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Many attempts have been made to measure, evaluate and improve the level of interfacial 
adhesion in aramid/epoxy composites. Different surface treatments have been developed in 
order to promote chemical bonding between the fibre and the matrix but it is found that 
most of the surface treatments developed have shown little or no improvement in the level 
of interfacial adhesion. The interfacial properties of a model composite are often determined 
by measuring the interfacial shear strength using micromechanical test methods that 
employ different loading configurations. However, the values of interfacial shear strength 
determined using different test methods are found to be dependent upon the variation of 
localized stress in the samples due to the different loading configurations and often give 
different results. Using Raman spectroscopy it is shown that the strain-dependent shift of the 
1610 cm-1 aramid Raman band can be used to determine the point-to-point variation of axial 
fibre strain along aramid fibres embedded in epoxy resin matrices from which the interfacial 
properties can be derived. The interfacial properties of aramid/epoxy model composites 
have been determined using Raman spectroscopy where the properties of the fibre, 
including different surface treatments, and the matrix have been changed systematically. 
The results are reviewed here and compared to those obtained using conventional 
micromechanical test methods. It is also demonstrated that the Raman technique can be 
used to characterize the interfacial properties of aramid/epoxy model composites deformed 
using different micromechanical test methods. In this way the interfacial properties can be 
determined at different loading levels enabling the progressive failure of the fibre/matrix 
interface to be monitored and defined accurately. 

1. Introduction 
1.1. Aramid fibre/epoxy resin adhesion 
It is well known that the level of interracial adhesion is 
of fundamental importance in determining the transfer 
of stress from a relatively low modulus matrix to 
a high modulus fibre in a discontinuous fibre- 
reinforced composite system. Low levels of interracial 
shear strength have been reported for aramid/epoxy 
composites [1 6] indicating a need to improve the 
adhesive properties and interactions of the fibre/ 
matrix interface. These findings have promoted the 
development of aramid fibre adhesion by means of 
chemical modifications [2, 3, 6], plasma surface treat- 
ments [-4, 5] and the coating of aramid fibres with 
epoxy-based polymeric emulsions and solutions 
[-7, 8]. 

The interracial mechanisms that determine the ad- 
hesive properties of the interface have been reviewed 
by Allen [-9] and with particular reference to 
aramid/epoxy composite systems by Kalantar and 
Drzal [-10]. The promotion of aramid/epoxy adhesion 
has concentrated primarily upon the development of 
chemical covalent bonding between the resin matrix 

and the fibre surface. The applied surface treatments 
are designed to act in some respects as coupling agents 
in that chemical covalent bonds form between reactive 
groups on the fibre surface and the matrix. The prin- 
ciple of most chemical reactions [2, 3, 6] and plasma 
gas treatments [4, 5, 11] is to attach reactive amine 
groups to the fibre surface that could form covalent 
bonds between reactive sites in a neighbouring epoxy 
resin matrix. The exact nature of the bonding mecha- 
nism between plasma treated fibres and epoxy mol- 
ecules is not clear since the plasma surface treatment 
can cause surface roughening and also induce addi- 
tional reactive sites through the formation of free 
radicals [11] that may lead to ionic bonding. Any 
improved interracial adhesion could therefore be 
a combination of chemical bonding, ionic bonding 
and mechanical interlocking. This is also true of the 
chemical modifications developed using bromination, 
ammonolysis and nitration reactions [2, 3]. The reac- 
tions required to attach the reactive amine groups to 
the fibre surface are known to cause surface roughen- 
ing which is indicated by the undesirable reduction in 
the tensile properties of the fibres. Increased surface 
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roughening can facilitate fibre/matrix adhesion pro- 
vided that favourable wetting is achieved. It has been 
demonstrated [12] that removing the antistatic sizing 
treatment increases the surface energy of the fibres 
which reduces the wettability of the fibres. The im- 
portance, however, of mechanical interlocking on the 
adhesive properties is expected to be small since 
strong adhesive bonds can be achieved by extremely 
smooth surfaces [-9] where the degree of mechanical 
interlocking is small. 

Shrinkage of the resin during cure from elevated 
temperatures around the fibre can cause thermal stres- 
ses due to the differences in the thermal expansion 
coefficients of the two components [1]. Thermal stres- 
ses induced during cure can increase the level of sur- 
face contact thus enhancing frictional interactions but 
also impose axial and radial strains on the fibre [1]. 
A similar effect can be achieved during deformation of 
the composite due to the Poisson's ratio difference 
between the fibre and the matrix. If the axial Poisson's 
ratio of the fibre is lower than that of the matrix then 
the matrix will contract radially upon the application 
of a tensile stress to a greater extent than the fibre. 
Compressive stresses at the interface can increase the 
interfacial surface contact and bonding. If the axial 
Poisson's ratio of the fibre is greater than that of the 
matrix then the fibre will contract radially more than 
the matrix which can facilitate interfacial debonding. 
The axial Poisson's ratio of aramid fibres is similar to 
that of the epoxy resin matrix (~0.35) [10] so the 
effect of a Poisson's ratio mismatch is expected to be 
small. This may be compared with carbon fibre/epoxy 
composites where the axial Poisson's ratio of carbon 
fibres is reported to be between 0.22~.25 [10]. There- 
fore both thermal stresses and Poisson's ratio mis- 
match are expected to have an "effect upon the 
interfacial properties of carbon/epoxy composites 
compared with those of aramid/epoxy composites [1] 
prepared under similar conditions. 

1.2. M i c r o m e c h a n i c a l  t e s t  m e t h o d s  
A major problem in determining the interracial prop- 
erties and failure mechanisms of a composite system is 
the accuracy and repeatability of measuring the level 
of adhesion between the fibre and the matrix. The 
degree of interfacial adhesion may be characterized 
with respect to macromechanical properties such as 
interlaminar shear strength or transverse tensile 
strength or by employing micromechanical test 
methods. Several micromechanical test methods have 
been developed to determine the interfacial properties 
of model composites. The methods developed have 
been based upon the deformation of a single-fibre, 
partially or fully embedded in a resin matrix, until 
failure of the fibre, the matrix or the interface occurs. 
The most common methods, shown schematically in 
Fig. 1, include pull-out [13], microbond [14, 15], frag- 
mentation [16] and microindentation [17] tests. 
The microindentation test is unsuitable for testing 
aramid/epoxy composites because the aramid fibres 
split and fibrillate when a load is applied to the end of 
the aramid fibre. 
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The level of interfacial adhesion is usually charac- 
terized by the interracial shear strength parameter, z~. 
It is often calculated by making assumptions of stress 
distributions and material properties which may not 
give an accurate picture of the state of stress in the 
system. Although the tests appear to be rather simple 
and easy to perform, the complex state of stress due to 
the loading of the samples can often lead to variable, 
scattered results even for the same fibre/matrix system 
[18]. In order to measure the interracial shear 
strength, "cs, the samples are often continuously loaded 
until complete interfacial failure has occurred. It is 
generally accepted however, particularly with respect 
to the fibre pull-out test, that the maximum interracial 
shear stress occurs at a lower loading level and repres- 
ents the initiation of matrix yielding and/or interfacial 
failure [19, 20] which then propagates along the 
fibre/matrix interface. 

Pull-out [4, 6, 7], microbond [14,21] and frag- 
mentation tests [1, 21, 22] have been employed fre- 
quently to evaluate the level of interracial adhesion in 
an aramid/epoxy model composite system. The tests 
were generally used in order to observe the effect of 
different fibre surface treatments or the effect of matrix 
curing temperatures upon the level of interfacial ad- 
hesion or to compare the interfacial properties of 
different fibre/matrix systems. In some cases small 
differences in the values of interracial shear strength 
have been observed for aramid fibres with different 
surface treatments [21, 22] but large differences have 
been reported using different test methods for similar 
aramid/epoxy system [1, 21, 22]. This can be seen in 
Table I which summarizes some of the values of 
interracial shear strength of aramid/epoxy model 
composites calculated by several workers using 
conventional micromechanical test methods. Similar 
discrepancies have been reported for carbon fibre/ 
epoxy resin systems [18]. 

Using micromechanical test methods it is often pos- 
sible to observe differences in the values of maximum 
load required to cause complete interracial failure for 
fibre/matrix systems where the properties of the fibre, 
the matrix, or the surface treatments applied to the 
fibres have been changed systematically. The assump- 
tion of constant interfacial shear stress along the inter- 
face generally applied in the analyses of micro- 
mechanical test methods is generally not appropriate 
for calculating accurate values of interfacial shear 
strength. So in order to understand fully the initiation 
and progressive interfacial failure mechanisms of the 
fibre/matrix interface it is important to monitor con- 
tinuously the point-to-point variation of fibre stress 
and interracial shear stress in the model composite at 
each loading level. 

1.3. Raman spectroscopy 
Using Raman spectroscopy apparatus such as that 
shown schematically in Fig. 2 it is possible to obtain 
well-defined Raman spectra for a number of different 
high-performance fibres. Fig. 3 shows a typical 
Raman spectrum obtained from a high-modulus 
aramid fibre. It is found that certain Raman bands 
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shift upon the application of a stress to the fibre and 
that the strain dependent shift of the 1610cm -1 
aramid Raman band (Fig. 4) can be used to determine 
the distribution of strain along aramid fibres embed- 
ded in an epoxy resin matrix, shown schematically in 
Fig. 5, and described elsewhere [34 38]. 

It recent years the stress-dependent Raman band 
shifts associated with the deformation of high-perfor- 
mance fibres [23 31] have been used to follow the 
deformation of a fibre embedded in a resin matrix 
[32-40]. In the case of aramid and carbon fibres the 
shift of the Raman bands with stress or strain can be 
used to calibrate the strain at any point along the fibre 
embedded in the resin matrix. It is then possible to 
map the distribution of strain along a short, discon- 
tinuous fibre in a model composite and then derive the 
variation of interfacial shear stress along the interface. 
The Raman technique was first used to map the distri- 
bution of strain along a polydiacetylene single crystal 
fibre embedded in an epoxy resin matrix [32, 33]. The 
technique has subsequently been extended to monitor 
the stress and strain in aramid [34-38], carbon 
[39, 40] and polyethylene fibres [41-44] in an epoxy 
resin matrix and also ceramic fibres [45] in a glass 
matrix. By monitoring the stress along the fibre it is 
possible to study the effect of fibre [38, 42], matrix 

[46, 47] and interracial properties [38] upon the level 
of adhesion in a model composite system. In addition 
to this, the effect of fibre surface treatments [3640, 48] 
and processing conditions E47] can be assessed. With 
so many variables contributing to the transfer of stress 
in a composite system it is important to use samples 
where the fibre and matrix properties, including the 
fibre surface treatments are controlled systematically. 

Raman and fluorescence spectroscopy have recently 
been used to study the distribution of stress and strain 
in micromechanical pull-out [20, 40-43, 49, 50], 
microbond [49, 51], fragmentation [37, 40, 48, 49, 52] 
and microindentation (fluorescence spectroscopy) 
[53] samples for a number of fibre/matrix systems. 
The application of Raman spectroscopy to the study 
of composite micromechanics has considerable ad- 
vantages over conventional micromechanical test 
methods by monitoring accurately the variation of 
interfacial shear stress along the interface at different 
loading levels. This is in contrast to a single value of 
interfacial shear strength obtained using conventional 
test techniques which is usually calculated following 
complete failure of the fibre matrix interface. The 
distribution of fibre stress and fibre strain can also be 
determined along small fragments during a fragmenta- 
tion test E37, 40, 48, 49, 52] by employing the same 
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Fibre Matrix Curing Test 
schedule method 

Interracial shear strength, ~ (MPa) 

Surface treatment 

Sized De-sized Ref. 

7 days RT 

Kevlar 49 Ciba Geigy 6010 Resin 3 h 120 ~ 
+ 956 Hardener 

Ciba Geigy LY 5052 Resin 
+ HY 5052 Hardener 

Der 331 Resin 
+ DEH 26 Hardener 

Der 331 Resin 
+ DEH 26 Hardener 

Der 331 + Der 732 Resin 
+ DEH 26 Hardener 

Der 331 Resin 
+ DETA 26 Hardener 

1 3 days 20~ 
+ 3 h 80 ~ 
+ 3 h 120 ~ 

1-3 days 20 ~ 
+ 3 h 80 ~ 
+ 3 h 120~ 

3 h 80 ~ 

25 ~ 

I I I I I I r I I I 

Pull-out - 34 4 

Pull-out 10 20 

Microbond 25 20 21 

Fragmentation 33 28 21 

Fragmentation 

Fragmentation 

32 35 22 

17 1 

Figure 2 Schematic diagram of the Raman spectroscopy apparatus 
used for the collection of Raman spectra; (1) Laser, (2) Laser band- 
pass filter, (3) Optical microscope, (4) Holographic notch filter, 
(5) Spatial filter assembly, (6) Spectrometer slits, (7) Plane mirror, 
(8) Concave mirror, (9) Diffraction grating, (10) CCD camera. 
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TABLE I Values ofinterfacial shear strength, r~, for aramid fibre/epoxy resin model composites obtained using different micromechanical 
test methods 
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Figure 4 Dependence of the peak position of the 1610 cm - ~ aramid 
Raman band upon fibre strain for four different aramid fibres, (�9 
Twaron LM, ( I )  Twaron HM, (A) Kevlar 49, (4,) Kevlar 149. 
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Figure 3 Raman spectrum of an aramid fibre between 1100 cm- 1 
to 1700 cm - 1. 

3 8 9 6  

Resistance 
strain gauge 

Fibre 
vl 

m ~  ~ Applied 

I, 40 mm ,I 

Figure 5 Schematic diagram of a single-fibre model composite. 
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the fragment be measured but also the fragment length 
can be determined which is often difficult using con- 
ventional test techniques [1, 21, 22] due to the fibrillar 
fracture associated with aramid fibres. 

The pull-out geometry is a more complex situation. 
The Raman band position of the asymmetric and 
symmetric C C stretch has, however, been used to 
determine the stress along polyethylene fibres partially 
embedded in an epoxy resin matrix during a pull-out 
test [41-43]. The preparation of aramid fibre/epoxy 
resin samples is difficult since short embedded lengths 
(Le ~< 1000 pm) are generally required. It has, how- 
ever, recently been demonstrated [20, 49, 50] that it is 
possible to determine the state of stress or strain along 
aramid fibre pull-out samples in order to study the 
effect of fibre surface treatments and matrix curing 
characteristics even where the embedded length is 
only 100 ~tm. The variation of interracial shear stress 
with distance along the fibre can be determined at 
each level of loading enabling the progressive failure of 
the interface to be monitored compared with the sud- 
den catastrophic interracial failure associated with 
conventional micromechanical test methods. 

Raman spectroscopy is a powerful technique for 
studying the macroscopic deformation of a polymer 
through the deformation of the molecular structure 
[28]. Since it is an optical method there is usually little 
or no damage to the sample except through the direct 
application of stress. It has been shown however, that 
argon ion laser radiation, with a wavelength of 
488 nm, can damage aramid fibres and result in a se- 
vere reduction in the tensile strength of the fibres [54]. 
The molecular deformation can be studied for a fibre 
both in air and in a resin matrix. Raman spectroscopy 
will therefore find increasing use in the analysis of fibre 
deformation in high-performance composites and can 
be used in situations where no analytical solutions 
exist or to confirm analytical solutions to particular 
theories of fibre reinforcement. 

1.4. Stress transfer models 
Many theoretical analyses have been developed to 
account for the transfer of stress in a discontinuous 
fibre-reinforced composite system. The tensile stresses 
are transferred to the fibre through a shearing mecha- 
nism at the interface which results in a distribution of 
stress along the length of the fibre. The first model to 
represent the transfer of stress in a composite was 
concerned with the deformation of the matrix and the 
fibre in the elastic state [55] and was developed using 
the well known shear-lag theory. The increased use of 
polymer matrices has led to the development of stress 
transfer models that account for plastic deformation 
and matrix yielding [16] and debonding [56 59]. 
Interracial failure is often complicated by the fact that 
a reduction in stress transfer cannot be totally ac- 
counted for by one single mode of deformation. 
Partial-debonding models have, therefore, been devel- 
oped 1-56 59] to represent the progressive failure of 
the fibre/matrix interface. If the stress along the fibre 
can be determined experimentally, at various loading 
levels, it is possible to determine the modes of stress 

transfer and interfacial failure by direct comparisons 
with the theoretical models. 

1.5. Aim of the review 
The aim of this paper is to review the interracial 
properties of aramid/epoxy model composites and to 
ascertain the influence of the fibre and matrix proper- 
ties and fibre surface treatments upon the adhesive 
properties of the fibre/matrix interface. The Raman 
technique can be used to determine the fibre strain 
and interfacial shear stress distribution profiles along 
short, aramid fibres embedded in single-fibre model 
composites where the properties of the matrix and the 
fibre surface treatments are changed systematically. It 
is demonstrated at low levels of matrix strain that for 
an aramid/epoxy model composite system the effici- 
ency of stress transfer from the matrix to the fibre is 
dependent upon the elastic properties of the fibre and 
the matrix. In this case the distribution of fibre stress 
and interracial shear stress can be quantified using 
shear-lag theory [55]. At high levels of matrix 
strain the interracial properties are dominated by 
matrix yielding and debonding of the fibre/matrix 
interface. 

The Raman technique can be extended to measure 
the interfacial properties of fragmented aramid fibres 
during a fragmentation test and also of an aramid 
fibre during pull-out from an epoxy resin block or 
resin droplet enabling the progressive failure of the 
fibre/matrix to be continuously monitored. For each 
test, the values of interracial shear stress derived at 
each loading level may be compared with the single 
values of interracial shear strength calculated using 
conventional analyses following complete failure of 
the fibre/matrix interface. The experimental data may 
also be compared to theoretical models that account 
for elastic behaviour, matrix yielding and partial- 
debonding of the fibre matrix interface in order to 
obtain a full explanation of the deformation modes 
responsible for interfacial failure. By comparing the 
Raman data obtained using different test geometries 
similar modes of deformation are observed to be re- 
sponsible  for interfacial failure. Also the maximum 
values of interracial shear stress calculated for each 
test are in close agreement which is in contrast to the 
considerable variation of interfacial shear strength 
values often reported using conventional micro- 
mechanical test methods and analyses [18]. 

2. Single-fibre model composites 
2.1. Strain mapping 
Fig. 6 shows the peak position of the strain sensitive 
1610 cm-  1 aramid Raman band along a short Kevlar 
49 fibre, 1.8 mm long, embedded in a room-temper- 
ature-cured epoxy resin matrix, containing 38 pbw of 
hardener, at 0, 0.8, 1.6 and 2.4% strain. Upon applica- 
tion of a tensile stress to the composite sample the 
peak position of the 1610 cm-  1 Raman band shifts 
to a lower wavenumber indicating a transfer of a ten- 
sile stress to the fibre. The strain in the fibre can be 
calculated from the calibration of the peak position 
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of the 1610 cm ~ band with fibre strain, el, for the 
Kevlar 49 fibre deformed in air shown in Fig. 4. In the 
calibration experiment in Fig. 4 the fibres had been 
subjected to axial tensile deformation with the laser 
beam polarized parallel to the fibre axes. Hence the 
band shifts determined in the composite specimens 
relate only to axial strains in the fibres even though 
the fibres might be subjected to complex states of 
stress. 

Conversion of the data in Fig. 6 using the strain 
calibration curves in Fig. 4 enables the distribution of 
axial fibre strain, el, to be determined along the fibre 
in the epoxy resin matrix at different strain levels. In 
order to understand fully the transfer of stress from 
the matrix to the fibre it is necessary to analyse in 
detail the fibre strain distribution data at different 
matrix strains at both the left- and right-hand end of 
the fibre as shown in Fig. 7(a and b). The solid lines 
are a fit of the experimental data to a logistic sigmoid 
function with a correlation coefficient greater than 
98%. It can be seen that in the unstrained case 
(% = 0%) there is virtually no strain in the fibre. This 
implies that any residual stresses imposed on the fibre 
during cure of the epoxy resin matrix at room temper- 
ature are very small. As the matrix strain, em, in- 
creases, the strain in the fibre increases from the fibre 
ends up to a plateau value along the middle of the 
fibre. It is shown that the strain in the central region of 
the fibre is approximately equal to the matrix strain, 
thus indicating an efficient transfer of stress from the 
low modulus matrix to the high modulus reinforcing 
fibre. At high matrix strains (era > 1.2%) the fibre 
strain increases from the fibre end at a slower rate 
than at lower matrix strains. The stress transfer length, 
lt, is found to increase indicating a reduction in the 
efficiency of stress transfer. This can be seen more 
clearly in Fig. 8(a and b) which show the derived 
variation of interracial shear stress, z, with distance, x, 
along the left- and right-hand end of the Kevlar 49 
fibre. The interfacial shear stress, r, is derived using 
a force balance equilibrium [16] given by 

"c = E rFde f l  
f ]L~ ] (1) 
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Figure 6 Variation of peak position of the 1610 cm- ~ Raman band 
with distance along the length of a Kevlar 49 fibre in a model 
composite at levels of matrix strain, of(O) e~ = 0%, (~') em= 0.8%, 
( x )em = 1.6% and (4,) em = 2.4%. 
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w h e r e  Ef  is the fibre modulus, r is the fibre radius 
and (def/dx) is the first derivative of the strain func- 
tion with respect to x. The equation assumes a uni- 
form tensile stress across the fibre and that all the 
shear is in the matrix. At matrix strains up to 1.2% the 
magnitude of the interracial shear stress is a maximum 
at the fibre ends (x = 0 pm) decreasing to zero at 
a distance, x, along the fibre equal to I t. At matrix 
strains greater than 1.2% there is a reduction in the 
transfer of stress close to the fibre ends and, as will be 
discussed later, is a result of matrix yielding followed 
by debonding of the fibre/matrix interface. The inter- 
facial shear stress at the fibre ends is reduced and the 
maximum peak value of interracial shear stress is now 
located at a distance, x, along the fibre where 
0 < x < I t. This behaviour has been observed repeat- 
edly [34-38] but the exact mechanism of interracial 
failure is often difficult to define. 

The interfacial shear stress profiles for both the left- 
and right-hand ends are qualitatively similar. The 
maximum values of interfacial shear stress, ~ . . . .  
shown in Fig. 9 are also similar indicating that any 
stress relaxation during the time taken to obtain 
Raman spectra from the left-hand end of the fibre to 
the right-hand end is insignificant. Only at high matrix 
strains is there a significant variation in the values of 
~ma* between the two fibre ends which may be due to 
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Figure 9 Dependence of maximum interracial shear stress, r . . . .  
upon matrix strain for the left- (D) and right-hand (O) end of 
a Kevlar 49 fibre in a model composite. 

different degrees of local interracial failure close to the 
fibre ends. 

2.2. Shear- lag a n a l y s i s  

The first theory to represent the stress distribution 
along a short reinforcing fibre in a low modulus 

matrix was presented by Cox in 1952 [55] using 
a shear-lag analysis. The theory assumes that; 

(i) the fibre is isotropic, 
(ii) both the fibre and the matrix remain in the 

elastic state during deformation, 
(iii) there is a perfect bond between the fibre and the 

matrix at the interface, 
(iv) there is no bonding across the fibre ends, 
(v) the fibre can be represented by a uniform cylin- 

der with a diameter equal to 2r. 
A model was proposed for a length of fibre, l, embed- 
ded in a matrix under a general strain, em. The transfer 
of load from the matrix to the fibre was determined by 
considering the displacement of a point, x, along the 
fibre to give the general expression [55]: 

dF 
- B(xl - x2) (2) 

dx 

where F is the load on the fibre, xl is the displacement 
of the point, x, if the fibre is present, x2 is the displace- 
ment of the same point, x, if the fibre is absent and B is 
a constant. A full derivation of the expression for the 
tensile fibre stress is given in Holister and Thomas 
[60]. Cox showed that for an applied matrix stress 
parallel to the fibre axis, the axial strain in the fibre 
can be given by [55]: 

F coshl3 (//2 i 

ef = em[1 --  i;5 x)] 
for 0 < x < 1 where 

(3) 

F 2Gin 

;i R/,'iJ 

and Ef is the fibre modulus, e m is the matrix strain, I is 
the fibre length, Gm is the shear modulus of the matrix, 
r is the fibre radius and R is the distance between 
neighbouring fibres. For  a single fibre model com- 
posite, R may be represented by a cylinder of resin 
around the fibre into which the stress will decay 
radially [61]. The variation of interfacial shear stress 
along a fibre, determined by the Cox model can be 
derived by differentiating Equation 3 and substituting 
into Equation 1 to give: 

[ G  m ]~-sinh~(I/2-x) 1 2  
"C = Ef em -2Ef ~ R / r i  c~sh~I~  (4) 

It is extremely useful to examine the applicability of 
such an analysis to the experimental data. Fig. 10 
shows the fibre strain distribution along the left-hand 
end of a Kevlar 49 fibre embedded in a resin matrix at 
strain levels of 0.8 and 2.4% strain. The solid lines 
have been calculated from shear-lag analysis using 
Equation 3. It  is clearly shown that while the data 
have an impressive fit to the shear-lag theory at low 
matrix strains (em ~< 1.2%) considerable differences 
between the experimental data and the theoretical 
data are observed at high matrix strain levels 
(em = 2.4%) particularly in the region close to the fibre 
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Figure 10 Variation of the fibre strain near the left-hand end of 
Kevlar 49 fibre in an epoxy resin matrix. The solid lines have been 
calculated from shear-lag theory using Equation 3. (0) em = 0%, 
( V )  e m = 0 � 9  ( 0 )  e m = 2 . 4 % .  

end. This is not surprising since the theoretical shear- 
lag analysis does not account for either matrix yield- 
ing or interfacial failure that may occur in the 
highly-stressed region at the fibre end. 

Another problem of the shear-lag model is in the 
determination of the parameter, R, for a single-fibre 
model composite. The value of R is often varied in 
order to obtain the best fit to the experimental data 
[34, 35, 38]. The effect of this parameter  upon the fibre 
strain distribution is demonstrated in Fig. 1 la  which 
shows the experimental strain distribution data along 
a Kevlar 49 fibre at 0.4% and 0.8% strain. The solid 
lines have been calculated from shear-lag theory using 
different geometrical ratio values, R/r, of 5, 10 and 15. 
As R/r increases the strain distribution broadens. The 
best fit of the data was found to be when R/r = 5 
i.e. R = 30 pm which is considerably less than half the 
width of the single-fibre composite sample used to 
obtain the experimental data. 

It would appear that a better fit of the experimental 
data to the shear-lag theory would be obtained if the 
shear-lag theory accounted for a finite strain at the 
fibre end. For  a discontinuous fibre deformed in 
a resin matrix, the experimental fibre strain data ob- 
tained using the Raman technique [35,62] tend to 
indicate that the strain at the fibre end is not equal to 
zero and is usually of the order of 0 .1~.2%.  This may 
be due to either bonding across the fibre end, not 
accounted for in the shear-lag analysis, or the ge- 
ometry of the cut fibre end. Fan and Hsu [62] demon- 
strated for polydiacetylene fibres, with square-cut and 
tapered ends, embedded in an epoxy resin matrix than 
the fibre strain at the fibre end was highly dependent 
upon the geometry of the cut fibre. The aramid fibres 
employed in this study were cut with ceramic scissors. 
This avoided fibrillar fracture at the fibre end to 
a large extent but tended to deform the fibre end 
thus forming a 'mushroom'  shaped geometry as 
shown elsewhere [34]. The fibre strain distribution 
at the aramid fibre end in Fig. 1 la  is similar to the 
fibre strain distribution obtained for a square-cut 
polydiacetylene fibre embedded in an epoxy resin 
matrix [62]. 
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Figure 11 Variation of (a) fibre strain and (b) interracial shear 
stress with distance along a Kevlar 49 fibre in a resin matrix at (11) 
em = 0.4% and (T) em= 0.8% matrix strain�9 The solid lines have 
been calculated from shear-lag theory where R/r = 5, 10, and 15. 

It is evident that the geometry of the cut fibre end 
and the geometrical ratio, R/r, have a significant effect 
upon the predicted interracial properties of the model 
composite. This is demonstrated in Fig. l l b  which 
shows the derived variation of interracial shear stress 
from the strain distribution data in Fig. l l a  using 
a force balance equilibrium. The experimental data 
have a close fit with the derived interracial shear stress 
data calculated from shear-lag theory using Equation 
4. The maximum values of interfacial shear stress at 
the fibre end decreases as the geometrical aspect ratio, 
R/r, increases. 

The experimental interracial shear stress values near 
to the fibre end at 0.8% matrix strain have a close fit 
to the theoretical data whereas the interfacial shear 
stress values at 0.4% matrix strain are slightly lower 
than those predicted by shear-lag theory. This may be 
due to either the geometry of the cut fibre end or to the 
experimental curve fitted to the strain distribution 
data from which the interracial shear stress was de- 
rived. It is clearly shown that the experimental fibre 
strain (Fig. l la )  and interfacial shear stress data 
(Fig. l lb )  at low matrix strains (era ~< 1.2%) have im- 
pressive fits with the shear-lag model proposed by 
Cox. This demonstrates that the transfer of stress from 
the matrix to the fibre is determined by the elastic 



properties of the fibre and the matrix and that, in these 
circumstances, there is a good adhesive bond at the 
interface. 

2.3. Matrix yielding 
It has been shown so far that the behaviour of stress 
transfer in an aramid/epoxy model composite at low 
matrix strains can be modelled using conventional 
shear-lag theory where the mechanical properties of 
the resin matrix and the aramid fibre are considered to 
be essentially linear elastic [34 38]. The power of the 
Raman technique is readily demonstrated at higher 
strain levels where plastic deformation and interfacial 
debonding can occur. It was shown in Fig. 9 that the 
maximum value of interfacial shear stress, r . . . .  was 

43 MPa which is close to the shear yield stress of the 
resin matrix [46,47] calculated using a pressure- 
dependent yield criterion [63]. 

In order to study the effect of the matrix properties 
upon stress transfer in an aramid/epoxy model com- 
posite, the fibre strain and interracial shear stress dis- 
tributions have been determined along Kevlar 49 
fibres embedded in room-temperature-cured epoxy 
resin matrices containing different levels (20, 25, 30 
and 38 pbw) of hardener and hence with different 
mechanical properties [46,47]. Fig. 12a shows the 
variation of fibre strain with distance, x, along the 
left-hand end of a Kevlar 49 fibre embedded in 
an epoxy resin matrix containing only 20pbw of 
hardener. No residual stresses were observed in the 
unstrained case. As the matrix strain is increased the 
distribution of fibre strain is similar to that predicted 
by shear-lag theory. It is shown clearly, however, that 
the fibre strain increases at a much slower rate for the 
composite containing only 20 pbw compared with the 
data shown in Fig. 7a for the similar model composite 
containing 38 pbw hardener. 

The derived values of interfacial shear stress, shown 
in Fig. 12b are also considerably lower than the data 
shown in Fig. 7b. It is interesting however, to note that 
for each sample containing different amounts of 
hardener that the transfer of stress at the fibre ends is 
reduced at matrix strains in excess of 1.2%. This is 
clearly shown in Fig. 13 where the values of maximum 
interracial shear stress, ~ . . . .  are plotted for each level 
of matrix strain for a series of aramid/epoxy systems 
made with different levels of hardener. It can be seen 
that l~rnax initially increases with matrix strain reaching 
a maximum value where 0.8% ~<em ~< 1.2%. At 
matrix strain levels greater than 1.2%, Zmax decreases 
with matrix strain. It is clear from Fig. 13 that the 
maximum interfacial shear stress is dependent upon 
the structure and mechanical properties of the epoxy 
resin matrix. This can be seen more clearly by compar- 
ing the interfacial shear stress data in Fig. 13 with the 
compressive stress/strain data in Fig. 14 where the 
curves are the same shape. The maximum interfacial 
shear stress, ~max, increases due to an increase in the 
shear yield stress of the resin as the level of curing 
agent is increased. 

Fig. 15 shows the variation of maximum interfacial 
shear stress, for a matrix strain of 1.0% with the shear 
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Figure 12 Variation of (a) fibre strain and (b) interfacial shear 
stress with distance along the left-hand end of a Kevlar 49 fibre in an 
epoxy resin matrix containing 20 pbw hardener at levels of matrix 
strain of; (0) em= 0%, (I) e m =0.4%, (T) e m = 0 . 8 % ,  ( - ~ - )  

em= 1.2%, ( x )em = 1.6% and (.) em= 2.0%. 

yield stress, "l~y, of the resin matrix, calculated using 
a pressure dependent yield criterion [63], for each of 
the four, room-temperature cured resin formulations 
employed. It is found that the values of maximum 
interracial shear stress correlate well with the values of 
shear yield stress of the epoxy resin matrix. The similar 
trend in the two measurements implies very strongly 
that shear yielding of the epoxy resin matrix takes 
place at the fibre ends when the elastic shear-lag be- 
haviour beaks down. The transfer of stress is consis- 
tent with the behaviour predicted by Kelly and Tyson 
[16] for a plastically deformed model composite 
where there is a good interracial adhesion. 

2.4 .  T h e r m a l  s t r e s s e s  
The effect of epoxy resin curing conditions upon stress 
transfer in a model composite has also been investi- 
gated [1,47]. Fig. 16a shows the variation of fibre 
strain along the left-hand end of a Kevlar 49 fibre in 
the epoxy resin matrix, containing 38 pbw of hardener, 
post-cured at 80 ~ In the unstrained case, em= 0%, 
the fibre has been compressed to - 0.25%. This com- 
pressive strain induced in the post-cured specimens is 
due to fibre extension in the axial direction, due to its 
negative thermal expansion coefficient [1], combined 
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with shrinkage of the resin matrix [1] around the fibre 
caused by cooling from the elevated temperature. The 
value of thermal residual strain, e .... developed 
along the aramid fibres during cure can be de- 
rived from the definition of the coefficient of thermal 
expansion [64] 

f 
r~ 

e r e  s = a f  - -  o {  m d T  (5) 
To 

where af and am are the axial coefficients of thermal 
expansion of the fibre and the matrix respectively, 
To is the curing temperature (80 ~ and To is room 
temperature (23~ Using the literature values of 
a r = - 5 . 7 2 x 1 0 - 6 ~  -1 and a m = 7 0 x l 0 - 6 ~  - I  

[1] a value of eres = - 0 . 4 3 %  is obtained for the 
residual strain in the fibre calculated using Equation 5. 
This theoretical value of residual fibre strain is higher 
than the experimental value of - 0 . 2 5 %  shown in 
Fig. 16a. The reason for the difference between the 
two values will depend upon the values of a r and am, 
whether the glass transition temperature, Tg, is less 
than the curing temperature, To, and also the fact that 
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Figure 16 Variation of (a) fibre strain and (b) interfacial shear 
stress with distance along a Kevlar 49 fibre in an epoxy resin matrix 
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kink band formation can relieve the compressive 
strain in the fibre 1-65, 6@ 

As the matrix strain is increased, the fibre strain 
increases from the fibre end up to a maximum plateau 
value along the middle of the fibre in a similar manner 
to that shown in Fig. 7a for a Kevlar 49 fibre room- 
temperature cured model composite. It must be noted, 



however, that the maximum strain in the fibre is less 
than the matrix strain at all strain levels up to 2.4%. It 
is shown that the distribution of strain along the fibre 
is similar to that predicted by shear-lag theory even 
when % - - 2 . 0 %  indicating very little evidence of 
matrix yielding at the fibre/matrix interface. This is 
confirmed by the distribution of interracial shear stress 
along the fibre, shown in Fig. 16b, where the inter- 
facial shear stress is a maximum at the fibre end and 
decreases to zero at a distance, x, along the fibre for all 
matrix strain levels between 0.8% and 2.4%. 

The maximum values of interfacial shear stress at 
the fibre end for the post-cured epoxy resin sample are 
higher than the maximum values of interfacial shear 
stress for the room-temperature cured resin samples, 
as shown in Fig. 7b, at each level of maximum fibre 
strain. This increase in interfacial shear stress cannot 
be totally accounted for by the increase in the tensile 
and compressive yield stress of the resin since the 
maximum interfacial shear stress is much higher than 
the shear yield stress of the post-cured resin, which is 
~45 MPa [47]. Radial stresses at the fibre/matrix 
interface are expected to be small in an aramid/epoxy 
composite because the fibre and matrix will shrink 
radially by a similar amount since the radial thermal 
expansion coefficient of the fibre and matrix are sim- 
ilar [1]. However, if the fibre is axially compressed, as 
shown in Fig. 16a when em= 0%, then the fibre will 
expand radially due to its Poisson's ratio and hence 
compressive radial stresses at the fibre/matrix inter- 
face will be generated. In this case the radial stresses 
might be relieved by the applied tensile stress. It is 
apparent that there must be some thermal clamping 
since no evidence of interracial failure can be observed 
from the fibre strain and interfacial shear stress distri- 
butions in Fig. 16(a and b) close to the end of the 
Kevlar 49 fibre in the post-cured resin matrix. This is 
in contrast to the room-temperature cured sample 
shown in Fig. 7(a and b) where interfacial failure 
was observed close to the fibre end at high matrix 
strains indicated by a reduction in the maximum 
values of interfacial shear stress shown in Fig. 9 where 
em >~ 1.6%. 

The results obtained using the Raman technique are 
in contrast to the findings of Kalantar and Drzal [1] 
that showed no increase in the values of interfacial 
shear strength with increasing cure temperature. The 
values of interfacial shear strength were, however, 
calculated using fragmentation tests and analyses. The 
technique employed here has enabled the interfacial 
properties of the model composite to be determined 
at different matrix strains without having to deform 
the samples to high strains in order to induce fibre 
fracture. 

2.5. Fibre surface t reatments  
The effect of fibre surface treatments upon the level of 
interracial adhesion in a model composite is usually 
characterized using conventional micromechanical 
test methods [1, 4, 6, 7, 14, 213. The Raman technique 
has, however, recently been employed in order to 
study the effect of surface treatments applied to 

aramid fibres upon the transfer of stress in a model 
composite [34-38,67]. Most commercial grades of 
aramid fibre are generally coated with a surface finish 
or size [8] in order to improve handling and more 
importantly to improve the level of adhesion with 
a resin matrix. The distribution of fibre strain has been 
determined along untreated [67] and commercially 
surface-treated [34-37] Kevlar 49 fibres in single-fibre 
model composites. The distribution of fibre strain has 
also been determined along de-sized Kevlar 49 fibres 
[36, 37] where attempts have been made to remove the 
tenacious adhesion-promoting size [21, 36, 37, 68]. 
Only at high matrix strains were noticeable differences 
observed between the distributions of fibre strain and 
interfacial shear stress for the sized and de-sized and 
untreated fibres. 

The Raman technique has also been used to com- 
pare the distributions of fibre strain along aramid 
fibres with different surface treatments [38] where the 
chemistry of the fibre surface treatment has been con- 
trolled systematically [7, 8]. This is demonstrated in 
Fig. 17(a and b) which shows the variation of fibre 
strain with distance, x, along an untreated Twaron 
HM fibre and a surface-activated Twaron HMA fibre 
in the epoxy resin matrix. The adhesion activation 
consists of a proprietary treatment with an epoxy- 
containing finish [8]. At low strain levels, em ~< 1.2%, 
the fibre-strain distributions are qualitatively similar. 
The behaviour is consistent with that predicted by 
shear-lag theory [553 . The effect of fibre surface treat- 
ment becomes more apparent at high matrix strains, 
em> 1.2%. The surface activated Twaron HMA fibres 
have good interfacial adhesion indicated by the shear- 
lag type behaviour at each level of matrix strain up to 
2.0%. At high matrix strains the level of adhesion 
between the untreated Twaron H M fibre and the 
matrix is reduced close to the fibre end due to de- 
bonding of the fibre/matrix interface [38]. 

Fig. 18(a and b) shows the derived interracial shear 
stress along the fibres in Fig. 17(a and b). At low 
matrix strains the behaviour is similar to that pre- 
dicted by shear-lag theory [55]. In the case of the 
untreated Twaron H M fibre the interracial shear stress 
at high matrix strains is reduced close to the fibre end. 
The maximum value of interfacial shear stress moves 
away from the fibre end indicating progressive inter- 
facial failure along the fibre. In the case of the surface- 
activated Twaron HMA fibre the maximum value of 
interfacial shear stress increases at the fibre end with 
increasing matrix strain up to ~45 MPa which is 
close to the shear yield stress of the epoxy resin matrix 
[463. At matrix strains > 1.0% the interracial shear 
stress is reduced close to the fibre end but not to the 
same extent as that observed for the untreated 
Twaron HM aramid fibres. 

The effect of the fibre surface treatment upon the 
level of interfacial adhesion is summarized in Fig. 19 
which shows the variation of the maximum interfacial 
shear stress, "Cmax, with matrix strain, era. It can be seen 
that the values of maximum interfacial shear stress at 
low matrix strains are similar for both the untreated 
Twaron HM fibres and the surface activated Twaron 
HMA fibres. At high matrix strains the values of 
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Figure 18 Derived variation of interracial shear stress distance 
along the left-hand end of (a) and untreated Twaron H M  fibre and 
(b) a surface-activated Twaron HMA fibre in single-fibre model 
composites at different levels of strain. 

50 
maximum interfacial shear stress are higher for the 
surface activated Twaron HMA fibres than those of 

40 
the untreated Twaron HM fibres. It can also be seen a_ 
that the maximum interracial shear stress values at 

x 30 
high strains for the surface activated fibres are close to J 
the shear yield stress of the resin which is approxi- c6 

20 
mately 43 MPa [46]. This would indicate good inter- -~ 
facial adhesion along the fibre. For  the untreated " 

E 10 
Twaron HM fibre the interracial shear stress values at ~ 

r  

high strains are less than the shear yield stress of the 
0 

resin. It will be shown next that this is a result of 
interfacial debonding near the fibre end. 

2.6. Partially-elastic model 
It has been demonstrated that the shear lag theory 
proposed by Cox [55] provides a suitable model for 
describing the strain distribution in an aramid/epoxy 
model composite at low levels of matrix strain where 
both the fibre and the matrix behave elastically. At 
higher levels of applied strain, i.e. when em > 1.2%, it 
has been shown that the level of interfacial adhesion 
between the untreated fibres and the epoxy resin 
matrix is reduced. This leads to a breakdown of the 
Cox model which does not account for matrix yielding 
and interfacial debonding at the fibre end. In these 
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Figure 19 Dependence of maximum interracial shear stress, �9 . . . .  
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surface-activated fibres. 

cases it is necessary to use other models to describe the 
inelastic behaviour. 

In order to define the interracial failure mechanisms 
in the untreated fibre/epoxy model composites it is 
useful to consider the partially-elastic model due to 
Piggott [56, 57]. If there is good adhesion between the 
fibre and the matrix the interracial shear stress will be 



a constant along the interface and will be equal to the 
shear yield stress of the matrix [ 16, 563. If there is poor 2.5 
interfacial adhesion between the fibre and the matrix, 
as in the case of some fibre reinforced polymers, the ~ 2.0 
high shear stresses at the fibre ends can produce slipp- 

1.5 age of the fibre within the matrix [56]. The frictional =. 
interracial shear stress in this region, % will be less '~ 
than the shear yield stress of the resin and will be ~ 1.0 
a product of the coefficient of friction, p, and the ~ o.5 

k l _  

normal compressive stresses at the fibre/matrix inter- 
face. The normal stresses at the interface are due to 0.0 
residual stresses, ~ .... caused by differential contrac- 
tion of the fibre and the matrix during manufacture, 
plus the Poisson's contraction of the matrix, 
CSpo~ .... when a stress is applied to the model composite 
[56]. It therefore follows that 50 

"q - pEoros + ~,~o~ . . . .  ] (6) 
40 

The value of c ~  is expected to be small since the 
model composite samples used in this study were all 30 
cured at room temperature. It has been shown, how- a. 
ever, that aramid fibres in epoxy resin model com- ~-- 2o 
posites post-cured at elevated temperatures [47] are cfi 
subjected to residual compressive stresses, as shown co 

- -  10 
in Fig. 16a. 

The partially-elastic model assumes that there is 
0 perfect adhesion in the central region of the fibre. At 

the fibre ends debonding occurs over a distance mI/2 
where m defines the point of transition from poor  to 
good adhesion where 0 < m < 1. The strain in the 
debonded region can be calculated by a force balance 
equilibrium to give E56, 57] 

2 q  

where I is the fibre length, Ef is the fibre modulus and 
% is the frictional shear stress. There is a zone of 
perfect adhesion along the middle of the fibre of length 
(1 -m)l. The fibre strain distribution in the central 
region of the fibre will be defined by elastic behaviour 
where [56, 57] 

= Ie m q cosh(nx/r) 
ef em - -  - -  2 ~ i s m / E f J c o ~  --m)) (8) 

with 

n 2 = g m  
Er(1 + Vm) ln(R/r) 

where em is the matrix strain, s is the aspect ratio 
l/d, Vm is the Poisson's ratio of the matrix and all the 
other parameters are as defined earlier. 

Fig. 20a shows the variation of fibre strain along the 
untreated Twaron HM fibre, shown in Fig. 17a, at 
high levels of matrix strain. The solid lines have been 
calculated fi'om Equations 7 and 8 using the partially- 
elastic model E56, 57]. It is shown that the data are in 
good agreement with the partially-elastic model. At 
each level of strain there is an approximately linear 
increase in fibre strain from the fibre end along the 
fibre up to a distance equal to x = mI/2. This is the 
debonded region defined by the partially-elastic model 
due to the poor interfacial adhesion at high strain 
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Figure 20 Variat ion of (a) fibre strain and (b) interfacial shear 
stress along the left-hand end of an untreated Twaron  H M  fibre in 
a model  composite at levels of the matr ix strain of; ( + ) e m = 1.2%, 
( x )em = 1.6% (*) e m = 2.0% and (119 e m = 2.4%. The solid lines 
have been calculated from the partially-elastic model using Equa-  
tions 7, 8, and 9. 

levels. As the matrix strain increases the debonded 
length ml/2 also increases along the interface. If 
shorter fibre lengths were used then interracial failure 
would occur completely along the interface and the 
strain distribution would be approximately triangular 
[67]. It is shown that the theory does not fit the 
experimental data particularly well over the first 
100 pm from the fibre end. This was also noted at low 
strain levels where the experimental data were fitted to 
the simple shear lag model. Similar factors must be 
applicable with respect to the geometry of the cut fibre 
end and also the possibility of bonding across the fibre 
end. The experimental data in this region appear to be 
in agreement with the theoretical model developed by 
Nairn et al. [59] to analyse the transfer of stress from 
the matrix to the fibre through an imperfect interface. 
This model uses Bessel-Fourier series stress functions 
to produce a three-dimensional axisymmetric analysis 
of the fragmentation test. Although the model was 
developed to represent the distribution of stress along 
a fibre fragment separated from a continuous filament 
these theoretical predictions have been found to be in 
agreement with the distribution of stress, derived from 
Raman data, along a short carbon fibre embedded in 
a resin matrix [59]. It should be noted however, 
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that the relatively simple partially-elastic model of 
Piggott [56, 57] has also been employed to represent 
adequately the transfer of stress along partially- 
debonded, fragmented carbon fibres [69]. 

The strain distribution in the central region of the 
fibre is dominated by elastic behaviour of both the 
fibre and the matrix. The best fit of the data was 
obtained using a value of 15 for the ratio R/r. Al- 
though this value cannot be measured directly, it is in 
close agreement with the values used at low strains 
where the data was fitted to the shear lag theory. The 
decrease in the shear modulus of the resin matrix with 
increasing strain has been accounted for at each level 
of applied strain. 

According to the partially-elastic theory, the inter- 
facial shear stress, 'c~ in the debonded region, 
0 <~ x <~ ml/2, will be constant. The distribution of 
shear stress along the central region of the fibre con- 
trolled by elastic behaviour is given by [56, 57] 

n[  ] sinh(nx/r) 
z = ~ E fem-  2"cism cosh(ns(1 - m)) (9) 

Fig. 20b shows the derived experimental interracial 
shear stress values shown in Fig. 18a along with the 
theoretical values calculated from Equation 9. The 
experimentally derived interracial shear stress data 
vary more smoothly than the theoretical curves al- 
though they are qualitatively similar. The experi- 
mental interfacial shear stress data close to the fibre 
end are generally slightly higher than those predicted 
by the partially-elastic model in the debonded zone. 
The data appear to exhibit shear-lag behaviour over 
the first 100 ~tm from the fibre end as was indicated in 
the strain distribution data. This could be a result of 
the geometry of the cut fibre end restricting the level of 
debonding at the fibre end. 

It is interesting to note that the initial value of the 
debonding shear stress, "Ca, at a matrix strain of 1.2% is 
close to the shear yield stress of the resin. The peak 
values of ra then decrease with increasing matrix 
strain and move away from the fibre end indicating 
a reduction in the level of interfacial adhesion 
propagating along the fibre. The maximum values of 
interfacial shear stress, "Ca, indicate the transition 
points along the fibre, equal to ml/2, which define 
a sharp transition from the debonded to the elastic 
region. The experimental data tend to indicate 
a transition region along the fibre from the debonded 
fibre end to the elastic central region as opposed to 
a singularity in z. The values of "q are found to de- 
crease with matrix strain. This is in contrast to the 
values of ri given by Equation 6 which predicts that 
the frictional shear stress should increase with matrix 
strain as Cypo~ .... increases. The reduction in the fric- 
tional shear stress at high strains may be due to the 
progressive breakdown of the interface. 

3. Micromechanical test methods 
3 . 1 .  P u l l - o u t  t e s t s  

The pull-out test and microbond test are frequently 
used in order to evaluate the interfacial shear strength 
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of a fibre/matrix system E4, 6, 7, 14, 21]. The sample 
geometry and test procedure are relatively simple, 
however, there is usually a large variation between the 
values of interracial shear strength calculated for each 
test [4, 18]. This arises due to the characteristic 'cloud' 
of measurements, as shown in Fig. 21 for aramid 
fibre/epoxy resin matrix pull-out samples with differ- 
ent embedded lengths. The interracial shear strength, 
zs, is calculated conventionally from the relationship 
between the maximum load, F . . . .  required to extract 
a fibre from a resin matrix and is given by 

f m a x  
'c~ - ( ] 0 )  

2rcrLe 

where r is the fibre radius and L e is the embedded fibre 
length. This analysis assumes a yielding interface [163 
where the interfacial shear stress is constant along the 
length of the fibre/matrix interface. Best-fit lines have 
been drawn through the data points in Fig. 21. Using 
Equation 10 the interfacial shear strength, ~,  is cal- 
culated to be ~ 10 MPa. 

Chua and Piggott E70] have analysed the state of 
stress in the fibre where the fibre and the matrix both 
behave elastically. In this case the stress is transferred 
to the fibre without slip or yield and the tensile strain 
in the fibre, ef, at any point along the embedded length 
is given by [70] 

sinh [n(Le -- x)/r] 
(11) 

e f  = e a p  p sinh ns 

where eapp is the strain applied to the fibre outside the 
resin, s is the fibre aspect ratio, Le/r , v m is the Poisson's 
ratio of the matrix and all other terms are as defined 
previously. 

The Raman technique has recently been employed 
to analyse the strain in an aramid fibre during pull-out 
from an epoxy resin block [20, 50]. It is shown that 
the progressive failure of the fibre/matrix interface can 
be monitored during a pull-out test [20] and that the 
behaviour can be modelled using a partially-elastic 
model [20, 56]. This is demonstrated in Fig. 22a which 
shows the distributions of fibre strain along a Kevlar 
49 fibre pull-out sample with an embedded length, 
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Figure 21 Experimental data showing the dependence of the pull- 
out force, F . . . .  upon embedded length, Le, for Kevlar 49/epoxy 
resin pull-out samples. 



L e = 1080 gm, for nominal applied strains ranging 
from 0.6-1.6%. This single Raman experiment pro- 
vides a detailed insight into the three main stages of 
pull-out; elastic deformation, partial debonding and 
fi'ictional pull-out. 

At low strain levels, eap p ~ 0.6%, the fibre strain 
decreases from a maximum value where the fibre 
enters the resin to approximately zero at the fibre end. 
The dashed line in Fig. 22a has been calculated using 
Equation 11 and indicates that this behaviour is 
quantitatively similar to the distribution of fibre strain 
predicted by shear-lag theory [70]. 

As the fibre strain outside the resin is increased the 
shear-lag theory becomes inadequate to model the 
corresponding fibre strain distributions. It is apparent 
from Fig. 22a, that debonding of the fibre/matrix in- 
terface has occurred and that the distribution of fibre 
strain is now defined by two distinct zones. The deb- 
onding model proposed by Piggott [56] assumes 
a constant frictional interfacial shear stress in the 
debonded region where the fibre strain is given by 

2"c i 
e f  = ~ f f ( L e - x )  ( 1 2 )  

In the partially-debonded model of Piggott [56] the 
assumption that the strain distribution in the debon- 
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Figure 22 Variation of (a) fibre strain and (b) interracial shear 
stress with distance along a Kevlar 49 fibre during a pull-out test at 
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a normal strain eo the elastic response is ( i )  0.6% the partial 
debonding is (O) 0.89%, (A) 1.37%, (C)) 1.52% and the frictional 
pull out (*) 1.24%. 

ded region is defined by the embedded length appears 
to be invalid. From the strain distribution profiles 
shown in Fig. 22a it is clear that the linear decrease in 
strain in the debonded region can be extrapolated to 
a point x = z, where z > Le. Equation 12 can be 
modified to give 

= 2 ~ i ( z  - x )  (1.3) 
ef r E f  

The fibre strain data in the bonded region are deter- 
mined by elastic behaviour where the distribution of 
fibre strain is given by [50] 

2q , -  7 sinh [n (mLe  --  x ) / r]  
er = l~fE f [z  -- (1 - m ) L  e j  s i n ~ n ~ s  

(14) 

The form of this equation is similar to the model that 
was applied to the distribution of fibre strain along 
untreated aramid fibres, fully-embedded in the same 
epoxy resin matrix, shown in Fig. 20a where m also 
defines the transition point from the debonded to the 
bonded region. The theoretical strain distributions 
can be generated from Equations 13 and 14 using 
suitable values for m and z. An excellent correlation is 
observed between the experimental data and the the- 
oretical strain distributions, indicated by the solid 
lines in Fig. 22a, for all the partially-debonded data. It 
is shown that as the strain is increased there is stable 
propagation of the debond along the fibre/matrix 
interface. 

Once the fibre has been completely debonded from 
the matrix the pull-out process is controlled by inter- 
facial friction and the strain profile along the fibre is 
simply given by Equation 12. This is shown by the 
dotted line in Fig. 22a. In this case the fibre has pulled 
out partly from the resin block such that the embed- 
ded length is now only ~ 650 pm. 

Fig. 22b shows the interracial shear stress distribu- 
tions along the Kevlar 49 fibre in Fig. 22a. They have 
been derived using Equation 1 from the theoretical 
curves fitted to the strain profiles in Fig. 22a. In the 
totally bonded case the interfacial shear stress is 
a maximum where the fibre enters the resin and de- 
creases along the fibre. The maximum value of inter- 
facial shear stress is found to increase with applied 
strain until the strain reaches 0.6% after which point 
debonding is initiated. In the debonded region the 
interfacial shear stress is only ~ 5 MPa and is deter- 
mined by friction. In the bonded region the interracial 
shear stress increases from the embedded fibre end 
and reaches a maximum value of between 37 42 MPa 
at the point of transition, m, from the bonded to the 
debonded region. It is interesting to note that 
the interface has a maximum shear strength, rs, of the 
order of 42 MPa which is close to the shear yield stress 
of the epoxy resin matrix [46] and is also in agreement 
with the maximum value of interracial shear stress 
observed for the fully-embedded fibre composites 
(Fig. 9). 

The information obtained from the Raman data can 
be used to explain the features of typical force-dis- 
placement curves obtained for different fibre/matrix 
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systems [20]. The interfacial shear stress data can also 
be used to account for the different values ofinterfacial 
shear strength and the typical 'cloud' of scattered data, 
shown in Fig. 21, obtained using conventional pull- 
out test methods [21]. It has been demonstrated 
that for an aramid/epoxy pull-out sample [20] that 
the maximum interracial shear strength, ~s = zd = 
~43 MPa and is dependent upon the shear yield 
stress of the resin [34 38]. Following debonding of the 
fibre/matrix interface the interracial shear stress is 
determined by friction and is of the order of 5 MPa. It 
is shown in Fig. 21 that the interfacial shear strength 
calculated from the pull-out data is ~ 10 MPa and 
that all the data points lie between 5 ~< z ~< 20 MPa. 
The frictional interfacial shear stress determined from 
other pull-out samples, analysed using Raman spec- 
troscopy, has also been in the range 5 20 MPa [20]. It 
is therefore implied that all the samples have a similar 
value of interfacial shear strength, zs = 43 MPa, but 
have different values of frictional interfacial shear 
stress, zi. This would seem to be reasonable since the 
strength of the interface may not vary significantly 
from specimen to specimen but the frictional shear 
stress, zi, is likely to be sensitive to factors such as local 
fibre diameter, the presence of kink bands and the 
geometry of the embedded fibre ends. 

The Raman technique has enabled the progressive 
failure of the interface to be monitored and unlike 
conventional micromechanical test methods the 
values of maximum interracial shear stress measured 
for the same fibre/matrix system using different test 
geometries are in agreement. 

3.2. Microbond test  
The microbond test may be considered as a geomet- 
rical variation of the pull-out test where the fibre is 
pulled out from a restrained resin droplet compared 
with the usual resin cylinder or rectangular block. 
Sample preparation may be difficult since in the case 
ofaramid fibre/epoxy resin samples small droplets are 
generally required where the diameter of the droplet is 
less than 500 gin. The microbond technique has been 
used to determine the interracial shear strength of an 
aramid/epoxy interface [21] where the surface chem- 
istry of the aramid fibres had been changed. The 
assumption that the interracial shear stress is constant 
along the entire length of the fibre/matrix interface has, 
however, been found to be inappropriate [49, 51, 71]. 

It has recently been demonstrated that the Raman 
technique can also be applied to study the deforma- 
tion of an aramid fibre inside an epoxy resin droplet 
during a microbond test [49, 51, 71]. Fig. 23a shows 
the distributions of fibre strain along Kevlar 49 fibres 
inside two epoxy resin microbond droplets, deter- 
mined from the point-to-point variation of the shift of 
the 1610 cm -1 aramid Raman band for an applied 
strain of 0.8%. The data correspond to two gripping 
geometries, one where the knife edges are close to the 
fibre and the other with the knife edges well separated. 
It can be seen that the fibre strain decays into the 
droplet and that the strain falls more rapidly when the 
knife edges are close together. The dashed curve indi- 
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cates the fibre strain distributions for a conventional 
pull-out sample predicted by the Cox-type shear-lag 
model of Chua and Piggott [70] given by Equation 
11. It can be seen that Equation 11 predicts the correct 
form of the behaviour however, the experimental fibre 
strain data decay more rapidly than predicted theo- 
retically when the knife edges are close together and 
more slowly when they are separated. This behaviour 
is consistent with the results presented by 
Herrera-Franco and Drzal [15] where the stress in 
the microdroplet, determined using photoelastic 
methods and finite element analysis, was found to be 
dependent upon the position of the knife edges. 

Fig. 23b shows the derived variation of interfacial 
shear stress along the Kevlar 49 fibres in the micro- 
bond samples shown in Fig. 23a. It can be seen that for 
both gripping geometries the shear stress decays into 
the droplet and is similar to the  behaviour predicted 
by shear-lag theory. It is found however, that the 
decay is much more rapid when the grips are close 
together and that the maximum value of interfacial 
shear stress is of the order of 75 _+ 15 MPa compared 
with 18 _+ 3 MPa when the grips are far apart. The 
large difference between the values of interfacial shear 
stress confirms the fact that there is a complex stress 
field in the droplet that is highly dependent upon the 
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position of the knife edge supports [-15, 49, 71]. The 
complex stress field close to where the fibre enters the 
resin droplet may also produce shear within the fibre. 
In this case Equation 1, used here to derive the values 
of interracial shear stress, is invalid. 

Conventional analysis of the microbond test, using 
Equation 10, assumes that the interfacial shear stress 
is constant. Fig. 23b shows that this assumption is not 
correct although in the case where the knife edges are 
far apart it may be a fair approximation. Unfortu- 
nately however, the normal protocol of the microbond 
test [,15] suggests that the separation of the grips 
should be as small as possible. The fact that the stress 
distribution in the droplet is extremely sensitive to the 
position of the knife-edge supports may also explain 
why the microbond test generally produces such scat- 
tered results [,18]. 

3.3 .  F ib re  f r a g m e n t a t i o n  
Due to the high tensile failure strain of most aramid 
fibres ( > 3%) and the fibrillar fracture associated with 
aramid fibres it is often difficult to analyse the inter- 
facial properties of aramid fibre model composites 
using the fragmentation test. The presence of fibre 
fractures along a single fibre embedded in a resin matrix 
are usually monitored either optically using polarized 
light El, 21, 223 or indirectly by the use of acoustic 
emission [-22]. The disadvantage of these test methods 
is that they;do not provide any direct information with 
respect to the stress in each fragment. The final frag- 
ment length is often referred to as the critical fragment 
length, lc, and is usually calculated following satura- 
tion of the fragmentation process where the fragments 
are so short that the shear stresses along their lengths 
can no longer build up enough tensile stresses to cause 
any further fracture. The interracial shear strength is 
often calculated using the Simple equation [16] 

r~t 
"Cs - (15) 

where c~ is the tensile strength of the fibre at the 
critical fragment length, l*. Equation 15 simplifies the 
analysis of the fragmentation test in that the state of 
stress in each fragment is assumed to be uniform. This 
can lead to values of interfacial shear strength being 
under estimated. 

It has recently been demonstrated that the Raman 
technique can be applied to the fragmentation process 
of carbon fibres in a resin matrix [-403. It is shown 
using the Raman technique that both the fragment 
length and the maximum stress in each fragment can 
be clearly defined. Raman spectroscopy has also been 
used to monitor the fragmentation process of high- 
modulus Kevlar 149 aramid fibres [-52] where the 
strain to failure of the fibres is less than 1.5%. The 
importance of monitoring the interfacial properties at 
different loading levels can be clearly demonstrated. 

At low matrix strains, e m ~ 1.2%, the distributions 
of fibre strain and interfacial shear stress are similar to 
those predicted by shear-lag theory [-55] as shown in 
Fig. 24(a and b). The interfacial shear stress reaches 
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Figure 24 Variation of (a) fibre strain and (b) interfacial shear 
stress with distance along the left-hand end of a Kevlar 149 fibre in 
an epoxy resin matrix at levels of the matrix strain of; (O) em = 0%, 
(HI) em = 0.4%, (A) e m =  0.6%, (V) em=  0.8%, ( ~ )  e m =  1.0% and 
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a maximum value of ~42  MPa where e m = 0.8% and 
is again close to the shear yield stress of the resin 
matrix. This behaviour has been observed repeatedly 
[,20,36-38,46] for several aramid fibre/epoxy model 
composite systems and indicates that the maximum 
value of interracial shear stress is highly dependent 
upon the mechanical properties of the resin matrix. 
When the matrix strain is increased to 1.5% the failure 
strain of the aramid fibre is exceeded and the fibre 
breaks into two fragments (Fig. 25a). Increasing the 
matrix strain to 2.0% results in one of the fragments 
breaking into two smaller fragments (Fig. 25b). It is 
evident that the maximum strain in each fragment, 
e~ 'ax is lower than the strain in the matrix for 
e m - - - - 2 . 0 %  and it therefore follows that the frag- 
mented fibre offers very little reinforcement. 

The solid lines in Fig. 25(a and b) have been fitted 
using a cubic spline function [-72]. This enables the 
variation of interfacial shear stress with distance, x, 
along the fibre to be derived accurately using Equa- 
tion 1. This is demonstrated in Fig. 26(a and b) for the 
fibre strain distributions shown in Fig. 25(a and b). 
When fibre fragmentation occurs, the interracial shear 
stress profiles become more complex than at low 
strains (Fig. 26(a and b)) with maximum values of 
interracial shear stress, �9 . . . .  located close to both the 
fibre ends and to the points of fracture along the fibre. 
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Figure 25 Variation of fibre strain along a fragmented Kevlar 149 
fibre embedded in an epoxy resin matrix at; ( x ) a, 1.5% (*) b, 2.0% 
and (0) 0% strain. 

The dotted lines in Fig. 26(a and b) indicate the aver- 
age values of maximum interfacial shear stress at the 
fibre and fragment ends. 

Conventional fragmentation procedures using 
either acoustic emission or polarized light techniques 
rely upon the precise determination of the critical 
fragment length, Ic, and the tensile strength of the 
fibre, ~*, at the critical fragment length, in order to 
calculate the interracial shear strength, "cs. If the max- 
imum stress, cy~ ax, in each fragment, of length, lf, c a n  

be determined then the interfacial shear strength can 
be calculated by modifying Equation 15 to give 

r (5" }nax 
~s - (16) 

If 

From the fragmented fibre strain distribution data, 
not only can the fragment length, lr, be measured but 
also the maximum strain in each fragment, e~ "x, is 
known from which cy} ~ax can be calculated. A value of 
8.6 MPa has been calculated using Equation 16 from 
the fibre strain distribution data in Fig. 25(a and b). 

Equations 15 and 16, both assume that the inter- 
facial shear,stress along the interface is constant. It is 
shown in Fig. 25(a and b) that while the distribution of 
fibre strain along each fragment is approximately tri- 
angular the interfacial..shear stress data in Fig. 26(a 
and b) is by no means constant. If the interfacial shear 
stress is assumed to b~ constant along each fragment 
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Figure 26 Derived variation of interracial shear stress along a frag- 
mented Kevlar 149 fibre embedded in an epoxy resin matrix at 
(a) 1.5% and (b) 2.0% strain. 

then the distribution of fibre strain should be approx- 
imately triangular. This is demonstrated in Fig. 27a 
where linear regression curves have been fitted to the 
strain distribution data in Fig. 25b. The variation of 
interfacial shear stress derived from the straight lines 
in Fig. 27a is shown in Fig. 27b. The uniform values of 
interracial shear stress are approximately equal to 
_+ 9 MPa and are lower than the maximum values of 

interracial shear stress in Fig. 26b derived from the 
cubic spline curves fitted with greater accuracy to the 
same fibre strain distribution data. 

The mean values of maximum interracial shear 
stress, z . . . .  indicated in Fig. 26(a and b), and inter- 
facial shear strength, zs, derived from the fragmenta- 
tion data appear to be considerably lower than the 
values of maximum interfacial shear stress, z . . . .  
shown in Fig. 24b, calculated at low strain levels, 
em ~< 1.2% for the Kevlar 149 model epoxy composite. 
This is clearly shown in Fig. 28 that gives the values of 
"[max from Fig. 24b for the Kevlar 149 model composite 
along with the data calculated from fragmentation 
analysis. The circled data at 1.5 and 2.0% matrix 
strain shown in Fig. 28 indicate the mean values of 
maximum interracial shear stress close to the fragment 
ends derived from fibre strain distribution profiles as 
indicated by the dotted lines in Fig. 26(a and b). The 
dotted line in Fig. 28 indicates the mean interracial 
shear strength values calculated from Equation 16 
using the conventional fragmentation analysis. 
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Figure 27 Variation of (a) fibre strain and (b) interracial shear 
stress along the fragmented Kevlar 149 fibre shown in Figs 23b 
and 24b analysed using conventional fragmentation analysis. The 
matrix strains used were, (O) em= 0% and (*) em= 2.0%. 

The interfacial shear strength calculated from the 
fragmentation data was determined following fibre 
fracture which occurred for the Kevlar 149/epoxy sys- 
tem well after the maximum value of interfacial shear 
stress has been attained. The maximum value of inter- 
facial shear stress occurred at the onset of matrix 
yielding at the fibre/matrix interface, i.e. when em 
0.8%, after which point the value of IJma x decreases, as 
shown in Fig. 28. This indicates that the maximum 
interracial shear stress is dependent only upon the 
shear yield stress of the resin. This is not apparent 
from the values of interfacial shear strength, z,, cal- 
culated from the saturated fragmentation data which 
are calculated only at high strain levels well after 
failure of the interface. This may also explain why 
Kalantar and Drzal did not observe any noticeable 
differences in the values of interracial shear strength 
for aramid/epoxy model composites cured at different 
temperatures calculated using fragmentation tests [1]. 
More importantly it indicates that interfacial failure 
may take place prior to the onset of fibre fragmenta- 
tion making the single-fibre fragmentation test unsuit- 
able for the interfacial failure analysis of aramid fibres 
and possibly other fibre/matrix systems. In many cases 
the fragmentation test cannot be used for aramid 
fibres since the failure strain of the fibre may exceed 
that of the matrix. 
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Figure 28 Dependence of maximum interracial shear stress, z . . . .  
upon matrix strain for Kevlar 149 fibres in an epoxy resin matrix at 
different levels of strain. 

4. C o n c l u s i o n s  
It has been shown that the Raman technique can be 
used to monitor the variation of fibre strain along an 
aramid fibre inside an epoxy resin matrix from which 
the interfacial shear stress can be derived. It has also 
been demonstrated that the interracial properties of 
aramid/epoxy model composites can be derived at 
different loading levels enabling the progressive failure 
of the fibre/matrix interface to be monitored. 

At low strain levels it has been shown that the 
distribution of fibre strain and derived interfacial 
shear stress are in agreement with the behaviour pre- 
dicted by shear-lag theory. It has also been found for 
different aramid fibre/epoxy resin matrix model com- 
posites that the maximum interfacial shear stress is 
highly dependent upon the shear yield stress of the 
epoxy resin matrix. This indicates that there is efficient 
stress transfer between the epoxy resin matrix and the 
aramid fibre and also implies that there is a good 
adhesive bond at the fibre/matrix interface. 

The effect of fibre surface treatments upon the level 
of interfacial adhesion has only been identified at high 
strain levels once the shear yield stress of the epoxy 
resin matrix had been exceeded. In the case of the 
untreated aramid fibres the interracial shear stress was 
found to decrease close to the fibre end due to de- 
bonding of the fibre matrix interface. This behaviour 
has been modelled successfully using a partially-elastic 
model. The surface treated fibres showed little or no 
evidence of interracial debonding. However, for both 
the untreated and the surface treated aramid fibres the 
maximum interfacial shear stress was close to the 
shear yield stress of the epoxy resin matrix. 

Raman spectroscopy has been found to be extreme- 
ly powerful technique for monitoring the deformation 
of model composites using conventional micro- 
mechanical test methods. It has been clearly shown 
that the assumption of constant interfacial shear stress 
is inappropriate for determining the interfacial shear 
strength of a model composite. It has also been found 
that the maximum interfacial shear stress during 
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a pull-out test occurs well before the fibre pulls out 
from the resin matrix. It was also noticed that the 
values of interracial shear strength calculated from 
a saturated fibre fragmentation test were considerably 
lower than the maximum value of interracial shear 
stress calculated prior to fragmentation. Hence great 
care must be exercised in the determination of inter- 
facial parameters using conventional micromechani- 
cal test methods. The findings of earlier workers that 
the values of interracial shear strength are dependent 
upon the geometry of the micromechanical test 
method employed have been explained using the 
Raman analysis. It has also been found that the max- 
imum values of interfacial shear stress, r . . . .  derived 
at different loading levels, can be used to characterize 
the interfacial properties of aramid/epoxy model 
composites. 
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