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Monitoring the micromechanics of 
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The technique of laser Raman spectroscopy (LRS) was employed to obtain the interfacial 
shear stress (ISS) distribution along a short high-modulus carbon fibre embedded in epoxy 
resin at different levels of applied stress. Up to 0.6% applied strain, the ISS reached a 
maximum at the bonded fibre ends and decayed to zero at the middle of the fibre. At higher 
applied strains, the maximum value of the ISS distribution shifted away from the fibre ends 
towards the middle of the fibre. At the point of fibre fracture, fibre/matrix debonding was 
found to initiate at the fibre breaks. Further increase of applied strain resulted also in 
debonding initiation at the fibre ends. Current analytical stress-transfer models are reviewed in 
the light of the experimental data. 

1. In t roduct ion  
1.1. Interfacial studies on carbon fibre/epoxy 

resin systems 
Laser Raman spectroscopy (LRS) has been success- 
fully employed recently to study the stress-transfer 
characteristics in carbon fibre/epoxy 1-1, 2], as well as 
aramid/epoxy systems I-3, 4]. The basic principle of 
this technique is the fact that the Raman lines of 
almost all reinforcing fibres exhibit distinct and repro- 
ducible shifts when they are subjected to an external 
load in the fibre direction [5]. This provides unique 
Raman frequency versus strain calibration curves 
which can be used in a composite situation to convert 
the Raman frequencies obtained along a fibre into 
values of axial strain 1-1 5]. Furthermore, the fibre 
strain distribution in single-fibre model composites 
can be converted to an interracial shear stress distribu- 
tion via a straightforward balance-of-forces argu- 
ment [,,1-6]. 

Much work has been done recently using LRS to 
monitor fragmentation processes in carbon fibre/ 
epoxy resin systems [,1, 2] and to review the suitability 
of the so-called "fragmentation test" [-9, 10], as a valid 
test for measuring the interfacial shear strength (IFSS) 
of single-fibre model composites. Because the stress- 
transfer mechanism is activated at the locus of dis- 
continuities, such as fibre ends or breaks, these 
continuous fibre model composites can only provide 
information about the stress state at the interface at 
applied strains higher than the fracture strain of the 
fibre. This can be a serious drawback in cases where 
the interfacial interactions at low strains similar to 

those encountered in practical composite applications, 
need be investigated. 

Another important issue which has been raised by 
the previous LRS interfacial studies on continuous 
fibre/epoxy resin coupons [1, 2], concerns the exact 
location of the ISS maximum value. It has been 
demonstrated that in the case of a high-modulus fibre, 
even at applied strain of 0.8% when the first fibre 
fracture occurred, the maximum ISS appears at about 
16 fibre diameters away from the fibre fractured end 
[-1]. This zone of partial debonded/yielded interphase 
cannot be accounted for by any of the elastic stress- 
transfer models [11 13], not even by those that pre- 
dict zero shear stresses at the very tip of the fibre due 
to the presence of a shear-free surface at the fibre 
break [,14 16]. The discontinuous fibre model com- 
posite employed here is an ideal coupon geometry for 
monitoring the development of this zone of partial 
interphasial debonding/yielding at applied strains pre- 
ceding fibre fracture. 

Finally, the work on continuous carbon fibre/epoxy 
systems [,1, 2] has shown that fibre/matrix debonding 
always accompanies fibre fracture and the propaga- 
tion of debonding is driven by the strain energy of the 
fractured fragments. Fragmentation studies, however, 
cannot provide information regarding (a) the initia- 
tion of the debonding process and (b) as to whether 
Mode II interfacial debonding "precedes" fibre frac- 
ture or is the result of it. An attempt to answer these 
questions based on evidence gathered from the stress- 
transfer characteristics of the short carbon fibre/ 
epoxy system, can be found here. 
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T A B L E  I Material properties 

Fibre: HMS Resin: HY-1927 

Young's modulus (GPa) 390 2.5 
Tensile strength (MPa) 3200 60 
Tensile strain to failure (%) 0.85 5 6 
Shear modulus (GPa) 1 
Diameter (pm) 7 - 

2. E x p e r i m e n t a l  p r o c e d u r e  
2.1. Materials and specimen preparation 
The high-modulus (HMS) carbon fibres were supplied 
by Courtaulds Grafil plc and had a "standard" level of 
surface oxidative treatment. No specific details on the 
fibre surface treatment process were provided. The 
mechanical properties of the fibres are given in 
Table I. 

A two-part room-temperature cured MY-HY 1927 
Ciba-Geigy resin was used for the short-fibre coupons. 
The ratio of resin to hardener was 4: 1 by weight. The 
specimen preparation procedure involved (a) half- 
filling the dog-bone mould with resin, (b) laying/ 
aligning the 2.8 mm long carbon fibre and, finally, 
(c) topping up the mould with the rest of the resin. 
The geometry of the model composite is shown 
schematically in Fig. 1. The resin was allowed 7 days 
to cure at room temperature in accordance with the 
manufacturer's instructions. The use of a cold-cured 
resin for these specimens is preferred in order to 
ascertain that the fibre is free of significant thermal 
stresses as a result of hot-curing and subsequent 
cooling from elevated temperatures. The mechanical 
properties of the resin are also listed in Table I. 

2.2. Specimen testing and Raman spectrum 
acquisition 

The dog-bone specimen was mounted on a tensile jig 
by clamping both its ends between metal grips which 
could be pulled apart. A strain gauge was attached on 
the resin surface and the applied strain was derived 
from the electrical resistance measurements using a 
digital multimeter. The tensometer was secured on the 
experimental stage which allowed the translation of 
the whole specimen under the laser Raman micro- 
probe and the acquisition of the Raman spectrum. 

Raman spectra were obtained using the 514.5 nm 
line of an argon-ion laser. The laser beam was focused 
to a 2 pm spot on the fibre by means of a modified 
Nikon microscope. The 180 ~ backscattered beam was 
collected by the same microscope objective and 
focused on the entrance slit of a SPEX 1877 triple 
monochromator.  The collected light was directed to a 
Wright Instruments charge coupled device (CCD) 
detector which was employed as the photon counting 
system. All frequency peak values were derived by 
applying Lorentzian fitting routines to the raw data 
obtained by the CCD detector. 

All measurements were conducted using a 2 pm 
laser spot focused at the centre of the fibre. The 
specimens were translated in the laser beam at inter- 
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Figure 1 Short-fibre model composite specimen. The carbon fibre is 
located at the specimen mid-width and the strain gauge is attached 
to the surface of the resin block. The parameters h, b, and w denote 
distance from the free surface, thickness and width, respectively. 

vals of 5 10 gm near a discontinuity (fibre end or 
break) and at larger intervals along the central region 
of the fibre or fragfnent. 

3. Resul ts  
3.1. The carbon fibre Raman spectrum and its 

strain dependence 
The relationship between fibre Raman frequency and 
tensile strain is obtained by stressing a single fibre in 
air on a purpose-made micrometer while Raman 
spectra are taken at each increment of strain. As 
mentioned earlier, these graphs are used as the Raman 
frequency calibration curves for converting Raman 
frequency into strain in composite applications. The 
monitoring Raman frequency employed in the inter- 
facial studies was the G-line, appearing at 1580 cm 1 
This frequency band is associated with the E2g vibra- 
tional mode of the graphite crystal [17] which is the 
basic structural unit of carbon fibres [18, 19]. The 
Raman frequency shift Av(a), induced by applied 
strain a, has been found to follow, at a first approxima- 
tion, a linear relationship with strain of the form [5] 

Av(~) = v ( 0 ) -  v(~) = ~ (1) 

where v(0) is the Raman frequency of the G-line at 0% 
applied strain, v(~) is the frequency value at applied 
strain e, and ~ is the Raman frequency gauge factor 
(RFGF) [5], which expresses the rate of frequency 
shift with strain. The graph of Raman frequency 
versus tensile strain for the HMS fibre is given by 
Melanitis et al. [1], p. 582, and the corresponding 
RF G F  value has been found to be - 11.4 
+0.3 c m -  1/(%). 

3.2. Strain m a p p i n g  in the  m o d e l  c o m p o s i t e  
The strain, s, at a point i along the embedded fibre is 
calculated from its corresponding Raman frequency 
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v(i) by the expression: 

v ( i )  - v ( 0 )  
q = (2) 

where v(0) is the frequency of stress-free fibre in 
air and ct~ is the Raman frequency gauge factor 
( - 11.4 c m - a / % )  for the G-line of the HMS fibre. 

The strain profiles along the length of the short 
filament for seven distinct levels of applied strain, are 
shown in Fig. 2a-g. For  clarity, the left- and right- 
hand ends of the fibre have been denoted A and B, 

1 6 5 0  

Figure 2 The fibre strain distribution along a short HMS fibre 
embedded in HY-1927 epoxy resin at applied strain of(a) 0.0%, (b) 
0.2%, (c) 0.4%, (d) 0.6%, (e) 0.8%, (f) 1.0%, (g) 1.2%. (D)  Experi- 
ment, ( - - )  spline fit. 

respectively, while the fibre breaks have been denoted 
C and D. It can be seen that at 0.0% applied strain 
(Fig. 2a) the short fibre is under an initial compressive 
strain of about - 0.05% as a result of resin shrinkage 
during curing. At 0.4% and 0.6% levels of applied 
strain, the fibre strain builds parabolically from the 
fibre ends and reaches a maximum value at the middle 
of the fibre. In general, this maximum value agrees 
reasonably well with the values of input strain as 
measured by means of a strain gauge glued to the 
surface of the resin block. 

Fibre fracture occurs at 0.8% applied strain 
(Fig. 2e). The first fibre break C occurs at a distance of 
about 1.8 mm from A. The characteristic almost expo- 
nential type of axial strain take-up, indicates the 
presence of fibre/matrix debonding at the locus of the 
fibre break, as has been reported elsewhere [1]. It is 
interesting to note that at this point of incremental 
loading, the A and B profiles appear different from 
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those obtained at C, indicating that fibre/matrix 
debonding has not as yet initiated at the fibre ends. 
However, further increase of the applied strain to 
1.0% (Fig. 2f), results in the transformation of the A 
and B profiles to the characteristic S-shape curves 
obtained at C. Further increase of the applied strain to 
1.2%, brings about an additional fibre fracture at D 
(Fig. 2g) but the actual shape of the strain profiles 
remains unaffected. 

3.3. Interfacial shear stress (ISS) distribution 
in the model composite 

The interfacial shear stress distribution along the 
embedded fibre and its fragments is calculated from 
the fibre strain distribution by considering the balance 
of forces acting upon an infinitesimally small fibre 
element. This yields the following expression for the 
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Figure3 The interfacial shear stress distribution along the fibre 
at applied strains of (a) 0.4%, (b) 0.6%, (c) 0.8%, (d) 1.0% and 
(e) 1.2%. The ISS profiles were derived by (i) fitting a spline routine 
to the raw data, (ii) calculating the derivatives d~(dx from the 
equation of the best fit and, finally, (iii) deriving the ISS profiles by 
employing Equation 3. 

ISS 

dde(x) 
"C(X) = E f 4  d x  (3) 

where ~(x) is the interfacial shear stress (ISS) distribu- 
tion along the fibre x-axis, Ef is the fibre modulus, d is 
the fibre diameter and a(x) is the fibre strain distribu- 
tion along the fibre/fragment, as calculated in the 
previous stage. The functional representation of the 
fibre strain data can be derived through polynomial 
[1] or spline regression [4] of the individual experi- 
mental strain data. Both interpolations have been 
found to yield very similar results [20]. The applic- 
ability of this approach has been successfully demon- 
strated for a whole variety of fibre/resin systems [1-6]. 

The interfacial shear stress distribution has been 
calculated for the fibre strain profiles of Fig. 2c-g 
corresponding to applied strains of 0.4% to 1.2%. 
These ISS distributions have been obtained by means 
of a cubic spline regression and are shown in 
Fig. 3a-e. The position of fibre breaks at each level of 
applied strain, are also indicated in Fig. 3c-e. The 
maximum value of the ISS in each case, is displayed in 
Table II. 

As can be seen in Fig. 3a and b, the ISS distributions 
at 0.4% and 0.6% applied strain reach a maximum 
value at the fibre ends A and B. This maximum starts 
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TABLE II Maximum ISS for the HMS/HY-1927 system 

Profile ISSm.x (MPa) at applied strains shown 

'0.2% 0.4% 0.6% 0.8% 1.0% 1.2% 

A 18.8 27.1 31.3 24.2 22.2 30.3 
B 6.6 26.1 42.1 28.2 23.8 21.3 
CA (break 1) 29.4 25.8 21.0 
CB (break 1) 19.7 22.6 15.1 
DA (break 2) 29.5 
DB (break 2) 15.2 
Average 12.6 26.6 36.7 25.4 23.6 20.4 

to shift inwards along the fragment as the applied 
strain increases to 0.8% where the first fracture occurs 
at the middle of the fibre. However, the ISS distribu- 
tion at the locus of fibre break is somewhat different; 
the ISS is zero at the fibre end and builds to a 
maximum value of about 26 MPa over a distance of  
about 15 fibre diameters. At the next increment of 
applied strain (1.0%, Fig. 3d), the ISS distribution 
obtained from the fibre ends A and B and the fibre 
break at C, are remarkably similar; the ISS fluctuates 
between zero and 10 MPa at the very tip of the fibre 
and then builds to a maximum value of not greater 
than 25 MPa over a distance of 40 fibre diameters. 
Finally, at an applied strain of 1.2% (Fig. 3e) where 
further fibre fragmentation occurs, three distinct 
regions can be clearly identified: (a) a region of ISS 
fluctuation around a constant quotient, (b) an area of 
ISS build-up to a maximum value and, finally, (c) a 
region of ISS decay to zero values. 

The maximum ISS as a function of applied strain is 
shown in Fig. 4, for all strain profiles. The same set 
of results is also displayed in a tabulated form in 
Table II. As can be seen in Fig. 4, prior to fibre 
fracture, the average maximum ISS increases with 
applied strain to 35 MPa at 0.6% applied strain. This 
value compares well with the value of 37 MPa ob- 
tained from the HMS/MY-750 system [1] at higher 
applied strains employing a fragmentation test/geom- 
etry. After fibre fracture, the average maximum ISS 
relaxes to lower values forming a plateau at around 
25 MPa. 

4. D i s c u s s i o n  
4.1. ISS distribution: theory and experiment 
Analytical expressions describing the ISS distribution 
as a function of distance from the fibre end, have been 
derived by a number of authors [11-16]. According to 
Cox's shear-lag analysis [11], the ISS distribution is 
given by 

a m sinh 13(L/2 - x) 
z(x) = Ef~2Efln(R/r)  cosh(13L/2) (4) 

where Ef is the fibre modulus, e is the applied strain, 
G m is the matrix shear modulus, r is the radius of the 
fibre, R is the interfibre distance, L is the fibre length 
and J3 = [2Gm/Efr21n(R/r)] 1/2. 

Theoretical ISS curves derived from Equation 4, are 
shown in Fig. 5a-d  for four different levels of applied 
strain (0.4%, 0.6%, 0.8% and 1.0%). These curves 
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have been derived assuming that both constituents 
behave elastically and that there is perfect bonding 
between them. The characteristic ratio, R/r, for single- 
fibre model composites, can be taken as defining the 
limits of a cylindrical element beyond which the 
matrix extends freely under the influence of an ex- 
ternal stress [5]. A value of R/r = 5 appears to give a 
reasonable estimate of the field of influence of the 
interphase upon the interfacial properties of the sys- 
tem [5, 21]. 

The experimentally derived ISS distributions are 
also plotted in Fig. 5a-d. As can be seen, good qual- 
itative agreement between theory and experiment is 
obtained at 0.4% for the HMS/HY-1927 model com- 
posite. This again verifies the applicability of the 
shear-lag model for systems that have not been loaded 
beyond their elastic limit [5]. However significant 
deviations from the theoretical curves are observed at 
strains equal or higher than 0.8% (Fig. 5c and d) 
where interfacial failure is likely to have occurred; the 
system seems incapable of supporting any stresses 
higher than 35 MPa and the maximum value of ISS at 
1.0% applied strain appears to have shifted 40 fibre 
diameters away from the fibre end. Because no higher 
shear stresses are allowed to develop, it can be safely 
assumed that the composit e has now reached an upper 
limit of ISS or, in other words, its interfacial shear 
strength (IFSS). 

4.2. The effect of interfacial failure upon the 
ISS distribution 

It is now evident that interfacial failure is initiated at 
applied strains marginally lower than the lowest strain 
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required to fracture the fibre (0.8%). It follows that at 
the instant of fibre fracture in a fragmentation experi- 
ment on HMS/HY-1927 (or similar) systems, the in- 
terface at high applied strains ( > 0.8%) has poten- 
tially reached its IFSS and, therefore, debonding is 
expected to propagate in an unstable manner. This is 
exactly what has been observed during tensile loading 
of continuous HMS/MY-750 model composites [!]  
and agrees well with a recent analysis by 
Piggott [223. 

In Fig. 6, ~(x) fs the function that describes the ISS 
distribution at the specific fibre/resin system and the 
IFSS "ceiling" represents the strength of the interfacial 
bond. At low applied strain, s l, the resulting ISS 
distribution, expressed by the function ~ 1 (x), does not 
intersect the IFSS line, allowing the maximum ISS to 
develop at, or very close to the fibre end. However, 
when the applied strain, s2, induces an ISS distribu- 
tion, ~2(x), which intersects the IFSS line, the region 
between the fibre end, x = 0, and the intersection 
point, x = b (Fig. 6), is momentarily subjected to 
extremely high shear stresses, that exceed the inter- 
facial shear strength of the system. This is the region 
where either the interphasial material is expected to 
yield, or the interracial bonds to break. Clear inter- 
phasial yielding would result in a constant shear stress 
along the interphase of magnitude equal with its yield 
stress value [4]. However as is apparent from 
Fig. 3c-e, a gradual drop/relaxation of the ISS at the 
fibre ends is observed in the case of the HMS/HY- 
1927 system. This indicates that the interphase does 
not fail in a brittle manner but possesses a certain 
degree of ductility which manifests itself by the pro- 
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Figure 6 A schematic representation of the expected theoretical 
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Figure 7 The maximum interfacial shear stress for the HMS/ 
HY-1927 system, as a function of applied strain. The shaded areas 
before and after the intersection point (x = b) should be of equal 
size. 

gressive rupture of individual chemical and/or phys- 
ical fibre/matrix bonds. It is worth noting here that 
this gradual drop of ISS to zero value at the fibre tip, is 
always followed by the propagation of a Mode II 
interracial crack regardless of the location of failure 
initiation (fibre end or break, Fig. 3c-e). 

T h e  region between thd fibre tip x = 0 and the 
intersection point x = b (Fig. 6), is a region of gradu- 
ally softened or partially debonded interface. The 
degree of "softening" should be proportional to the 
difference of the momentarily developed shear stress, 
~2(x), and the IFSS that the system can actually 
support. When the theoretically predicted maximum 
ISS just exceeds the IFSS, then a drop in the ISS 
values near the fibre end is observed (Fig. 3c). Further 
increase of the applied strain results in further reduc- 
tion of the loading capability of the interface near the 
fibre end and minimization of the shear stress at this 
point (Fig. 3d and e). 

Any weakening at the interface as a result of 
interracial yielding or debonding, etc., should be coun- 
terbalanced by an increase of the shear energy trans- 
mitted to the system for the fibre to be effectively 
loaded. As shown schematically in Fig. 7, the shaded 
regions before and after the x = b point should be 
equal, if the predicted maximum axial stress in the 
middle of the fibre is to be experimentally achieved. 
This explains why the shape of the resulting ISS 
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Figure 8 A schematic representation of the ISS distribution at high 
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distribution at x > b, differs from the theoretical func- 
tion z(x). 

The reduction of the ISS to zero values which is 
observed at the fibre break C at ~ = 0.8% and at the 
fibre ends A and B at e = 1.0%, is a clear indication of 
the initiation of fibre/matrix debonding from existing 
discontinuities in the composite system. The fact that 
interracial debonding at the fibre break precedes that 
at the fibre end is not surprising in view of the 
recoiling of the fibre as a result of fibre fracture and the 
associated release of strain energy [1]. However, what 
is demonstrated clearly here is the fact that 
fibre/matrix debonding is the preferred mode of inter- 
facial failure in the HMS/HY-1927 systems, regardless 
of the nature of the discontinuity. This behaviour 
contrasts with certain aramid/epoxy model com- 
posites [4] for which pronounced interphasial plastic 
yielding rather than fibre/matrix debonding, is the 
observed mode of failure. 

Once fibre/matrix debonding has been initiated and 
the shear stresses at this point are nearly zero, any 
additional increase to the applied strain results in the 
shifting of the whole ISS take-up region (x = 0-b)  
towards the middle the fibre/fragment as debonding 
propagates at  the expense of the well-bonded length 
[1]. The development of shear stresses in the de- 
bonded area, is now the direct result of frictional 
forces the magnitude of which depends upon the 
morphology of the debonded region, the geometry of 
the propagating crack and the magnitude of the re- 
sidual stresses due to resin curing. A schematic repres- 
entation of the ISS profile at high applied strains, is 
shown in Fig. 8. 

5. Conclus ion 
Laser Raman spectroscopy has been used to measure 
the strain along a short carbon fibre (HMS) embedded 
in a block of epoxy resin (HY-1927). By means of a 
balance of forces model, the fibre strain distribution 
has been converted to an interfacial shear stress dis- 
tribution. It has been found that up to 0.8% of applied 
strain, the interfacial shear stress is maximum at the 
fibre ends and then decays rapidly to zero. The shape 
of the ISS profile is in agreement with shear lag type of 
approaches which assume perfect fibre/matrix adhe- 

sion. At 0.8% applied strain and beyond, the max- 
imum ISS shifts away from the fibre end and drops in 
value. Similarly, the ISS profiles, obtained at the point 
of fibre fracture shows more extensive interfacial 
damage. At higher strains, three regions of (a) debon- 
ded (b) partially bonded and (c) well-bonded fibre, can 
be identified in the case of all ISS profiles, regardless of 
whether they are activated from a fibre end or a fibre 
break. 
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