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ABSTRACT
Static fatigue tests of a Nicalon fiber-reinforced S i c matrix composite were conducted in
four-point bending over a temperature range of 425" to 1150°C in air at selected stress levels.
The composite consisted of a Nicalon cloth with a 0.3 p.m graphite interfacial coating and a
Forced Chemical Vapor Infiltration (FCVI) Sic matrix composite; samples were tested with or
without a final protective Sic seal coat. The results indicated that the fatigue life of the NicalonS i c composite decreased with an increase in either applied stresses or test temperatures.
However, the composite exhibited a fatigue limit of 100 MPa at temperatures 5950°C which
decreased to 70 MPa at 1150°C. Both electron microscopy and thermogravimetric studies
suggested that the lifetime of the composites was dictated by the oxidation of graphite interfacial
layer at temperatures I700"C and by oxidation of graphite coating accompanied by formation of
silicate interfacial layer via oxidation of the Nicalon fiber (and the S i c matrix) at temperatures 2
950°C. Use of a S i c seal coat effectively retarded the oxidation reactions and increased the
lifetime by at least one order of magnitude at 425°C. On the other hand, the S i c seal coat made
little (if any) difference in fatigue life at 950°C.
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INTRODUCTION
Continuous fiber-reinforced ceramic composites (CFCCs), potential candidates for
various structural applications at elevated temperatures, offer substantially improved damage
tolerance over the monolithic ceramics. Sic fiber-reinforced Sic composite (SiC/SiC) is selected
as a primary candidate for elevated temperature applications due to its attractive mechanical
performance at room and elevated temperatures [1-71.
Often in SiC/SiC composites, a graphitic fiber coating is 'employed to facilitate the
interfacial debonding and fiber pullout and, thus, develop very high toughness and damage
tolerance. Graphite is known to oxidize at temperatures above 400°C [8]; therefore, there is real
concern over the mechanical performance and long-term reliability of SiC/SiC composites at
elevated temperatures. Indeed in the absence of an outer seal coat, exposure of a SiC/SiC
composite containing a 0.36 pm graphite fiber coating to an oxidizing environment at 950°C
resulted in a substantial degradation in mechanical properties [9]. In this case, no stress was
applied to test specimens during elevated temperature exposure to air. Degradation in fracture
resistance and strength was observed and related to the oxidation of the graphite and the
formation of Si02 bond layer between the matrix and fiber. Such effects can also be enhanced by
the application of a static stress during air exposure at 95OoC[10]. A separate study showed that
the use of an external Sic seal coat could prevent or reduce such strength degradation when the
air exposures at 1000°C were conducted in the absence of an applied stress [111.
In the present study the effect of applied flexural stress on the lifetime of a Nicalon fiberreinforced Sic composite at temperatures from 400" to 1150°C in air was investigated. The
experiment was designed to investigate the temperature range over which oxidation effects can
alter the mechanical performance of a Nicalon fiber-Sic composite with a graphitic interfacial
layedfiber coating. The effect of a dense CVD S i c protective external seal coat on the static
fatigue behavior was also evaluated.
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EXPERIMENTAL PROCEDURES
Time to failure studies as a function of applied stress and temperature were conducted in
air on bend bars machined from a large 254-mm diameter by 18-mm thick S i c matrix composite
disk. The composite, fabricated at Oak Ridge National Laboratory (ORNL), consisted of a
Forced Chemical Vapor Infiltrated (FCVI) Sic matrix and 43% Nicalon fibers (Nippon Carbon
Company, Tokyo, Japan) in the form of plain weave cloth with the cloth layers rotated 30"
between layers. The fiber in the Nicalon cloth had a 0.3 pm graphite coating, which was
deposited prior to infiltration of the S i c matrix, to facilitate interfacial debonding and pullout.
Additional details for the fabrication procedures of this Nicalon-Sic composite can be found in
Refs. 12-13. The bend bars, 3 mm x 4 mm x > 50 mm, were cut from disk so that the tensile
surfaces were parallel to the plane of the cloth layers. A portion of the bars were seal-coated with
CVD S i c following machining; the thickness of the CVD S i c seal coating was 40 to 50 pm.
The geometric densities (thus mechanical properties, i.e., elastic modulus and fracture strength)
of the bend bars varied somewhat depending on their position with respect to the thickness and
diameter of the Sic-Nicalon composite disk [14]. Care was thus taken to conduct tests on bend
bars of the same density to ensure consistency of the measured lifetime.
The static fatigue in four point bending was conducted at temperatures from 425" to
1150°C in air. The test fixtures were fabricated from sintered a-Sic with inner and outer spans
of 20 and 40 mm, respectively. The test bars were held in the fixture with a small load (< 15
MPa applied outer fiber tensile stress) and heated to the desired test temperature and allowed to
equilibrate for 20 minutes prior to increasing applied stress to the selected level. The applied
stress was then held constant until the bend bar failed; at that point sensors interrupted the furnace
power supply circuit to allow the bend bars to cool quickly. In addition, oxidation experiments
using thermogravimetric analysis (TGA) were performed on the composite to evaluate the
oxidation kinetics at the selected temperatures. Optical and scanning electron microscopy (SEM)
were used to characterize the high temperature fracture surfaces.
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RESULTS AND DISCUSSION
Figure 1 shows the time to failure versus applied stress curves for the Nicalon fiber
reinforced Sic composite with a 0.3 pm graphite fiber coating but wjthout a protective external
S i c seal coat. The results at 950°C indicate that the Nicalon-Sic composite has a short lifetime
(< 1 h) at the applied stresses > 100 MPa. However at applied stresses < 100 MPa, failures of
the composite appeared to be avoided (Fig. 1). For instance, the composite did not fracture at
950°C for test times of more than 1600 h when the applied stress was 5 100 MPa. A fatigue limit
was also observed at 1150°C when the applied stress was lowered to 70 MPa, but the sample did
exhibit a permanent curvature after long term tests. The results also indicate that both the fast
fracture strengths and the lifetimes of the composite decrease with increase in temperature up to
1150°C. The lifetime curves were simply displaced along the time axis as the test temperature
decreased (Fig. 1). The lifetime of this Nicalon-Sic composite at temperatures below 950°C
increased with decrease in test temperature or applied stress level. Lifetimes of > 10 hours at
applied stresses of 2 100 MPa were only observed at temperatures I600"C.
The specimens tested in the above case were without a protective Sic seal coating.
Samples were next tested that had an external Sic seal coating of 40 pm to protect the fiber
ends exposed on the machined surfaces. Figure 2 shows the lifetime versus applied stress curves
for coated and uncoated composite specimens at temperatures of 425" and 950°C in air. Because
the dense S i c in the seal coating is similar to that in the matrix, the onset of matrix (and coating)
cracking of coated and uncoated samples should occur at the same applied stress levels. As a
result, the coated specimens exhibit a lifetime curve at 950°C similar to that obtained for the
uncoated specimens. Therefore at 950"C, the seal coat does not provide any significant protective
function; the lifetimes of the composite at 950°C at stress above the fatigue limit are still I1 h.
As seen in Fig. 2, the SIC seal coating was effective in retarding the oxidation effects at 425°C
significantly increasing (> 10 times) the static fatigue life and lifetimes > 100 h could be reached.
SEM observation of the fracture surfaces tested at temperatures 2 950°C revealed a brittle
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Figure 1. When subjected to applied stresses, the SiC/C/Nicalon composite exhibited
stress-dependent lifetimes at applied stresses > the proportional limit of 100 m a . The
lifetimes increased with decrease in test temperature and applied stress level.
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Figure 2. A 40 pm Sic seal coating is effective in extending the lifetimes of the
composite at 425"C, but has little effect on lifetimes at 950°C as compared with
the results for uncoated specimens.
fracture surface near the tensile surface edge without any fiber pullout. Further examination of
these regions show that the matrix-fiber interface is bridged by oxidation products that form an
interfacial bond across. This is consistent with the TGA results [15] that reveal a rapid initial
weight loss followed by monotonically increasing weight gain with time consistent with the

oxidation of the graphite coating that diminishes as the silicate formation continues and seals the
exposed interfaces. These processes result in increases in both the interfacial debonding stress
and the interfacial shear stress eliminatingfiber bridging and pullout [16].
At test temperatures I 600°C, fiber pullout was observed in tensile surface region of the
fracture surface (Fig. 3a), and the surface area of fiber pullout increased with increase in applied
stress and decrease in test temperature. The fiber pullouts near the tensile surface exhibited
smooth fiber surfaces free of a coating; whereas fibers in regions 0.5-1 mm below the tensile
surface and within the compressive subsurface exhibited the presence of residual graphite layer
(Fig. 3b). At temperatures below 600°C, the oxidation of the graphite should be the only
operative degradation process as the oxidation of the CVI S i c and Nicalon fiber should be
insignificant. Oxidation studies [17] indicate that the weight loss from the oxidation of graphite
to CO and/or C02 at both of 425" and 600°C over long exposure times (400 h) occurs in the
absence of surface sealing. In this case, the interfacial debond and shear stresses will be
continuously reduced approaching zero MPa level with time [16]. This will result in negligible
stress transfer from the matrix to the high strength fibers; thus the composite strength would
continuously decrease with time.
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SUMMARY
Static fatigue tests were conducted in four-point bending at temperatures from 425" to
1150°C in air at selected applied stress levels on a Nicalon fiber-reinforced Forced Chemical
Vapor Infiltration (FCVI) S i c composite with a 0.3 pm graphite interfacial coating either with
or without a protective external S i c seal coat. The results for samples without a seal coat showed
that the fatigue life of the Nicalon-Sic composite decreased with increasing applied stress and/or
test temperature. The composite exhibited a fatigue limit of 100 MPa at temperatures 5950°C
but was reduced to 70 MPa at 1150°C. The lifetime of the Nicalon-Sic composites was
dictated by the oxidation of graphite interfacial layer at low temperatures (400" to 700OC) and by
both the oxidation of the graphite coating and formation of a silicate interfacial layer due to
oxidation of the S i c matrix and the Nicalon fiber at temperatures 2 95OoC, consistent with the
TGA results. The CVD S i c seal coat effectively retarded the oxidation reaction and, thus,
increased the lifetime > 10-fold at 425°C. But it was not apparent that the S i c seal coat had any
significantprotective value at 95OOC.
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