

strained Si–O bonds reacted with water at least 8 orders of

magnitude faster than the unstrained bonds. Michalske and

Bunker [34] proposed a quantitative chemical kinetics-

based model to predict the rate of crack growth in silica

glass in humid condition as a function of the applied stress.

This model describes a fracture rate law in which the crack

growth rate increases exponentially with the applied stress

intensity.

For glass and ceramic materials which have slow crack

growth due to stress corrosion as an unique, time-

dependent failure mechanism, it is possible to predict the

cyclic fatigue lifetime from the static fatigue (creep) data

by using a linear elastic crack growth model [35]. Ruggles-

Wrenn et al. [36] applied the fracture mechanics approach

proposed by Evans and Fuller [35] to the cyclic and static

fatigue data obtained for N720/A at 1200 �C in steam.

Excellent agreement between predicted cyclic lifetimes and

experimental results at 0.1 Hz in steam showed that slow

crack growth due to stress corrosion was the governing

failure mechanism. However, for the frequencies of 1.0 and

10 Hz and applied stress levels\170 MPa, cyclic lifetimes

were underestimated. Improved fatigue durability was

attributed to the beneficial effect of progressive matrix

cracking, suggesting that matrix plays a considerable role

in the overall composite performance.

The results of the present study emphasize the impor-

tance of the matrix contribution to the overall composite

performance and durability. It is seen that the two com-

posites comprised of the same N720 fibers but two

different matrix materials exhibit significantly different

behaviors at 1200 �C in steam. Recall that the N720/A and

N720/AS composites derive their damage tolerance from

porous matrices; therefore, the stability of the matrix

porosity against densification is critical to the composite’s

long-term durability. The loss of matrix porosity would

inhibit crack deflection, reduce damage tolerance, and

accelerate failure. Reports on the thermal degradation of

porous-matrix, oxide/oxide ceramic composite are scarce

and somewhat conflicting. Jurf and Butner [23] observed a

*30% decrease in tensile strength of N720/AS composite

after 1000 h at 1100 �C in air, while Antti et al. [37]

reported that after 100 h at 1100 �C the strength of N720/

AS fell to less than one-third of the as-processed strength.

Both studies attributed the loss of tensile strength to matrix

densification and increased fiber–matrix bonding. Jurf and

Butner [23] reported that N720/A composite showed full

strength retention after 1000 h at 1200 �C in air. However,

Fujita et al. [38, 39] reported that for a composite con-

sisting of NextelTM720 fibers in a porous alumina matrix, a

porosity reduction of *6% was observed after a 10-min

exposure at 1200 �C, which was caused by additional

sintering of the matrix. It is likely that N720/A and N720/

AS specimens subjected to creep at 1200 �C in steam

undergo matrix changes leading to the loss of matrix

porosity. Under sustained loading, the loss of matrix

porosity and the stress corrosion of the fibers work together

to accelerate failure and to reduce lifetime of the com-

posite. Microstructural examination presented below

confirms that differences in the response of the alumina and

aluminosilicate matrix materials to thermal and environ-

mental exposure under sustained loading are behind the

dramatically different creep behaviors of the N720/A and

N720/AS composites in steam.
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Fig. 8 Effects of 12-h exposure at 1200 �C in steam on tensile

stress–strain behavior of N720/AS ceramic composite
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Composite microstructure

Optical micrographs of fracture surfaces of the as-pro-

cessed N720/A and N720/AS specimens tested in tension

to failure are presented in Fig. 9a and b, respectively. Both

composites exhibit damage-tolerant behavior as indicated

by fibrous fracture. In contrast, the N720/AS specimen

aged for 12 h at 1200 �C in steam (Fig. 9c) produced a

nearly flat fracture surface indicative of brittle composite

behavior. Note that the N720/AS specimen aged in steam

produced an UTS of only 83 MPa, a reduction by nearly a

factor of 3 compared to the UTS of 231 MPa obtained for

the as-processed specimen.

Optical micrographs of the fracture surfaces obtained in

125 MPa creep tests on N720/A and N720/AS are pre-

sented in Figs. 10 and 11, respectively. In general, the

fracture surfaces of the N720/A specimens exhibit larger

amounts of fiber pullout and longer damage zones than

those of the N720/AS specimens. This difference is par-

ticularly striking in the case of specimens tested in argon

and in steam. The N720/AS fracture surface obtained in

argon shows little uncoordinated fiber failure and that

obtained in steam exhibits no fibrous fracture at all. On the

contrary, the N720/A specimens produced brushy fracture

surfaces in all environments. It is seen in Fig. 10 that the

N720/A specimen tested in argon, which produced the

longest lifetime at 125 MPa (tf = 36.3 h), has a consider-

ably longer damage zone than the N720/A specimens

tested in air and in steam. Similar observation can be made

regarding the N720/AS fracture surfaces in Fig. 11. The

N720/AS specimen tested in air, which exhibited the lon-

gest creep lifetime at 125 MPa (tf = 30.7 h) also had the

longest damage zone. The N720/A and N720/AS speci-

mens tested in this effort produced damage zones ranging

up to 9 mm in length. It is noteworthy that specimens that

exhibited longer lifetimes invariably produced longer

damage zones.

Further understanding of the influence of environment

on the fracture surface topography and the microstructure

of N720/A and N720/AS specimens tested in creep at

Fig. 9 Fracture surfaces

obtained in tensile tests

conducted on: (a) N720/A as-

processed specimen, (b) N720/

AS as-processed specimen, and

(c) N720/AS specimen aged at

1200 �C in steam for 12 h

Fig. 10 Fracture surfaces of the

N720/A specimens obtained in

creep tests conducted at

125 MPa at 1200 �C in:

(a) argon, tf = 36.3 h; (b) air,

tf = 18.1 h; and (c) steam,

tf = 0.24 h

Fig. 11 Fracture surfaces of the

N720/AS specimens obtained in

creep tests conducted at

125 MPa at 1200 �C in: (a) air,

tf = 30.7 h; (b) argon,

tf = 1.77 h; and (c) steam,

tf = 0.2 h
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125 MPa can be gained by examining SEM micrographs in

Figs. 12 and 13. In the case of the N720/A composite, the

fracture surface obtained in argon (Fig. 12a) exhibits both

regions of nearly planar failure and regions of uncorrelated

fiber fracture, where individual fibers are clearly discern-

able. While the fracture surface produced in air (Fig. 12b)

still exhibits some areas of uncoordinated brushy failure,

areas of planar fracture become more prevalent. Finally,

the fracture surface produced in steam (Fig. 12c) is dom-

inated by planar regions of coordinated fiber failure.

Notably, as the extent of correlated fiber failure increases,

the creep lifetime decreases. It is recognized that the

increase in the spatial correlation in the fiber failure loca-

tions is among the main manifestations of the matrix

densification [38, 39]. The near-planar fracture surface

obtained in steam indicates the loss of matrix porosity and

subsequent matrix densification due to additional sintering.

As a result, the N720/A composite exhibits decreased

damage tolerance and a reduced lifetime.

The fracture surfaces of the N720/AS composite

obtained in air (Fig. 13a) and in argon (Fig. 13b) are

dominated by areas of planar fracture. The fiber pullout is

negligible. The 0� fibers fail in a coordinated fashion, only

very short pull-out of sintered bundles can be found. Yet

individual 90� fibers are still observed. A dramatically

different fracture surface topography is produced in steam

(Fig. 13c). The fracture surface is characteristic of brittle

failure; the fibers and the matrix break essentially in a

coplanar fashion. The material exhibits no fiber pullout, an

increased fiber–matrix bonding is apparent. Furthermore,

large voids can be seen throughout the fracture surface. A

magnified view of a typical void is shown in Fig. 13d. The

matrix of the N720/AS composite consists of Al2O3 parti-

cles bonded together by a continuous SiO2 film. Matrix

porosity comes from incomplete filling of the interparticle

voids. The SiO2 in the matrix is three-dimensionally con-

strained by the tightly packed Al2O3 grains and the

surrounding fibers. Under this nearly hydrostatic constraint,

thermal exposure leads to coarsening of the pore-size dis-

tribution, rather than to the densification of the matrix [40].

Pore coarsening occurs as the regions of high capillary

pressure (i.e., small pores) contract and cause larger pores to

expand [41]. While the total volume of the composite is

constrained dimensionally by the fiber skeleton and cannot

change, the smaller matrix pores shrink forcing the larger

ones to grow. As a result some matrix regions densify while

other dilate forming voids as that seen in Fig. 13d. The

coarsening of the porosity of the aluminosilicate matrix and

Fig. 12 SEM micrographs of

the fracture surfaces of the

N720/A specimens obtained in

creep tests conducted at

125 MPa at 1200 �C in: (a)

argon, (b) air, and (c) steam
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the increased fiber–matrix bonding inhibit crack deflection,

resulting in reduced damage tolerance and poor creep per-

formance of the N720/AS composite in steam.

The fracture surface obtained in a tensile test of the

N720/AS specimen aged in steam was also examined and

found to be similar to that obtained in the 125 MPa creep

test conducted in steam. The fracture surface of the aged

specimen also exhibited planar fracture topography with no

visible fiber pullout, increased matrix–fiber bonding, and

numerous large voids. Apparently, a 12-h no-load exposure

in steam at 1200 �C was sufficient to cause coarsening of

the porosity in the matrix. As a result, the extent of cor-

related fiber failure increased and the tensile strength and

damage tolerance decreased.

Figures 14 and 15 show the fracture surfaces obtained in

tensile tests of the N720/A and N720/AS specimens sub-

jected to 100 h of prior creep at 80 MPa in air and in argon,

respectively. Whereas both composites achieved creep run-

out at 80 MPa in air and in argon, the retained properties of

the two CMCs were very different. The fracture surface of

the N720/A run-out specimen tested in air (Fig. 14a, b)

exhibits the same general features as the N720/A fracture

surface produced in the 125 MPa creep test in air. Con-

versely, the fracture surface of the N720/AS run-out

specimen tested in air (Fig. 14c, d) has the same appearance

as the fracture surface of the N720/AS specimen subjected

to creep in steam. The near planar fracture surface in

Fig. 14c is dominated by areas of coordinated fiber failure

and shows increased fiber–matrix bonding. In addition,

multiple large voids, as the one shown in Fig. 14d, are also

seen. It appears that coarsening of the matrix porosity

occurred during the 100 h creep test at 80 MPa in air. The

fracture surfaces in Fig. 15 suggest that the same conclu-

sions can be drawn with respect to the N720/A and N720/

AS specimens subjected to 100 h of creep at 80 MPa in

argon. The fracture surface of the N720/A composite

(Fig. 15a, b) shows fairly extensive regions of uncorrelated

fiber fracture. This suggests that matrix changes and, con-

sequently, degradation of retained properties were limited.

Recall that the N720/A specimen subjected to 100 h of prior

creep at 80 MPa in argon retained *94% of its tensile

strength. In contrast, the N720/AS fracture surface in

Fig. 15c and d shows planar failure and increased fiber–

matrix bonding as well as numerous voids. Apparently 100-

h exposure under load at 1200 �C in air or argon causes

changes in the matrix akin to those observed after only 12-h

no-load exposure in steam or even shorter exposures in

steam under sustained loading during creep tests. These

Fig. 13 SEM micrographs of

the fracture surfaces of the

N720/AS specimens obtained in

creep tests conducted at

125 MPa at 1200 �C in: (a) air,

(b) argon, (c) steam, and (d)

steam, showing a matrix void
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changes in the aluminosilicate matrix lead to considerable

loss of tensile strength.

Concluding remarks

The creep–rupture behaviors of the N720/A and N720/AS

composites were characterized at 1200 �C in air, steam,

and argon environments. The test environment has little

influence on the appearance of the creep curves of the

N720/A and N720/AS composites. For each composite, the

creep curves produced in argon and in steam are qualita-

tively similar to the creep curves obtained in air. The creep

strains accumulated by each composite in argon were

comparable to those accumulated in air at a given applied

stress. In contrast, creep strains accumulated by each

composite at 80 MPa in steam are significantly larger than

those produced in air.

Minimum creep rate was reached in all tests. In air, the

secondary creep rate of N720/A can be two orders of

magnitude higher than that of the N720/AS. The presence

of steam accelerates creep rates of N720/A by one order of

magnitude and creep rates of N720/AS by nearly two

orders of magnitude.

Both composites achieved creep run-out of 100 h at

stresses B100 MPa in air and in argon. Presence of steam

dramatically reduced creep lifetimes of both composites.

Neither composite achieved creep run-out in steam.

The N720/A fracture surfaces exhibit regions of

uncoordinated brushy failure as well as areas of nearly

planar fracture. The fracture surface appearance can be

correlated with failure time. Predominantly planar fracture

surface corresponds to a short life, while fibrous fracture

indicates longer life. The N720/AS fracture surfaces

produced in tests of \100 h duration conducted in air and

in argon show some areas of fibrous fracture. The N720/

AS fracture surfaces obtained in tests of C100 h duration

conducted in air and in argon as well as the fracture

surfaces obtained in steam exhibit the characteristics of

brittle failure.

Stress corrosion of the N720 fibers is likely the mech-

anism behind poor creep resistance of both N720/A and

N720/AS composites in steam. However, the mechanical

performance of the N720/AS composite is further degraded

by changes in the aluminosilicate matrix, which occur

during short-term exposures in steam at 1200 �C as well as

during prolonged ([100 h) exposures under sustained load

in air and in argon at 1200 �C.

Fig. 14 SEM micrographs of

the fracture surfaces obtained in

tensile tests conducted on

specimens subjected to 100 h of

prior creep at 80 MPa at

1200 �C in air: (a, b) N720/A

and (c, d) N720/AS
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