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Photoelastic study of the durability of interfacial 
bonding of carbon fibre-epoxy resin composites 
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Materials Processing Center and Department of Materials Science and Engineering, 
The University of Tennessee, Knoxville, TN 37996-2200, USA 

The physical techniques of polarizing microscopy, including the quantitative measurements of 
small optical retardations, have been used to investigate elastic fields adjacent to short carbon 
fibres in epoxy resin composites. The elastic fields associated with shear stress distribution along 
the fibre-matrix interface have been employed to monitor the initiation of interface debonding 
during hot (100 ~ water uptake. By examining the development of stress birefringence during 
resin swelling in the resin adjacent to individual fibres, the differences in the durability of 
interfacial bonding and the fibre failure modes for differently coated fibres have been obtained. 
The results show that the state of self-stress in model composites, comprising a single carbon fibre 
in a film of epoxy resin, can, by immersion in hot distilled water, be enhanced to such an extent 
that the axial tension in the fibre can be sufficient to initiate fibre fracture. The results also show 
that, for fibres that have been given certain proprietary surface treatments, the fibre fractures by 
different failure modes. 

1. Introduction 
Polymer-matrix composite materials have been gain- 
ing wide use in commercial, military and space ap- 
plications because of their favourable performance 
characteristics. However, there is real concern because 
the mechanical properties of such materials are known 
to suffer when the material is exposed to moisture for 
long periods of time. Moisture-induced degradation of 
such composites can be the degradation of the fibre- 
matrix interface resulting in loss of load transfer [1] 
and interracial bond strength [2], decrease of matrix 
modulus and strength [3], and loss of strength of the 
reinforced fibres due to leaching [-4, 5] and stress 
corrosion. 

Load transfer at the matrix fibre interface is funda- 
mental to the principle of fibre reinforcement. With 
weak interfacial bonding between fibre and matrix, the 
composite materials may behave like a bundle of 
fibres; with strong interracial bonding, the composite 
materials may behave like a brittle monolithic solid. 
Owing to the sensitivity of the interface to water 
uptake, moisture-induced damage at the interface may 
be more profound than elsewhere. It is apparent that, 
in order to optimize the level of adhesion between 
fibre and matrix, the durability of interfacial bonding 
as well as the effects of surface treatments on the 
interfacial bonding, when the composite is exposed to 
moisture, must be known. 

Unreinforced epoxy resin is optically isotropic. 
When reinforced with carbon fibres, epoxy resin ad- 
jacent to the fibres becomes optically anisotropic (bi- 

refregence) due to elastic stress (and possibly molecu- 
lar orientation) arising from the net shrinkage of resin 
on to fibres that occurs during cooling from the resin 
curing temperature. If the resin is sufficiently transpar- 
ent, the stress birefringence (photoelasticity) can be 
studied with polarized light. Since the phase difference 
of the two components of the polarized light resolved 
from a birefringent region of resin are determined by 
the stress field responsible for the birefringence, it is 
evident that, by studying the stress birefringence adja- 
cent to fibres, it should be possible to deduce the 
nature of the stress field. 

In the present work, the durability of interfacial 
bonding of carbon fibre-epoxy resin with different 
surface treatments has been investigated using photo- 
elasticity. The results shown that, for fibres that have 
been given certain proprietary surface treatments, the 
durability of interfacial bonding has been improved 
and the fibre fractures by different failure modes. 

2. Experimental procedure 
2.1. Materials 
Carbon fibres with five different proprietary surface 
treatments, designated A, B, C, D and E by Amoco 
Performance PrOducts, have been studied. The fibres, 
of diameter about 8 lam, were chopped very carefully 
using a razor blade under a microscope into 1 mm 
lengths to be embedded in an epoxy resin, ERLX- 
1902. 
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A single carbon fibre is aligned axially in a glass 
mould for a rectangular coupon of length of 20 ram, 
width 5 mm and thickness 0.3 ram. The matrix mater- 
ial is poured into the cavity, and cured in situ in 
accordance with the manufacturer's recommended 
procedure: heating from room temperature to curing 
temperature 177.5 ~ at a heating rate of 2.5 ~ rain- a, 
then curing at 177.5 ~ for 2 h and cooling from the 
curing temperature to room temperature at a cooling 
rate of 1.5 ~ rain- ~. A small furnace used for speci- 
men fabrication was designed to accommodate de- 
gassing during curing and temperature control. The 
temperature of the curing cycle was controlled using 
a programmable temperature controller (Omega 
Series CN-2010). Also prepared in similar fashion 
were films of the same dimensions containing no 
fibres. These were used for measurements of overall 
resin dimensional changes. 

All samples were immersed in distilled water at 
a temperature of 100 ~ The temperature of distilled 
water was automatically controlled by boiling it and 
cooling water prevented loss of distilled water by 
evaporation. 

2.2. M e a s u r e m e n t  p r o c e d u r e  
Stress-induced birefringence was observed and meas- 
ured at room temperature using a Nikon transmission 
polarizing microscope (Optiphot-pol) with a Brice- 
Kohler compensator (0.05)0 to measure small retar- 
dations, and a S6narmont compensator (1 X) to 
measure large retardations. The same Nikon micro- 
scopy was also used to measure dimensional changes 
during water immersion. 

The stress-optical coefficient of epoxy resin after 
water uptake was obtained by measuring the retard- 
ation and an applied stress, the latter being measured 
by a load cell (Schaevitz MDTR-352L). 

Since the birefringence pattern generated around 
a single fibre embedded in epoxy resin, and arising 
from the lack of correspondence between thermal con- 
traction and moisture expansion, is of cylinder-like 
symmetry; a two-dimensional model can be employed 
for its analysis. 

The tensile stress distribution around a single fibre 
embedded in a resin matrix under uniaxial loading 
was determined by Tyson and Davies [6] from 
a photoelastic investigation. It can be seen from their 
results that the tensile stress trajectories around the 
fibre end can be considered to have conic symmetry. 
According to our preliminary investigation, when 
a specimen is immersed in water, the stress birefrin- 
gence disappears as we move in the direction perpen- 
dicular to the fibre axis, falling to zero within a 
distance of a few or ten fibre diameters from the fibre 
axis. Thus, by far the largest contribution to the ob- 
served stress birefringence is due to the stress near the 
interface. Furthermore, since the stress direction tra- 
jectories hereabouts change direction very slowly, say 
by 10 ~ from the fibre axis out to where the birefrin- 
gence disappears, the stress field can be approximated 
to one of circular symmetry. Consider one half of the 
cone of symmetry. If a coordinate system is chosen in 

which one axis is parallel to the conic line, this can be 
transformed into elliptic symmetry with a/b = cos0. 
Since 0 is very small, a ~-b. This allows us to develop 
a photoelastic technique based on Poritsky's paper 
[7] to measure the shear stress and its distribution, 
and thus to monitor the progress of interracial 
debonding. 

Poritsky [7] showed that, for a long and uniform 
cylinder, the optical retardation R for a ray passing in 
a direction normal to the axis depends merely upon 
the principal stress in the axial direction, o=, and the 
thickness, say, from al to a2, given by 

R = 2 cy== dy 
1 

where 13 is the stress-optical coefficient, assumed to be 
a constant. In accordance with the defirfition of inte- 
grals, the integration can be obtained by adding 
a large number of units. Consider that the specimen 
consists of a large number of concentric rings and the 
total birefringence along a path of light is the sum of 
contributions of individual rings; then 

= 213(cs,zlAyl + cy=~Ay2 + ... + o= Ay,) R 

i.e. 

R = 213~G=,Ayi  
i = 1  

where n = number of rings traversed by a path of 
light, cy=z ' = stress ~zz in the ith ring and Ayl = path 
length through the ith ring. If the number of rings is 
large enough, the stress in each ring can be regarded as 
constant. This calculation procedure of the internal 
stress was carried out by computer programming. 

The interracial shear stress, r, can be monitored 
from the isochromatic (retardation) and isoclinic 
measurements as follows: 

( J2~  "c = ~ s i n 2 ~  

where ~ is the isoclinic angle on inclination of ~=, with 
respect to the fibre direction. 

Using the assumption that elliptical symmetry, 
transferred from a system of conic symmetry, with its 
semi-axis ratio near to unity, can be treated as cylin- 
drical symmetry, this technique can be employed to 
semi-quantitatively investigate the shear stress distri- 
bution at the interface, and hence can be used to 
monitor the interracial debonding. 

3. Results and discussion 
3.1. Water uptake 
In order to interpret effects arising from water immer- 
sion, it is important to know the dimensional changes 
undergone by resin during water immersion. Measure- 
ments of linear dimensional changes were made on 
epoxy films containing no fibres. Any dimensional 
changes of the mould during specimen fabrication 
were found to be too small to be detected. Hence the 
net dimensional changes of the epoxy resin after cur- 
ing can be measured in situ. It turns out that the resin 
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linear shrinkage generated during fabrication is about 
0.43% ((20.000- 19.914)/20.000 = 0.43%). 

Experimental measurements of changes in linear 
dimensions during water immersion for specimens 
containing no fibres (Fig. 1) demonstrate that the resin 
swelling is much greater than the resin shrinkage gen- 
erated during fabrication. Since fibres can be assumed 
to be dimensionally stable relative to resins, it is evid- 
ent that swelling of the epoxy matrix must be re- 
strained by the fibres embedded in a composite. The 
overall result is that the volumetric swelling of the 
matrix produces tensile stress in a fibre and axial 
compressive stress in the matrix around the fibre, both 
of which are along the fibre direction as discussed 
below. 

The change from shrinkage resulting from curing, to 
expansion resulting from water uptake, has been also 
detected by observing the changes in the directions of 
the optical axes of epoxy resin samples. 

3.2. Effects of water uptake on stress-optical 
coefficient of epoxy resin 

When using photoelastic analysis, it is necessary to 
know the stress-optical coefficient of the material 

studied. In order to investigate the moisture-induced 
degradation of composites by means of photoelasticity 
analysis, the effects of water uptake on the stress 
optical coefficient of matrix materials must be known. 
Measurements for the epoxy resin used in the present 
research have been made. Fig. 2 shows measurements 
of optical retardation versus tensile stress applied 
uniaxially on specimens of neat epoxy resin. The linear 
relationships between retardation and stress did not 
change during water immersion up to 300 h. The 
straight lines, which have almost the same slope, indi- 
cate that the stress-optical coefficient is constant, i.e. 
water uptake does not affect the stress-optical coeffic- 
ients of the epoxy resins used in this experiment. By 
plotting the retardation (nm) against the applied stress 
(g mm-2), the stress-optical coefficient can be found 
[8]. For the data shown in Fig. 2, the stress-optical 
coefficient is 

13 = 6.80 x lO-Smm2g -1 

with standard deviation S given by 

1 = 2.34x 10-9 mmZg -1 
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Figure 1 Linear dimensional changes of the net epoxy resin during 
immersion in distilled water at boiling temperature. Measurements 
were made at room temperature. 
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Figure 2 Retardation measured versus tensile stress applied 
uniaxially on a specimen of neat epoxy resin: ([]) as received, ( e )  
5 min, (m) 15 min, (O) 35 min, ( , )  95 min, ([]) 150 min, (&) 48 h, 
(A) dry + 12h. 

3.3. Durability of interfacial bonding 
As pointed out above, epoxy resin undergoes shrink- 
ages during curing and during cooling from the curing 
temperature to room temperature. Because the axial 
thermal expansion coefficient for most fibres is less 
than the thermal expansion coefficient of most matrix 
resins, a state of compression is generated in the resin 
adjacent to fibre ends. During water uptake, volu- 
metric swelling Occurs and this may be large enough 
to compensate for the compression, and eventually to 
leave the resin adjacent to fibre ends in a state of 
tension. Stress-induced birefringence measurements 
show the change of resin stress state from compression 
to tension as a reversal in the directions of fast and 
slow axes. Our experimental results show that the 
direction of the optical fast axis of the epoxy resin used 
in the present research is parallel to the direction of 
tension generated as mentioned above, while the 
direction of the optical slow axis is parallel to the 
direction of compression. The local distribution of 
stress-induced birefringence is also changed. Fig. 3a 
and b show the patterns of birefringence near fibre 
ends observed in a specimen before water immersion. 
Extinction along the fibre direction when viewed at 
0 ~ to the polarizer axes follows from the condition for 
isoclinic fringe formation, where the principal axis o f  
either cq or ~2 coincides with the axis of polarization 
of either the analyser or the polarizer. Comparing with 
the original patterns, Fig. 3c shows that, for the same 
fibre, the patterns of birefringence change in extent as 
well as in nature after water uptake. In order to 
interpret these changes, retardation measurements 
have been made (Fig. 4). The retardation increases as 
the amount of swelling increases. 

Fig. 5 shows retardation measurements made near 
the fibre end at points along a radial direction from 
a fibre totally embedded in epoxy resin and immersed 
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Figure 5 (�9 Typical retardation measurements made near fibre 
ends at points along a radial direction from a fibre totally embedded 
in epoxy resin and immersed in boiling water, and (0) magnitude of 
associated stress in the epoxy resin acting parallel to the fibre axis. 

Figure 3 Patterns of stress-induced birefringence around a single 
fibre totally embedded in a film of epoxy resin. Before water immer- 
sion: viewed at (a) 0 ~ to the polarizer axes and (b) at 45 ~ to the axes; 
and after water immersion (c) at 45 ~ to the axes. 
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Figure 4 Increases of retardation as immersion time increases: (O) 
original, (D) 20 min, (A) 4h, (�9 105 h. 

in boi l ing water.  Using  the p rocedure  descr ibed above,  
the magni tude  of the stress in the epoxy  resin act ing 
paral le l  to the fibre axis can be obta ined ,  and  is also 
shown in Fig. 5. It is seen that  the axial  stress is 
concen t ra ted  at the f ib re -ma t r ix  interface. As dis- 
cussed above,  the r e t a rda t ion  measured  using the 
mode l  is the sum of con t r ibu t ions  from indiv idual  
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Figure 6 Fibre B: optical retardation changes close to the interface 
during boiling water uptake. (�9 Original, (A) 20 min, ( + ) 1 h, (D) 
10.5 h. (O) 22.5 h. 

rings. Since most  of the stress is concen t ra ted  near  the 
interface, it is here tha t  the s t ress- induced birefrin- 
gence makes  its most  impor t an t  c o n t r i b u t i o n  to the 
measured  re ta rda t ion ,  i.e. r e t a rda t ion  measurements  
made  close to the interface are more  i m p o r t a n t  than  
those made  further away. 

So, to invest igate interfacial  b o n d  behav iour  dur ing  
water  uptake,  the d i s t r ibu t ion  o f  interracial  shear  
stress close to the interface between fibre and mat r ix  is 
of most  significance. Since the overal l  r e t a rda t ion  
measured  is the sum of con t r ibu t ions  from elastic and  
plast ic  de format ion  (here the plast ic  po r t i on  has been 
neglected), and  since a cyl indrical  model  is assumed,  
the shear stresses listed are at best  only  semi-quant i -  
tative. Fig. 6 shows the shear  stress d i s t r ibu t ion  close 
to the interface for fibre B. Init ial ly,  the stress in the 
resin adjacent  to the fibre is compressive,  giving rise to 
a di rect ion of shear  stress towards  the fibre end identi-  
fied as negative. After water  uptake,  the d i rec t ion  of 
the shear stress changes and the direct ions of opt ica l  
fast and  slow axes reverse. Wi th  increasing t ime of 
water  uptake,  the pos i t ion  of m a x i m u m  shear  stress 
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migrates towards the fibre centre, as revealed in Fig. 6. 
This can be interpreted by considering the mechanism 
of load transfer. With perfect interracial bonding, the 
maximum shear stress occurs at the end of the fibre (a 
more sophisticated model [9] shows that the position 
of maximum shear stress is very close to but not at the 
end of the fibre), and may be large enough to exceed 
the strength of interracial bonding. If so, debonding 
occurs. The position of highest shear stress is then no 
longer at the fibre end, but has moved towards the 
centre of the fibre. 

If the time for the position carrying maximum shear 
stress to migrate, say, by a distance of one fibre dia- 
meter towards the centre of the fibre is taken as the 
criterion for the onset of debonding, the debonding 
times for different fibre surface treatments can be 
compared. Fig. 7 shows shear stress distributions for 
a specimen containing a length of fibre C. The inter- 
facial debonding, as defined here, is established after 
20 rain of water uptake. Fig. 8 shows the time needed 
for specimens containing each of fibres A, B, C, D and 
E to debond. This bar chart was constructed using 
data from three specimens for each fibre and the times 
shown are the average values. It is seen that fibre 
B offers the longest durability and fibre C offers the 
least durability against uptake of water of 100 ~ 

3.4. Fracture of fibres 
Viewed with monochromatic light between crossed 
polarizing filters and oriented at 45 ~ to the fast and 
slow directions, the entire specimen exhibited a chang- 
ing sequence of birefringence patterns during the 
water immersion test. Once the fibre begins to fra- 
cture, a characteristic birefringence pattern develops 
adjacent to the broken fibre ends, since the stress state 
changes significantly. Fig. 9 shows the changing 
pattern of stress-induced resin birefringence for fibre 
B during a water immersion test. After immersion for 
10.5 h the birefringence (Fig. 9b) is very different from 
the initial pattern (Fig. 9a). Not only has compensa- 
tion occurred for the "compressive" birefringence; 
a net "tensile" birefringence has taken its place. As 
water uptake continues, more volumetric swelling of 
the matrix occurs, the axial tensile stress in the fibre 
increases [10], and eventually becomes large enough 
to fracture the fibre (Fig. 9c). A further increase in 
immersion time causes the region of birefringence at 
the fibre break to enlarge (Fig. 9d). 

A very different sequence of birefringence patterns 
was observed for fibre C (Fig. 10). After 151 h immer- 
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Figure 9(a-d) Sequence pattern of stress-induced birefringence of 
fibre B during water immersion, viewed at 45 ~ to the polarizer axes. 
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Figure 11 Fibre B: optical retardation measured through the resin 
adjacent to the interface and the corresponding interfaciaI shear 
stress, plotted as a function of both fibre length and immersion time. 
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Figure 10(a-d) Sequence pattern of stress-induced birefringence of 
fibre C during water immersion, viewed at 45 ~ to the polarizer axes, 

sion the fibre began to fracture, evidence for which is 
the change of birefringence pattern in Fig. 10c. The 
difference in the birefringence pattern associated with 
fibre fracture in Fig~ 9c and 10c suggests a failure 
mode different from that for specimen B. From a care- 
ful examination of these patterns, one common feature 
and two main differences between the two patterns 
can be seen. Common in these two fibre failure modes 
is the fact that the fibres have fractured into two 
approximately equal lengths, i.e. fracture occurs at the 
fibre centre where the axial tensile stress is a maximum 
[11]. The axial tension generated along the fibre dur- 
ing water uptake by load transfer via interfacial shear 
stress can be large enough to fracture the fibre. Of the 
differences, one is the time required for fibre fracture. 
Fracture occurred after 10.5 h immersion for fibre 
B and after 151 h for fibre C. 

The second difference concerns the patterns of 
stress-induced birefringence. When viewed at 45 o to 
the polarizer axes, the pattern of birefringence near 
a fibre fracture is one of extinction (black contrast) for 
fibre B (Fig. 9c), and one of non-extinction (white 

contrast) for fibre C (Fig. 10c). This difference reveals 
a characteristic difference in fracture mode. 

In order to explain the difference, the respective 
optical retardations have been carefully measured. 
Fig. 11 shows optical retardation data measured ad- 
jacent to the interface and the associated shear stress, 
plotted as a function of fibre length and immersion 
time. After fibre B fractures, the shear stress near the 
fracture is still very large. For fibre C, the retardation 
measurements (Fig. 12) show that the shear stress near 
the fibre fracture is relieved by the fracture process, i.e. 
debonding has occurred in association with the fibre 
fracture. Fig. 13a shows a schematic diagram for the 
fracture mode observed in fibre B, which is a disc- 
shaped or penny-shaped crack oriented perpendicular 
to the fibre and extending into matrix material. The 
stress state at fracture is also sketched in Fig. 13a. 
When the directions of principal stress are coincident 
with the polarization direction of the polarizer and 
analyser, extinction occurs. For the stress state in Fig. 
13a there are some principal stresses having a 45 ~ 
direction relative to the fibre axis (note that stresses 
ch and o- 2 in Fig. 13a are not principal stresses), near 
the fibre fracture since there are large shear stresses. 
When the fibre axis is at 45 ~ to the axes of the polarizer 
and analyser, extinction is observed. When the fibre 
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Figure 13 (a) Schematic diagram of failure mode observed in fibre 
B; (b) stress birefringence observed with fibre axis at 0 and 45 ~ to the 
polarizer (P) and analyser (A) axes. 
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Figure 15 (a) Schematic diagram of failure mode observed in fibre 
C; (b) stress birefringence observed with fibre axis at 0 and 45 ~ to the 
polarizer (P) and analyser (A) axes. 

Figure 14 P a t t e r n s  of  s t ress - induced  b i ref r ingence  n e a r  the f rac ture  

o f  f ibre B, viewed a t  (a) 0 ~ a n d  (b) 45 ~ to the po la r i ze r  axes, 

axes is at 0 ~ to the axes of the polarizers, extinction is 
not observed, (see Fig. 13b and Fig. 14). 

Using the same procedure, the stress state near the 
fibre fracture for fibre C can be identified and is 
sketched in Fig. 15a. Since there is no shear stress near 
the fibre fracture, the directions of principal stress 
must be parallel to and perpendicular to the direction 
of the fibre axis. When the fibre axis is coincident with 
the polarization direction of either the polarizer or the 
analyser, the condition for extinction is satisfied. 
Fig. 15b shows the conditions for extinction and non- 
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Figure 16 Patterns of stress-induced birefringence near the fracture 
of fibre C, viewed at (a) 0 ~ and (b) 45 ~ to the polarizer axes. 

extinction. This analysis is consistent With experi- 
mental observation. Fig. 16 shows what has been seen 
for fibre C. When viewed at 0 ~ to the axes of the 
polarizer and the analyser, the pattern appears dark, 
whereas when viewed at 45 ~ to the axes the pattern 
appears bright. As the water immersion test continues, 
and more stress is generated, the crack propagates as 
shown in Figs 17 and 18. 

Fig. 19 shows SEM confirmation of the fracture of 
fibre B; a "penny-shaped" crack has propagated from 
the fibre into the epoxy matrix. Similar crack propaga- 
tion from single fibres has been observed for fibres A, 
D and E (Fig. 20). 



Figure 17 Sequence of fracture of a single carbon fibre B in epoxy 
resin after immersion in water at boiling temperature: (a) 34 h, 
(b) 158 h, (c) 525 h, (d) 1500 h. 

Figure 18 Sequence of fracture of a single carbon fibre C in epoxy 
resin after immersion in water at boiling temperature: (a) 151 h, 
(b) 200 h,'(c) 415 h, (d) 1080 h. 

3.5. Fibre pull-out length 
Fig. 21 shows two typical fracture surfaces of com- 
posite specimens pulled in tension parallel to the fibre 
direction after 14 days immersion in boiling distilled 
water. Fig. 22 shows the distributions of fibre pull-out 
lengths seen in Fig. 21. The differences in pull-out 
lengths of fibres reflect differences in strength and 
differences in the longevity of interfacial bonding. The 
stronger the interracial bonding, the shorter the pull- 
out lengthi the more resistant the interracial bonding 
is to attack by the aqueous environment, the shorter 
the pull-out length. This is controlled by the different 
responses of the surface treatments to the aqueous 
environment. 

4. Concluding remarks 
The advent of improved fibre surface preparations for 
carbon fibre is well illustrated by these experiments. 
The durability of load transfer between matrix resin 
and fibre has been enhanced to such an extent that 

Figure 19 SEM observation of fibre fracture (fibre B) in matrix 
self-stressed by water uptake. 

swelling deformations large enough to fracture the 
fibre can be realized. Any reduction in the ability of 
a fibr~matrix interface to support shear stress will 
diminish the rate of increase of fibre axial stress with 
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Figure 20 Similar crack propagation from single fibres for (a) fibre 
A, (b) fibre (D) and (c) fibre E. 

distance from the fibre end. For the extreme case of an 
interface incapable of supporting any shear stress, 
there can be no build-up of axial fibre stress. The 
patterns of resin stress birefringence shown in Figs 9 
and 10 indicate that the fibre has fractured into two 
approximately equal lengths; that is, fracture of fibre 
occurs at the fibre centre where the axial tensile stress 
is in a maximum. The longer the interfacial bonds 
survive during water immersion, the higher the build- 
up of axial fibre stress and hence, the sooner the 
occurrence of fibre fracture. From this point of view, 
the interfacial bonds of fibre B (whose fracture occur- 
red after 10.5 h immersion) may have survived longer 
than those of fibre C (fracture after 151 h immersion). 
These conclusions are consistent with the experi- 
mental results for the immersion time required for 
different fibres to debond interfacially. Fig. 23 shows 
the times required for the occurrences of debonding 
and fracture for all five fibres. The longer the inter- 
facial bonds survive during water immersion, the shor- 
ter the time before fibre fracture occurs. The same 
conclusion was also reached from the SEM observa- 
tions in Fig. 21 of the fracture surfaces of tensile test 
specimens. 

Figure 21 SEM observation of typical fracture surface of specimens 
after 14 days immersion in distilled water at boiling temperature: (a) 
specimen containing a bundle of fibre B, (b) specimen containing 
a bundle of fibre C. 
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Figure 22 Distribution of pulled-out lengths of fibre under the same 
conditions as Fig. 21: (a) specimens containing a bundle of fibre B, 
(b) specimens containing a bundle of fibre C. 
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Figure 23 Times required for the occurrence of debonding and 
fracture for all the five fibres. 

D E 

As discussed above, the effectiveness of reinforce- 
ment depends in a very fundamental way upon the 
stress transfer between fibre and matrix. Stress trans- 
fer, however, is limited by the strength of the "inter- 
facial region", i.e. the material within the matrix and 
adjacent to the surface of the fibre. This material is 
very much affected by the different surface treatments. 
The mechanical behaviour of the inteffacial region 
also controls the stress distribution that leads to fibre 
fracture. In the wholly elastic case, the maximum 
interfacial shear stress occurs at the fibre ends, and 
here we include fibre breaks. If the high shear stress 

concentration exceeds the interfacial region strength, 
there is local debonding of matrix from the fibre for 
some distance from the fibre break. This debonding 
displaces the shear stress concentration towards the 
centres of the remaining fibre lengths. The matrix 
adjacent to the fibre at the fracture location is sud- 
denly stressed so as to carry the tension previously 
carried by the fibre. If the tensile strength of the matrix 
is exceeded, the fibre break-up propagates into the 
matrix to form a disc-shaped crack normal to the fibre 
axis. 

Two distinct types of fibre failure behaviour have 
been observed. The energy released during fracture of 
these specimens accounts for the fracture surface ener- 
gies of the fibre and matrix materials, and of interfacial 
cracks. If there exists sufficient bonding between 
matrix and fibre, the extent to which a disc-shaped or 
penny-shaped crack propagates into the resin depends 
upon the ability of the matrix to absorb energy at the 
ever-increasing circumference of the crack. On the 
other hand, debonding at the interface between fibre 
and matrix can relieve the stress concentration in- 
duced by fibre fracture and can prevent propagation 
into the matrix. The energy released and the energy 
absorbed, and the conditions for these two cases oc- 
curring, have been discussed by Mullin and Mazzio 
[12]. 
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