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This study reports the flexural creep behavior of a fiber-
reinforced glass-ceramic and associated changes in micro-
structure. SiC fibers were coated with a dual layer of SiC/
BN to provide a weak interface that was stable at high
temperatures. Flexural creep, creep-rupture, and creep-
strain recovery experiments were conducted on composite
material and barium-magnesium aluminosilicate matrix
from' 1000° to 1200°C. Below 1130°C, creep rates were
extremely low (~10~° s™'), preventing accurate measure-
ment of the stress dependence. Above 1130°C, creep rates
were in the 10~® s~ range. The creep-rupture strength of
the composite at 1100°C was about 75-80% of the fast
fracture strength. Creep-strain recovery experiments
showed recovery of up to 90% under prolonged unloading.
Experimental creep results from the composite and the
matrix were compared, and microstructural observations
by TEM were employed to assess the effectiveness of the
fiber coatings and to determine the mechanism(s) of creep
deformation and damage.

I. Introduction

FIBER-REINFORCED glass-ceramic composites are being devel-
oped for high-temperature applications because of the inher-
ent thermal and chemical stability of ceramics, the suitability of
glass-ceramics to composite fabrication, and the benefits of
fiber reinforcement.'? Critical to the success of fiber-reinforced
ceramic matrix composites (CMCs) is the presence of a “weak”
fiber/matrix interface that is also stable at high temperatures.™
Recently, CVD-coated fiber-reinforced glass-ceramic matrix
composites have shown excellent mechanical properties and
good thermal stability.” These composites are candidate materi-
als for high-temperature structural applications, particularly in
gas turbine engines. However, before the materials can be reli-
ably used in structural applications at high temperatures, it is
necessary to know and understand the long-term mechanical
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behavior, particularly the resistance to creep and fatigue. Under
conditions of high temperature and applied stress, deformation,
diffusion and interfacial reactions often occur, and these pro-
cesses can lead to microstructural damage. Accumulation of
microstructural damage degrades critical mechanical properties
and eventually results in composite failure. Knowledge of the
creep behavior is thus important both for material evaluation
and as a basis for design of composite structures.

In recent years, research on the mechanical properties of
fiber-reinforced composites has focused on fracture mecha-
nisms and on improving room-temperature toughness. Rela-
tively few studies have been carried out to determine the creep
and creep-recovery behavior of these composites, especially at
temperatures above 1000°C, the temperature range targeted for
future applications. The objective of the present study is to
determine the creep and creep-strain recovery behavior of a
fiber-reinforced glass-ceramic composite. The creep deforma-
tion mechanisms are investigated by correlating the creep prop-
erties of the composite with those of the matrix material and
the reinforcement, and also with macro- and microstructural
observations of the crept samples.

II. Experimental Procedure
(1) Material

(A) Composites: The composite material selected for the
present study consisted of a barium-magnesium aluminosilicate
(BMAS) matrix reinforced with small-diameter SiC fibers
(product designation Nicalon NLM 102, from Nippon Carbon
Co., Ltd, Tokyo) coated with dual layers of BN and SiC depos-
ited by CVD. The SiC fibers are reportedly synthesized by
pyrolysis of a polycarbosilane-type precursor, resulting in
nanocrystalline grains (~2 nm) and excess carbon and oxygen.’
The BN coating was applied to the fibers by CVD at 1000°C
using a proprietary precursor (3M Company, St. Paul, MN)
chosen to give an approximate composition of 40 at.% B,
40 at.% N, and 20 at.% C. Carbon was deliberately added to
prevent decomposition and strength degradation of fibers dur-
ing the process. The oxygen content of both the SiC and BN
layers was measured by Auger spectroscopy to be <3%. The
tensile strength of the coated fibers was 1860 = 255 MPa. The
BMAS matrix was formulated to yield the barium osumilite
composition on crystallization (BaMg,Al(Si;ALOy,)), follow-
ing the procedures described in Ref. 7. Composite panels
(100 mm X 100 mm) were fabricated by hot-pressing a lay-up
of 0/90° plies at 1450°C for 5 min under 6.9 MPa pressure,
resulting in fiber loadings of ~50 vol%. After hot pressing, the
composite panels were cut into bars and heat-treated in argon at
1200°C for 24 h in order to crystallize (or “ceram”) the BMAS
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Table I. Flexural (Three-Point) Properties of 2D BMAS/SiC/BN/Nicalon Fiber Composites

(Eight Plies)
o (MPa)
Room temperature High temperature
As-pressed Ceramed 550°C, O0,, 100 h 1200°C, air, 500 h 1100°C 1200°C 1300°C
655 675 620 510 648 565 248

matrix to the barium osumilite phase. Composites consisting of
lay-ups of eight or sixteen alternating 0/90° plies were pro-
duced. The flexural and tensile properties of the eight-ply
composite are listed in Tables I and II, respectively.

(B) BMAS Glass-Ceramic: The unreinforced BMAS glass-
ceramic samples were fabricated by the same procedure as the
composites, although slightly different processing conditions
were required. Hot pressing was performed under 6.9 MPa
pressure at 1050°C for 10 min, instead of at 1450°C for 5 min.
This modification was required because at 1450°C in the
absence of fiber reinforcement, the viscosity of the glass was
too low to allow pressing without loss of material. The samples
were then ceramed in argon at 1200°C for 24 h, just as the
composites were. The flexural properties of the BMAS glass-
ceramic are listed in Table III. The phase distribution and the
grain morphology were slightly different from the composite
matrix because of the different processing conditions and nucle-
ation mechanisms. (In the composites, the fibers provide abun-
dant nucleation sites for crystallization of the glass.) Barium
osumilite was the dominant phase in the unreinforced glass-
ceramic, although there was more cordierite and celsian than in
the composite. Nevertheless, the glass-ceramic microstructure
was sufficiently similar to the composite matrix to be useful as
a control for the investigation of creep.

(2) Creep Experiments

(A) Composites: Creep experiments were performed in
air using three-point and four-point bending fixtures in a dead-
weight loading system. For four-point flexural creep experi-
ments, specimens with eight 0/90° plies (~75.0 mm X 5.1
mm X 1.3 mm) and sixteen 0/90° plies (~75.0 mm X
5.1 mm X 2.7 mm) were tested. A fixture with outer and inner
spans of 63.5 and 19.0 mm was used for specimens 2.7 mm
thick, while for specimens 1.3 mm thick, a fixture with outer
and inner spans of 40.0 and 19.0 mm was used. Creep experi-
ments were conducted at 1000° to 1200°C under applied
stresses of 100 to 670 MPa. For three-point flexural creep
experiments, specimens with sixteen 0/90° plies (~75.0 mm X
5.1 mm X 2.7 mm) were tested and a fixture with an outer span
of 63.5 mm was used. Creep experiments were conducted at
1100° and 1200°C with applied stresses of 100 to 670 MPa. In
both cases, the deflection was measured directly at the specimen
so that creep effects in the loading rollers and the load train had
no influence on the measurement. The displacement of the
specimen was monitored with a linear variable-differential
transducer. A linear elastic analysis was employed to calculate
the corresponding stress and strain values, based on the assump-
tion that the stress gradient began and remained linear during
the test.® All stresses reported were equal to the magnitude of
the maximum outer-fiber stress. Because the analysis used is
appropriate only for small deflections (~1-2% outer-fiber
strain), the experimental creep strains generally were kept
within this range, except for creep-rupture experiments. A plot
of strain versus time was used to determine that a constant creep
rate (or minimum strain rate) was reached and maintained. The

Table II. Elevated-Temperature Tensile Properties of
2D BMAS/SiC/BN/Nicalon Fiber Composites (Eight Plies)

stress (or the temperature) was then changed incrementally, and
the procedure was repeated. Upon completion of a test, samples
were cooled rapidly at an approximate rate of 50°C/min under
constant load in an effort to retain the deformed microstructure.

The creep-strain recovery behavior of the composite was
investigated by loading—unloading experiments. The specimens
were first crept, then unloaded instantaneously and held at a
stress of 10 MPa for 5 to 24 h. A single experiment usually
included two or three cycles.

(B) BMAS Glass-Ceramic: Three-point flexural creep
experiments were performed on the glass-ceramic samples. The
dimension of the specimens was ~100.0 mm X 5.1 mm X
3.4 mm. A fixture with outer span of 63.5 mm was used. Creep
experiments were conducted at 1100° to 1200°C under applied
stresses of 40 to 130 MPa.

(3) Macro- and Microstructural Observations

Direct observations of the crept specimens were made using
optical microscopy. The microstructures of the crept specimens
were studied using analytical and high-resolution transmission
electron microscopy (HRTEM). Thin foils for TEM were pre-
pared in a conventional manner by mechanical polishing, dim-
pling, and ion milling. Specimens were examined using a
JEOL 2010 microscope fitted with a Noran X-ray spectrometer
capable of light-element detection.

III. Results and Discussion

(1) Flexural Creep Behavior

(A) Composites: A series of four-point flexural creep
experiments were performed at constant temperature and incre-
mentally increased stress to study the creep behavior of the
composite over a wide range of stresses. The creep data from a
typical experiment conducted at 1100°C are presented in Fig. 1.
The specimen was 1.3 mm thick in this case. For each value of
stress, a brief (4-5 h) period of transient creep was followed by
a long period in which the creep rate was apparently constant.
The creep rates during these prolonged periods were in the
107° s7! range, and because the rates were so low, the stress
dependence of the creep rate could not be accurately measured.
For this sample, creep rupture occurred at 560 MPa. Similar
creep behavior was observed for thicker specimens (2.7 mm in
thickness), except that thicker specimens tended to fail at lower
stress levels (~400 MPa). The fast fracture strength for thin and
thick specimens was 760 and 500 MPa, respectively. Thus, both
thick and thin samples failed in flexural creep at ~75-80% of
the fast fracture strength.

The peculiar creep behavior presented in Fig. 1 was unex-
pected. To test the validity of the measured strain rates and to
explore possible effects of loading geometry, three-point flex-
ural creep experiments were conducted under similar condi-
tions. The results from three-point bending tests were consistent
with those from four-point tests. The strain—time curves were
similar in shape and the measured creep rates were also in the

Table III.  Flexural (Three-Point) Properties of the
BMAS Glass-Ceramic

Temperature (°C) UTS (MPa) PL (MPa) E (GPa) € (%) Temperature MOR (MPa) E (GPa) €, (%)
1100 300 61 69 0.78 RT 137 100 0.14
1200 294 28 62 0.88 1100°C 115 93 0.12
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Fig. 1.

107 s7' range. The specimens, which were 2.7 mm thick,
typically failed at ~400 MPa, just as in the four-point flexure
experiments. In addition to flexural creep experiments, a tensile
creep experiment was conducted in air at 1100°C under an
applied stress of 103 MPa.® The specimen survived the 266-h
test and the steady-state creep rate also was in the 107° s™*
range. Thus, the results from the four-point flexural creep
experiments were deemed reliable.

The effect of temperature on creep rate was also investigated.
Figure 2 shows the result of an experiment conducted under a
constant stress of 250 MPa, periodically increasing the temper-
ature in 30°C increments. The specimen was held for at least
24 h at each temperature level. From 1000° to 1130°C, the
nominally constant creep rates were all on the order of 107 57",
while creep rupture occurred quickly above 1160°C at this
stress level (250 MPa). An attempt to determine an activation
energy for creep from an Arrhenius plot of log (¢)-log (1/T)
was inconclusive because the creep rates were so low that
differences between them were undetectable. However, there
was clearly an effect of temperature that became apparent above
~1150°C. For example, at 1200°C, the steady-state creep rates
of the composites were in the 107® s™' range, an order of
magnitude larger than those at 1100°C. Furthermore, the creep-
rupture strength at 1200°C was only half of that at 1100°C and
45% of the corresponding fast fracture strength. These results
indicate a critical temperature between 1130° and 1160°C,
above which the flexural creep properties of the composite
degrade significantly.

(B) BMAS Glass-Ceramic: The BMAS glass-ceramic
was extremely brittle and exhibited negligible strain-to-failure
in flexural creep experiments. Upon loading, a constant strain
rate was obtained after a period of transient deformation. The
constant strain rates were in the range of 107° s™' at all stress
levels from 40 to 115 MPa. At ~130 MPa, the samples failed
catastrophically. By fixing the applied stress and incrementally
increasing the temperature from 1100° to 1200°C, the softening
temperature of the BMAS glass-ceramic was found to be
~1140°C.

The creep deformation mechanisms of the composite were
studied by correlating the creep properties with those of the
matrix material and the reinforcement. The tensile creep behav-
ior of the SiC fibers at high temperatures was first investigated
by Simon and Bunsell."” Using the same SiC fiber (NLM 102
Nicalon), they found that there existed a temperature-dependent
threshold stress for creep in the 1100-1300°C temperature
range. Below the threshold stress, the creep rates were lower
than 107® s™', while above the threshold, the creep rates were in

Time (hrs;
75 100 125 (hrs)

Strain vs time curve of a 1.3-mm-thick specimen subjected to different stress levels at 1100°C (four-point).

the range of 107® s™'. The threshold stresses for tensile creep at
1100° and 1200°C were 600 and 50 MPa, respectively. Compar-
ing their data with the results presented here, it appears that the
creep behavior of the composite is controlled by the creep
response of the SiC fibers. For example, at 1100°C, the creep-
rupture strength of the composite was below the threshold stress
for fiber creep, and presumably the SiC fibers did not undergo
appreciable creep. Most if not all of the deformation that
occurred in the fibers was elastic, resulting in composites with
creep rates comparable to the fibers (~107° s™"). On the other
hand, most of the stress levels investigated at 1200°C were
above the threshold stress (50 MPa), and the composite creep
rates were comparable to those of the fibers alone (~107%s™").
The difference in the reported threshold stress for fiber creep at
1100° and 1200°C indicates that the fibers are less resistant to
creep at 1200°C. This phenomenon, plus the fact that the
observed softening temperature of the BMAS glass-ceramic
was ~1140°C, resulted in degradation of the composite creep
properties at 1200°C.

Creep behavior of composites similar to those studied in the
present work has been reported in the literature, and compari-
sons provide useful insights. For example, flexural and tensile
creep experiments have been conducted on calcium aluminosil-
icate (CAS) composites reinforced with 0° and 0/90° SiC fibers,
resulting in transient creep behavior (decelerating creep rates)
for all stress levels employed.'" Unlike the composites used in
the present study, however, the fibers were uncoated, and the
test temperature was slightly higher (1200°C).""~" During creep
deformation, abnormal grain growth reportedly occurred in the
SiC fibers, initiating at the interface and advancing radially
inward. If a diffusional creep mechanism is assumed, an
increase in the average fiber grain size should reduce the creep
rate of the fibers, contributing to the transient decrease observed
in the creep rate of the composite. Recent work has revealed
that microstructural changes such as grain growth in embedded
fibers are stimulated by diffusion of oxygen and/or other matrix
species from the matrix."* However, in the present study, abnor-
mal grain growth was prevented by the fiber coatings, which
effectively prevented diffusion across the interface. As a result,
the fiber microstructures were stable for long-term exposures
up to 1200°C (Section III(4)). Thus, the differences in creep
response between the CAS composites and the BMAS compos-
ites studied here can be attributed partly to the dynamic changes
in fiber microstructure that occurred in the former material."
Multiple processes may be occurring during the initial period
of primary creep. The weak BN coating applied to the fibers in
this study may allow stresses to redistribute efficiently during
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Fig. 2. Strain vs time curve of a creep experiment performed with incrementally increased temperature and constant stress level (four-point).

initial loading, leading to a constant creep rate after a relatively
short period (4-5 h) of transient creep. In addition, provided the
stress and temperature are sufficient, matrix flow can permit the
fibers to straighten upon loading.

(2) Creep-Strain Recovery Behavior of the Composites

The creep-strain recovery behavior of a composite provides
an indication of the amount of recoverable deformation intro-
duced during a loading period, and indicates how a simple
loading history of practical relevance influences the accumu-
lated creep strain. A sample time—strain curve for two loading—
unloading periods is shown in Fig. 3. During loading, the total
deformation consists of an instantaneous deformation (g;,) and
the creep deformation (g.,). During unloading, the deformation
recovered instantaneously is €, while the (time-dependent)
creep-strain recovery is €., x. The creep-strain recovery ratio R..,
has been used to quantify the amount of creep-strain recovery

Strain

€in,R

>

8cr,R

Il 1 n " . L i J Time

Fig. 3. Definition of some variables used to characterize the creep
deformation and the strain recovery during loading—unloading
experiments."

that occurs during unloading. R, is defined as the creep strain
recovered during a particular unloading cycle divided by the
creep strain for the cycle."

R' = 8cr,R/acr (1)

cr

The creep and strain recovery behavior of the BMAS com-
posite was studied through loading—unloading experiments.
Figure 4 shows the results of a typical creep-recovery experi-
ment involving three cycles with increasing loads for each
cycle. (The specimen was 2.7 mm thick and typically failed at
about 400 MPa.) For the first cycle, the instantaneous deforma-
tion (g,,) upon loading was larger than the strain recovered upon
unloading (€, + €.r), implying that permanent deformation
occurred during loading. The permanent deformation was
caused primarily by matrix cracking and crack propagation
along the fiber/matrix interface, because both the stress and
strain levels (222 MPa and ~0.40%) were well above the fail-
ure strength and the failure strain of the BMAS glass-ceramic
(~110 MPa and 0.13%). The creep-strain recovery ratio was
about 55% for the first two cycles (unloaded for 5.6 h), and
70% for the third cycle, for which the unloading period was
20 h. In recent creep recovery experiments on similar compos-
ites, Wu and Holmes reported a 49% creep-strain recovery ratio
for 0/90° SiC-fiber-reinforced CAS composites during tensile
creep at 1200°C in argon.'” Figure 5 shows the creep and strain
recovery for three cycles using identical loads but different
unloading periods. The creep-strain recovery ratios were differ-
ent for the three cycles. For the first cycle, which had the
shortest unloading period, R, was 50%. For the second cycle,
the unloading period was nearly 3 times as long, and R, was
58%. This recovery ratio was similar to the recovery observed
in Fig. 4 for the same applied stress (222 MPa). The third cycle
involved a longer recovery period, and the measured recovery
ratio was 91%.

The large creep-strain recovery observed in this composite
system derives from several factors, including the creep proper-
ties of the constituents, the interfacial bonding, and the fiber
distribution. For example, at 1100°C, the stress applied to the
composite generally was below the threshold stress for fiber
creep. Consequently, the SiC fibers deformed elastically while
the matrix underwent creep. Upon unloading, elastic contrac-
tion of the fibers supplied a driving force for recovery. Because
the temperature of the composite was maintained after
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Fig. 4. Creep and strain recovery (four-point), with increasing loads for each cycle.

unloading, the fibers and the matrix relaxed, resulting in anelas-
tic strain recovery of the composite. The recovery process was
also affected by the degree of interfacial debonding that, in
turn, controlled the load transfer between the fibers and the
matrix. In this composite system, the BN layer provided a
weakly bonded interface that also achieved effective load trans-
fer, reducing the time needed to reach stress equilibrium
between the fibers and the matrix. Holmes and Wu recently
reported that significantly more strain recovery could be
obtained from 0/90° composites than from unidirectional com-
posites.' They concluded that the 90° (transverse) fibers pro-
vided significant resistance to axial creep deformation through
lateral constraint. Thus, in the present study, residual stresses in
the transverse direction should also contribute to the driving
force for axial contraction upon unloading.'® However, large
strain recovery is only obtained when the applied stress during
loading is low or moderate. If the stress level is close to the

1100°C

Strain

0.005 ;
222MPa

o004 [.222MPa

0.003

0.002 -

L

Rer = 58%

0.001 - K

Rer = 50%

failure strength, extensive microstructural damage is generally
introduced during the loading period. Such damage results in
permanent strain that cannot be completely recovered during
unloading. This can be shown by comparing the R, value of the
third cycle in these two cases. For an applied stress of 303 MPa,
or ~75% of the ultimate strength, only 69% of the creep strain
was recovered after a 20-h unloading period, while for 222 MPa
applied stress (~55% of the ultimate strength), 91% recovery
was obtained after a 25-h unloading.

(3) Failure Features of the Composites

Microscopic examination of the creep-ruptured specimens
revealed the distribution of damage in creep-rupture samples.
Failure consistently occurred under the load pins during both
four-point and three-point creep-rupture experiments. Figure 6
shows that beneath the loading points, transverse cracking and
delamination cracking initiated in the 90° plies and propagated

222MPa

Rer=91%

| i . i . I

0.000 L
0 25

* Time (hrs)
50 75

Fig. 5. Creep and strain recovery (four-point), with same loads for each cycle.

{
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Fig. 6. Failure occurred at the loading points during creep-rupture
experiment.

through the matrix into the 0° plies, resulting in fiber/matrix
debonding. The composite eventually failed by fiber rupture
with extensive fiber pull-out in the 0° plies. The stress concen-
tration under the loading pins became progressively severe
as damage accumulated, although our results indicate that
extensive fiber rupture occurred only at the highest stress levels.

Composite failure under three-point loading involved forma-
tion of a hinge under the loading pin. At 1200°C, the creep-
rupture strength of the composite was ~240 MPa, although
hinge formation was observed at lower stress levels (212 MPa).
The profile of a typical creep-rupture sample is shown in
Fig. 7(a). Fiber buckling on the compression side of the sample
was often observed in the top ply. A similar specimen crept at
1200°C under 184 MPa applied stress was uniformly bent with
no hinge formation under the load pin, as shown in Fig. 7(b). In
general, hinge formation did not occur until the applied stress
approached the ultimate strength of the composite, leading to
the conclusion that at stress levels lower than ~70% of the
creep-rupture strength, the- aforementioned linear elastic analy-
sis could be applied to obtain valid flexural stress and strain
values.

Vol. 78,No. 5

(4) TEM Observations of Composites after Creep Tests

The microstructure of the crept specimens was examined
by transmission electron microscopy. Oxidation was generally
confined to the near-surface region and the reacted layer was
less than 30 wm thick. No major changes were observed in the
sample interiors (beneath the near-surface region). Figure 8
shows a typical interface region after creep at 1100°C. Both the
BN coating and the SiC overlayer are intact and show no
evidence of change from the pretested condition. Likewise, the
fiber shows no evidence of grain growth or reaction with the
matrix or coating. The only change apparent in such images is
the formation of subtle dual sublayers at the fiber/BN interface,
evident as light and dark strips. These nanoscale layers were
carbon-rich (fiber side) and silica-rich (BN side), respectively,
and were produced by a carbon-condensed solid-state oxidation
reaction.”” Occasionally, slight coarsening of the BN layer
occurred because of matrix element diffusion or liquid infiltra-
tion, possibly through cracks in the SiC overlayer."” Analysis
of SAD patterns and EDS spectra indicated that neither the
microstructure nor the composition had changed significantly
in the SiC fiber, the BN coating, the SiC coating, or the matrix
during creep at 1100°C. These observations indicate that the
composite microstructure was stable under the stress—tempera-
ture conditions employed.

IV. Conclusions

The flexural creep and creep-rupture behavior of dual-coated
fiber-reinforced glass-ceramic composites was investigated. At
temperatures up to 1130°C, the constant creep rates were in the
range of 107° s7!, while at 1200°C, the constant creep rates
were an order of magnitude larger. At 1100°C, the composite
failed in flexural creep at ~75—-80% of the fast fracture strength.

The 0/90° fiber-reinforced composites exhibited large creep-
strain recovery, indicating that the creep deformation of the
composites was viscoelastic. Furthermore, the results suggest
that creep strains can be totally recovered after long-term heat
treatment at high temperatures and under zero-load conditions,
provided that the applied stress is sufficiently low to prevent
extensive microstructural damage during initial loading and
subsequent creep.

The dual SiC/BN coating applied to the SiC fibers provided
an effective barrier to reaction and diffusion, resulting in com-
posites that were microstructurally stable under long-term

(a)

(b)

Fig. 7. (a) Profile of a specimen creep ruptured at 212 MPa (1200°C, three-point). Notice hinge formed under the loading pin. (b) Profile of a

specimen crept at 184 MPa without failure. No hinge formed.

85U8017 SUOWILIOD AIIERID 3|t jdde ay) Ag peusenob aie 9l O ‘8sN J0 S8|nJ 10j ArIqITaUIIUQ AB]1A UO (SUOTIPUOD-PUB-SWR)ALIOD A8 1M AReIq 1 U1 UO//SANY) SUORIPUOD PUB SULB | 34} 89S [2202/TT/ST] U0 ARIqIT8UljuO AB|IM BILI0}IED UBYINOS JO AISRAIUN AQ X'G/¥B00YSE6T 9T62-TSTT [TTTT 0T/I0p/W0D A8 1M Alelq 1[eul [UO'SOILLIRI80//:SANY WO papeojumoq ‘G ‘S66T ‘9T62TSST



May 1995

Fig. 8. Interfacial region in crept composite (1100°C, four-point).

exposure to high temperatures and stresses. In addition, the BN
coating has proved to provide the desired weak interfacial bond
between the fibers and the matrix. Under low and moderate
applied stress, this interfacial layer allows stress redistribution
to occur efficiently. During initial loading, stress redistribution
leads to steady-state creep after a brief transient, while during
prolonged unloading, it results in large strain recovery. On the
other hand, when the applied stress is close to the ultimate
strength of the material, the BN coating allows debonding to
occur, resulting in extensive fiber pull-out. These energy-
absorbing processes contribute to the high toughness of the
composite, as reported previously.” The results described here
lead to the conclusion that the dual coating of fibers constitutes
a valid approach to the design of interfaces in continuous fiber-
reinforced composites, resulting in a combination of high
toughness, strength and creep resistance.

An additional outcome of the present work concerns the
experimental technique. Tensile creep experiments provide
important information about composite behavior, although
there are usually substantial technical difficulties associated
with the experiments, as well as high costs. Flexural creep
experiments, on the other hand, are intrinsically problematic
because of the more complex stress state, but are attractive
because of the simplicity of the testing procedure and sample
preparation. For the stress—temperature conditions employed in
the present study, both loading methods yielded extremely low
strain rates that were difficult to measure accurately. Improved
extensometry would be valuable to future investigations of
fiber-reinforced ceramics. While experiments could easily be
conducted at higher temperatures to achieve larger strain rates,
the kinetics for oxidation of the fiber and coatings are also
much more rapid, and the fiber is also more susceptible to
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recrystallization. Consequently, the microstructure rapidly
becomes unstable at extremely high temperatures. Creep exper-
iments in controlled (nonoxidizing) atmosphere are currently
being planned to evaluate the effect of oxidation on creep
behavior.
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