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Tensile Behavior and Cyclic Creep of Continuous 
Fiber-Reinforced Glass Matrix Composites at 

Room and Elevated Temperatures 
A.R. Boccaccini, G. West, J. Janczak, M.H. Lewis, and H. Kern 

In this study we investigated the stress-strain behavior at room and elevated temperatures and the tensile 
creep and cyclic creep response of a unidirectional SiC fiber-reinforced aluminosilicate glass matrix 
composite. The interfacial condition of the as-received material was measured by a push-out indentation 
technique. The stress-strain behavior was that expected for this kind of composite,  i.e. "pseudoductile" 
behavior with extensive fiber "pull-out" at room temperature and brittle failure at intermediate tem- 
peratures (750 ~ due to oxidation embrittlement. The stiffness of the composite at 750 ~ was analyzed 
for different loading rates, highlighing the influence of the loading rate on apparent composite stiffness, 
due to matrix softening. The creep studies were conducted at temperatures above and below the softening 
temperature of the glass (Tg, 745 ~ in air. The cyclic creep experiments showed the existence of exten- 
sive viscous strain recovery during the unloading period. The creep strain recovery was quantified using 
strain recovery ratios. These ratios showed a slight dependence on the temperatures investigated (700 
and 750 ~ The crept composites retained their "graceful,, fracture behavior only partially after test- 
ing, indicating that oxidation of the fiber/matrix interface due to oxygen diffusion through the matrix oc- 
curred in the peripheral area of the samples. 
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1. Introduction 

CONTINUOUSfiber-reinforced ceramic matrix composites 
and related glass and glass-ceramic matrix composites are can- 
didate materials for various structural, high-temperature, and 
other specialized applications (Ref 1-7). The reason for the in- 
terest in these materials is their improved mechanical proper- 
ties, especially fracture toughness and non-catastrophic failure 
mode, when compared to those of monolithic materials. Possi- 
ble applications exist for intermediate-temperature-capability 
composites that are easily processed, such as those with a glass 
matrix. Such materials must be able to operate under adverse 
conditions involving creep, cyclic creep, or fatigue loading. 
Under these loading conditions there may be deformation, in- 
terfacial reactions, and matrix microstructural changes, which 
can lead to increasing microstructural damage and eventually 
to composite failure. Thus, besides the characterization of the 
stress-strain response at room and elevated temperatures, 
knowledge of the creep response of the composite under both 
monotonic and cyclic loading is important for materials evalu- 
ation, because they represent conditions that the components 
may encounter in service. 

A.R. Boeeaeini and H. Kern, Technische Universit~it Ilmenau, Fach- 
gebiet Werkstofftechnik, D-98684 Ilmenau, Germany; G. West and 
M.H. Lewis, Centre for Advanced Materials, Department of Physics, 
University of Warwick, Coventry CV4 7AL, England; and J. 
Janezak, Swiss Federal Laboratories for Materials Testing and Re- 
search, CH-3602 Thun, Switzerland. Dr. Boccaccini is presently at the 
Institute for Mechanics and Materials, University of California, San 
Diego, CA 92093, USA. 

Work in this field has been conducted by Holmes et al. for 
SiC fiber-reinforced calcium aluminosilicate (CAS) glass- 
ceramic matrix composites (Ref 8) and SiC fiber-reinforced 
silicon nitride (Ref 9), by West et al. for barium-magnesium- 
aluminosilicate (BMAS) glass-ceramic matrix composites 
(Ref 10, 11), and by Sun et al. on similar BMAS composites 
(Ref 12). Overall, the experimental results in the literature sug- 
gest that when compared to sustained loading, elevated-tem- 
perature cyclic loading can decrease the overall strain 
accumulation in fiber-reinforced ceramics. This effect should 
be enhanced when one of the constituents has a high glassy- 
phase content. The decrease in strain is a consequence of vis- 
cous strain recovery that occurs during the unloading portion of 
a creep cycle. This strain recovery effect in fiber-reinforced 
composites has important implications for the life prediction of 
components under cyclic loading. The total strain accumula- 
tion may be much lower than that observed for sustained creep 
loading, and therefore life predictions that do not consider the 
strain recovery component can lead to pessimistic lifetime ex- 
pectations (Ref 9). 

This paper presents results on the tensile stress-strain re- 
sponse at room and elevated temperatures and on the tensile cy- 
clic creep behavior of an aluminosilicate glass matrix 
composite reinforced with SiC (Nicalon) fibers. The tests were 
carried out in air at temperatures near the glass transition tem- 
perature (Tg) of the matrix. The quantification of the strain re- 
covery that took place during cyclic loading was done using 
creep recovery ratios. The variation of composite stiffness with 
loading rate at temperature was also investigated. 

2. Experimental Procedure 

The composite material was supplied in the form of plates 
( 110 by 110 by 3 mm 3) by the manufacturer (Schott Glaswerke, 
Mainz, Germany). Details of the glass matrix composite inves- 
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tigated are given in Table 1. The data shown have been fur- 
nished by the manufacturer or were obtained from the literature 
(Ref 13-15). The fiber volume fraction was 0.42. The detailed 
description of  the fabrication procedure, which involves a 
slurry technique for fiber impregnation and densification by 
hot pressing, can be found in Ref 15. 

The material was available in unidirectional architecture 
and showed good density with only minor residual porosity. 
Figure 1 shows a scanning electron microscopy (SEM) image 
of  the material. A push-out indentation technique was em- 
ployed, as a quality control, on as-received samples to assess 
the condition of  the fiber/matrix interface, known to be crucial 
for determining the mechanical properties of this type of  com- 
posite. 

These tests were conducted using an in situ SEM indenta- 
tion apparatus (Touchstone Ltd., USA) (Ref 16). The thickness 
of  the specimens was 350 I.tm. A diamond indenter (end diame- 
ter 6.8 lam) was used to apply the load on the fibers, and a dis- 
placement rate of  0.0625 lam/s was employed. The failure 
modes were observed by SEM. Twenty fibers were indented 
and the average interfacial shear stress at the onset of  de- 
bonding (x) was determined. Samples for tensile tests were cut 
from the as-received plates by means of  a diamond milling tool 
in a computer numerically controlled machine. Specimens with 
40 by 4 by 3 mm gage section were employed. A "dog-bone" 
test piece, similar to that specified by Holmes (Ref 17), was 
used with superalloy wedge-shaped warm gripping. Strain 
measurement was achieved with an MTS low-contact force ex- 
tensometer. The mechanical behavior of  the composite under 
monotonic load was assessed at room temperature and at a 
maximum of  800 ~ by tensile testing. Very low contact force 
was necessary at the temperatures used to prevent sample flex- 
ure and creep under the lateral loading imposed by the exten- 
someters. 

Creep and cyclic creep tests were conducted using load con- 
trol with a loading rate of 0.5 MPa/s. The cyclic creep behavior 
was tested at two temperatures, 700 and 750 ~ Hold times for 
cyclic creep at load and nominally no load (2 MPa) were equal. 
One cycle was typically 8 h. The apparent stiffness variation 

with loading rates from 0.0067 to 13.5 MPa/s was investigated 
with a minimum of three loading/unloading cycles to 100 MPa 
at 750 ~ The fracture surfaces of  broken samples during ten- 
sile tests were observed by SEM. After the cyclic creep tests, 
some crept samples were tested at room temperature using the 
same j ig described above. The fracture surfaces of these broken 
samples were also observed by SEM. 

3. Results and Discussion 

3.1 Interfacial Conditions 

Figure 2 is a typical push-out indentation plot showing the 
load-time curve at room temperature. The average value of  x 
was 18 MPa, with subsequent interracial shear at lower stress 
(typically 9 to 10 MPa). Although there was considerable scat- 
ter in the determined values, in general, the low stresses meas- 
ured indicate the presence of  a weak (carbon-rich) interface. 
In-depth microstructural investigations in the composites have 
shown that the interracial layer has a thickness of  approxi- 
mately 30 nm (Ref 13, 18). For the present study, the results of  
the push-out investigation were solely intended as a quality 
control for the as-received material to confirm the presence of  
the weak interface. 

3.2 Tensile Stress-Strain Behavior 

Figure 3 shows typical stress-strain plots for the samples 
tested at room temperature and at 750 and 800 ~ Consider- 

Table 1 Properties of  the constituents ofthe 
aluminosilicate glass matrix composite investigated 

Aluminosilicate matrix SiC fiber 
Properties (code 8409, Schott) (Nicalon) 

Density, g/cm 3 2.51 2.55 
Young's modulus, GPa 87 200 
Poisson's ratio 0.24 0.20 
Coefficient of thermal expansion, 4.1 3.35 

10-6/oc 
Transformation temperature, ~ 745 ... 

Source: Ref 13-15 

Fig. 1 SEM micrograph of the aluminosilicate glass matrix 
composite investigated, showing fiber distribution and dense 
matrix 

Fig. 2 Typical load-time plot during indentation push-out test. 
The diameter of the pushed fiber was 14.8 p.m. 
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able "pull-out" and "graceful" failure mode were apparent in 
samples broken at room temperature, behavior to be expected 
due to the presence of  a weak fiber/matrix interface. 

Figure 4 shows a SEM micrograph of  a fracture surface that 
demonstrates the pull-out mechanism. The room-temperature 
strength was 355 MPa and the Young's  modulus was 135 GPa. 
At 750 ~ "brittle" fracture with minimal pull-out Was evident. 
It has been shown in the literature (Ref 13, 19) that interfacial 
oxidation occurs in similar composites, starting at temperatures 
between 600 and 650 ~ Consequently, the fibers become 
strongly bonded to the matrix phase, and hence it is more ener- 
getically favorable for impinging cracks to go through the fi- 
bers rather than around them, with subsequent debonding 
leading to the limited fiber pull-out observed. The fracture 
strength of  342 MPa at 800 ~ well above Tg, was surprisingly 
high. This strength was coupled with a considerable loss of  
composite stiffness. The stiffness of  84 GPa can be explained 
by a rule-of-mixtures calculation, assuming a Young's modu- 
lus of  the fibers of  200 GPa (Table 1) and a zero contribution to 
stiffness from the matrix. This behavior is to be expected, since 
the testing temperature was higher than the Tg of  the matrix 
(745 ~ The similar strengths at room temperature and at 800 
~ indicate that the strength is dependent on the in situ fiber 

Fig. 3 Typical tensile stress-strain plots for samples tested at 
(a) room temperature, (b) 750 ~ and (c) 800 ~ 

strength. The much lower strength at 750 ~ can be attributed 
to matrix cracking and subsequent oxygen ingress during crack 
growth, which made the composite strength matrix dominant. 
At 800 ~ the modulus remains constant to failure, suggesting 
that the matrix flows and does not crack, thereby shielding the 
fibers. Failure faces at room temperature and at 800 ~ show 
similar levels of  pull-out. However, the 800 ~ test shows a 
thin, brittle planar region adjacent to the specimen surface. This 
embrittled outer region has been atrributed to oxygen diffusion 
through the matrix. The depth of  this zone increases with expo- 
sure time, as shown elsewhere (Ref 18). 

3.3 Stiffness versus Loading Rate Behavior at High 
Temperatures 

It was demonstrated in the section above that the composite 
ultimate strength can be dominated by the matrix properties. 
Higher strengths are realized well above the Tg of  the matrix by 
either crack blunting or load shedding from the matrix to the fi- 
bers (Ref 8, 9). The delayed matrix cracking ensures that oxy- 
gen is excluded from the composite interior for longer periods; 
hence, composite strength is enhanced. The load transfer is 
temperature related and also can be increased by reducing the 
loading rate. For the range of  loading rates investigated (0.0067 
to 13.5 MPa/s) at 750 ~ the composite stiffness showed a 
spread of  31 GPa, as shown in Fig. 5. At the lowest rate the 
composite stiffness of  87 GPa approximated that attributable to 
the fibers alone (84 GPa, according to a rule-of-mixtures calcu- 
lation; see the previous section), compared to 118 GPa at the 
highest loading rate. Although the ultimate strengths have not 
been evaluated for the different loading rates, a similar study on 
BMAS/Tyranno fiber composite has shown greatly improved 
strengths at low loading rates when the matrix exhibits creep or 
viscous flow (Ref 18). 

3.4 Tensile Cyclic Creep Behavior 

Experiments were conducted to study the creep strain recov- 
ery behavior of  the composites in tensile mode. During the un- 
loading period of  each cycle the composites exhibited 

b'lgo 4 SEM mierograph of the fracture surface of a sample bro- 
ken in tension at room temperature, showing extensive fiber pull- 
out compatible with the weak interfacial bond found in Fig. 2 

Fig. 5 Plot indicating the change in composite stiffness with 
loading rate at 750 ~ 
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extensive viscous strain recovery for the two temperatures in- 
vestigated. Figure 6 shows, as an example of  this behavior, the 
cyclic creep response of  the material at a stress level of 100 
MPa at 750 ~ As pointed out by Holmes et al. (Ref 8, 9), the 
extent of  strain recovery in ceramic matrix composites depends 
on the residual stresses developed in the material upon the load- 
ing/unloading cycles. In addition to the intrinsic recovery 
mechanisms of  the constituents, the residual stress state that ex- 
ists in a composite material after unloading can provide a fur- 
ther driving force for strain recovery. These residual stresses 
depend on the composite architecture, mismatch in elastic con- 
stants, and thermal expansion between the matrix and the fi- 
bers, and on the test temperature, applied stress, and 
accumulated creep strain as well. Moreover, strain recovery, 
being governed by a load transfer and stress redistribution 
mechanism, will be dependent on the degree of  interfacial 
bonding at the working temperature. The quantification of  
creep strain recovery during creep-fatigue loading can be car- 
ded  out conveniently using the recovery ratios introduced by 
Holmes et al. (Ref 8, 9): the creep-strain recovery ratio, Rcr, and 
the total-strain recovery ratio, R r These ratios can be calculated 
according to the following relations: 

Ecr, R 
Rcr = - -  (Eq 1 ) 

Ecr 

gated here are very high, and they are similar to the values re- 
ported for the tensile cyclic creep of  SiC/CAS (Ref 8) and the 
flexural cycle creep of BMAS/SiC composites (Ref 10-12). 
The increase in Rcr with the number of  cycles is caused by a 
lower level of  stress transfer from the matrix (which is placed 
in compression after unloading) to the fibers on subsequent cy- 
cles. R t has a decreasing dependence with the number of  cycles 
as the accumulated strain increases. The presence of  extensive 
creep recovery is a positive phenomenon that leads to an over- 
all decrease of the accumulated creep strain. It should be taken 
into account, therefore, when predicting the life of  components 
that will be loaded under cyclic creep conditions. 

Some crept samples were tested in tension at room tempera- 
ture upon finishing the cyclic creep tests. They failed, showing 
pull-out of  the fibers; however, the pull-out was limited to the 
central area of  the sample cross section. This behavior is shown 
in Figure 7, a SEM micrograph of  the fracture surface of a sam- 
ple crept at a stress level of  100 MPa. Thus, while the central 
area shows the pull-out of  fibers, indicative of  the weak (carb- 

(EeI,R + Ecr,R) 
R t - (Eq 2) 

E t 

where Ecr, R represents the creep strain recovered during a par- 
ticular unloading cycle, ecr represents the creep strain for the 
cycle, (EeI,R + Ecr, R ) represents the total strain recovered within 
a particular cycle, and gt is the total accumulated strain for the 
experiment. Note that the creep strain recovery ratio, Rcr, con- 
siders only time-dependent creep strains during loading and 
unloading, while the total strain recovery ratio, R t, also in- 
cludes the elastic components of  strain during loading and un- 
loading. Table 2 shows the calculated recovery ratios for the 
first cycles of  cyclic creep tests of  aluminosilicate glass matrix 
composites at 700 and 750 ~ and at a maximum stress level of  
100 MPa. The minimum stress was 2 MPa and the holding time 
for each cycle was 4 h. 

Although the authors are not aware of previous studies on 
cyclic creep in tensile mode on similar glass matrix materials, 
the data on creep recovery ratios may be compared for different 
materials, since their definitions are of general validity. The 
creep recovery ratios for the glass matrix composite investi- 

Table 2 Creep strain recovery ratios for tensile cyclic 
creep of  aluminosilicate glass matrix composite materials 

Strain recovery At 750 ~ At 700 *C 
ratios Cycle I Cycle 2 Cycle 3 Cycle I Cycle 2 Cycle 3 

Rcr,% 55 73 81 61 74 88 
R t, % 82 81 80 93 88 87 

Note: Maximum stress level 100 MPa, minimum 2 MPa, in air 

Fig. 6 Materials response under tensile cyclic creep loading 
conditions at 750 ~ showing creep recovery behavior. Maxi- 
mum stress, 100 MPa; minimum stress, 2 MPa (first cycles) 

Fig. 7 SEM micrograph of the fracture surface of a sample 
crept under the conditions of Fig. 6 and tested after the cyclic 
creep loading in tension at room temperature. Note that there 
was only partial pull-out of the fibers located in the center of the 
sample. 
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on-rich) interface, the periphery shows a flat fracture path, in- 
dicative of  fiber fracture due to strong bonding at the interface 
and, eventually, fiber degradation due to oxidation. This result 
indicates that embrittlement of  the composite occurred during 
high-temperature exposure due to oxygen diffusion through 
the matrix. 

4. Conclusions 

The mechanical properties, at room and high temperatures, 
of  a unidirectional SiC fiber-reinforced aluminosilicate glass 
matrix composite were investigated using a range of  tests and 
techniques. The stress-strain behavior was that expected for 
this kind of  composite, i.e. "pseudoductile" behavior with ex- 
tensive fiber pull-out at room temperature and at 800 ~ and 
brittle failure at intermediate temperatures due to oxidation em- 
brittlement. The interfacial condition of  the as-received mate- 
rial was investigated by a push-out indentation technique and 
the presence of  a weak interface was detected. The stiffness of  
the composite at 750 ~ was shown to be strongly dependent on 
the loading rates, highlighing the importance of  strain rate on 
mantainance of  matrix integrity due to time-dependent matrix 
stress relaxation. Cyclic creep studies were conducted at tem- 
peratures above and below Tg (745 ~ in air. The cyclic creep 
experiments showed the existence of  extensive viscous strain 
recovery during the unloading period. The creep strain recov- 
ery was quantified using strain recovery ratios. The ratios are 
high for the material investigated here and are comparable to 
previous results on glass-ceramic matrix composites. More- 
over, the creep recovery ratios are negligibly dependent on the 
temperature in the investigated range (700 to 750 ~ Because 
of  the great importance of creep recovery in life prediction cal- 
culations and design of  components for high-temperature ap- 
plications, further work will be focused on the dependence of  
the strain recovery on the loading history for these materials. 
The crept composites retained their "graceful" fracture behav- 
ior only partially after testing, indicating that oxidation of  the 
fiber/matrix interface due to oxygen diffusion through the ma- 
trix affected the outer layer of the composite. 
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