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Frequency Dependence of Fatigue Life and Internal Heating of a 
Fiber-ReinforcedKeramic-Matrix Composite 
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The influence of loading frequency on the fatigue life and 
internal (frictional) heating of unidirectional Sic-fiber/ 
calcium aluminosilicate-matrix composites was investigated 
at room temperature. Specimens were subjected to tension- 
tension fatigue at sinusoidal loading frequencies from 25 to 
350 Hz and maximum fatigue stresses of 180 to 240 MPa. 
The key findings of the study were that (1) fatigue life 
decreased sharply as the loading frequency was increased, 
(2) for all loading frequencies, fatigue failures occurred at 
stress levels that were significantly below the monotonic 
proportional limit stress of -285 MPa, and (3) pronounced 
internal heating occurred during fatigue, with the surface 
temperature of the fatigue specimens increasing by 160 K 
during 350-Hz fatigue at a peak stress of 240 MPa. 

I. Introduction 

NVESTIGATIONS of the stress dependence of fatigue life and I fatigue damage accumulation in fiber-reinforced ceramics 
have typically been conducted at loading frequencies of 10 Hz 
or lower.’-” To date, the influence of loading frequency on the 
fatigue life of fiber-reinforced ceramics has not been investi- 
gated. Loading frequency has been shown to have little effect 
on the room-temperature fatigue life of monolithic ceramics, 
even at loading frequencies as high as several thousand hertz.“ 
However, since interfacial sliding and wear occur during the 
fatigue of fiber-reinforced ceramics, it is possible that loading 
frequency, which influences the rate and degree of interfacial 
wear, can result in a frequency dependence of fatigue life. In 
addition, recent studies have shown that substantial frequency- 
dependent internal (frictional) heating occurs during the fatigue 
of fiber-reinforced  ceramic^.'^-'^ 

The purpose of the present communication is to report on 
recent experimental findings that provide clear evidence for a 
frequency dependence of fatigue life in Nicalon/calcium alumi- 
nosilicate composites that have been subjected to tension-ten- 
sion fatigue at frequencies between 25 and 350 Hz. The paper 
also discusses the frequency dependence of internal heating. 

11. Experimental Procedure 

Unidirectional 16-ply Nicalon (SiC)/calcium aluminosilicate 
composites ([O] ,,-Nicalon SiC,/CAS-11) were used in the inves- 
tigation (processed by Coming Glass Works, Coming, NY). 
Edge-loaded tensile specimens were removed from the billets 
such that the fibers were aligned parallel to the intended tensile 
loading direction (further details of the specimen geometry can 
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be found in Ref. 14). The broad faces of the specimens were not 
machined to avoid damage of near-surface fibers. 

The fatigue experiments were conducted on a servohydraulic 
load-frame (Model 331, MTS Systems Corp., Minneapolis, 
MN, resonant frequency of -500 Hz). Infrared pyrometers 
were used to measure the temperature increase of the specimen 
surface during the fatigue experiments. The pyrometers, 
focused at the center of the gage section, had a spot size of 5 
mm at the specimen surface. Temperature data were gathered at 
a frequency of 20 Hz. The specimen, grips, pyrometers, and 
piezoelectric load cell were surrounded by an isothermal test 
chamber that had an enclosed volume of 0.1 m3. The tempera- 
ture within the chamber and at the specimen ends was main- 
tained at 20” & 0.1”C by a closed-loop water chiller that 
circulated coolant through the chamber walls and grips. Further 
details concerning the experimental approach can be found in 
Ref. 13. 

Specimens were subjected to continuous fatigue loading at 
sinusoidal frequencies of 25, 75, 150, and 350 Hz. All experi- 
ments were conducted under load control (i.e., the maximum 
and minimum load limits were fixed). Maximum fatigue 
stresses of 180, 200, 220, and 240 MPa were examined in all 
cases the minimum cyclic stress was 10 MPa. The stress ratio 
(u,,,Jumax) ranged from approximately 0.055 at 180 MPa to 
0.042 at 240 MPa. Fatigue run-out was defined at 5 X lo6 
cycles, corresponding to approximately 55.5 h of testing at 25 
Hz and 4 h at 350 Hz. These experiments provided information 
on the stress and frequency dependence of frictional heating 
and conventional stress versus cycles to failure data (i.e., an 
“SN’ curve). 

111. Results and Discussion 

(1) Monotonic Tensile Behavior 
The room-temperature monotonic tensile behavior of the 

composite is shown in Fig. 1. The composite exhibited a linear 
stress-strain response to a stress of approximately 285 MPa 
(defined as the proportional limit stress), followed by progres- 
sive nonlinear behavior until 350 MPa, whereafter the stress- 
strain curve was again linear to the failure stress (roughly 590 
MPa). Previous studies had shown that matrix microcracking in 
NicalodCAS-I1 composites could occur at stress levels as low 
as 50% of the monotonic proportional limit stress.’”I6 Thus, the 
fatigue stress levels used in this study, which ranged from 63% 
to 84% of the proportional limit stress, were sufficiently high to 
ensure that microstructural damage and internal heating would 
occur during fatigue loading. 

(2) 
The fatigue life (cycles to failure) of the composite is shown 

in Fig. 2 as a function of maximum fatigue stress and loading 
frequency. At a maximum fatigue stress of 180 MPa, fatigue 
run-out was observed for all loading frequencies. For stresses 
above 180 MPa, the fatigue life decreased markedly as the load- 
ing frequency was increased. For example, for a loading fre- 
quency of 25 Hz and a fatigue stress of 220 MPa, no fatigue 
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Fig. 1. Room-temperature monotonic tensile behavior of 40 vol% 
[O],,-NicalodCAS-11. Tensile testing was conducted at rate of 100 
MPds to minimize influence of time-dependent matrix cracking on 
measured modulus and stress strain behavior. Initial tangent modulus 
was approximately 130 GPa, and proportional limit stress ranged from 
280 to 295 MPa (based upon measurements from three experiments). 

failures occurred within 5 X 10' cycles, whereas, for 350 Hz, 
fatigue failure occurred as early as 42000 cycles. Although 
fatigue failures were not observed within 5 X lo6 cycles during 
25-Hz cycling at a maximum stress of 220 MPa, it should not 
be concluded that a true fatigue limit existed for any of the load- 
ing frequencies examined. Longer-duration experiments are 
required to ascertain if a true fatigue limit exists for Nicalon/ 
CAS-I1 and other fiber-reinforced ceramics. 

It is important to note that all of the fatigue experiments have 
been conducted at maximum stresses (180 to 240 MPa) below 
the average monotonic proportional limit stress of 285 MPa 
measured with virgin specimens. It sometimes has been found 
that the proportional limit stress provides a rough approxima- 
tion for the fatigue limit of many unidirectional fiber-reinforced 
 ceramic^.*^^^" However, the results obtained from the present 
study clearly show that the proportional limit stress cannot be 
used to predict the room-temperature fatigue limit of fiber- 
reinforced ceramics subjected to high loading frequencies. 
Also, the occurrence of frictional heating at stresses as low 
as 180 MPa indicates that microstructural damage begins at 
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Fig. 2. Influence of maximum fatigue stress and sinusoidal loading 
frequency on room-temperature fatigue life of [O] ,,-Nicalon/CAS-I1 
composites. The minimum fatigue stress was 10 MPa for all loading 
frequencies. Although there was considerable scatter in data, fatigue 
life clearly decreased with increased loading frequency (lines shown 
for each loading frequency represent power-law fit to raw data). 
Fatigue run-out (defined at 5 X lo6 cycles) was observed at 180 MPa 
for all loading frequencies. 

fatigue stresses that are substantially below the monotonic pro- 
portional limit stress. 

(3) Frictional Heating during Fatigue 
As discussed in detail e l ~ e w h e r e , ' ~ ~ ' ~ * ' ~  the repeated frictional 

slip of fibers along debonded interfacial slip zones can lead 
to significant internal heating during the fatigue of fiber- 
reinforced ceramics. The frequency dependence of surface tem- 
perature increase is plotted in Fig. 3(A) for specimens that were 
fatigued at a maximum stress of 220 MPa. As shown in 
Fig. 3(A), the temperature increase is strongly influenced by 
loading frequency. Because a finite number of cycles are 
required to propagate matrix cracking and associated interfacial 
debonding, and due to the finite time required for heat conduc- 
tion to the specimen surface, there is an initial lag before a tem- 
perature increase is detected. For specimens fatigued at 25 or 75 
Hz, the temperature increases slowly, reaches a plateau, and 
then slowly decreases. For specimens fatigued at 150 or 350 
Hz, the temperature increases continually to the point of speci- 
men failure, indicating a progressive increase in microstructural 
damage accumulation. 

In addition to loading frequency, the temperature increase of 
the specimen and shape of the temperature curves are also 
influenced by maximum fatigue stress. For example, as shown 
in Fig. 3(B) for a loading frequency of 350 Hz, the maximum 
temperature increase changed from approximately 40 K at a 
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Fig. 3. (A) Influence of loading frequency on temperature increase 
(T - TdlllblCn,) of [O],,-Nicalon/CAS-II composites fatigued between 
stress limits of 220 and 10 MPa. (B) Influence of maximum fatigue 
stress on temperature increase (T - Tam,,,,,) of [Ol,,-Nicalon/CAS-I1 
composites fatigued at a sinusoidal loading frequency of 350 Hz. 
Lower fatigue stress was 10 MPa for all cases. 
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peak fatigue stress of 180 MPa (ha = 170 MPa) to 160 K at 
240 MPa (Aa = 230 MPa). 

(4) Comments Regarding Frequency Dependence of 
Fatigue Life and Temperature Increase 

The precise mechanisms that result in frequency dependence 
of fatigue life and microstructural damage accumulation are not 
known at this time. However, it is of interest to speculate on 
possible mechanisms of fatigue damage based upon the insight 
gained from this study and from other studies”’ of fatigue 
effects in ceramic-matrix composites. If the governing failure 
mechanism during fatigue loading is time-dependent subcritical 
crack growth under a mean stress, the failure time at a given 
stress level would be independent of loading frequency, The 
experimental results show that the failure time decreases as 
loading frequency increases. Although time-dependent phe- 
nomena can affect the mechanical fatigue of ceramics, it has 
been clearly shown by others that mechanical crack growth can 
occur during the fatigue loading of monolithic ceramics and 
ceramic-matrix composi te~.~ 

There are mechanisms that can cause an enhanced tempera- 
ture increase and a fatigue life decrease with increasing loading 
frequency. We review some of the mechanisms that can lead to 
failure, and, afterward, we discuss how the effect of frequency 
can influence the fatigue life. In the initial stages of fatigue, the 
fibedmatrix interface can be worn down during repeated for- 
ward and backward sliding between fiber and matrix.17 This 
lowers the interfacial normal pressure and (assuming Coulomb 
friction) the interfacial sliding shear stress. The load-transfer 
length increases as wear progresses. According to models by 
Curtin” and Rowby and Reynaud,” this leads to a reduction in 
composite strength. A lower interfacial shear stress also leads to 
a temperature increase if only partial sliding occurs along the 
interface (the sliding length is shorter than half the crack spac- 
ing); however, once the interfacial shear stress has decreased so 
much that sliding exists along the entire interface, the tempera- 
ture increase is decelerated with decreasing values of the 
interfacial shear Next, repeated forward and backward 
sliding at the interface may induce abrasive wear damage to the 
surface of the fibers, creating new sites that can promote fiber 
failure. This leads to progressive damage of the fibers (fatigue). 
Furthermore, when the number of broken fibers increases, the 
temperature increase accelerates since a broken fiber slides over 
a longer distance than an intact fiber. 

What, however, is the effect of loading frequency? Obvi- 
ously, a higher frequency causes a higher temperature, and this 
may accelerate damage accumulation, as follows. With increas- 
ing temperature, the residual stresses decrease, lowering the 
interfacial pressure and shear stress. This, according to the com- 
posite strength models,lx~ly leads to a decrease in strength. Abra- 
sive wear-induced damage at the fibers is also likely to be 
temperature and velocity dependent. The local temperature 
increase along the fibedmatrix interface, which is higher than 
the bulk temperature, can potentially influence chemical diffu- 
sion rates near the interface or cause oxidation of the carbon 
interfacial layers. 

Current research is focused on-microscopy at the SEM 
and TEM levels to document the evolution of microstructural 
damage; these results, and the results of mechanics model- 
ing of high-frequency fatigue damage will be reported in a 
future paper. 

IV. Conclusions 
An initial study of the frequency dependence of fatigue life in 

fiber-reinforcedceramic-matrix composites was conducted. It 
was found that the tension-tension fatigue life of NicalodCAS 
composites was strongly influenced by loading frequency, 
which decreased as the loading frequency was increased. For 
example, at a peak stress of 220 MPa, the fatigue life decreased 
from 5 X 10’ cycles (run-out) at frequencies of 25 and 75 Hz, to 
less than 50 000 cycles at 350 Hz. Fatigue failures were 
observed at maximum stresses that were significantly less 
than the monotonic proportional limit stress. Additional work in 
progress is directed at identifying how loading frequency 
influences microstructural damage accumulation. 
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