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Tensile Creep and Creep-Recovery Behavior of a

The tensile creep and creep-recovery behavior of a unidi-
rectional SiC-fiber/Si;N,-matrix composite was investi-
gated at 1200°C in air. A primary objective of the study was
to determine how various sustained and cyclic creep loading
histories would influence the creep rate, accumulated creep
strain, and the amount of strain recovered upon specimen
unloading. The key results obtained from the investigation
can be summarized as follows: (1) A threshold stress of 60
MPa was identified, below which the creep rate of the com-
posite was exceedingly low (~107"? s7'). (2) Periodic fiber
fracture was identified as a fundamental damage mode for
sustained tensile creep at stresses of 200 and 250 MPa.
(3) Because of transient stress redistribution between the
fibers and matrix, the creep life and failure mode at 250
MPa were strongly influenced by the rate at which the
initial creep stress was applied. (4) Very dramatic creep-
strain recovery occurred during cyclic creep; for cyclic
loading between stress limits of 200 and 2 MPa, 80%
of the prior creep strain was recovered during 50-h-creep/
50-h-unloading cycles and over 90% during 300-s-creep/
300-s-unloading cycles. (5) Cyclic loading significantly low-
ered the duration of primary creep and overall creep-strain
accumulation. The implications of the results for micro-
structural and component design are discussed.

I. Introduction

ONOLITHIC ceramics typically do not possess the elevated

temperature toughness required for safety-critical
designs. For this reason, a considerable amount of effort has
been devoted to the development of ceramics reinforced with
continuous fibers.'~'> Potential applications for fiber-reinforced
ceramics include gas turbine components, such as combustors,
first-stage vanes, and exhaust flaps.” Consideration has also
been given to the use of these composites in heat exchangers,
rocket nozzles, and along the leading edges of next-generation
aircraft.'*'* The reader is referred to Refs. 15 and 16 for addi-
tional information concerning potential applications for fiber-
reinforced ceramics, and the current status of research in the
areas of processing and elevated-temperature mechanical
behavior.

Many of the anticipated applications for fiber-reinforced
ceramics will involve creep loading under sustained or cyclic
loading histories. Our current knowledge of creep deformation
processes in ceramic matrix composites comes mainly from
studies performed with whisker-reinforced ceramics'™ (a
review of creep damage accumulation in whisker-reinforced
ceramics is given by Wiederhorn and Hockey?’). To date, only
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a limited number of experimental and analytical investigations
of creep deformation have been undertaken for continuous-fiber
ceramic matrix composites.® Intrinsic differences in the
microstructures of whisker- and fiber-reinforced ceramics give
rise to fundamental differences in their creep behavior and
mechanisms of creep damage accumulation. For example, the
development of matrix cracking in continuous-fiber composites
will not necessarily result in creep rupture, since the bridging
fibers often have sufficient creep strength to transfer load across
the crack faces. In comparison, for whisker-reinforced ceram-
ics, the small physical size and lack of connectivity between
whiskers limit their ability to transfer the applied creep load
across matrix cracks. Moreover, under cyclic creep loading, the
bridging effect of whiskers would be expected to decrease as
cyclic interfacial wear and matrix creep relaxes the frictional
shear stress that is responsible for load transfer. In fiber-rein-
forced ceramics, interfacial wear caused by repeated cyclic slip
in bridging zones would be less deleterious, since load can still
be effectively transferred by portions of the fibers that reside
outside the slip zones. Moreover, with fiber-reinforced ceram-
ics, complete load shedding from the matrix to more creep-
resistant fibers can occur during tensile or compressive creep
(the reverse situation, transfer of load from fibers to a more
creep-resistant matrix is also possible). This load transfer,
which occurs because of mismatch in the elastic moduli and
creep rates of the constituents, influences the operative creep
damage mechanism(s) as well as the strain recovery behavior of
fiber-reinforced ceramics. For example, if the matrix creeps at a
much higher rate than the fibers, the matrix stress will relax
during tensile creep, while the average stress in the fibers
increases as load is shed by the matrix. This relaxation in
matrix stress reduces the likelihood of matrix fracture; however,
it is possible for the fiber stress to increase to a level that causes
fiber fracture within the composite. In whisker-reinforced com-
posites, complete transfer of the applied creep load to the
whiskers would not be possible, since the lack of connectivity
between the whiskers allows creep of the matrix in regions
between the whiskers. In addition to influencing the manner
in which microstructural damage accumulates during creep
deformation, the degree of load transfer between the constit-
uents will influence the residual stress state that exists in the
fibers and matrix upon unloading. This residual stress state can
have a strong influence on creep-strain recovery and the post-
creep fracture behavior of continuous fiber-reinforced
ceramics.

The effects of cyclic loading history on creep-strain accumu-
lation, creep rate, and creep-strain recovery have not been
investigated for fiber-reinforced ceramics. The present paper
makes a start in this direction by examining the phenomenolog-
ical aspects of the creep and creep-recovery behavior of a hot-
pressed SiC/Si;N, composite under sustained and cyclic
loading histories.
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II. Experimental Procedure

(1) Material, Specimen Geometry, and Load Frame

Hot-pressed composites (processed by Textron Specialty
Materials, Lowell, MA), consisting of a Si;N, matrix unidirec-
tionally reinforced with 30 vol% SCS-6 SiC fibers, were used in
the creep investigation. The continuous SCS-6 fibers, which
are manufactured by chemical vapor deposition of B-SiC onto a
33-pm-diameter carbon core, have a nominal diameter of 143
pm (for information concerning the composition, structure and
mechanical properties of SCS-6 fibers, the reader is referred to
a series of papers by Dicarlo and co-workers®* and a recent
paper by Ning and Pirouz™). The composition of the matrix
powder was 1.25 wt% MgO, 5.00 wt% Y,0,, the balance Stark
LC-12 Si;N,. Tape casting was used to improve the uniformity
of fiber spacing and distribution in the composite. Composite
plates were hot-pressed in a nitrogen atmosphere for 2 h, at a
temperature of approximately 1700°C and pressure of 30 MPa.
After processing, the matrix had a porosity content of approxi-
mately 3%. A micrograph showing the typical fiber distribution
in the hot-pressed billets is given in Fig. 1. The average dis-
tance between fibers was 120 pm, with a standard deviation of
33 pm. Although the fiber spacing was relatively uniform, the
fiber distribution alternated between cubic and hexagonal
packing.

Edge-loaded specimens (Fig. 2) were machined from the hot-
pressed plates, using diamond tooling. The specimens had a
gage length of 33 mm and an overall length of approximately
127 mm. Since accurate control over the loading and unloading
rate of the specimens was required, as well as accuracy in load-
train alignment, all creep experiments were conducted on a ser-
vohydraulic load frame (Model 810, MTS Systems Corpora-
tion, Minneapolis, MN). Specimen strains were monitored
using a water-cooled mechanical extensometer that was fitted
with large-grain alumina contact rods. A cylindrical induction-
heated SiC furnace was used for specimen heating. Uncooled
superalloy grips were used to minimize the axial temperature
gradient in the specimens.*' Specimens were heated at a rate of
approximately 50°C/min to the creep temperature of 1200°C.
Prior to applying the creep load, specimens were held at
1200°C for 60 min to allow the temperature of the specimen,
grips, and extensometer to equilibrate. The grips, furnace, and
extensometer were enclosed in an isothermal chamber with a
volume of approximately 0.5 m’. During the experiments, the
temperature at the center of the specimen gage section was
maintained at 1200° = 1°C (this represents the deviation from
the set point with time). For the grips that were utilized, the
axial temperature gradient along the 33-mm specimen gage
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Fig. 1. Fiber distribution in unidirectional SCS-6 SiC,/Si,N, com-
posites processed by tape casting followed by hot-pressing at 1700°C.
The composite contained 30 vol% fibers.
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length was approximately 8°C for a central gage-section tem-
perature of {200°C. PuPt—10% Rh (Type S) thermocouples
were used to monitor the specimen temperature and to provide
the feedback signal to the temperature controller. During long-
term experiments, drift in the thermocouple output can occur if
the thermocouple junction becomes contaminated by elements
present within the furnace or in the thermocouple insulation. To
minimize the possibility of contamination-related thermocou-
ple drift, a closed-end high-purity Al,O,; thermowell was used
to protect the thermocouple junction and lead wires. After each
experiment, the extent of thermocouple drift was determined by
comparison with a known reference. For all experiments, the
drift in the thermocouple reading was less than 3°C for creep
times up to 400 h. Additional details concerning the specimen,
grip, and furnace designs can be found in Ref. 41.

The stress—strain behavior of each specimen was recorded
during application and removal of the creep load. This data was
investigated for compliance changes that would signify the
occurrence of microstructural damage (note that only large-
scale damage, sufficient in extent to cause a detectable change
in specimen compliance, can be inferred from examination of
the stress—strain curves). During specimen loading and
unloading, load-cell and extensometer data were gathered at a
rate of 50 data points per second; during the creep experiments,
data were gathered at a rate of 2 to 5 data points per second (a
16-bit data acquisition board was used to gather load-cell and
extensometer data (STI Computers, Sunnyvale, CA, Model
No. ACM2-16-8)). These data sampling rates required a sig-
nificant amount of disk storage space. Therefore, after carefully
investigating the data to determine if there were any anomalies,
such as strain jumps that would signify the development of
microstructural damage, the data files were averaged to make
the files more manageable (every 10 to 20 points were aver-
aged; prior to averaging, the loading and unloading segments
were stored to allow later calculation of the elastic strains dur-
ing loading and unloading).

Minor fluctuations in the strain readings were randomly
observed during a few of the initial creep experiments. The
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Fig. 2. Edge-loaded tensile specimen used to investigate the creep
behavior of SiCy/Si,N, composites. The specimens are loaded along the
tapered (8°) edges. Simpler single-reduction edge-loaded specimens
can also be used for the monotonic tension and creep testing of SiC,/
Si,N, composites.*' Dimensions are given in millimeters.
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fluctuations, which had periods ranging from 1 to 20 h, were
traced to changes in the temperature and flow rate of the cooling
water for the extensometer. Two of the sustained-load creep
experiments, conducted under zero load and at 90 MPa, as well
as a 400-h cyclic loading experiment, were affected by the
fluctuations. Connecting the extensometer cooling water sup-
ply to a closed-loop chiller (Cole Parmer Instrument Co.,
Model No. 12101-10) and flow-rate controller eliminated the
fluctuations. Because of the low creep rates encountered, the
use of a closed-loop chiller is recommended to anyone con-
templating the use of a mechanical water-cooled extensometer
for the creep testing of ceramic matrix composites.

(2) Monotonic Tensile Experiments

The monotonic tensile behavior of the composite was deter-
mined at 1200°C to provide a comparison with SiC,/Si;N, spec-
imens used in earlier investigations of creep behavior.**
Previous work** by the authors had shown that the ambient
and elevated temperature monotonic tensile behavior of fiber-
reinforced ceramics is strongly influenced by the loading or dis-
placement rate used for testing. At ambient temperature, this
loading rate dependence is for the most part caused by slow
crack growth. At elevated temperatures, primary creep of the
fibers and matrix also contributes to the rate dependence of
monotonic tensile behavior. In earlier investigations with SiC,/
Si;N, composites,*>* a loading rate of 100 MPa/s was used to
minimize time-dependent phenomena; this loading rate was
also used in the present investigation.

(3) Sustained Tensile Creep, Creep Recovery, and Postcreep
Monotonic Tensile Experiments

The creep behavior of the composite under sustained tensile
loading was investigated for applied stresses of 0, 60, 75, 90,
150, 200, and 250 MPa. A virgin specimen was used for each
experiment. To obtain a rough indication of the amount of scat-
ter in the data for creep rate and accumulated creep strain,
duplicate experiments were conducted for creep stresses of 90
and 200 MPa. As described in the next section, a stress-incre-
ment experiment was also conducted to substantiate the experi-
mental trends observed at creep stresses between 60 and 120
MPa. The zero-load experiment was performed to ascertain
whether a change in gage-section length, caused by relaxation
of processing-related residual stresses or the closure of matrix
porosity, would influence the strains measured during the
creep- and strain-recovery experiments conducted at higher
stresses (for example, a volume contraction caused by addi-
tional sintering could lower the apparent creep rate or be con-
fused with creep-strain recovery). The loading and unloading
ramps used in the sustained-load and cyclic creep experiments
were performed at a rate of 100 MPa/s. For sustained creep
loading at 250 MPa, loading rates of 0.25 and 100 MPa/s were
compared to determine if relaxation of the matrix stress during
initial application of the creep load would influence subsequent
creep behavior.

Since the postcreep monotonic tensile behavior of a compos-
ite can provide insight into microstructural damage and changes
in residual stress state, tensile testing was conducted on speci-
mens that had been crept at stresses of 0, 60, 90, 150, and 200
MPa. Because strain recovery can alter the residual stress state
and, therefore, the stress—strain behavior of fiber-reinforced
composites,’*® the postcreep tensile tests were conducted
within 30 s of specimen unloading.

(4) Stress-Increment Experiments

A stress-increment experiment, wherein the creep stress was
sequentially increased in small steps, was conducted to provide
additional data for the tensile creep rate of the composite
between stresses of 60 and 120 MPa. This experiment also pro-
vided information regarding the validity of using stress-incre-
ment experiments to determine the stress dependence of creep
rate for fiber-reinforced ceramics. For the particular loading
sequence used, the creep stress was increased in 10-MPa incre-
ments from 60 to 80 MPa, followed by 20-MPa increments to
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100 and 120 MPa. The creep stress was maintained for 100 h at
each stress level and increased at a rate of 100 MPa/s between
stress levels (this corresponds to 0.1 or 0.2 s between stresses).
For the stresses examined, 100 h was sufficient time for a deter-
mination of the quasi-steady-state creep rate to be made.

(5) Cyclic Creep and Creep-Recovery Experiments

The cyclic creep and creep-recovery behavior of the compos-
ite was investigated by conducting isothermal experiments at
1200°C with various hold times at a creep stress of 200 MPa
and recovery stress of 2 MPa (see Table I); specimens were
loaded and unioaded at a rate of 100 MPa/s between these two
stresses. To determine the influence of cycle period on accumu-
lated creep strain and creep strain recovery, long-duration 50-h-
creep/50-h-recovery cycles were compared with short-duration
300-s-creep/300-s-recovery cycles. To examine how cyclic
loading without a recovery hold time would change the overall
creep behavior, companion creep experiments were conducted
wherein specimens were rapidly unloaded and reloaded at the
end of each 50-h or 300-s loading period (2-s unloading and 2-s
reloading ramps were used). Schematics of the loading histo-
ries and the corresponding idealized strain response of the com-
posite are shown in Figs. 3(A) and (B).

(6) Definition of Creep Rate and Creep-Recovery Strain

Two recovery ratios are defined to quantify the amount of
strain recovered after specimen unloading: (1) total-strain
recovery ratio and (2) creep-strain recovery ratio. With refer-
ence to Fig. 4, the total-strain recovery ratio, R,, is defined as
the sum of the elastic and creep strains recovered in a particular

Table I. Loading Histories Used in the Cyclic-Creep/Creep-
Recovery Experiments*

Creep per cycle (s)  Recovery percycle (s)  Total cycles’ Total test duration (h)

300 0 2384 200
300 300 1192 200
180000 (50 h) 0 4 200
180000 (50 h) 180000 (50 h) 4 400
720000(200h) 90000 (25 h) 1 125

*In alf cascs, the creep stress was 200 MPa and the recovery stress was 2 MPa.
‘Note that the loading and unloading transients were approximately 2 s each (100
MPu/s).
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cyclic creep without a recovery
hold time

cyclic creep with a recovery
hold time
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Fig. 3. Cyclic creep experiments. (A) Schematic representation of
the cyclic loading histories examined and (B) idealized strain response.
For all cyciic creep experiments, the creep stress (o) was fixed at
200 MPa and the recovery stress (o,,,) at 2 MPa. The loading and
unloading ramps were performed at 100 MPa/s.
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Fig. 4. Definition of the total-strain recovery ratio (R,) and creep-
strain recovery ratio (R,,) used to quantify the amount of strain recov-
ery during the cyclic creep experiments.

cycle (e, + €.z), divided by the total accumulated strain
(including elastic strain) that exists prior to unloading &,

R, = (eqr T Ean)/E (N

When calculating R,, the recovered elastic strain is found by
examination of the stress—strain data collected during each
loading and unloading transient. The creep-strain recovery
ratio, R,,, is defined as the creep strain recovered during a par-
ticular unloading cycle £, divided by the creep strain for the
cycle g,

Rcr = 8cr.R/gcr (2)

Note that the instantaneous elastic strain during loading and
unloading is not included when calculating R...

II1. Results and Discussion

(1) Monotonic Tensile Behavior

Figure 5 shows the monotonic tensile behavior of the com-
posite at 1200°C. Under a loading rate of 100 MPa/s, the com-
posite exhibits nearly linear stress—strain behavior to failure,
with an ultimate strength of approximately 385 MPa and
Young’s modulus of 280 = 10 GPa. From Fig. 5, the creep
stresses used in the investigation ranged from approximately
15% to 65% of the ultimate strength. As discussed later, the lin-
ear stress—strain behavior does not preclude the occurrence of
microcracking during initial loading, nor the absence of matrix
or fiber fracture occurring shortly after reaching a particular
creep load.

500 T T T —
0° SCS6 SiCy/SigNg (30 vol.%)
1200°C, 100 MPars, air .
400 - failure .
tape-cast failure
g (processed 2 h, 1700°C)
= 300} N * .
s dry-powder lay up
7] (processed 1 h, 1700°C)
® 200 .
w ‘\proportional limit
100 F (dry-powder lay up) i
0 1 L Ju 1
0 0.05 0.10 0.15 0.20 0.25

Strain, %

Fig. 5. Typical 1200°C monotonic tensile behavior of the 0° SCS-6
SiC,/Si;N, composite used in the present investigation (the composite
was hot-pressed at 1700°C for 2 h at 30 MPa). For comparison, the
monotonic tensile behavior of an earlier 0° SCS-6 SiC,/Si,N, compos-
ite processed by a dry-powder layup approach is shown (hot-pressed at
1700°C for 1 h at 70 MPa).” To minimize time-dependent phenomena,
the monotonic tension experiments were conducted in air at a constant
loading rate of 100 MPa/s.
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The brittle stress—strain behavior is attributed to strong
interfacial bonding caused by the long hot-pressing time (2 h)
used to consolidate the particular billets used in the investiga-
tion. Fiber pullout lengths were less than 0.5 mm, indicative of
brittle, low-toughness behavior. Earlier work on a similar com-
posite system that was hot-pressed for a shorter time (1 h at
1700°C) showed distinctly nonlinear tensile behavior and sig-
nificant fiber pullout during tensile testing at 1200°C** and
1350°C* (for comparison with the present composite, the
1200°C tensile curve is plotted in Fig. 5). The linear tensile
behavior found for the tape-cast composite is undesirable from a
toughness point of view. However, the creep testing of this
composite provided us with a unique opportunity to investigate
creep behavior at stress levels that were above the proportional
limit stress (=195 MPa) of SiC,/Si;N, composites used in pre-
vious investigations of creep and fatigue behavior.”

(2) Tensile Creep Behavior

In this section, a general overview of the stress dependence
of tensile creep behavior is provided. Also discussed is the
influence of initial loading rate on the creep life at 250 MPa.
The stress dependence of creep rate is discussed in detail in
Section 111(4). The key figures for this section are Fig. 6, which
shows typical sustained-loading creep curves for stresses from
0 to 200 MPa, and Fig. 7 which shows the creep behavior under
a stress of 250 MPa. For convenience, the stress dependence of
creep behavior and creep-strain accumulation are discussed
sequentially, starting with the zero-load experiment.

(A) Zero Load: Isothermal exposure at 1200°C for 200 h
under zero load produced no detectable change in specimen
gage length (see Fig. 6 for the strain versus time curve), sug-
gesting that processing-related residuai stresses were low. Had
the initial residual stresses been high, a redistribution in axial
stress between the fibers and matrix would be expected to cause
a time-dependent change in specimen length during high-tem-
perature exposure. This result also indicates that additional sin-
tering of the matrix or closure of porosity, which would
decrease the specimen volume, was insufficient in extent to be
detected and, therefore, of no significance to subsequent mea-
surement of creep strains at higher stresses. It is therefore rea-
sonable to assume that the strains measured under the test
conditions described in this paper result from creep or creep-
recovery processes.

(B) 60 MPa: At 60 MPa, an initial region of transient
creep, followed by a near-zero creep rate, was observed. The
transient creep extended for approximately 25 h. This creep
behavior can be understood by examining the stress state of the

0 -4 L 1 T
0° SiCy/SiyN, (30 vol.%)
0.3 | 1200°C (air) i
® g.2)
3 150 MPa
©
< 0.1 90MPa -
»
E 60 MPa
0 _QOMPa__ |
L. | 1
0 50 100 150 200
Time, h

Fig. 6. Typical tensile creep curves for sustained loading of 0° SCS-6
SiC,/Si;N, at stresses from 0 to 200 MPa. In all cases, specimens were
loaded to the creep stress at rate of 100 MPa/s. The creep curves
include the instantaneous elastic strain that occurred during specimen
loading (at 200 MPa, the elastic strain was approximately 0.07%). At
60 MPa, the creep rate was below 1072 57",



May 1993

0.5 T T T
0° SiCy/SiaN, (30 vol.%)

failure failure

0.4 -
® 0.3 -
£
o
& 0.2 -

0.1} .

0
0 Yime, h 0.2
0 1 1 1
0 50 100 150 200
Time, h

Fig. 7. Tensile creep curves found for sustained loading of 0° SCS-6
SiC,/Si;N, at 250 MPa. To examine the influence of initial stress relax-
ation in the matrix on creep life, specimens were loaded to 250 MPa at
either 0.25 or 100 MPa/s (see inset). As discussed in the text, loading
slowly to the creep stress allows the matrix stress to relax, decreasing
the likelihood of matrix fracture and dramatically increasing creep life.

composite that exists immediately after application of the creep
load. Upon reaching a creep stress of 60 MPa, the matrix stress
would be approximately 55 MPa if calculated by the rule of
mixtures (taking E; = 365 GPa, E,, = 275 GPa, and neglecting
processing-related residual sresses). Since this stress is high
enough to cause creep of hot-pressed Si,N,** at 1200°C, a
redistribution of stress between the fibers and matrix will occur,
regardless of whether the fibers also undergo creep. This redis-
tribution in internal stress, where the matrix creeps and sheds
load to the more creep-resistant fibers, provides a small region
of transient creep. If the temperature and stress are such that the
fibers do not creep (i.e., undergo only elastic loading), the
creep rate of the composite would approach zero once the
applied load was completely transferred to the fibers. This
sequence of events appears to occur in the SiC,/Si;N, composite
studied here, where, after an initial transient, the creep rate
decreased to a level below the resolution of the extensometer
(=10""? s7! under ideal conditions). As discussed later, the
near-zero creep rate observed at 60 MPa suggests the existence
of a threshold stress for the tensile creep of SCS-6 fibers.

(C) 7510200 MPa: Creep at stresses between 75 and 200
MPa was characterized by a distinct primary creep regime, fol-
lowed by a region of relatively constant, but decreasing, creep
rate. For purposes of discussion, the region of relatively con-
stant creep rate will be referred to as the guasi-steady-state
creep regime. Primary creep extended for approximately 50 to
75 h; quasi-steady-state creep continued to the completion of
the experiments at 200 h. It is not clear if quasi-steady-state
creep would persist during longer-duration creep testing, or if it
represents transient behavior that appears to be steady-state
because of the limited duration of the creep experiments. As
summarized in Table II, the total strain that accumulated in 200
h was low, ranging from 0.06% at 75 MPa to 0.25% at 200 MPa
(these strain values include the instantaneous elastic component
upon specimen loading, which was approximately 0.021% at
60 MPa and 0.072% at 200 MPa). It is not known at this time if
a simple redistribution in stress between the fibers and matrix is
the only mechanism responsible for the decelerating creep rate
during primary creep. Other mechanisms, such as microstruc-
tural evolution in the fibers and matrix, could contribute to the
decrease in creep rate. Although not examined in the present
study, structural evolution in the fibers, such as an increase in
grain size, is expected to be minimal because of the high tem-
perature (1700°C) used for hot-pressing. Identification of the
precise mechanisms responsible for the transient creep behavior
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can be answered only through detailed microstructural exami-
nation of specimens that have been interrupted at various stages
of the creep process, and through parallel mechanics modeling
that determines the extent to which the observed damage would
impact strain accumulation and creep rate.

(D) 250 MPa: The creep behavior of the camposite at 250
MPa was strongly influenced by the rate at which the creep
stress was initiaily applied. Based upon results obtained from
two experiments, loading to the creep stress at a rate of 100
MPa/s resulted in failure in under 400 s (see inset in Fig. 7; as
discussed below, creep life improved significantly when the
creep stress was applied at a much lower rate). Examination of
the stress—strain response of specimens during initial loading
showed no evidence of a compliance change that would signify
the occurrence of large-scale microstructural damage such as
matrix or fiber fracture. It is possible, however, that initial
microstructural damage which is not sufficient in extent to
cause a pronounced compliance change occurs during loading
or shortly after reaching the creep stress.

Finite-element analysis of the tensile creep deformation of
hot-pressed SiCy/Si;N, composites has shown that the tensile
stress developed in the matrix reaches a maximum at the end of
the initial loading transient.* After this maximum, the matrix
stress rapidly decays as it creeps and sheds load to the more
creep-resistant fibers. Thus, the matrix would be most suscepti-
ble to fracture at the end of the initial loading transient or during
the initial stages of creep. Based upon this premise, it was pos-
tulated in the present study that the creep life of the composite
would increase if the matrix stresses were permitted to relax
during initial loading to the creep stress. Since the matrix sheds
load to the fibers, this relaxation could be accomplished by
applying the creep stress at a much lower rate. In the limiting
case of an infinitesimally slow loading rate, the matrix stress
would approach zero if the temperature was sufficiently high to
permit matrix creep (this argument assumes that the matrix
creeps at a higher rate than the fibers). To experimentally study
the effect of initial loading rate on creep life and failure mode,
two additional specimens were loaded at a rate of 0.25 MPa/s to
the creep stress of 250 MPa (i.e., 1000 s to reach 250 MPa ver-
sus 2.5 s for a loading rate of 100 MPa/s). As shown in Fig. 7,
the creep life increased dramatically for the slower loading rate,
with one specimen surviving 118 h and the other 167 h. These
results provide convincing support for a mechanism of creep
failure based upon initial matrix fracture. For lower creep
stresses, where the initial matrix stress at the end of the loading
transient is below the in situ fracture strength of the matrix, the
creep life should be relatively insensitive to initial loading rate.
To summarize, for high creep stresses, the results indicate a
strong loading rate dependence of creep life for brittle matrix
composites.

(3) Microstructural Damage Modes

Periodic fiber rupture was identified by optical and SEM
examination as the principal creep damage mechanism that
occurred during sustained creep loading at stresses of 200 MPa.
By progressive sectioning of the composite, it was estimated
that approximately 40% of the fibers had undergone fracture
within the gage section. At 250 MPa, periodic fiber rupture was
observed only for the specimens that had been loaded to the
creep stress at a rate of 0.25 MPa/s; in this case, close to 75% of
the fibers had undergone periodic fracture. In contrast, matrix
fracture appears to have precipitated the failure of specimens
that were loaded to 250 MPa at a rate of 100 MPa/s (further
details of the microstructural damage that occurred during the
creep experiments will be provided in a future paper devoted to
creep damage mechanisms in hot-pressed and reaction-bonded
Si,N, composites).

Periodic fiber fracture is expected to be a fundamental dam-
age mode for other composite systems where the tensile creep
resistance of the fibers exceeds that of the matrix. This damage
mode is possible only if simultaneous matrix fracture can be
avoided; for example, when weak interfacial bonding is present
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Table II. Summary of Loading Histories and Experimental Results*

Loading history Total cycles Avg creep rate’ (s ') Total strain (%) (at 200 h) R, (%) (first/last cycie)
60 MPa, 200 h 1 <10 0.04
75 MPa, 200 h i 2.8 x i 0.06
90 MPa, 200 h I 3.8 x 1 0.09
90 MPa, 200 h 1 3.9 X 107" (at 100 h)} 0.07 (at 100 h)
150 MPa, 200 h 1 54 x 107" 0.14
200 MPa, 200 h (+ 25-h recovery) 1 8.6 X 1 0.27 45 (1 cycle)
200 MPa, 200 h (+ 25-h recovery) 1 8.3 X 10 0.26 46 (1 cycle)
250 MPa (100 MPa/s) 1 Failed at =210 s €(200s) = 0.12
250 MPa (100 MPa/s) 1 Failed at =402 s £(400s) = 0.12
250 MPa (0.25 MPa/s) | 2.9 x 10 Y (failed at 118 h) (118 h) = 0.42
250 MPa (0.25 MPa/s) l 1.8 X 10 °(failed at 167 h) €(167 h) = 0.41
Cyclic 300 /0 s 2384 7.8 X 107" 0.30 =(0/0
Cyclic 300 s/300 s 1192 2.5 X 10 0.13 90/58
Cyclic 300 /300 s 1192 2.3 x 10 0.12 92/60
Cyclic 180000 s/0 s 4 8.5 X 10° 0.26 =0/0
Cyclic 180000 s/180000 s 4 €(200 h) = 0.20 61/50

€(400 h) = 0.26

*All cyclic creep experiments were conducted in air at 1200°C between stress limits of 200 and 2 MPa. The creep rates for the stress increment cxperiment conducted between 60
and 120 MPa are given in Fig. 8. "Average creep rate between 100 and 200 h: at 100 b if failure occurred in under 200 h. *Equipment failure at 110 h.

or crack deflection occurs along the fiber/matrix interface (note
that the radial stress at the fiber/matrix interface relaxes during
long-term creep deformation of SiC/Si;N, composites; this
would have the effect of decreasing the interfacial shear
stress).™ It is not known at this time if the fiber fractures
occurred during transient creep or during the later stages of
creep deformation. Thus, a portion of the strain accumulation
during transient creep could have been caused by progressive
fiber rupture. Studies are currently under way to document how
fiber damage evolves during creep deformation.

A question that arises is why the numerous fiber fractures did
not cause discontinuous strain jumps in the creep curves. This
can be qualitatively answered by noting that the distance over
which the matrix supports the load near the ends of a fractured
fiber is small (of the order of micrometers, depending upon the
load and interfacial shear stress). Since this distance is small,
and since the matrix modulus is still high at 1200°C, the instan-
taneous increase in gage-section displacement is exceedingly
small. Strain jumps would be expected only if multiple fiber
fractures occurred simultaneously or if matrix fracture accom-
panies fiber fracture. At 1350°C, where the modulus of the
composite is lower, discontinuous strain jumps were observed
during the tensile creep of hot-pressed SiC,/Si,N, composites.*
An additional question relates to the early failure of the speci-
mens that were rapidly loaded to 250 MPa. For these speci-
mens, failure occurred within 200 to 400 s of reaching the creep
stress. Although a compliance change during initial loading
was not observed, this does not preclude the initiation of matrix
damage during the loading transient. It has been shown by vari-
ous investigators**' that the onset of matrix fracture during the
uniaxial tensile loading of fiber-reinforced composites can
occur within the linear portion of a stress—strain curve; how-
ever, the resolution of most extensometers is not sufficient to
detect the small compliance change that accompanies initial
matrix darmage. Postcreep examination showed an absence of
matrix cracking in the specimens crept at stresses of 200 MPa
or lower, indicating that the matrix cracking initiated above 200
MPa. Thus, matrix cracking most likely initiated during initial
loading between 200 and 250 MPa, or shortly after reaching the
creep stress. Several factors determine if fracture of the bridg-
ing fibers occurs after matrix cracking: (1) the residual fiber
strength after processing, (2) the inherent creep strength of the
fibers, and (3) the degree of interfacial bonding. As a conse-
quence of the high temperature (1700°C) used during hot-press-
ing, the residual fiber strength will be much lower than that for
virgin fibers. For example, Bhatt** found that the strength of
virgin SCS-6 fibers decreased from an average of 3.8 GPa to
less than 0.8 GPa after heat treatment for | h at 1850°C. If it is
assumed, as a very rough approximation, that a matrix crack

extends completely across the specimen, a simple rule-of-mix-
tures calculation would give an average fiber stress of approxi-
mately 830 MPa. Although speculative, the short creep life
found for rapid loading to 250 MPa is most likely caused by a
combination of matrix crack growth and the fracture of fibers
that bridge matrix cracks. Under this scenario, the low residual
strength of SCS-6 fibers after exposure to the extremely high
temperatures used to consolidate Si;N, will limit the upper
creep strength of hot-pressed SiC,/Si;N, composites (reaction-
bonded silicon nitride composites, which are processed at lower
temperatures, are expected to have a much higher creep
strength).

(4) Stress Dependence of Tensile Creep Rate

The stress dependence of average tensile creep rate between
100 and 200 h is plotted in Fig. 8 for the sustained-load experi-
ments conducted at stresses of 60 to 250 MPa. Also shown in
Fig. 8 are the 100-h creep rates obtained from the incremental
loading experiment conducted at stresses of 60, 70, 80, 100,
and 120 MPa. There was excellent agreement between the
results obtained from the continuous-loading and incremental-
loading experiments. For comparison, tensile creep rate data
obtained from an earlier investigation® of SCS-6 SiC,/Si;N,
composites are shown in Fig. 8. The differences in creep rate
found between the earlier investigation and the present study
are discussed in detail below.

For discussion purposes, the stress dependence of quasi-
steady-state creep rate can be divided into three regimes:
(1) below 75 MPa, (2) between 75 and 200 MPa and, (3)
between 200 and 250 MPa. As noted earlier, the creep rate of
the composite at 60 MPa was exceedingly low, suggesting the
existence of a threshold stress for tensile creep at 1200°C (see
discussion below). Within the range of 75 to 200 MPa, the
creep rate exhibited a Iow stress sensitivity, with a stress expo-
nent, n, of approximately 1 (¢ = Bo”, where ¢ is the quasi-
steady-state creep rate, B is a constant, and o is applied stress).
The increase in creep rate at 250 MPa was most likely a conse-
quence of the extensive periodic fiber rupture that occurred dur-
ing creep deformation (this holds only for the slowly loaded
specimens; the rapidly loaded specimens failed in under 400 s).

(A) Discussion of Threshold Stress for Tensile Creep: At
60 MPa, the average creep rate between 100 and 200 h was the
order of 1072 s71.% Assuming, for an upper bound, that the

*The resolution of the extensometer and signal conditioner was such that 107*2
s ' was the lowest creep rate that could be measured when averaged over a 100-h
period. Thus it could not be unequivocally proved in the present study if creep
deformation stops completely at 60 MPa. However, for purposes of discussion, and
in a practical sense, the stress at which the creep rate approaches 1077 57! is
defined in this paper as the threshold stress for creep deformation.
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Fig. 8. Quasi-steady-state creep rate versus applied stress for the
1200°C tensile creep of 0° SCS-6 SiC,/Si,N,. The creep rate measured
for individual sustained creep loading experiments was similar to that
found from a stress-increment experiment conducted at stresses of 60,
70, 80, 100, and 120 MPa. Except for the creep experiments performed
at a stress of 250 MPa, all specimens were initially ramped to the creep
stress at a rate of 100 MPa/s. A creep threshold, below which the creep
rate is exceedingly low, exists at 60 MPa. Results are also shown for an
earlier 0° SCS-6 SiC,/Si,N, composite that was processed by a dry-
powder layup technique.™

matrix does not contribute to the creep strength of the compos-
ite, a simple rule-of-mixtures calculation gives an approximate
threshold stress of 200 MPa for the tensile creep of SCS-6 fibers
at 1200°C (calculated by dividing the nominal applied stress of
60 MPa by the fiber volume fracture of 0.3). This value serves
only as a rough approximation, since the actual stress state of
the fibers within the composite is not uniaxial because of mis-
match in the elastic constants of the fibers and matrix and the
development of hydrostatic stresses between the fibers (hydro-
static stresses develop as a consequence of the constraint to
matrix deformation provided by the rigid, closely packed,
fibers). Furthermore, it must be appreciated that the threshold
stress will depend upon the processing temperature and time,
both of which can influence the grain size and, hence, the creep
rate of SCS-6 fibers. For example, DiCarlo” has shown that
prior isothermal exposure of SCS-6 fibers in argon at 1150° to
1360°C increased their creep resistance during subsequent tests
conducted between 1200° and 1300°C. Microstructural changes
(grain growth) and the removal of free silicon in the fibers were
identified by DiCarlo as the mechanisms responsible for the
enhanced creep resistance. No information is available in the
literature concerning the existence of a threshold stress for
creep of SCS-6 fibers. However, a threshold stress for tensile
creep deformation has been identified for other SiC fibers;
Simon and Bunsell* have reported a threshold stress of approx-
imately 150 MPa for the tensile creep of ceramic-grade
NPL-102 Nicalon SiC fibers at 1200°C.

(B) Comparison with Previous Tensile Creep Results for
Hot-Pressed SiC,/Si;N,. The tensile creep rate of 0° SCS-6
SiC/Si;N, composites has been previously studied at 1200°C
for stresses from 99 to 135 MPa. Creep rupture data were also
obtained at stresses of 150, 175, and 200 MPa.** Although the
volume fraction of fibers (30 vol%) and matrix composition
were nominally the same as that for the tape-cast composite
investigated here, the earlier composites were processed at a
higher pressure (70 versus 30 MPa) and for a shorter time (1
versus 2 h). There were also minor differences in matrix poros-
ity; the tape-cast composites had a porosity level of approxi-
mately 3%, compared to less than 2% for the earlier dry-
powder layup composites. The slightly higher porosity content

of matrix cracking during initial loading to the creep stress and
during subsequent creep deformation. The importance of
matrix cracking on creep life can be inferred from the creep
experiments conducted at 250 MPa; the creep life increased
considerably when initial matrix fracture was delayed by slowly
loading to the creep stress. Although the improved creep life of
the tape-cast composite may be desirable for certain applica-
tions, there is an important tradeoff; namely, the tape-cast com-
posite had a significantly lower toughness (as shown by the
brittle stress—strain behavior observed in virgin specimens and
after creep deformation—see later discussion of postcreep
monotonic tensile behavior).

In the earlier study’” with SiC,/Si;N, composites, a stress
exponent of 6 was found for the stress dependence of quasi-
steady-state creep rate between stresses of 99 and 135 MPa.
This compares with a stress exponent of approximately | found
in the present study for stresses between 75 and 200 MPa. The
different stress exponents suggest different creep damage
mechanisms. The earlier composites also contained numerous
regions where the matrix oxides (MgO and Y,0,) used to pro-
mote sintering during hot-pressing were not completely dis-
persed. In addition to promoting fiber degradation,” the
presence of these oxide-rich regions would change the micro-
cracking characteristics of the matrix during initial loading and
subsequent creep deformation; although speculative, this offers
a plausible explanation for the low creep-rupture life found for
stresses above 150 MPa. It is also possible that the creep char-
acteristics of the earlier composites were influenced by the
higher processing pressure, which could potentially impact
both the residual stress state and interfacial bonding present in
the composite and, hence, the manner in which microstructural
damage accumulates during creep.

(5) Cyclic Creep and Strain Recovery

Figures 9(A)—(D) compare the cyclic creep behavior of spec-
imens subjected to the following loading histories: (1) 50-h
creep/5S0-h recovery, (2) 50-h creep/O-s recovery, (3) 300-s
creep/300-s recovery, and, (4) 300-s creep/O-s recovery. The
total test duration and number of loading/unloading cycles for
each loading history are summarized in Table 1.

(A) Influence of Cyclic Loading on Initial Transient (Pri-
mary) Creep Behavior: For the 50-h-creep/50-h-recovery
cycles, transient (primary) creep, characterized by rapid strain
accumulation, but a decreasing creep rate, persisted for the first
50 h of creep (see Fig. 9(A)). During subsequent cycles, the
duration of transient creep decreased to approximately 25 h per
cycle. The introduction of a rapid unloading and reloading

‘Recent optimization of processing parameters has provided tape-cast SiC,/8i,Ny
composites with much higher failure strains (at 1200°C and a loading rate of 100
MPa/s these composites exhibit a distinct proportional limit stress between 100 and
250 MPa with failure strains approaching 0.3 t0 0.4%).*
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Fig. 9. Isothermal (1200°C) cyclic creep behavior of 0° SCS-6 SiC,/ Si;N,. Specimens were cycled between stress limits of 200 and 2 MPa. For
loading histories with a finite recovery hold time, the total-strain recovery and creep-strain recovery ratios (R, = (g,, + &.x)/e, and
R, = &/t respectively) are shown adjacent to the creep curves. (A) 50-h creep/50-h recovery. (B) 50-h creep/0-s recovery. (C) 300-s creep/300-s

recovery. (D) 300-s creep/0-s recovery.

cycle every 50 h, without a recovery hold period, did not intro-
duce transient creep on reloading, the prior creep rate was
immediately reestablished (see Fig. 9(B)). A significant change
in primary creep behavior was found f{or the shorter-duration
300-s-creep/300-s-recovery cycles (Fig. 9(C)). For this loading
history, the duration of transient creep was reduced to less than
20 h, versus roughly 70 h for sustained creep at 200 MPa. The
insets in Fig. 9(C) show the creep behavior of the composite at
selected times. Beyond approximately 20 h, the strain versus
time curves showed very little hint of transient creep upon
reloading. As discussed below, the accumulated creep strain
was significantly less than that for sustained creep loading at
200 MPa. Compared to sustained creep at 200 MPa, no sig-
nificant change in overall tensile creep rate was found when the
recovery period was eliminated by rapid unloading and reload-
ing every 300 s; there was, however, a reduction in total accu-
mulated creep strain. The reduction in accumulated strain
appears to be caused by strain recovery that occurs during the
2-s unloading and 2-s reloading ramps (specimens were
unloaded and reloaded at a rate of 100 MPa/s—for the 300-s-
creep/0-s-recovery loading history this amounts to roughly
8000 s at stress levels below 200 MPa).

(B) Creep Strain Accumulation and Creep Rate: Figures
10 and 1! compare the strain—time behavior for cyclic and sus-
tained creep loading at 200 MPa. To reflect the shorter time
spent at maximum load during the cyclic creep experiments,
the cyclic creep data have been “compressed” by removing the
unloading periods and plotting only the data for the portions of
each cycie that were at a stress of 200 MPa. This procedure

allows a comparison of accumulated creep strain to be made for
an equivalent amount of time under maximum load. The cycle
period has a pronounced effect on creep behavior. For the 50-h-
creep/50-h-recovery cycles, only a moderate reduction in accu-
mulated creep strain was observed (Fig. 10). For an equivalent
time at 200 MPa, the higher-frequency 300-s-creep/300-s-
recovery cycles led to substantial reductions in accumulated
creep strain and strain rate (e.g., at 100 h the accumulated
strain is 60% lower and the creep rate 43% lower than that
found for sustained loading at 200 MPa, see Fig. 11). The
reduction in accumulated creep strain found for short-duration
cyclic loading is a consequence of the reduced duration of tran-
sient creep and the reduction in overall creep rate; as discussed
in the next section, strain recovery and accompanying changes
in the residual stress state of the composite are responsible for
these reductions.

(C) Strain Recovery: Significant strain recovery was
observed for the loading histories with a finite recovery hold
time. For single-cycle 200-h-creep/25-h-recovery experiments
(see Fig. 12), the creep-strain recovery ratio (R,,) was roughly
50% after 25 h of recovery; the total-strain recovery ratio was
approximately 45% to 46%. Far more dramatic creep-strain
recovery occurred during the multiple-cycle creep experiments
that were discussed above. For the four-cycle 50-h-creep/50-h-
recovery experiment (Fig. 9(A)), the creep-strain recovery ratio
(R.,) increased from approximately 38% for the first cycle to
82% on subsequent cycles. For the higher frequency 300-s-
creep/300-s-recovery experiment, R, increased from approxi-
mately 70% during the first few hours of cyclic loading, to 80%



May 1993

0.4 T T T
0° SiCy/SigNg
1200°C (air)

------ 200 MPa, continuous
200 MPa, cyclic

Strain, %

O 1 1 i
0 50 100 150 200
Time, h

Fig. 10. Comparison of the accumulated creep strain and tensile
creep rate for sustained loading at 200 MPa and long-duration cyclic
loading (50-h creep/50-h recovery) between stress timits of 200 and 2
MPa. Only the loading portions of the cyclic creep curve are shown
(the recovery segments were deleted, and the resulting curves were
shifted to the left to allow a comparison of creep strain accumulation to
be made for an equivalent time at the creep stress of 200 MPa).

at 20 h, and 90% at 50 h; thereafter, R, remained constant for
the duration of the 200-h experiment. Strain recovery provides
a powerful mechanism for the reduction of creep strain during
cyclic creep or fatigue loading. In the absence of cyclic crack
growth, the strain recovery is expected to significantly increase
the life of cyclically loaded structures.

(D) Microstructural Damage during Cyclic Loading: For
cyclic loading without a recovery hold time, the percentage of
fiber fractures was similar to that found for sustained loading at
200 MPa. When a 300-s or 50-h recovery hold time was
included, the number of fiber fractures decreased (less than
10% of the fibers were fractured for the specimen subjected to
300-s-creep/300-s-recovery cycles, and roughly 30% for the
50-h-creep/50-s-recovery cycles; this compares with approxi-
mately 40% fractured fibers for sustained loading at 200 MPa).
The decreased number of fractured fibers observed with cyclic
loading is attributed to the reduction in fiber stress that occurs
during the recovery periods. This brings up an important point:

0.4 Y T T
o° Sin/Si3N4 (30 vol.%)
1200°C (air)
0.3F 200 MPa (continuous) 7]
R B _h B vt
:T:: 0.2} sozaETEETTTT
X 200 MPa (300 s)
n T 2MPao's)
0.1 200 MPa (300 s) |
2 MPa (300 s)
o 1 1 L
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Fig. 11. Comparison of the accumulated creep strain and creep rate
for sustained loading at 200 MPa and for short-duration cyclic loading
(300-s creep/300-s recovery and 300-s creep/0-s recovery). For the
cyclic creep experiments, only the traces of the strain versus time
curves obtained at the creep stress of 200 MPa are shown. As in Fig.
10, the recovery segments of each cycle have been removed to allow a
comparison of accumulated creep strain to be made for an equivalemt
time at the creep stress of 200 MPa.
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Fig. 12. Creep-recovery behavior of specimens subjected to sus-
tained tensile creep for 200 h at 200 MPa, followed by 25 h of recovery
at 2 MPa. After 25 h of recovery, the total-strain recovery ratio (R, =
(egx T E.r)/€) was approximately 50%.

when strain recovery occurs, the rate of microstructural damage
and creep-strain accumulation may actually decrease under
cyclic loading.

(6) Discussion of Mechanical Driving Force for Strain
Recovery in Fiber-Reinforced Ceramics

The recovery ratios found for cyclic creep loading are larger
than those reported for monolithic Si;N,. For example, Arons
and Tien® observed less than 10% recovery in creep strain for
tensile creep experiments conducted with NC-132 Si;N, at
1204°C. Depending upon the amount of prestrain, Haig ef al.™
observed up to 40% strain recovery after tensile creep of a fine-
grained hot-pressed Si;N, at 1150°C. Strain recovery in mono-
lithic Si;N, is generally attributed to the presence of a glassy
grain-boundary phase.”” In addition to intrinsic strain recovery
of the matrix (in particular for Si;N,-based composites), two
additional mechanisms assist the strain recovery process in
fiber-reinforced ceramics: (1) intrinsic recovery of the fibers
upon a stress decrement (see Dicarlo” for a discussion of
anelastic recovery in SCS-6 fibers) and (2) a mechanical driving
force that arises from the residual stress state that develops in
the composite upon unloading. This residual stress state devel-
ops as a result of unequal creep rates and elastic constant mis-
match between the fibers and matrix. For the SiCy/Si;N,
composite examined, elastic unloading of the composite after
tensile creep places the matrix in compression and the fibers in
tension. In situ creep of the residually stressed fibers and matrix
will relieve the residual stresses if the temperature after
unloading is maintained high enough to permit time-dependent
creep of at least one of the constituents.

Insight into the changes in fiber and matrix stress that occur
during tensile creep and creep recovery can be obtained from
Fig. 13, which shows results obtained from an earlier finite-ele-
ment analysis of creep deformation in unidirectional SiC;/Si;N,
composites.® The analysis assumed that at 1200°C the fibers
creep at a much lower rate than the matrix. Two limiting cases
are shown: (1) perfect interfacial bonding and (2) complete
interfacial debonding. The actual interfacial condition would be
somewhere between these two ideal cases. For discussion pur-
poses it does not matter which interfacial condition is assumed,
since only the initial transient creep behavior is affected.* From
Fig. 13, the matrix stress reaches its maximum at the end of the
initial loading transient, after which the matrix stress relaxes as
load is shed to the fibers. Upon unloading from a stress of 200
MPa, elastic contraction of the fibers places the matrix in a state
of residual compression. It is important to note that the magni-
tude of this residual compressive stress is larger than that which
existed prior to initial creep loading. To balance the higher
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compressive stress in the matrix, the tensile stress in the fibers
will be greater than that which existed at the beginning of the
creep cycle. During the recovery hold time, the stresses in the
fibers and matrix relax (the matrix stress becomes less compres-
sive and the fiber stress less tensile). The extent of stress redis-
tribution that occurs during recovery is influenced by the
recovery stress and hold time. Upon reloading, a finite amount
of time is required to achieve the prerecovery stress level in the
fibers.

Since the stress state of the constituents affects their fracture
behavior and intrinsic creep rates (in particular, transient creep
rates), the recovery time can have an important effect on the
mode of creep damage and overall creep strain accumulation. If
a specimen was instantaneously unloaded and reloaded, only
elastic deformation would occur and the fiber stress would
immediately recover its prior level (in this limiting case, the
previous tensile creep rate of the composite would be immedi-
ately reestablished). In contrast, if a finite recovery hold time is
permitted, the fiber stress will rapidly decrease. During sus-
tained creep loading, the fiber stress will continue to increase
until all load is transferred from the matrix. In contrast, for
cyclic loading, the fiber stress relaxes during each recovery
hold period; upon reloading, the fiber stress is lower than it was
at the end of the previous creep period; in other words, the
buildup of stress in the fibers occurs at a slower rate than it does
under sustained tensile creep loading. Because the mechanical
driving force for recovery diminishes as the fiber and matrix
stresses relax, the rate of strain recovery decreases rapidly with
time. Since the rate of recovery decays in an approximately
exponential manner, the majority of recovery takes place
shortly after unloading. Thus, compared to fewer cycies of
longer duration, numerous short recovery cycles have a far
greater impact on reducing the overall rate of strain
accumulation.

(7) Postcreep Monotonic Tensile Behavior

Selected specimens were loaded to failure under monotonic
tension to ascertain if the various creep experiments had
changed the tensile behavior. The tensile experiments were con-
ducted in air at 1200°C. Figure 14 compares the typical mono-
tonic tensile behavior of a virgin specimen with that found for
specimens that were subjected to continuous creep at 0, 60, 90,
150, and 200 MPa. For most of the creep-loading histories
there was a slight reduction in ultimate strength (between 10%
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Fig. 13. Changes in fiber and matrix axial stress during creep and
creep recovery of SCS-6 SiC,/Si;N, (results obtained from a 2-D finite-
element analysis).* The [oading history assumed tensile creep at 200
MPa for 200 h, followed by recovery at 2 MPa for 100 h. The residual
stress state that exists after specimen unloading provides a mechanical
driving force for strain recovery. This mechanical driving force acts in
parallel with the intrinsic creep recovery processes that occur in hot-
pressed Si,N,*** and SCS-6 SiC fibers." As recovery progresses, the
driving force for further recovery rapidly diminishes.
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and 35%). In general, the residual strength decreased as the
prior creep stress was increased. The exception to this trend
was the zero-load creep experiment, which showed the lowest
residual strength. The reason for this deviation is not known at
this time, however, since only one specimen was tested at zero
load; this result may simply represent statistical scatter in the
strength. In general, a slight reduction (typically <5%) in mod-
ulus was found after sustained and cyclic creep loading.

The reduction in ultimate strength after tensile creep defor-
mation can be explained with reference to Fig. 13, which shows
the predicted changes in residual stress state that occur during
tensile creep and strain recovery ot a SiC;/Si;N, composite.
Immediately after specimen unloading, the residual tensile
stress in the fibers will be higher than the tensile stress that
existed at the start of the creep experiment. Since the tensile
stress in the fibers controls the ultimate strength of the compos-
itc, the composite will fracture at a lower applied load. It is
important to note that the fiber stress will relax if held at tem-
perature after unloading; thus, the tensile behavior will be
influenced by the amount of time that a specimen is held at tem-
perature prior to tensile testing.

As shown in Fig. 15, the composite exhibited minimal fiber
pullout during postcreep monotonic tensile testing. The average
fiber pullout length increased only slightly after creep loading
(typically of the order of 1 mm compared to less than 0.5 mm
found after the monotonic tension testing of virgin specimens at
1200°C). This minimal fiber pullout is consistent with the linear
stress—strain curves obtained for virgin and crept specimens.

(8) Implications of Results for Cyclic Creep Testing and
Determination of Postcreep Residual Strength

As noted earlier, the strain recovery that occurs in fiber-rein-
forced ceramics imparts a strong loading history dependence to
cyclic creep behavior. With regard to creep testing there are
several practical consequences of strain recovery:

(1) Careful attention must be given to the rate of loading
and unloading used during cyclic creep experiments. Figure 11
shows that even rapid 2-s-loading/2-s-unloading ramps (100
MPa/s) can influence primary creep behavior and total strain
accumulation during cyclic creep with a 300-s hold at 200 MPa.
It is therefore important to specify the precise loading transients
and hold times used in cyclic creep experiments.

(2) Because strain recovery and relaxation of residual
stresses occur upon specimen unloading, the postcreep residual
strength of a composite will be influenced by the amount of
time that a specimen is held at elevated temperature prior to ten-
sile testing. Thus, in addition to specifying the prior loading

400 T — :
0°SIC/SigN, (30 vol.%) V9" /' 200 MPa
1200°C (air) 150 MPa - /-~ - 90MPa

o 300 /7 80 MPa
o , A
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=
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Fig. 14. 1200°C monotonic tensile behavior of 0° SCS-6 SiC,/Si,N,
specimens crept for 200 h at 1200°C. All tension tests were performed
within 30 s of removal of the creep stress. In all cases, the specimen
strength decreased after creep exposure.
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Fig. 15. SEM micrograph showing fiber pullout observed after post-

creep monotonic tensile testing of a specimen that had been subjected
10 200 h of cyclic creep between stress limits of 200 and 2 MPa.

ied

history of a specimen, it is recommended that the precise ther-
mal history of the specimen be included when reporting resid-
ual strength measurements.

(9) Implications of Results for Life Prediction and
Engineering Design

The total strain that accumulates during cyclic loading is an
important design parameter for many components. It is appar-
ent that under certain cyclic loading conditions, such as cyclic
loading with a short duration tensile hold and finite recovery
time, component lifetime, based upon total accumuiated strain,
will actually be extended when compared to sustained creep
loading. This increase in life is contrary to what is typically
expected for cyclically loaded structures and points to the need
to further study the influence of cyclic loading on the creep
behavior of continuous-fiber composites.

It may be possible to use knowledge of the creep-strain

recovery behavior of composites to increase the service life of

future components manufactured from fiber-reinforced ceram-
ics. For example, components that are subjected to tensile creep
could be periodically removed from service and isothermally
exposed in a furnace under zero load to allow a relaxation of the
residual tensile stress in the fibers by strain recovery. This
approach would provide a straightforward means by which the
life of turbine components and heat exchangers could be
extended.

Finally, although the proportional limit stress has been
shown to provide a rough predictor of fatigue life for fiber-rein-
forced SiCy/Si;N, composites,™ no such correlation for creep
life was observed in this or earlier” creep studies. For example,
for the particular SiC,/Si;N, composite used in this investiga-
tion, which had no distinct proportional limit, creep failures
were observed entirely within the linear region of the initial
monotonic tensile curve.

(10) Implications of Results for Microstructural Design
The design of composite microstructures for improved creep
resistance is a topic that has received very little attention but is
crucial to the use of brittle-matrix materials in applications
where creep loading will be encountered. In the present sec-
tion, the effect of increasing fiber volume fraction or increasing
matrix creep resistance on the overall creep behavior of fiber-
reinforced composites is discussed. Since fiber creep controls
the long-term creep behavior of the hot-pressed SiC,/Si;N,
composites that were investigated, an increase in fiber fraction
would decrease the creep rate and total strain accumulation.
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With an increase in fiber fraction, the average fiber stress
decreases and the applied (far-field) stress required to initiate
matrix cracking increases. An increase in the matrix cracking
threshold would reduce the likelthood that matrix fracture
would occur during initial creep loading. It is also important to
recognize that the threshold stress for tensile creep, and the
amount of strain recovery during cyclic loading, would also be
increased by a larger volume fraction of fibers. With regards to
the threshold stress for creep, one could tailor the volume frac-
tion of fibers to provide a creep threshold for creep deformation
that is above the design stress of a component; designing to a
threshold stress would greatly simplify component design.

At low stresses, advanced monolithic silicon nitrides, pro-
cessed by hot-pressing’ or reaction bonding,™® have been
shown to have a lower creep rate than the hot-pressed SiC,/-
Si;N, composites studied here. Thus, at first glance, it would
appear that the creep resistance of SiC/Si;N, composites could
be improved by using more creep-resistant matrix formulations.
However, many of the matrix formulations that provide good
creep resistance in monolithic form are not amenable to consol-
idation when used to manufacture SiC/Si;N, composites by
hot-pressing. Moreover, other issues must also be examined.
For example, if the matrix creeps at a lower rate than the fibers,
matrix fracture could occur as load is shed from the fibers to the
matrix. For tensile creep loading, this leads to the intercsting
conclusion that, to reduce the buildup of matrix stress and
accompanying matrix-initiated creep failure, it may be desir-
able to use a matrix that creeps at a higher rate than the fibers.

From the above discussion, it is apparent that increasing the
volume fraction of fibers would be the preferred approach for
reducing creep rate and strain accumulation in fiber-reinforced
ceramics. However, it is important to note that microstructural
changes that improve creep resistance, such as increasing the
matrix cracking threshold or increasing interfacial shear stress,
can have deleterious effects on composite toughness. A delicate
balancing act involving changes in the various microstructural
parameters will be required to design a composite for applica-
tions requiring a combination of high toughness and creep
resistance.

IV. Conclusions

The tensile creep and creep recovery behavior of a hot-
pressed 0° SCS-6 SiC,/Si;N, composite was investigated at
1200°C in air. The following conclusions can be made regard-
ing the tensile creep and creep-recovery behavior of the
composite:

(1) Periodic fiber fracture was identified as a fundamental
damage mode that occurs during long-duration tensile creep
loading. Load transfer from the matrix to the more creep-resis-
tant SCS-6 fibers causes the fiber stress to progressively
increase during creep, leading to fiber fracture. This damage
mechanism would be expected to occur in other fiber-reinforced
ceramics where the creep rate of the matrix exceeds that of the
fibers.

(2) A threshold stress was identified for tensile creep defor-
mation at 1200°C. At a stress of 60 MPa, the creep rate
approached zero within 50 h. The near-zero creep rate is attrib-
uted to an apparent threshold stress for creep deformation of
SCS-6 SiC fibers at 1200°C. Assuming, as a limiting case, that
the matrix does not contribute appreciably to the creep strength
of the composite would give an approximate threshold stress for
fiber creep of 200 MPa. It was proposed that the threshold
stress for creep could be used as a design parameter, and that the
threshold stress for composite creep could be increased by
increasing the volume fraction of fibers.

composite exhibited a low stress ﬁensmvuy. When fit to a pow-
er-law relationship between creep rate and applied stress (¢ =
Bo", where ¢ is the creep rate, B is a constant, and o is the
applied stress), the stress exponent, #, was approximately 1.0.
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(4) The tensile creep life of the composite at 250 MPa was
strongly influenced by initial loading history. When specimens
were loaded to the creep stress in 2.5 s (100 MPa/s), failure was
observed in under 400 s. In sharp contrast, loading to the creep
stress in 1000 s (0.25 MPa/s) gave creep rupture lives of 120 h
or greater. The increase in creep life is attributed to relaxation
of the matrix stress that occurs during slow loading. This relax-
ation reduces the likelihood of matrix fracture during loading
and during the initial stage of transient creep.

(5) The creep rate obtained from stress-increment experi-
ments was similar to that found from individual sustained-load
creep experiments. These results indicate that rising-load
stress-increment experiments, commonly used to characterize
the creep behavior of metals and monolithic ceramics, are a via-
ble approach for determining the creep rate of ceramic matrix
composites. As a consequence of creep strain recovery during
specimen unloading, stress-decrement or strain-decrement
experiments would not be suitable for determining the stress
dependence of creep rate.

(6) Dramatic strain recovery was observed during cyclic
creep loading. The amount of strain recovery was influenced by
cycle duration. For example, creep-strain recovery ratios
approaching 80% were observed during long-duration (50-h-
creep/50-h-recovery) creep cycles between stress limits of 200
and 2 MPa. For the same stress limits, the creep-strain recovery
ratio increased to 90% for shorter-duration (300-s-creep/300-s-
recovery) creep cycles. In fiber-reinforced composites, the
recovery process is assisted by the residual stress state that
develops in the composite upon specimen unloading.

(7) The extent of primary creep was significantly reduced
for cyclic loading with a finite recovery hold time. Under sus-
tained creep loading at 200 MPa, primary creep persisted for
approximately 70 h. For cyclic loading with a 300-s hold at 200
MPa, followed by rapid unloading and reloading (without a
recovery hold time), the duration of primary creep was again
roughly 70 h. These results compare with less than 20 h of pri-
mary creep observed for a cyclic loading with a 300-s hold at
200 MPa followed by 300 s of recovery per cycle.

(8) Strain recovery led to significant reductions in total
accumulated creep strain and overall creep rate. For a maxi-
mum cyclic stress of 200 MPa, the lowest overall strain accu-
mulation and creep rate occurred when specimens were
subjected to short-duration cyclic loading (300-s creep/300-s
recovery). A change in the primary creep behavior of the com-
posite was largely responsible for the reduction in accumulated
creep strain during cyclic loading. Reductions in the duration of
primary creep and overall creep rate are attributed to changes in
the residual stress state of the fibers and matrix that occur dur-
ing the unloading portion of the creep cycle (in the absence of a
recovery hold time, the primary creep behavior and creep rate
of the composite were essentially unchanged).

(9) It was proposed that knowledge of the creep strain
recovery behavior of composites could be used to increase the
lifetime of components subjected to sustained or cyclic creep
loading. Tensile creep deformation in a composite leads to the
development of significant residual tensile stresses in the con-
stituent that has lower creep rate. Pertodic removal of a crept
component from service, followed by isothermal heating under
zero load, would decrease the residual stress and accumulated
creep strain.
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