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ABSTRACT 

fiber-reinforced Sic matrix composite over a temperature range of 700" to 
1 1 5OoC in air. n e  composite consisted of -40 vol. % Hi-Nicalonm fiber (8- 
harness weave) with a 0.5 pn BN fiber coating and a melt-infiltration S ic  matrix 
and was tested with as-machined surfaces. Lifetime results indicated that the 
Composite exhibited a stress-dependent lifetime at stress levels above an apparent 
fatigue limit, similar to the trend observed in CG-Nicalonm fiber-reinforced CVI 
Sic matrix composites. At I 950°C, the lifetimes of Hi-NicalonM Sic 
composites decreased with increasing applied stress level and test temperature. 
However, the lifetimes were extended as test temperature increased fkom 950" to 
1 150°C as a result of surface crack sealing due to glass formation by the oxidation 
of MI Sic  matrix. The lifetime governing processes were, in general, attributed to 
the progressive oxidation of BN fiber coating and formation of glassy phase, 
which formed a strong bond between fiber and matrix, resulting in embnttlement 
of the composite with time. 

Lifetime studies in four-point flexure were performed on a Hi-Nicalonm 

INTRODUCTION 

composites (designated as NicalodSiC composites) are considered potential 
candidates for many high-temperature structural components in the energy and 
aerospace industries due to its promising mechanical performance and thermal 
properties at elevated temperatures [ 1-41. These structurai applications include 
various aerospace components, radiant burners, hot gas filters, high-pressure heat 
exchanger tubes, and Iiners in industrial gas turbine engines. [5,6]. 

During the past decades extensive studies have been carried out to provide 
understanding of the effects of stress. temperature, and environments on the long- 

At present, continuous Nicalon fiber-reinforced siiicon carbide (Sic) matrix 
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term mechanical response of CG-NicalodSiC composites [7- 121. It was previously 
shown that a CG-NicalodSiC composite with a 0.3 pm carbon fiber coating and 
without an outer sed coating exhibited stress-dependent lifetimes when the applied 
stresses were above a fatigue limit for a temperature range of 425" to 1 150°C [ 131. 
The time to failure in air decreased with increasing applied stress level and test 
temperature. Results also showed that at temperatures 2 950°C in air the lifetimes of 
composites were not influenced by the presence of an external Sic seal coat. The 
fatigue studies in flexure conducted by Lin et al. [9,10] indicated that the lifetimes of 
the CG-NicalodSiC composite above the threshold stress were controlled by the 
removal of the carbon fiber coating and subsequent oxidation of fibers and matrix. A 
tensile study in air conducted by Lara-Curzio et al. [I41 on a CG-NicalodSiC 
composite with a - 0.3 pm carbon fiber coating further confirmed that the time- 
dependent degradation occurred at a relatively low temperature of 425°C. On the 
other hand, studied also indicated that the lifetimes of CG-NicalodSiC composites 
can be significantly extended by employing the boron-containing fiber coatings 
[ 1 1,12, 15- 1 71. For instance, results showed that the lifetimes of CG-NicalodSiC 
composites with a 0.4 pm BN fiber coating exhibited lifetimes that were, at least, 10 
times longer than those fabricated with carbon fiber coating. The lifetime limiting 
processes of CG-NicalodSiC composites with a BN fiber coating were generally 
attributed to the oxidation of BN and formation of a boron-containing glassy phase 
[ 1 1,18-20] that led to embrittlement of the composites. A recent study carried out by 
More et al. has shown that the lifetime of CG-Nicalon/SiC composites with a BN 
fiber coating can be further improved by reducing the oxygen content in the BN [21]. 

The present study was carried out to evaluate the effect of applied stress and 
temperature on the long-term mechanical reliability and lifetimes for a Hi- 
Nicalonm fiber-reinforced melt-infiitrated (MI) S ic  matrix composites in air. 
The damage evolution and lifetime limiting processes in terms bf test temperature 
will also be reported. 

EXPERIMENTAL PROCEDURES 
Time-to-failure studies as hct ions of the applied stress and test temperature were 

conducted in air on a Hi-Nicalon/MI Sic composites with a dual fiber coating of BN and 
Sic. The composite consists of - 40 vol. % of Hi-Nicalon* fibers (8 harness satin 
weave) and melt-idiltrated Sic matrix. The fiber preform was coated with a dual layer 
of fiber coating, consisting of - 0.5 pn BN and - 2.5 pm Sic  overlay by chemical vapor 
infiltration, prior to the final infiltration of S ic  matrix via a melt inf'iltration process. The 
melt-infiltration process, a low cost processing technique, was developed by Sin& et al. 
to fabricate near-net and complex shaped ceramic composite components [22]. The 
details of composite fabrication can be found in Ref. 22. 

tested without an external Sic seal coat. The 0" fibers in the test bend bars were in an 

I -  

The dimensions of test bend bars are 3 mm x 4 mm x 50 mm. All the bend bars were 



orientation parallel to the tensile stress direction. The static fatigue in four-point bending 
was conducted at temperatures of 700°, 950°, and 1150°C in air. The test fixtures were 
fabricated fiorn sintered a-SiC with inner and outer spans of 20 and 40 mm, respectively. 
A lever arm loading system was used to apply the load to the test bend bars through a 
sintered a-SiC pushrod. The test bars were held in the fixture with a small load (< 15 
MPa outer fiber tensile stress) and heated to the desired test temperature and allowed to 
equilibrate for at least 30 min before increasing applied stress to the selected level. The 
applied stress was held constant until the test bar failed; at that point, sensors interrupted 
the furnace power supply circuit to allow the bend bars to cool quickly to minimiZe 
damage and oxidation of the fracture surface. The tests were terminated if the test bars 
did not fracture after 1000 h test. The optical and scanning electron microscopy (SEM) 
were used to characterize the microstructure of the as-received composites and the high 
temperature fracture surfaces as a h c t i o n  of stress level and test temperature. 

RESULTS AND DISCUSSION 
Figure 1 shows the stress-lifetime response of Hi-Nicalon/MI Sic composites tested 

at 700", 950", and 1 1 5OoC in air. The lifetime performance of Hi-NicalodMI Sic 
composite were compared with a commercially available CG-NicalonTM fiber-reinforced 
CVI Sic matrix composite (designated as Composite A), as shown in Fig. 2. Composite 
A contains 4 3  vol. % CG-Nicalonm fibers and -1 5 vol. % open porosity with a 0.1 pn 
BN fiber coating. Also note that Composite A was tested with an external layer of CVD 
Sic seal coat (-50 pm thick). Due to the differences in the grade of fiber used and matrix 
processing methods, the results of Composite A will be only used as a bench mark in the 
present study. 

Results showed that the Hi-Nicalon/MI Sic composite exhibited a stress-dependent 
lifetime behavior at applied stresses above a threshold level @ere defrned as an apparent 
fatigue limit). The observed trend of the stress-lifetime curves (lifetime decreased With 
increasing stress level) was similar to observed for Composite A and other previously 
investigated CG-Nicalon fiber-reinforced CVI Sic  composites with a carbon-coated 
fibers. Results also showed that at temperatures I 950°C the lifetimes of Hi-Nicalon/MI 
Sic composite decreased with an increase in test temperature. However, the lifetimes of 
Hi-Nicalon/MI Sic composite were extended as temperature increased Erom 950" to 
1150°C. In addition, the Hi-NicalodMI Sic composites exhibited lifetimes that were at 
least 10 times longer than Composite A undkr the same applied stress levels at the 
temperature range investigated. Also, the fatigue limit of Hi-Nicalon/MI Sic composites 
(200 MPa) was also higher than that obtained for Composite A (1 50 m a ) .  The longer 
lifetimes plus higher fatigue limit obtained for the Hi-Nicalon/MI Sic  composite were, in 
part, due to the higher temperature capabiIity of Hi-NicalonlU fibers as compared to CG- 
Nicalonm fibers employed in the Composite A [23,24]. 
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Figure 1. Stress versus lifetime curves for Hi-Nicalon fiber-reinforced melt SiItrated 
Sic  matrix composite tested at 700°, 950°, and 1150°C in air. 
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Figure 2. Stress versus lifetime curves for Hi-Nicalon fiber-reinforced melt 
infiltrated Sic matrix composite and Composite A tested between 600" and 
11 50°C in air. 



Figure 3 shows the SEM micrographs of Hi-Nicalon/MI Sic composite wiG a dual 
coating layer of BN and Sic tested at temperatures of 700" and 950°C in air under an 
applied stress of 250 MPa. Note that the specimen tested at 7OO0C/250 MPa did not 
fracture after 1000 h of testing, while the one tested at 95O0C/25O MPa exhibited a 
lifetime of -22 h. The SEM observations on tensile surface regions for both spechens 
revealed brittle fracture with no fiber pullout had occurred. This brittle fracture zone was 
limited to a depth - 30% of specimen thickness. Extensive fiber pullout was observed in 
the compressive surface regions of both specimens. Observation of specimens tested at 
700°C revealed a recession of the BN fiber coating, leaving an open gap between fiber 
and matrix. The localized formation of droplet-like glassy phase at the interface due to 
the oxidation of BN coating was also observed. For specimen tested at 950°C there was 
substantial formation of glassy phase that completely filled the gap where BN was 
present before the testing. Most of the matrix regions were also covered with a layer of 
glassy phase. Similar features of recession and glassy phase formation due to oxidation of 
BN coating have also been reported for other NicalodSiC composite [25]. 

As shown in the previous studies, oxidation of BN and VolatiliZation of its oxidation 
products will readily occur at temperatures < 1000°C in air [26-281. It has been reported 
by More et al. [21] that BN oxidation and borosilicate-type glass formation at the 
interface occur simply due to the introduction of oxygen within the BN fiber coating 
during processing. The oxygen from an oxidative environment, which could ingress 
along cracks generated by the applied stress and/or interfaces, would further enhance the 
oxidation reaction. The progressive oxidation of the BN fiber coating and the formation 
of glassy droplets andor layers at the interfaces will eventually develop a strong 
interfacial bond between fiber and matrix and thus increase the debond and interfacial 
shear stresses, resulting in embrittlement of the composites with time. In addition, 
interactions with the boron-containing silicate glass could also degrade the fiber strength 
by localized surface attack (pitting effect), and, thus, weaken thi composite. 

Results showed that specimens tested at 1 150°C exhibited longer lifetimes than those 
tested at 950°C under the same stress level. This observed lifetime/temperature behavior 
was also reported in a CG-NicalodSiC matrix composite with a BN fiber coating [I 11. 
The extension of lifetime at 1 150°C could be due to the surface sealing effect, as shown 
in Figure 4. Figure 4 is a polished cross section of a specimen tested at 1 1 5O0C/25O MPa 
with 1000 h of test time. Observations showed the formation of Si02 due to oxidation of 
MI Sic matrix completely sealed the cracks developed on the tensile surface. Note that 
very limited or no oxidation of both BN fiber coating and fiber was observed in the 
region -50 pm below the surface region. The surface sealing by a Si02 layer would 
inhibit further ingression of oxygen into the material and, thus, substantially decrease the 
oxygen concentration available for oxidation of BN coating and fibers. The rapid 
oxidation reaction of dense MI Sic matrix at 1 150°C in air was able to readily 'seal the 
cracks developed on the tensile suffaces and protect the BN and fibers from oxidation, 
thus extending the lifetimes of the composite. 



Figure 3. SEM micrographs of fracture surface features for specimens tested at 
(a) 7OO0C/250 MPa and (b) 95O0C/25O MPa in air. Arrows indicate glassy phase 
formation between fiber and matrix. 
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Figure 4. SEM micrograph of polished cross section of specimen tested at 
1150°C in air. Arrow indicates the seaiing surface crack by Si02 due to oxidation 
of MI Sic. 

SUMMARY 
Lifetime studies in four-point flexure were perfoxmed on a Hi-Nicalonlu 

fiber-reinforced Sic matrix composite at temperatures of 700", 950"and 1150°C 
in air. Lifetime results indicated that the composite exhibited a-stress-dependent 
lifetime at stress levels above an apparent fatigue limit under the test conditions 
employed in the present study. The obtained lifetime response of Hi-Nicalon/MI 
Sic composite was similar to the trend observed in various CG-Nicalonm fiber- 
reinforced Sic matrix composites. At 5 950°C, the lifetimes of Hi-Nicalon/MI 
Sic composites decreased with increasing applied stress levels and temperatures. 
Also, the lifetimes were extended as test temperature increased from 950 to 
1150°C as a result of surface seaiing due to Si02 formation by the oxidation of MI 
Sic matrix. The lifetime limiting processes were attributed to the progressive 
oxidation of BN fiber coating and formation of glassy phase at the interfaces, 
which developed a strong interfacial bond between fiber and matrix, resulting in 
embrittlement of the composite with time. 
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