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The study of model polydiacetylene/epoxy 
composites 
Part 1 The axial strain in the fibre 
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A mode composite system consisting of one polydiacetylene single crystal fibre in an 
epoxy resin matrix has been subjected to tensile strain parallel to the fibre direction. The 
strain at all points along the length of the fibre was determined by resonance Raman 
spectroscopy while that of the matrix was measured by conventional techniques. Com- 
parison of the fibre and matrix strain showed two distinct regions. Below about 0.5% 
matrix strain the composite followed Reuss-type behaviour with equal stress in the fibre 
and the matrix. At higher matrix strain the composite followed Voigt-type behaviour 
with any increase in matrix strain matched by an equal increase in fibre strain. In this 
region the strain distribution along the length of the fibre could be approximately 
described by the shear-lag model of Cox. The critical length of the fibre was found to 
increase linearly with fibre diameter as predicted by that model. Good qualitative agree- 
ment was found with the predictions of a calculation based on finite element analysis 
over the full range of applied stress. 

1. Introduction 
It is well established that the composites produced 
by incorporating brittle high-modulus fibres in a 
matrix of epoxy resin or metal can have out- 
standing mechanical properties. This led to their 
use initially in the high-technology aerospace 
industry but now they are finding use in more 
general engineering applications. Many fibres, such 
as those of glass, carbon or Kevlar, are produced in 
continuous form but others are available only as 
short filaments or whiskers and even continuous 
fibres are often employed as chopped strands, 
for example, when they are incorporated into 
moulding compounds. When discontinuous fibres 
are used the attainment of good mechanical 
properties depends critically upon the efficiency 
of stress transfer between the matrix and fibres. 

This problem of stress transfer has received con- 
siderable attention over the years and the model 
system usually considered has been that of a single 
fibre embedded within a matrix under stress. This 
system has been analysed from a theoretical view- 

point by several workers [1-3]  and also exper- 
imentally using photoelastic stress analysis [4-6].  
In his classical study, Cox [1 ] determined analyti- 
cally both the tensile stresses in the fibre and the 
shear stresses at the fibre/matrix interface. The 
relatively simple equations which resulted have 
made this a very attractive model for numerous 
applications. The Cox anaysis is, unfortunately, 
based upon an oversimplified model and includes 
certain assumptions which are not valid in most 
composites. For example, the model assumes that 
no tensile stress is transferred from the matrix to 
the fibre through adhesion at the ends. There have 
been attempts to find better analytical solutions 
but the results obtained do not differ greatly from 
the Cox analysis except at the fibre ends [2]. An 
approach of potentially greater usefulness is the 
application of finite element analysis. Using this 
technique Carrara and McGarry [3] have been able 
to determine the effect of fibre-end geometry 
upon the distribution of stresses in the fibre and 
the matrix. 
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The leading experimental approach to the 
problem has been the use of photoelastic analysis 
to determine the stresses in a birefringent matrix, 
such as an epoxy resin, containing a single rein- 
forcing fibre. Although this technique gives only 
the matrix stresses it has been found that the shear 
stresses near the fibre ends are generally higher 
than given by the Cox shear-lag model. The results 
of these experiments are in better agreement with 
the predictions of more sophisticated analytical 
solutions [2] and finite element analysis [3]. The 
photoelastic technique does not, however, allow 
the variation of tensile stress along the fibre to be 
determined. This is unfortunate since the strength 
of composites is often limited by fibre fracture in 
regions of high fibre tensile stress. 

Polydiacetylene (PDA) fibres have promising 
mechanical properties with values of Young's 
modulus up to 65 GPa and strengths over 1.5 GPa 
in the fibre direction [7]; the modulus perpendicu- 
lar to the fibre axis is considerably smaller. As the 
single crystal fibres also show no creep and have 
good thermal stability they have considerable 
potential as reinforcing fibres in all-polymer com- 
posites. The resonance Raman (RR) spectrum of 
a PDA crystal usually has only four to six intense 
lines, one of which has a frequency of about 
2100 c m  -1 and corresponds to a vibrational mode 
dominated by stretching of the triple bond [8]. 
When tensile stress is applied to the crystal along 
the direction of the polymer chain this Raman line 
has been found to shift to lower frequency at a 
rate of approximately 20 cm -1 for a 1% strain [9]. 
In the present study we have used RR spec- 
troscopy to directly measure the point-to-point 
variation in strain along a polydiacetylene single 
crystal fibre embedded in an epoxy resin matrix 
which was under an applied tensile stress. In this 
circumstance the fibres behave as if they have an 
internal molecular strain gauge [10]. It has been 
possible to determine both the efficiency of stress 
transfer in the PDA fibre/epoxy resin system and, 
more generally, to investigate the fundamental 
mechanisms of reinforcement in fibre composites. 

2. Experimental procedure 
The substituted diacetylene derivative 1,6-di-(N- 
carbazolyl)-2,4-hexadiyne (DCH) was prepared by 
previously described techniques [11, 12]. Mono- 
mer crystals with their axial dimension much 
longer than their transverse dimension were pre- 
pared by slow evaporation from toluene solution. 

The axial direction corresponded to the crystal- 
lographic b-axis and the single crystals had facets 
corresponding to the (100) ,  (1 02) and ( i 0 2 )  
planes [13]. The ends of the fibre were also 
faceted, the crystallographic planes involved all 
intersecting the b-axis at angles of greater than 
70 ~ . The diameter of the approximately cylin- 
drical crystals could be controlled in the 10 to 
10Dpm range by adjusting the rate of crystal- 

lization; the length varied between 5 and 30ram. 
Crystals of uniform diameter and free of obvious 
surface defects were polymerized by exposure to 
35 to 40Mrad of 6~ 3'-radiation. As a result of 
the topochemical reaction, the polymer chains 
(pDCH) formed parallel to the long axis thus 
creating single crystal polymer fibres. The fibres 
had a Young's modulus of 45 -+ 1 GPa in the axial 
direction [14]. 

Single fibre composite specimens were prepared 
with Ciba-Geigy XD 927 two-part solvent-free 
cold-setting epoxy using (by weight) 100 parts of 
resin to 36 of hardener. It had been previously 
demonstrated that pDCH fibres bond well to an 
epoxy resin [10]. For these experiments it was also 
important that the epoxy matrix should be suf- 
ficiently transparent and free from fluorescence 
that RR spectra could be measured for embedded 
fibres. The PTFE mould was half filled with epoxy 
and allowed to partially set before the fibre and 
the rest of the epoxy were added. This ensured 
that the fibre was approximately at the centre of 
the 6 mm thick specimen. The results for speci- 
mens prepared in this way were the same as for 
those prepared by the more difficult technique of 
introducing the fibre into the already filled mould. 
After setting at room temperature for 24h, thin- 
film resistance strain gauges of gauge factor 2.1 
were attached with the same epoxy to the surface 
of the specimen at the centre of the fibre. With a 
DVM it was possible to measure the matrix strain 
to an absolute accuracy of+ 0.05%. On two speci- 
mens strain gauges were placed at various positions 
on the surface to confirm that the matrix strain 
was uniform over the full length of the fibre. The 
finished specimens were cured at 100~ for a 
further 16h and then polished to give smooth 
transparent surfaces. Holes were drilled at both 
ends to acommodate the clamps used to apply 
tensile stress; a typical specimen is shown in 
Fig. 1. After completion of the measurements the 
specimens were sectioned at several points to 
determine the fibre diameter. Dummy specimens 
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Figure I Single fibre composite specimen. The pDCH 
fibre is located at the centre of the specimen while the 
resistive strain gauge is attached to the outer surface. 

without fibres were subjected to standard tensile 
test procedures to determine the mechanical 
properties of the epoxy resin matrix. The Young's 
modulus of 2.8 -+ 0.3 GPa was in reasonable agree- 
ment with the prediction of the manufacturer. 

A small tensile loading device was used to apply 
stress in the fibre direction. The device was 
mounted on a micrometer slide so that the full 
length of the fibre could be traversed through the 
incident laser beam. The RR spectra were 
measured with 180 ~ backscattering geometry using 
a double monochromator and photon counting 

system [15] with the 676 nm line of a Kr ion laser. 
The laser beam intensity was approximately 5 mW 
and the focal spot was about 25gm diameter; 
under these conditions there was no risk of dam- 
aging the crystal while good positional sensitivity 
was retained. The 2085 cm -1 Raman line of the 
pDCH single crystal fibres could be measured with 
an accuracy of-+ 2 cm-]; shifts in the frequency 
could usually be measured with greater precision. 
Prior to undertaking the composite experiments 
the shift of this line with tensile strain had been 
measured for a DCH fibre which was gripped at 
the ends but otherwise free-standing [16]. The 
data shown in Fig. 2 were very similar to those 
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found for other PDA single crystal fibres [9, 17, 
18]; for pDCH fibres the Raman frequency was 
found to decrease at 19.7 -+ 0.4cm-1/% for tensile 
strain. Thus measurement of the RR spectrum of a 
fibre under tensile stress made it possible to deter- 
mine the strain within a 25/~m diameter region on 
the fibre to an absolute accuracy of about -+ 0.1%. 
The RR technique measures the strain at the sur- 
face of the pDCH fibre since the effective skin 
depth for Raman scattering at this wavelength is 
only about 10nm [15]. 

3. Results and discussion 
3.1.  S t ra in  at  the  f i b r e  m i d p o i n t  
Fig. 3 shows the axial strain at the midpoint ot 
pDCH fibre I in a composite specimen similar to 
that in Fig. 1 as a function of the strain in the 
epoxy resin matrix when uniaxial tensile stress was 
applied to the specimen. The strain in the 
embedded fibre was determined by the frequency 
of the Raman line, that of the matrix by the 
attached resistive strain gauge. Thus the matrix 
strain referred to in this paper is that in the bulk 
of the specimen which in general will be different 
from the local strain of the matrix in the vicinity 
of the fibre. The 4.5 mm long fibre had a diameter 
of 21/~m. Below 0.5% matrix strain the data fol- 
low the Reuss line (R) in Fig. 3 which has been 
predicted by assuming that the stresses in the fibre 
and matrix are equal [19]. Since the modulus of 
the fibre is approximately 16 times that of the 
matrix its strain under these conditions is expected 
to be considerably less than that of matrix. At 
matrix strains above 1%, however, additional strain 
in the matrix is matched by that in the fibre. Thus 
in Fig. 3, the data is parallel to the Voigt line (V), 
which was drawn using the assumption that the 
strain in the fibre and matrix are equal [19]. There 

116 1.8 Figure 2 Strain dependence of the 2085 cm -j 
Raman line of a free-standing pDCH fibre. 
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Figure 3 Axial strain at the midpoint 
of fibre I as a function of matrix 
strain. 

was no hysteresis observed in the strain of fibre 
and matrix when the specimen was unloaded and 
then reloaded. There was some residual strain in 
both fibre and matrix which remained after the 
applied tensile stress had been removed; this will 
be discussed below. Similar results are shown in 
Fig. 4 for pDCH fibre II which was 72/~m diameter 
and 9 . 0 m m  long. Very little hysteresis was 
observed between the fibre and matr ix strains 

even after four loadings. 

For different fibres of a wide variety of diam- 
eters and lengths we have a t tempted to define the 
point at which a specimen enters the high strain 
region. This was done by plotting the data as in 
Figs. 3 and 4, fitting a straight line of unit slope to 
the high strain data and extrapolating back to zero 
fibre strain. The intercept with the horizontal  axis 
has been defined as the critical matrix strain; this 
is a measure of the matrix strain at which the 
specimen enters the region of Voigt-type behav- 
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Figure 5 Critical matrix strain for 15 different single fibre 
composite specimens plotted as a function of the inverse 
of the aspect ratio of the fibres. 

iour. The results plotted in Fig. 5 show that the 
critical matrix strain is nearly independent of  the 
fibre aspect ratio and hence must be essentially a 
property of  the matrix. 

3.2.  D i s t r i b u t i o n  o f  s t ra in  a long  t he  f i b r e  

The strain distributions along fibres I and II are 
shown in Figs. 6 and 7 respectively for several 
different matrix strains. Up to 1% matrix strain 
there appears to be a uniform strain along the 
entire length of  the fibres. This is to be expected 

if, as suggested by Figs. 3 and 4, the fibre and 
matrix are under conditions of  equal stress in the 
low strain region. At higher matrix strains the 
strain at the end of  the fibre saturates while that in 
the central portion continues to increase in pro- 
portion to the ~ matrix strain. As shown in Fig. 6 
the length over which the fibre strain rises from its 
value at the end to that of  the central section is 
equivalent to half the "critical length", le. The 
fibre length must be greater than l c if the satu- 
ration value of the axial strain is to be reached at 
the midpoint. This length is closely related to the 
critical length determined by fibre pull-out tests 
[20-22] .  On the fourth loading, fibre II was taken 
to such high stress that debonding of  the end of 
the fibre occurred. This is shown by the essentially 
zero strain over the first 0.5ram of  the fibre in 
Fig. 7c. This was the only instance in which there 
was an indication that the bonding between fibre 
and matrix was anything other than perfect; all 
other specimens suffered matrix fracture before 
debonding occurred. A fibre treated with epoxy 
release agent before it was embedded in the matrix 
was not subject to any axial strain when the 
matrix was stressed. This showed that frictional 
forces were insignificant as compared to those 
arising from adhesion for this polydiacetylene/ 
epoxy composite. 
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3.3. Mechanism of stress transfer 
Figs. 3 and 4 show that in the low strain region 
(< 0.5%) the composite follows Reuss-type behav- 
iour and the axial strain in the fibre is primarily 
determined by the stress placed upon the fibre 
through the matrix attachment at the ends. Thus 
the stress in the fibre is uniform along its length 
and approximately equal to the stress in the 
matrix. The fibre modulus is much greater than 
that of the matrix so its corresponding strain is 
much less though also uniform along the length of 
the fibre. Figs. 6 and 7 demonstrate both of these 
features. For matrix strains over 1%, the high 
strain region, the relative displacement of the fibre 
and matrix causes a concentration of shear stresses 
in the matrix in the vicinity of the fibre ends. 
These shear stresses in the matrix are converted 
into tensile stresses in the fibre at the fibre/matrix 
interface as first pointed out by Cox [1]. In this 
way "grips" are formed on the end of the fibre 
and additional tensile stresses in the matrix are 
transferred through them. Thus in the high strain 
region the additional strains in fibre and matrix 
are equal and the shear-lag model of Cox should 
be in at least qualitative agreement with the results 
of the present experiment. Since the shear-lag 
model assumes no stress is transferred through 
adhesion at the ends of the fibre it can make no 
predictions about the behaviour of a specimen in 
the low strain region. 

The Cox model is not strictly applicable to the 
single fibre composite since it assumes that the 
composite contains many fibres. The approach 
remains very attractive, however, since it gives a 
simple analytical solution. The predictions of the 
model for the relation between axial fibre strain, 
el, and matrix strain, era, in the high strain region 
can be summarized in the single equation 

cosh (L /2 -- x)/lo 
el/era = 1--  (1) 

cosh L/2lo 

where x is the position along a fibre of length L. 
The constant lo is given by 

lo = r[Ef ln (R/r)] 1/2 
2 a m  J , (2) 

where Ef is the tensile modulus of the fibre, Gm 
the shear modulus of the matrix, r the fibre radius 
and R the separation between fibres. Predictions 
for the behaviour of a single fibre composite could 
in principle be made by letting R-+ oo. Unfor- 
tunately, the cylindrical symmetry of the problem 
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produces the term [ln(R/r)] 1/2 in Equation 2. 
Although this term is a very slowly varying func- 
tion for large values of the ratio R/r, equal to 1.5 
for R/r = 10 and 3.7 for R/r = 10 6 , it does ulti- 
mately lead to a logarithmic divergence for the 
single fibre composite. Thus comparisons between 
the present results and the predictions of the Cox 
model can only be done on a qualitative basis. 

For L >> I Equation 1 can be simplified to the 
following form: 

el/era = 1 -- exp [-- x/lo] -- exp [-- (L-- x)/lo]. 
(3) 

It can be seen that for positions well away from 
the fibre ends ef = era, while ef decays exponen- 
tially to zero as the fibre ends are approached, 
reaching the 1/e point at x = l0 or x = L --10. Thus 
the constant lo can be identified as roughly equiv- 
alent to half the critical length l e determined in 
the present experiments. For large values of R/r, 
therefore, Equation 2 predicts that lo should be 
directly proportional to the fibre diameter. The 
results of measurements of l e for 17 pDCH fibres 
of differing diameter are shown in Fig. 8. The 
data points almost all fall on the straight line 
passing through the origin within their uncertainty 
limits, and so agree very well with that prediction. 
The logarithmic divergence in Equation 2 makes it 
impossible, however, to compare the slope of the 
line in Fig. 8 with that predicted by the Cox 
model. 

The proportionality of lc and r can also be 
predicted without recourse to any specific model 
of fibre and matrix. For a single fibre in an infinite 
matrix we would expect, purely on the grounds of 
dimensional analysis, that l e should be scaled with 
respect to r for a given L/r ratio, where L is the 
total length of the fibre. This implies the existence 
of a functional relationship between the two 
dimensionless quantities which can be expressed as 
le/r =f(L/r). This function f should smoothly 
approach a constant value as L/r-~ 0% that is as 
each end of the fibre becomes effectively one end 
of a semi-infinite fibre. Therefore, for sufficiently 
large L/r the constancy of the function f implies 
that le/r must also attain a constant value. 

The finite element analysis of Carrara and 
McGarry [3] was carried out on single fibre com- 
posite specimens of similar elastic properties to the 
present specimens although it was assumed that 
the fibres as well as the matrix possessed elastic 
isotropy. Fig. 8 of that paper, in which the axial 
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stress is plotted as a function of  position along the 
fibre, shares two features in common with Figs. 6 
and 7 in the present paper, in which axial strain is 
plotted as a function of  position. The axial stress 
and strain in the fibre are simply related by the 
Young's modulus of  the fibre so the two types of  
plot are equivalent. Firstly, the finite element 
analysis shows that the axial stress in the fibre rises 
from a finite value at the end of  the fibre to a 
fairly constant value of  the central portion of  the 
fibre. Secondly, the axial stress at the midpoint of  
the fibre is lower than that applied to the matrix. 
Unfortunately, the finite element analysis is a 
numerical procedure without an analytical sol- 
ution. Thus it is not possible to compare the 
present results quantitatively with those of  Carrara 
and McGarry. It is clear, however, that this 
approach contains the basic elements necessary to 
explain the results of  the present experiments. 

3.4. Residual matrix strain 
When the stress applied to a specimen was removed 
the matrix strain as determined by the attached 
strain gauge initially remained infinite. The magni- 
tude of  this residual matrix strain increased until a 
limiting value was reached. The applied stress at 
which the limit was reached was essentially the 
same as that required to take the composite speci- 
men in the high strain region where additional 
matrix and fibre strains were equal. As shown in 
Fig. 5, the critical matrix strain required to reach 
the high strain region was nearly independent of  
the aspect ratio of the embedded fibre and hence 
must be largely determined by the matrix alone. 
This property of  the matrix would thus appear to 

be an important factor in the formation of the 
"grips" which mark the transition to the Voigt- 
type behaviour. It was also found that this residual 
strain relaxed over a period of  several clays as 
shown by the results for a single specimen in 
Fig. 9. This suggests that the very high shear 
stresses that lead to the formation of  the "grips" 
take the matrix into a deformed state from which 
it is difficult to recover. This slow return to elastic 
behaviour could be described as viscoelastic. 

3.5. Future work 
The results of  the measurements of the axial strain 
of  the pDCH fibre in the model composite sug- 
gested a number of  further projects which are 
currently in progress. The stresses in the matrix are 
to be studied by the photoelastic technique so that 
a more complete picture of  the fibre/matrix inter- 
action can be obtained. Finite element analysis 
will then be carried out on a model which is a 
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close approximation to the present system so that 

the validity of this approach can be quantitatively 

tested. Finally, the transition from Reuss to Voigt 
behaviour will be studied as a function of the 
volume fraction of fibres. 

4. Conclusions 
It has been demonstrated that it is possible to 
measure the axial strain in a PDA single crystal 

fibre in a transparent epoxy resin matrix. For 

matrix strains below 0.5%, the single fibre model 
composite demonstrated Reuss-type behaviour 

with the axial stress approximately equal to the 

tensile stress in the matrix. Above 1% matrix 
strain, the application of additional tensile stress 

resulted in Voigt-type behaviour with the tensile 
strain in the fibre matching that in the matrix. In 

the high strain region the simple model of Cox 

provides a qualitative description which can 

explain most of  the observed results. An approach 
such as that supplied by finite element analysis, 
however, wilt be required to give a quantitative 

description over the full range of applied stress. 
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