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Abstract 

Single .fiber pulLout in a SiC fiber-reinforced glass 
system is characterized from both theoretical analyses 
and experimental studies. The stress-displacement 
relationship of the fiber during the .fiber pullout 
process (i.e., the fiber pulLout curve) is" analyzed. Con- 
sideration ~?f the displacement due to the compliance of 
the apparatus is essential in comparing the theoretical 
.fiber pullout curve with the experimental fiber pull- 
out curve, in which the displacement between the 
platform and the crosshead ~?[ the apparatus is often 
measured. The interfacial properties, such as the inter- 
Jacial shear strength, the residual clamping stress, and 
the coe~cient of.friction, are also evaluated in the 
present study. 

Das Herausziehen einer einzelnen Faser in faserver- 
stdrktem SiC wird sowohl theoretisch als auch experi- 
mentell charakterisiert. Die Spannungs- Verschiebungs- 
Beziehung der Faser wdhrend des Herausziehens 
( d.h. die Faser pull-out Kurve ) wird analysiert. Die 
Betrachtung der Verschiebung infolge der Nach- 
giebigkeit der Apparatur ist fiir einen Vergleich 
zwischen theoretischen und experimentellen Ergebi- 
nissen, bei denen die Verschiebung zwischen der 
Plattform und dem Kreuzkopf gemessen wird, wichtig. 
Die Grenzfldcheneigenschaften, wie die Grenz- 
.fldchenschelfestigkeit, die Eigenhaftspannung und 
der Reibungskoeffizient werden im folgenden ebenso 
betrachtet. 

L'extraction d'une .fibre dans un systOme .fibre SiC- 
verre a 6t6 6tudi6e h fois ~ l'aide d'analyses th6oriques 
et par des exp6riences. On analyse la relation 

.force d6placement durant l'extraction de &.fibre (i.e., 
la courbe d'extraction de la fibre ). II est essentiel de 
tenir compte de la compliance de l'appareil afin de 
comparer les courbes d'extraction th6orique et 
exp6rimentale, oh l'on mesure souvent le d6placement 
entre le plateau et la tfte de l'appareil. On 6valu6 
c;galement dans cette 6tude la r6sistance de l'interface 
au cisaillement, la contrainte r6siduelle de serrage et le 
coefficient de friction. 

1 Introduction 

Toughening of fiber-reinforced ceramic composites 
is primarily due to bridging of crack surfaces by 
strong fibers when the composite is subjected to 
tension. Opt imum toughening requires debonding at 
the fiber-matrix interface and subsequent frictional 
sliding between the fiber and the matrix as the main 
crack extends through the matrix. 1 - 3 These require- 
ments have prompted studies of the interracial 
properties of fiber-reinforced ceramic composites: 
the interfacial shear strength, the residual clamping 
stress, and the coefficient of friction at the debonded 
interface. 

Recently, the single fiber pull-out test (Fig. l(a)) to 
evaluate the interfacial properties 4- 9 has attracted 
great interest. The general features of the fiber pull- 
out curve are depicted by Fig. l(b). The curve shows 
an initial linear relationship corresponding to the 
elastic loading of the composite with a bonded 
interface. This linear relationship terminates when 
initial debonding occurs. After initial debonding, the 
stress increases with increasing displacement at a 
slower rate, and reaches a maximum when complete 
debonding occurs along the entire embedded fiber 
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The purpose of the present study is to perform a 
quantitative comparison of the fiber pull-out curve 
between the theoretical prediction and the experi- 
mental result. To achieve this, both the theoretical 
analysis and the experimental work are conducted 
for pull-out of a single SiC fiber embedded in a glass 
matrix, and the actual displacement of the fiber 
during the pull-out test is measured. The interfacial 
properties of the composite are also evaluated. 

2 Experiments and Theoretical Analyses 

Both experiments and theoretical analyses of a 
single fiber pull-out have been performed. The 
existing work is summarised, and the extending 
work pertinent to the present study is presented as 
follows. 

PARTIAL DEBONDING 

~ /MAXIMUM DEBOND STRESS 

STRESS 

INITIAL DEBOND STRESS 

m, 
D I SP LACEMENT 

Fig. I. Schematic diagrams showing (a) the fiber pull-out test, 
and (b) the fiber pull-out curve. 

length, t. At this point, the stress suddenly drops to a 
new value, which is defined as the fiber pull-out 
stress, and fiber pull-out starts. Then, the stress 
continuously decreases to zero when the fiber is 
completely pulled out of the matrix. The initial 
debond stress, the maximum debond stress, and the 
fiber pull-out stress have been adopted to evaluate 
the interfacial properties. 4-~° Furthermore, the 
evaluated interfacial properties have been used 
successfully to predict the increase in fracture 
resistance with crack propagation for ceramic 
composites, v However, it is noted that the measured 
displacement in the fiber pull-out curve is often the 
displacement of the machine crosshead rather than 
the actual fiber displacement. Whereas the actual 
fiber displacement is considered in the theoretical 
fiber pull-out curve, l°' 11 the experimental fiber pull- 
out curve has only been addressed qualitatively by 
the theoretical analysis. 

2.1 Experiments 
2.1.1 Summary of previous work 7"s 
Experimentally, difficulties were experienced in 
gripping a fiber during the pull-out test (Fig. l(a)). To 
avoid the fiber gripping problem, fabrication of the 
specific pull-out specimen is summarized in Fig. 2. A 
specimen containing a fiber at the center was 
machined from a unidirectional SiC fiber-reinforced 
Pyrex glass composite, and was notched per- 
pendicular to the fiber axis, Matrix cracking at the 
notched location was then induced by the Vickers 
indenter, and the fiber was divided by the matrix 
cracking into two unequal embedded lengths. The 
following results were obtained from the pull-out 
test: (1) matrix cracking (to reach the interface), 
interfacial debonding, and fiber pull-out occurred 

as fabricated 
composite 

machining ~ ~/'n°tch 

l . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  _ ( _ _  ........ 1 
I i I 

indentation ~ indentation 
/ cracking 

L ............................ _v ........... j 
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Fig. 2. Schematic diagram showing the fabrication of the pull- 
out specimen with two unequal embedded fiber lengths 

separated by the matrix crack. 



Fiber pull-out of SiC Ji'ber-reinforced glasses 49 

sequentially and were monitored by an acoustic 
emission measuring system; (2) interfacial debond- 
ing occurred on both sides of the matrix cracking, 
and fiber pull-out occurred on the side with the 
shorter embedded length; (3) different interfacial 
bond strengths could be obtained by hot pressing the 
composites in different atmospheres. For example, 
SiC fiber-reinforced glass composites hot-pressed in 
vacuum have a weaker interface than those hot- 
pressed in argon. 

2.1.2 Experhnents per/brmed hi this study 
The previous work is modified to obtain the actual 
fiber displacement during the pull-out test. The 
specimen was hot-pressed for 10 min at 720°C under 
a pressure of 10 MPa, and consisted o f  a SiC fiber 
(Textron, SCS-6) with radius a (= 71/tm), and a 
Pyrex glass matrix (Coming, ~ 7740) with an outer 
radius b ( -~ 1-1 mm). The matrix was precracked, and 
the two embedded fiber lengths separated by the 
matrix cracking (Fig. 3) were 10"8 mm and 19-45 ram, 
respectively. Measurement  of the actual fiber 
displacement during the pull-out process was 
achieved by using an electro-optical extensometer 
(Zimmer, Model 200X) which is described as follows. 

A precracked specimen was loaded until matrix 
cracking (i.e. the two opposing cracks propagated 
through the matrix), which was identified by the 
acoustic emission measuring system. Then, the 
specimen was fully unloaded and examined. Only 
those specimens where the fiber was fully sur- 
rounded by a matrix crack were selected for the fiber 
pull-out test. In this case, the contribution of the 
matrix cracking to the pull-out curve, in which a 
sudden load drop due to matrix cracking was 
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Fig. 3. Schematic diagrams showing the measuring system to 
measure the actual fiber displacement. 

observed (e.g. see Fig. 5 in Ref. 8), was eliminated. The 
fiber displacement was determined by measuring the 
differential between two targets mounted on both 
sides of the matrix crack (Fig. 3). The extensometer 
has a resolving power of 0.4 ktm and a measuring 
range of 5 ram. 

Measurement of the actual fiber displacement 
during the pull-out test for the specimen hot-pressed 
in argon was unsuccessful. Upon initial debonding, 
the fiber separates from the matrix which, in turn, 
results in a frictionless interface and abrupt,  
complete interfacial debonding. 8 The condition for a 
frictionless interface upon initial debonding will be 
discussed in Section 2.2.1. For the specimen hot- 
pressed in argon, the fiber displacement before 
complete debonding is extremely small and is 
difficult to  be measured. Hence, the experimental 
pull-out curve is presented for the specimen hot- 
pressed in vacuum only. 

2.2 Theoretical analyses 
2.2.1 Summary of previous analyses l°'x l 
During partial debonding, the applied stress, ah, 
must overcome the frictional stress within the 
debond length, h, and the interracial bond strength, 
o- d, at the end of the debond length (see Fig. l(a)). The 
stress required to overcome the frictional resistance 
within the debond length increases with increasing h, 
and reaches a plateau when the radial tensile stress 
induced by Poisson's effect compensates the residual 
clamping stress, a c, at the interface. Based on the 
shear lag model 12 and the strength-based debonding 
criterion, 4'13'14 ad increases and reaches a plateau 
with the increasing bond length. The predicted trend 
of the length dependence of o- d has been reported for 
SiC fiber-reinforced Si3N4, is SiC fiber-reinforced 
Ti,16 and SiC fiber-reinforced borosilicate glass. 9 

From initial debonding to complete debonding, 
the debond length h increases while the bond length 
t-h decreases (Fig. l(a)), and both the stress and the 
displacement of the fiber exhibit initial increases, 
reach maximum values, and then decrease. The 
theoretical fiber pull-out curve shows a 'nose' 
around the maximum debond stress (see Fig. 5(a) in 
Ref. 10). However, the conventional fiber pull-out 
test is usually performed under a condition of 
increasing fiber displacement via a constant dis- 
placement rate.'*-9 Hence, the 'nose' portion of the 
curve cannot be observed experimentally, since the 
stress drops suddenly in order to follow an 
increasing fiber displacement. 

Interracial friction requires contact between the 
fiber and the matrix during the pull-out process. 
When composites have sufficiently strong interfacial 
bonding or sufficiently weak residual clamping 
stresses, the fiber can separate from the matrix (due 
to Poisson's effect) upon interfacial debonding. The 



50 C. H. Hsueh, H. Tsuda, M. Enoki, T. Kishi 

condition satisfying no friction at initial debonding 
is dictated by: T M  

a a > - + + (1) 
-- Vf ~ a  2 ) EmVfJ 

where E and v are Young's modulus and Poisson's 
ratio, and the subscripts l and  m denote the fiber and 
the matrix, respectively. The previous analysis 8 
showed that the interfacial properties of  the 
composite hot-pressed in argon satisfy eqn (1). 

2.2.2 Extension of  previous analyses 
The fiber pull-out curve was analyzed previously for 
a fiber with one embedded end (Fig. l(a)). In the 
present study, both ends of the fiber are embedded in 
the matrix, and the two unequal embedded fiber 
lengths are separated by a matrix crack (Fig. 3). The 
analyses pertinent to fiber pull-out with two 
embedded ends can be obtained by modifying those 
for fiber pull-out with one embedded end. First, the 
pull-out curves for one embedded end are obtained 
for the two unequal embedded lengths, respectively. 
Then, for the specimen with two embedded ends, the 
two embedded lengths are subjected to the same 
applied stress, and the measured displacement 
consists of the displacements resulting from both 
embedded lengths. Upon reaching the maximum 
debond stress for the shorter embedded length, pull- 
out occurs on the side with the shorter embedded 
length and the stress drops. Hence, the displacement 
of the pull-out portion of the curve derives only from 
the side with the shorter embedded length. 

When the properties of the fiber and the matrix 
are isotropic and the volume fraction of fibers in the 
composite is small (i.e. b >> a), the residual clamping 
stress resulting from a cooling differential ofA Tis: 17 

(a  m - -  af)AT (2) 
a¢ = 1 - 2vf 1 -t- Vm 

E r +(1 + vf)E m 

where a is the thermal expansion coefficient. The 
residual clamping stress evaluated from the pull-out 
test can be compared with that calculated from 
eqn (2). 

stress and the fiber pull-out stress. Then, the partial 
debond stress and the fiber displacement as func- 
tions of the partial debond length are predicted 
based on the evaluated interfacial properties. 
Finally, the theoretical fiber pull-out curve is 
obtained and compared to the experimental curve, 
in which the actual fiber stress-displacement rela- 
tion is measured. 

3.1 Evaluation of interfacial properties 
Although o- d is a function of the bond length, the two 
embedded lengths (10.8 mm and 19.45mm) in the 
present study are sufficiently long for o- d to reach its 
plateau. Experimentally, initial debonding was 
found to occur simultaneously on both sides of the 
matrix crack. The relation between the interfacial 
shear strength, L, and the initial debond stress, O'd, is 
dictated by eqn (1) in Ref. 10. Using this equation 
and the measured initial debond stresses of 
76.8 MPa, the interracial shear strength is 86-3 MPa. 

For given residual clamping stress, ac, and 
coefficient of friction,/~, the maximum debond stress 
and the fiber pull-out stress can be obtained from 
eqn (4) in Ref. 10. With the maximum debond 
stress (=  1.74GPa) and the fiber pull-out stress 
(= 1.55 GPa) obtained experimentally for the shor- 
ter embedded length (i.e. t = 10-8 mm), ac and / t  can 
be evaluated by iterating pairs of(o-~, #) to obtain the 
best agreement between calculated and experimental 
values for both the maximum debond stress and the 
fiber pull-out stress. During the iterating procedure, 
it is found that similar values of the pull-out stress 
are predicted by the pairs of (o- c,/t), which give a 
constant product  of #a¢. However, keeping a 
constant #~7~, higher values of the maximum debond 
stress are predicted by using higher values of the 
residual clamping stress. Hence, a unique pair of 
(o-c,/t) can be found by fitting the predicted to the 
experimental results for both the maximum debond 
stress and the fiber pull-out stress. The results are 
a~ = - 4 8  MPa and / t  = 0-177. 

Using af = 2 x 1 0 - 6 / ° C ,  T M  a m ---- 3"2 x 1 0 - 6 / ° C ,  6 

and AT = - 695°C (i.e., cooling from 720°C to 25°C), 
the calculated residual clamping stress from eqn (2) 
is - 4 6 M P a ,  which is in excellent agreement with 
the value determined from the pull-out experiment. 

3 Results 

The elastic properties of the composites are: 
Ef = 427 GPa, E m = 60 GPa, vf = 0"2 and v m = 0"2. 
The interfacial shear strength is evaluated from the 
initial debond stress, which can be accurately 
measured by coupling the fiber pull-out apparatus 
with the acoustic emission measuring system. The 
residual clamping stress and the coefficient of 
friction are evaluated from the maximum debond 

3.2 Predicted dependences of the partial debond 
stress and the fiber displacement on the partial debond 
length 
The analytical solutions for the partial debond stress 
and the fiber displacement can be found in Ref. 10. 
The present study shows only the results, which can 
be obtained by substituting the properties of the 
composite into the analytical solutions. 

The partial debond stress, o- h, and the fiber displace- 
ment, u, as functions of the debond length, h, are 
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Fig. 4. The  predicted part ial  debond  stress, a h, and fiber 
d isplacement ,  u, as funct ions  o f  the debond  length, h, for  

t =  lO.8mm and t = 19.45 mm. 

shown in Fig. 4 for both embedded lengths. When 
h increases, both o- h and u increase initially, reach 
maximum values when the end of  the debonding 
zone approaches the end of  the embedded length (i.e. 
h--+t), and then decrease. Before the shor ter  
embedded length is fully debonded, for a given h, 
both embedded lengths have the same value of a h, 
and the longer embedded length has a slightly 
greater value of u than the shorter embedded length 
(Fig. 4). This slight difference in the fiber displace- 
ment results from the portion of  the fiber which 
remains bonded to the matrix (i.e. difference in t-h for 
t = 10.8 mm versus t = 19.45 ram). 

3.3 Comparison between theoretical and experi- 
mental fiber pull-out curves 
The experimental fiber pull-out curve is contingent 
upon the loading condition. When fiber pull-out is 
obtained by an increasing fiber displacement (i.e. a 
constant displacement rate), the portion of  the 
decreasing displacement in the theoretical pull-out 
curve cannot be observed. 

The calculated fiber pull-out curves for one em- 
bedded end are shown in Fig. 5 for t = 10"8 mm and 
t = 19-45mm. Using the procedures described in 
Section 2.2.2, the resultant fiber pull-out curve for 
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Fig. 5. The predicted fiber pull-out curves for t = 10"8 rnm and 
t =  19.45 mm. 
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Fig. 6. The predicted fiber pull-out curves with two embedded 
lengths (t = 10.8 and 19.45mm) during (a) partial debonding, 
and (b) pull-out. The experimental pull-out data are also shown 

in which the actual fiber displacement is measured. 

two embedded ends is shown in Fig. 6. The fiber 
displacement after complete debonding is much 
greater than that during partial debonding. Hence, 
different scales of the fiber displacement are used in 
Fig. 6(a) and (b). The digitized data from the 
experimental fiber pull-out curve are also shown in 
Fig. 6. It is noted that stick-slip phenomena 8,9,19 - 21 
occur during the pull-out process. The experimental 
pull-out curve exhibits periodic fluctuations, and the 
midpoint between the peak and the valley on the 
fluctuated curve is chosen for digitization. Good 
agreement between the theoretical and experimental 
curves is obtained. However, after complete debond- 
ing, the measured stress is lower than the predicted 
stress (Fig. 6(b)). This could be due to the assumption 
of  a constant /~ in the analysis in contrast  to a 
decreasing/~ in the experiment which results from 
the loss of asperities at the debonded interface 
during frictional sliding. 22 

4 Concluding Remarks 

Three difficulties are often encountered in evaluating 
the interfacial properties of  fiber-reinforced ceramic 
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composites from the fiber pull-out test. Firstly, it is 
difficult to grip a fiber during the pull-out test. 
Secondly, the initial debond stress is usually difficult 
to identify from the experimental fiber pull-out 
curve due to the ambiguity in determining termin- 
ation of the linear stress-displacement relation. 
Thirdly, the measured displacement is nearly always 
the machine crosshead displacement rather than the 
actual fiber displacement. These three difficulties are 
resolved in the present study. Specimens with both 
ends of the fiber embedded in the matrix are 
fabricated to avoid the fiber gripping problem. With 
the application of an acoustic emission measure- 
ment system, the initial debond stress can be 
accurately determined. Using an electro-optical 
extensometer, the actual fiber displacement is 
measured. Good agreement between the theoretical 
and experimental fiber pull-out curves is obtained in 
the present study. The interfacial properties (i.e. the 
interracial shear strength, the residual clamping 
stress, and the coefficient of friction) are also 
evaluated in the present study. 

Depending on the comparison between the 
residual clamping stress and the interfacial radial 
tensile stress induced during the pull-out process, the 
debonded interface can be either subjected to 
Coulomb friction or friction free. The absence of 
friction at initial debonding occurs only for com- 
posites having a sufficiently strong interface or a 
sufficiently weak residual clamping stress such that 
eqn (1) is satisfied. However, the loss of friction 
during partial debonding can occur for any com- 
posite when the embedded fiber length is sufficiently 
long.9- ~ 1 When friction is absent at initial debond- 
ing, the stress in the fiber pull-out curve is limited by 
the initial debond stress which, in turn, minimizes 
the toughening effect. To achieve an optimum 
toughening effect of interfacial friction for fiber- 
reinforced ceramic composites, the absence of 
friction at initial debonding (i.e. eqn (1)) should be 
avoided. 
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