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Strength distribution of Carborundum 
polycrystalline SiC fibres as derived from the 
single-fibre-composite test 
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The single-fibre-composite (s.f.c) test, in which a fibre is embedded in an epoxy matrix and the 
composite tested in tension, was employed to obtain the statistical strength distribution of 
Carborundum SiC ceramic fibres over the range of gauge lengths from 0.5 to 20 mm. The raw s.f.c. 
test data was organized into three independent forms: the number of fibre breaks versus applied 
stress; the fibre fragment length distribution at the end of the test; and the fibre strength versus 
fragment length during testing. The data was interpreted using two different models of the 
fibre/epoxy-matrix interface, and it was found that a constant shear stress model could not 
selFconsistently fit all of the s.f.c, data, whereas an elastic interface model provided good fits to all 
of the data. The applicability of the elastic interface model was supported by the absence of 
interfacial debonding and the rough fibre/matrix interface, which promoted mechanical 
interlocking. The s.f.c, test derived strength of ~o = 1500 MPa at a gauge length of 20 mm, with 
a Weibull modulus of m = 9, agreed fairly well with independent tension test results obtained on 
254 mm length samples. Obtaining self-consistent fits to all of the manifestations of the s.f.c, data 
requires careful testing and analysis, but the present work demonstrates that the s.f.c, test can be 
a powerful tool for the accurate and independent assessment of fibre strengths at small gauge 
lengths. 

1. Introduction 
The dependence of average brittle fibre strength on 
tested gauge length is welt documented [1]. Since the 
fibre strength is determined by its weakest flaw, the 
typical fibre strength increases as the length tested 
decreases. Such a gauge length dependence (size effect) 
of fibre strength is important in composite applica- 
tions because the mechanics within the composite 
establish a gauge length, l~, often called the critical [2] 
or ineffective [3] length, and the composite strength is 
then controlled by the fibre strength at the length lc. 
Unfortunately, Ic is typically of the order of milli- 
metres or smaller and tension testing of single fibres at 
such gauge lengths can be rather difficult to perform 
reliably. A technique which avoids such difficulties is 
the single-fibre composite (s.f.c.) test [2,4-9]. In the 
s.f.c, test a single fibre is embedded in a large failure 
strain epoxy and this "composite" is subjected to 
uniaxial tension. Under increasing load, the fibre 
undergoes successive fragmentation at its weakest 
points. Multiple breaks in the fibre can occur because 
the matrix holds the fibre along its length and trans- 
fers the applied load back into the fragments via shear 

across the fibre/matrix interface. As more breaks 
occur in the fibre the fibre fragments obviously de- 
crease in size and, hence, information on the fibre 
strength at various lengths is contained in the number 
and location of breaks versus stress as recorded during 
the test. The fragmentation process ultimately ceases 
when the fragments are small enough that the tensile 
stress in the fibre, which is zero at each break point, 
cannot build up to the applied value, i.e. when the 
fragments are roughly twice the load transfer, or inef- 
fective, length governing transfer of load from the 
matrix to the fibre. For typical combinations of fibre 
and epoxy the final fragment sizes are of the order of 
1 mm and so the s.f.c, fragmentation data contains 
information on the dependence of strength versus fibre 
gauge length down to the gauge lengths of interest in 
composite applications. 

In this work, the s.f.c, test was used to derive the 
statistical strength distribution of sintered polycrystal- 
line SiC fibres obtained from the Carborundum Co. 
over the range of gauge lengths from 0.5 to 20mm. 
Interpretation of the s.f.c, data requires a knowledge of 
the fibre/matrix interfacial properties. Because of the 
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Figure 1 Micrograph of a polycrystalline SiC fibre used in this 
work; note the rough surface. 

roughness of the polycrystalline SiC fibres invest- 
igated here (Fig. 1), it is argued that mechanical bond- 
ing and /or  interlocking between the fibre and the 
matrix inhibits decohesion of the fibre/matrix inter- 
face and, hence, that a well-bonded elastic interface 
model is appropriate for this system. Such a model is in 
distinct contrast to most other fibre/matrix systems, 
where interfacial debonding and /o r  matrix yielding 
do occur during the s.f.c, test [4-9].  Assuming an 
elastic interface model, all of the experimental data 
was compared to new theoretical results obtained 
by computer simulations. A fibre scale strength of 
1500 MPa at a 20 mm gauge length, with a Weibull 
modulus of m = 9, was found to agree well with all 
aspects of the observed fragmentation data over the 
range of 0.5-20 ram. In contrast, self-consistent fits to 
the experimental data, assuming a constant interfacial 
shear stress model, could not be found. The scale 
strength and Weibull modulus derived here are in 
general agreement with single fibre tension test results 
obtained at larger gauge lengths. 

The remainder of this paper is organized as follows. 
In the next section, the background mechanics used to 
describe the fibre/matrix interracial behaviour and 
also formalize the concept of a statistical strength 
distribution for brittle fibres is discussed. In Section 3, 
the details of s.f.c, sample preparation, experimental 
procedures and data are discussed. In Section 4, the 
general theoretical results for both constant shear 
stress and elastic shear stress interfaces are presented, 
comparisons are made with the experimental data 
obtained and the fibre strength statistics deduced. 
Section 5 contains further discussion of the findings 
and their implications on the performance of ceramic 
composites utilizing this fibre. 

2. In ter fac ia l  mechanics  and f ibre  
s t rength  stat ist ics 

2.1. In te r fac ia l  mechan i cs  
A full interpretation of the s.f.c, test data requires 
knowledge of the detailed mechanics at the fibre/ 
matrix interface. Starting from zero at a break, the 

axial tensile stress in the fibre builds up by load trans- 
fer via the shear stress across the fibre/matrix inter- 
face. Denoting the shear stress a distance x from the 
fibre break location by ~(x), then the (average) axial 
fibre stress is 

~(x) = ~ dx'~(x') (1) 
o 

where d is the fibre diameter. In general, the axial 
stress, tr, near any existing break is lower than the 
value at points far from the break, and hence the 
probability of finding further breaks near an existing 
break is lower than that for breaks remote from the 
existing breaks. Fibre breaks in the s.f.c, test tend, 
therefore, to be spaced by at least some length deter- 
mined by the shear stress r(x). The mixing of the fibre 
strength distribution with a spatially varying axial 
stress as breaking progresses makes the prediction of 
the break evolution a difficult problem. Conversely, 
with the s.f.c, test data in hand, the inversion of the 
data to derive both the fibre strength distribution and 
the interfacial shear stress z(x) can be formidable. 

To simplify the general problem, some basic physics 
and mechanics considerations motivate a flexible but 
tractable class of functions for the shear stress r(x). 
Specifically, under conditions of perfect elastic bond- 
ing between a cylindrical fibre and the matrix, Cox 
[10] used a shear lag approach to obtain the stresses 

~c(x) = ct~,pve-r (2a) 

c~(x) = C~app(1 -- e - ~ )  (2b) 

for a semi-infinite fibre under a remote tensile stress, 
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Figure 2 (a) Axial and shear stresses versus distance from fibre 
break from shear lag model of an elastic interface. (b) As (a), but for 
a debonded interface. 
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O-app, as shown in Fig. 2a. Here, 

= (Gm/2KEf)I/2; ~ = 4o~/d (2c)  

w h e r e  G m is the matrix shear modulus, Ef the fibre 
Young's modulus and K a geometrical constant of 
order unity. If the fibre/matrix interface can only 
sustain a maximum shear stress zf (which could cor- 
respond to the shear yield stress of the matrix or the 
adhesive shear strength of the interface), then Equa- 
tion 2 ceases to be valid for ~app > zf~. For loads 
beyond interfacial failure, a debonded or yielded re- 
gion can form which is modelled by a region of con- 
stant shear stress z~. z~ may correspond to the matrix 
yield stress itself or to a frictional shear stress behind 
an advancing debond at the interface. The general 
situation is shown in Fig. 2b, and is described math- 
ematically by 

Z(X) = T, i X ~ db (3a) 

and 

o ( x )  = 

= "~fe -13(x-rib) X > d b 

4zlx /d  x ~ db 

= 4"qdb/d + zf(1 - e-I~(x-db))X > db (3b) 
0~ 

db is the length of the debond and is related to the 
applied tensile stress, o-app, by 

>~ ~f/~ (4) 

Equations 2-4  capture a broad range of interfacial 
behaviours in terms of only two parameters, ~f and ~i 
(the parameters [3 and r are not dependent on inter- 
facial properties but only on bulk material properties). 

For  finite fibre fragment lengths, the stress recovery 
from the two ends will overlap and modify Equa- 
tions 2-4. For the case of perfect elastic bonding be- 
haviour, corresponding to zf = oo (see Fig. 2a), the 
major effect on the axial stress is that the maximum 
axial stress along fragment of length 1 is [10]: 

~ma, = ~.pp 1 cosh ([31/2 

which occurs at the midpoint of the fragment. For 
constant ~ and ~f = 0 the maximum stress is 

O'ma x = O'ap p > do 'ap  p /2Ti 

= 2"cl/d < dcy,pp/2Zl (5b) 

In the subsequent discussion, two limiting cases of 
the above general interracial model will be focussed 
upon. The first case is when zf ~ 0 (specifically 
zf/~ ~ typical fibre strengths); this corresponds to 
very poor adhesion, such that the interfacial mechan- 
ics is dominated by the constant shear stress ~. The 
complete evolution of the fibre fragmentation in this 
case can be calculated exactly for any fibre strength 
statistics [!1].  The second special case is large 
zf(zf/r >> typical fibre strengths); this Corresponds to 
very good adhesion. The evolution of fibre fragmenta- 
tion in this case is not known exactly, and will be 
studied here by computer simulation. 
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2.2. Fibre s t r en g th  d i s t r ibu t ions  
A fibre contains a variety of flaws which will fail under 
a range of applied tensile stresses, and it is generally 
assumed that such flaws occur randomly along the 
length of the fibre. The quantity at the heart of the 
statistical description of brittle fibre strength is then 
the number of defects in a length L which are weaker 
than stress cy, which is denoted q)(c~, L). Brittle mater- 
ials are usually characterized empirically by a Weibull 
form [12] for the fibre defect distribution, 

L 
~(cr, L) = Lo (o-/(Y~ (6) 

where m is the Weibull modulus describing the vari- 
ability in fibre strength at any fixed length. The 
Weibull form in the present work is used as a flexible 
class of functions for describing fibre statistical 
strength. From Equation 6 it is clear that the scale 
stress, o-o, is the stress at which there is typically one 
defect in a length L0 of fibre, i.e. ~(o-o, Lo) = 1. The 
probability of failure Pf versus stress for a fibre of 
length L, which would be determined by a number of 
single fibre tension tests, is obtained from q5(c~, L) by 
a weakest-link argument as 

Pf (o', L) = 1 - exp [ - (L/Lo) ((3"/00) m] (7) 

The probability of failure in a length Lo at stress o-o is 
thus P~ = 1 - e-a = 0.632 . . . . .  and the median (50% 
probability) failure stress is O = (ln2) a/mo-o. 

Equation 6 implies a relationship between the typi- 
cal strengths of fibres of different gauge lengths. Spe- 
cifically, the scale stress, o-L (63.2% probability), for 
fibres tested at gauge length L is related to the scale 
stress o-o at length Lo by 

- -  = ( 8 )  

O-O 

Thus, given information on the fibre strength distribu- 
tion at length Lo, in the form of o-o and m, the fibre 
strength distribution at any other length L is charac- 
terized by the same m and a scale strength o-L- In 
practice, the parameters o-o and m determined at 
gauge length Lo may not be relevant to the strength 
distribution at lengths L ~ Lo or L >> Lo because the 
nature of the flaws establishing the distribution at 
length Lo may be different from those at much differ- 
ent length scales. Since the gauge length Ic relevant in 
composites is often Ir ~ Lo, it is valuable to derive the 
scale strength and Weibull modulus for lengths on the 
order of lr The s.f.c, test offers this possibility, as noted 
earlier, and is Used here to derive the strength and 
Weibull modulus of Carborundum SiC fibres at short 
gauge lengths. 

3. Experimental details and results 
3.1. Epoxy characterization and specimen 

preparation 
The tensile properties of the bulk epoxy material were 
obtained by testing dog-bone shaped specimens. To 
fabricate specimens DER 331, biphenol-A based 
(DGEBA), liquid epoxy resin was cured using DEH 
No. 26, tetraethylenepentamine (TEPA), in stoichio- 



metric proportion. This resin/curing agent combina- 
tion was chosen to ensure that no matrix cracking 
occurred at the fibre fracture locations [8]. The resin 
and the curing agent were obtained from Dow Chem- 
ical Corporation. The resin and curing agent were 
thoroughly mixed, degassed in a vacuum chamber to 
remove air, and poured slowly into the dog-bone 
shaped silicone rubber mould. The mould containing 
the resin mixture was then put in a n  oven for curing. 
After curing for 3 h at 80 ~ the oven was turned off 
and the specimen allowed to cool slowly to room 
temperature. After taking the specimen out of the 
mould, it was polished using standard metallographic 
techniques to obtain smooth surfaces. The bulk epoxy 
specimens were tension tested using an Instron ten- 
sion testing machine (Model 1122) at the strain rate of 
0.005 min-1 and under standard conditions of 20 ~ 
and 65% relative humidity. A set of three specimens 
were tested. From the Instron plot of load versus 
elongation, and the measured specimen thickness and 
width, the stress at any strain level could be calculated. 

Another set of three specimens were heated to 80 ~ 
Their lengths were measured accurately, before and 
after heating, using a micrometre. The average ther- 
mal expansion coefficient of the cured epoxy was 
calculated from the length measurements at room 
temperature and 80 ~ 

The s.f.c, specimens were fabricated as described 
above with the exception that the degassed mixture 
was cast into a mould containing a single SiC fibre 
(35 pm nominal diameter) suspended at half-depth 
along the centreline. Care was taken not to disturb the 
fibre or add any air bubbles during the pouring. After 
curing and polishing the specimens were transparent 
and suitable for optical microscopy. 

3.2. Fibre fragmentation 
A small strain frame that could be easily mounted on 
an Olympus model PME optical microscope was used 
to strain the s.f.c, specimen [8]. A dial gauge attached 
to the strain frame was used to measure the specimen 
strain. A torque meter was also attached to the strain 
frame to check the consistency of the starting/zero 
strain point. This was done because of the possibility 
of some specimens being mounted with a small 
amount of slack or compression. The Olympus micro- 
scope had the capability of observing the specimen 
under cross-polarizers so that birefringence patterns 
around the fibre breaks could be observed to assess 
the extent of debonding along the fibre and/or matrix 
cracking. No debonding or matrix cracking was ob- 
served during the tests; a typical micrograph of the 
birefringence patterns around a fibre break is shown 
in Fig. 3. The s.f.c, tests were conducted within three 
days after making the specimens to avoid any effects 
due to physical ageing. 

To run a s.f.c, test, the specimen was strained in 
small increments of approximately 0.005 mm. After 
each strain increment, the test gauge length of the 
specimen (18-20 mm) was scanned optically to ob- 
serve any fibre breaks. For  every fibre break observed, 

Figure 3 Birefringence pattern at a fibre break; the nodes at the 
break indicate that there is no debonding. 

the location of the break and the strain on the speci- 
men, obtained from the dial gauge, were noted. In 
a few cases, more than one additional break was found 
after a strain increment but such breaks were always 
widely separated, often on different fibre fragments. 
Each specimen was strained until no more breaks 
occurred for at least 2% additional strain. At this 
point, saturation was deemed to be achieved and all 
the fragment lengths within the gauge length were 
measured using a calibrated eyepiece. Measurements 
were also made of the fibre diameter at several differ- 
ent locations within the gauge length. A total of six 
s.f.c, specimens were studied in this manner, each test 
requiring several hours to complete. 

The raw data from the s.f.c, test consisted of all the 
break locations and the corresponding specimen 
strains. The applied specimen stress, O ' a p p ,  at each fibre 
break was then calculated from the specimen strain 
using the load-elongation curve for the bulk epoxy 
specimens. Having obtained the stress in the epoxy, 
the stress ~f in the fibre was then calculated as 

Ef 
Crf - -  Em O ' a p  p - -  Ef~therma 1 

where eth . . . .  1 is the measured thermal strain of 0.25% 
due to the epoxy shrinkage on cooling which puts the 
fibre in a state of residual compression; Ef and En~ are 
the fibre and matrix moduli, respectively. Ef for the 
present fibres was 400 GPa. The fibre diameters used 
in the present tests varied between 34-36 gm but each 
individual fibre had a uniform diameter over the 
tested 20 mm gauge length. 
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3.3. Resul ts  
The number of breaks versus applied fibre stress of for 
the six s.f.c, samples tested is shown in Fig. 4. On 
average, 36 breaks were obtained in the 20 mm gauge 
length, and the breaks Occurred over a range of 
1300-5600MPa in applied stress. The sample-to- 
sample variations were fairly small, with the exception 
of one sample in which the stresses were uniformly 
a few hundred MPa higher. This one sample was 
fabricated and tested in a manner identical t.o the 
other five tests, however, and so there were no identifi- 
able reasons for considering it to be particularly 
anomalous. 

The distribution of fibre fragment lengths at the end 
of the s.f.c, test is shown in Fig. 5, where the lengths 
have been normalized to the mean fragment length for 
each test. The variations in fragment length run typi- 
cally from 0.5 to 1.5 times the mean length, with an 
occasional smaller or larger fragment. The mean frag- 
ment lengths were typically 0.55 ram. 

Fig. 6 shows the relationship between the breaking 
stresses at each break and the corresponding frag- 
ment length within which each break occurred. This 
strength versus "instantaneous gauge length" plo t 
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Figure 4 Number of breaks versus applied fibre stress for six differ- 
ent s.f.c, samples and average values. 
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Figure 6 Fibre strength versus fragment size (or "instantaneous 
gauge length") for all s.f.c, samples, in InIn form. 

gives some indication of the scaling of strength with 
fibre length, but is not precisely equivalent. In particu- 
lar, the sharp rise in strength versus gauge length at 
small lengths is not a true reflection of the underlying 
fibre strength versus gauge length. As the fragments 
become smaller, the lower-stress recovery zones near 
each break occupies an increasing fraction of the frag- 
ment lengths and thus the true gauge length sampled 
is smaller than the fragment length. Furthermore, each 
fragment has, by definition, survived to a certain stress 
level during the test and is thus proof-tested prior to 
the occurrence of a break within the fragment. These 
two aspects make the strength versus instantaneous 
gauge length data a manifestation of the statistical 
fibre strength distribution and interfacial behaviour 
which is independent of the number of breaks versus 
stress (Fig. 4) and the final fragment distribution 
(Fig. 5). 

In the following Section, our analysis of the data in 
Figs 4-6 is discussed to derive a set of fibre strength 
and interfacial shear parameters which account for 
these experimental results. 

4. Theoretical  results and data analysis 
In this section the theoretical predictions for frag- 
mentation under the two cases of constant shear 
stress, ~ (poor adhesion), and elastic shear stress (good 
adhesion) are discussed. These theories are then used 
to fit the data obtained in Section 3, thereby deriving 
the appropriate scale strength and WeibuU modulus 
for these SiC fibres. 

4.1. Constant  shear stress 
When ~f = 0 and ~i is constant, the axial fibre stress is 
linear from zero up to the applied load (Fig. 2a). The 
recovery length, 5, or slip length, is derived from 
Equation 1 by setting ~(~) = Oapp, which gives 

--  do'app (9) 
4zl  

Because the stress within the recovery length does not 



depend on the applied stress, it turns out that no 
further breaks can occur within the length 4- ~5 of any 
existing break. Consequently, the break evolution can 
be determined exactly [11]. The key result is that there 
is a characteristic fragment length, 6R, which is the slip 
length at a characteristic stress, (~R [11, 13] 

dC~R 
6r - (10) 

4-c i 

with the stress cy R being the typical fibre strength at the 
gauge length 2~R, i.e. 

q)(C&,25R) = 2L--~oRC~R/CYo ) = 1 (11) 

Equations 10 and 11 can be solved for 6r and (YR in 
terms of the material parameters ~o, Lo, m, d and z~, 
and the fragmentation data is dependent only on 6a 
and (Yr. For  instance, the average fragment size ( l )  at 
the end of the test is (1) = X(m)6r where the dimen- 
sionless coefficient X(m) is known [11]. The fragment 
length'distribution, with length normalized by ( l) ,  is 
also only dependent on m and not on the character- 
istic fibre strength, CYR. Similarly, the cumulative frac- 
tion of breaks versus normalized stress (y/c~r is only 
dependent on m and not on the characteristic length 
8R. Finally, in this case, there exists a well-defined 
"saturation" point beyond which no further breaks 
can occur because the fibre fragments are small 
enough that all points in the fragments were within the 
slip length, or recovery zone, of the fibre breaks and so 
can not be loaded any further, as evident from Equa- 
tion 5b. 

4.2. Elastic shea r  s t ress  
When vi = 0 and Vr is large, the axial fibre stress in 
a fragment of length l is [10, 14] 

I cosh([31/2- [3x)-] 
(12) 

Although there is a recovery zone of approximately 
___~ [3- 1 in length, the stress everywhere in the fragment 

is proportional to the applied stress, (~,pp. This allows 
for the possibility of subsequent fibre breaks within 
_ [3-1 of existing breaks upon increased applied 

stress. Predicting the fragmentation under elastic 
shear stress cannot, to our knowledge, be done exactly 
because of this complication. This complication also 
implies that there is no well-defined "saturation" point 
during the s.f.c, test: the load Cyap p can always be 
increased enough so that ever-stronger flaws in the 
fibre can be induced to break. The existence of a sat- 
uration point as found in the present experiments 
indicates that tf is large but finite. As physically ex- 
pected, debonding/decohesion or yielding must occur 
at some stress level near the end of the test to give 
saturation behaviour. However, since most of the 
breaks occurred prior to such debonding or yielding, 
the only measurable evidence is a cessation of fibre 
breaking during the test. 

To model fibre fragmentation under elastic shear 
stresses, numerical simulations must be used. The 

simulations are easy to perform and the procedure is 
as follows. A fibre of length Lo is divided into M seg- 
ments each of length LM ~ L0 (typically M = 104, 
LM = 10-4Lo), and each segment is randomly as- 
signed a strength according to the Weibull cumulative 
probability distribution 

P(cy, LM) = I -- e (-~/~L~r (13) 

where C~ri = (yo M1/m is the fibre scale strength at the 
gauge length Lo/M. A uniform stress ~f is gradually 
applied along the entire fibre length and a "break" is 
formed at a segment when the stress cy(x) on the 
segment equals the assigned strength of that segment. 
The stress in each segment of any fragment, a fragment 
being bounded on either side by a break or the sample 
edge, is calculated via Equation 12. As the applied 
stress is increased, the applied stress at which each 
break occurred, the actual stress on the break and the 
break location are recorded and can later be con- 
verted into any form of data desired (e.g. number of 
breaks versus applied stress, fragment length distribu- 
tion etc.). Algorithms to optimize the searching pro- 
cedure were used to speed up the calculations, but the 
details are unimportant for the present discussion. The 
simulations require three independent parameters as 
input: the fibre statistical strength parameters cy o and 
m, and the elastic parameter [3 (which could be estim- 
ated by Equation 2c). The results are independent of 
M for large M, of course. For  fixed values of Cyo and m, 
the simulation generates a flaw distribution in the 
segments according to Equation 13 and each realiz- 
ation of the flaw distribution gives a particular frag- 
mentation evolution. The average of six realization at 
each set of (~o, m, [3) values are shown, since there are 
six experimental realizations for comparison; this will 
provide some estimate of whether the sample-to- 
sample statistical variations obtained experimentally 
are simply due to different statistical realizations at 
fixed (~o, m, [3) or possibly other statistical or experi- 
mental uncertainties, such as errors in the residual 
stress corrections. Finally, for comparison with the 
experimental data, which does show a saturation in 
fibre breaking, the simulated tests must be cut off at 
some point to reflect the onset of debonding or yield- 
ing which must occur in the experiments. The cut-off 
imposed is a maximum applied axial fibre stress of 
5 GPa, beyond which almost no breaks occur in the 
fibres tested here. 

4.3. Data ana lys i s  
For both constant shear and elastic interface cases 
there are three independent parameters. The fibre 
scale-strength ~o (aLsome length Lo) and Weibull 
modulus m are common parameters to both models. 
The scale strength c~0 at Lo = 20 mm (the s.f.c, sample 
gauge length) will be fitted in the following discussion, 
with the reminder that the best-fit values of cyo are 
obtained by fitting to s.f.c, data obtained from 0.5 to 
20 mm; thus, the strength at all lengths between 0.5 
and 20 mm can be derived from the strength Cyo at 
20 mm and the Weibull modulus m simply by using 
Equation 8. For the constant shear stress case the 
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4.3. 1. Constant shear stress 
Predictions for the number of breaks versus stress and 
the final fragment distribution for the constant ~ 
model as a function of ao and m are compared with 
the average experimental results in Fig. 7a and b. 
Although the lower tail in N versus a fitted fairly welt 
with (ao = 1500 MPa, m = 9) and (ao = 1400 MPa, 
m = 6), the overall curve is more consistent with 
a much lower strength and much lower m, as evid- 
enced by the results for (ao = 1000 MPa, m = 3). 
However, for these lower values the fit in the low tail is 
not particularly good. A low Weibull modulus is re- 
quired to account for the broad range of stresses over 

which breaks occur. On the other hand, the final 
fragment distribution is much more consistent with 
larger Weibull moduli m/> 6, as seen in Fig. 7b; small 
Weibull moduli give too large a spread in fragment 
sizes. The data on strength versus fragment length 
(Fig. 6) can not be directly obtained for this case, but 
just as the low tail of N versus a is not at all consistent 
with small m and low ao, the data in Fig. 6 are 
incompatible with values in the range of 
(ao = 1000MPa, m = 3). It has been shown pre- 
viously [15] that for large fragments >~ Lo/10, the 
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Figure 7 (a) Predicted number  of breaks versus applied fibre stress 
for constant  �9 interface model for various (or o, m); also shown is 
average  of data from Fig. 4. (b) Predicted cumulative fragment 
length distribution for constant  ~ interface model, for m = 3, 6, and 
9; also shown is cumulant  of all data from Fig. 5. 
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third parameter is ~,  while for the elastic interface case 
the third parameter is 13 (which is, however, estimated 
by Equation 2c). In this analysis, for each pair of fibre 
strength parameter values (ao, m), the value of ~ or 
13 is adjusted so that the average total number of 
breaks in a 20 mm sample is the measured value of 36 
(plus or minus one break in the elastic shear stress 
case, since these results are numerically simulated). 
With this constraint, the two remaining adjustable 
parameters ao and m are precisely those of primary 
interest in this work. 

Figure 8 Predicted number  of breaks versus stress for elastic shear 
stress interface model for various (~Yo, m, 13-1) values; also shown 
is average data from Fig. 4. (a) (ao = 1400MPa,  m = 7, 
13-1 = 0.300 ram); (b) (ao = 1500 MPa,  m = 9, 13-1 = 0.325 ram); 
(c) (a o = 1600 MPa, m = 11, 13-1 = 0.325 mm). 



slope - l / m *  of s trength versus f ragment  length cor- 
responds to an apparen t  Weibul!  modulus  m* which is 
related to the true m by m ,-~ 1.5 m*. In Fig. 6, m* ~ 6 
implying m ~ 9. Finally, for all values of Cyo, m shown 
in Fig. 7a, the corresponding values of ~ ranged f rom 
56 to 100 MPa .  Since q ~< zf is expected physically, the 
condi t ion r f /~  ~ gg required for the use of the con- 
stant  shear stress app rox ima t ion  is not  satisfied. Spe- 
cifically, zf/~ > z~/~ ~ 2000-2500 MPa ,  whereas the 
typical derived fibre strength is err ~ 2200-3200.MPa.  
Overall ,  it can be concluded that  all of  the present  da ta  
cannot  be adequate ly  fit by any one pair  of (~o, m) 
values under  the assumpt ion  of a constant  interfacial 
shear stress. 

4.3.2. Elastic shear stress 
The s imulat ion results for the number  of breaks versus 
stress for var ious (Cro, m) values are compa red  to the 
average exper imental  results shown in Fig. 8a-c.  
Very close agreement  is obta ined for the pa rame te r  
values (go = 1400 MPa ,  m = 7, [3-1 = 0.300 mm), 
(~o = 1500 MPa ,  m = 9, 13 -1 = 0.325 mm) and (go = 
1600MPa ,  m =  11, 9 -1 = 0 . 3 2 5 m m ) .  Changes  of 
only _4- 100 M P a  in the value of Cyo at fixed m provide  
much  less sat isfactory fits. The results for the lower 
Weibull  value of m = 7 do not  fit the lower tail quite 
as well as the higher m values, but  overall  there is 
a general trade-off, over  a na r row range, between 
increasing the fibre strength, ~o, and increasing the 
Weibull  modulus ,  m. The b road  spread of applied 
stresses needed to break  the fibres occur  in spite of the 
high Weibull  modul i  for the elastic shear stress case, 
because of the suppression of the axial tensile fibre 
stress (due to over lap of the recovery zones f rom each 
end of the fibre) as expressed by Equa t ion  5a. As the 
f ragments  become smaller  the actual  peak  stress on 
the f ragments  could be ra ther  lower than the applied 
stress; therefore, stresses much  larger than  the actual  
defect strengths must  be applied to at ta in t h e s t r e s s  
levels needed in the fibre to break  the fragments.  As an 
example,  Fig. 9 shows the actual  strengths of flaws 
along one fibre along with the applied stresses neces- 
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Figure 9 Actual flaw strengths and applied fibre breaking stresses 
for one typical simulated fibre fragmentation test using the elastic 
interface model. 

sary to fail those flaws (as in Fig. 7a) for one part icu- 
lar realization of the fibre f ragmenta t ion  with 
(Cyo = 1500 MPa ,  m = 9, [3-1 = 0.325 ram). After the 
first few fibre breaks,  the applied stresses must  be 
larger than  the actual  flaw strengths because of the 
incomplete  stress recovery, expressed by Equa t ion  5a, 
in the small fragments.  

The final cumulat ive f ragment  length distr ibutions 
for the three good fits shown in Fig. 8 are compared  to 
the average exper imental  da ta  in Fig. 10a-c. Here,  the 
f ragments  f rom the six individual tests were combined  
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Figure 10 Final cumulative fibre fragment length distributions 
predicted for elastic shear stress interface model, for good fit values 
of (~0, m, 13-1) obtained in Fig. 8; also shown is cumulative data 
from Fig. 5 (solid symbols). (a) (~0 = 1400MPa, m = 7, 
13 -1 = 0.300mm); (b) (~o = 1500 MPa, m = 9, 13-i = 0.325 mm); 
(c) (~o = 1600 MPa, m = ll, 13-1 = 0.325 mm). 
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to form one cumulative distribution. The agreement is 
quite good for all three cases, particularly for the 
(Cyo = 1400 MPa, m = 7, 13- ~ = 0.300 mm) case. 

The simulation results for strength versus "instan- 
taneous" fragment length for the three good-fit values 
of (~o, m, 13) are compared with the experimental 
results in Fig. l t a -c .  As for Fig. 7, the strengths at the 
longer fragment lengths (corresponding to the first few 
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breaks) are best fit by the higher Weibull moduli. 
Linear fits to the simulation data between 2.05 and 
20 mm yield apparent Weibull moduli of m* = 4.0, 6.3 
and 5.6 for the true values of m = 7, 9 and 11, respec- 
tively. The experimental value is m* ,~ 6.3; the experi- 
mental data agrees best with the (Cro = 1500 MPa,  
m = 9, 13-a = 0.325 mm) parameter  set. 

Finally, note that the values of 13- ~ used for all of 
the good fits obtained in Figs 7, 8 and 10 are in the 
range of 0.300-0.350mm. Estimates of 13-x from 
Equation 2c, with d = 35 gm, were 13 - t=  0.28 for 
K = 1 and 13- a = 0.39 for K = 2. The good agreement 
in the value of 13- ~ thus gives additional confidence in 
the appropriateness of the elastic shear stress model to 
this fibre epoxy system. With the cut-off value of 
5 G P a  in the applied stress, an estimate for the shear 
stress at the onset of some sort of inelastic beha- 
viour, such as matrix yielding or debonding, is 
~f = O ~ a  0 = 110-160 MPa. Although such values of ~f 
are rather high for this epoxy of macroscopic tensile 
strength 80 MPa,  the precise constraint  conditions 
prevailing in the matrix around the rough, interlock- 
ing fibre lead us to interpret the high ~f as some 
effective shear strength. In previous studies on carbon 
fibres, the interfacial shear strengths determined from 
both s.f.c, tests and pull-out tests are comparable to, 
but do not directly correlate with, the yield stress of 
the bulk epoxy. 

5. Discussion 
The elastic interfacial shear stress model is clearly 
capable of accurately describing all of the s.f.c data 
obtained on the Carborundum SiC fibre/epoxy sys- 
tem studied here. Good  fits to the experimental data 
are obtained over a narrow range of fibre strengths, 
o0 = 1400-1600 M P a  at a gauge length Lo = 20 mm 
with a Weibull modulus in the range of m = 7-11. The 
most satisfactory overall agreement is obtained for 
(Cro = 1500 MPa,  m = 9), based primarily on the be- 

O - -  

s I s �9 

�9 . b , e ~ N o "  " . . . .  : . o ,:~,,&o "o~ " . . .  

. �9 , o =~ ~ooo e .~ 

-1  I I I I 
-5 -4 -3 -2 -1 
(c) Ln gauge length 

Figure 11 Fibre strength versus fragment size (instantaneous gauge 
length) as predicated for elastic shear stress interface model, for 
good fit values of (or o, m, [3-1) obtained in Fig. 8; also shown is 
experimental data from Fig. 6 (solid symbols). (a) (%  = 1400 MPa, 
m = 7 ,  13-1=0.300mm);  (b) (% = 1 5 0 0  MPa,  m = 9 ,  13 - 1 =  
0.325 mm); (c) (cro = 1500 MPa, m = 11, 13-~ = 0.350 mm). 
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haviour in the early stages of the s.f.c, test where few 
breaks have occurred. Fig. 12 shows a Weibull plot of 
strength versus fibre gauge length obtained using the 
various good-fit values of c~ o and m in Equation 8. 
Over the range of small gauge lengths of 1-5 mm 
probed directly by the fragmentation test, the three 
pairs of (~o, m) values yield very similar results and it 
is only at the longer gauge lengths of L > 10 mm, and 
in the extrapolation out to even longer gauge lengths, 
that the predictions of the three differ significantly. 
Also shown in Fig. 12 is the single-fibre tension test 
(s.f.t.t.) scale strength, g0 = 1225 MPa, obtained on 
the Carborundum fibres at a 254 mm gauge length 
and a fiducial line of extrapolated strength versus 
gauge length corresponding to the Weibull modulus of 
m = 6.3 derived from that data [163. While the good- 
fit value of (go = 1400 MPa, m = 7) gives the closest 
agreement on the Weibull modulus, the extrapolated 
strengths at 254 mm are well below the s.f.t.t, scale 
strength, and this parameter set provides the poorest 
fit to the s.f.c, data on the low strength range (see 
Fig. 7). In contrast, the extrapolations for the other 
two good-fit values bracket the 254 mm strength but 
give larger m values. 

A deviation in Weibull modulus between the value 
derived from the s.f.c, data at small gauge lengths 
(m ~ 9) and that from the s.f.t.t, data at 254 mm could 
be attributed to several different factors. First, the flaw 
population influencing the 254 mm s.f.t.t, data may 
have included defects which occurred very infrequen- 
tly in shorter gauge lengths. In fact, the weakest 
strengths in the 254mm s.f.t.t, test data have been 
identified as large pores on the fracture surface, where- 
as the majority of defects appeared to be grain bound- 
ary cracks. Eliminating the population of pore-related 
failures from the s.f.t.t, test data increases the 254 mm 
scale strength to 1282 MPa and the Weibull modulus 
to 7.6 [17]. Secondly, there may have existed fibre- 
to-fibre variability which tends to give a broader 
spread (smaller m) to strength distributions than is 
relevant for describing the flaw populations of each 
individual fibre. Thus, the s.f.t.t test on 50 254 mm 
fibre samples (50 total b reaks )may  have yielded 
greater variability than the s.f.c, test on five 20 mm 
samples (212 total breaks). Fibre-to-fibre variability 
within the five s.f.c, tests alone is reflected in the fact 
that, although very good fits to the average results can 
be found for a single (CYo, m) value, the variability in 
the experimental data (Fig. 4, for instance) was greater 
than the variability found in the simulation results. 
Some of the variability may have been due to errors in 
the calibration of sample strain with fibre stress, the 
thermal stress correction, or variations in the inter- 
facial 13-value, but the variability may also reflect some 
small intrinsic fibre-to-fibre variability which has yet 
to be identified. Such variability may also exist in 
other types of fibres which, however, have yet to be 
subject to the extreme scrutiny afforded by the s.f.c. 
tests. 

The strength behaviour at the small gauge lengths 
relevant in composites is now discussed. The tensile 
strength of a ceramic matrix composite depends on 
the fibre strength at the length 8c given by [18]: 

ac L J (14) 

where ~ is the sliding resistance between the fibre and 
matrix. For certain coatings on these types of SiC 
fibres, a value of ~ = 8 MPa has been derived from 
fibre push-out experiments [19]. Utilizing the three 
good-fit values of (cro, m) obtained here and 
d = 35 gm gives: 

as the relevant gauge 
strength of 

G" c 

3.9 mm (15) 

length and corresponding 

1750 MPa (16) 

nearly independent of which good-fit values of (or0, m) 
were used. 

The theoretical ultimate tensile strength, cru, of 
a CMC composite made with these coated fibres was 
then cru =fdp(m)cyc, where ~(m) = 0.74-0.79 for m = 
7-11, respectively [18]. Thus, using Equation 16 the 
predicted composite strength is 

c~u = f(1340 4- 50)MPa (17) 

for a volume fraction f of fibres aligned in the tensile 
direction. These strength values are comparable to the 
strengths obtained from other ceramic matrix com- 
posites with fine diameter SiC-based fibres, such as 
Nicalon [20]. Thus, the present strength level for the 
Carborundum SiC fibres is sufficient for good com- 
posite behaviour assuming no degradation of the fibre 
strength properties upon composite processing. 

Finally, it is again emphasized that close attention 
to the fibre/matrix interface behaviour is necessary for 
properly interpreting the s.f.c, data and determining 
the fibre strength distribution. For instance, using the 
constant shear stress model gives fair agreement, on 
cursory analysis, with (cr o = 1000 MPa, m = 3). How- 
ever, extrapolating to other gauge lengths leads to 
a large overestimation of the fibre strength at small 
lengths (or = 2700 MPa at 1 mm) and a large under- 
estimate of the strength at long gauge lengths 
(cr = 429 MPa at 254 mm). Of course, the shear lag 
model used here to describe the elastic interface may 
have its limitations and further development of the 
model would be desirable for future analyses. But, the 
model is probably sufficiently good (especially with 
13 as a free parameter) for use as a distinct alternative 
to the constant shear model often assumed a priori. In 
any case, the present work demonstrates that, with 
careful testing and simultaneous analysis of a variety 
of largely independent aspects of the s.f.c, data, a good 
consistent understanding of the entire fibre fragmenta- 
tion process can be obtained. The s.f.c, technique 
can therefore be an accurate and efficient method for 
obtaining fibre strength distributions, particularly at 
small gauge lengths. 
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