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Interfacial studies were carried out on a model composite system consisting of a short carbon
fibre embedded in a polycarbonate matrix. While the composite was being strained, the local
strain along the fibre was monitored using a Raman spectroscopic technique. The residual
compressive strain in the fibre due to fabrication was found to be — 0.45%. Subsequent
loading of the composite up to 0.55% in tension resulted in a complex stress field consisting
of tension at the fibre ends and compression in the middle of the fibre. The fibre strain at
different levels of applied load was converted to interfacial shear stress (ISS) distribution
along the fibre by employing a simple equilibrium analysis. The shape of the ISS profiles
indicated a predominantly frictional type of load transfer from the matrix to the fibre. Finally,
the maximum ISS value of 15 MPa was found to be unaffected by the amount of strain

experienced by the composite.

1. Introduction

It is now well established that the integrity of the
fibre/matrix interface has a strong influence upon the
efficiency of stress transfer in polymer matrix com-
posites [1-4]. In turn, composite properties such as
compressive strength and toughness, as well as off-axis
properties [ 2, 5-77] can be considerably affected by the
stress-transfer efficiency at the interfacial level. A use-
ful model system for studying the stress transfer from
the matrix to the fibre is a mono-filament composite
. system because fibre—fibre interaction is eliminated,
and the interface can be carefully controlled. to yield
reproducible results. Mono-filament composites have
been used by many groups to study the monotonic
behaviour of the interface in graphite/thermoset com-
posites [2, 4, 9-11], but by only a few groups to study
the monotonic behaviour of the interface in thermo-
plastic composites [ 1, 12-14]. Thermoset matrix com-
posites are the most widely used polymer composites,
but thermoplastic matrix composites have been
developed in recent years for several reasons: ther-
moplastics can be extrusion moulded, they can be
remelted and remoulded for in-the-field repairs, they
are less hygroscopic than most thermosets, and in
some cases can maintain their properties at high
temperatures [15].
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A Raman spectroscopic technique was developed
recently that uses fibres as strain sensors in a com-
posite to map the strain along a fibre, and to deter-
mine locally the load transfer behaviour [16, 17]. This
Raman technique has been used to study several
systems including Kevlar [18, 197 and carbon/epoxy
[17] systems, and has been extended here to study
interfacial behaviour of short filaments embedded in a
thermoplastic matrix (polycarbonate). The paper re-
ports measurements of the residual strain produced in
the monofilament, and the subsequent build up of
load in the fibre with applied composite tensile strain.
The distribution of interfacial shear stress (ISS) calcu-
lated at several strain levels is also reported.

2. Background

Interfacial behaviour in single filament composites is
often studied by breaking the fibre with a longitudinal
load (thus creating a free surface) and by observing the
subsequent transfer of load from the matrix to the
fibre through an interfacial shear stress (ISS). The
interfacial shear stress (ISS), 1, can be related to the
axial stress in the fibre, o, by a force equilibrium
analysis of a single fibre loaded in a composite (Fig. 1).
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Figure 1 Force equilibrium diagram of a single fibre loaded in a
composite.

The resulting equilibrium equation is [20]

onr? + 2nr,dz = nwr2(c + 80) 1)

where z is the distance along the fibre, and r is the fibre
radius. In order to derive an expression for the inter-
facial shear stress (ISS) from this equation, several
approaches have been followed. The shear lag model
[20] assumes (a) perfect bonding at the interface, (b)
no load transfer through the fibre ends, and (c) no
stress concentrations near the fibre ends. The bound-
ary conditions are, in fact, zero stress at the fibre ends,
and an inter-fibre distance of 2R. Given a fibre of
length, L, loaded to a strain e, Cox [20] found that the
stress distribution in the interface region is propor-
tional to the fibre, and matrix moduli, the length of the
fibre, and the inter-fibre spacing, R. In the case of
single-fibre composites, R is difficult to determine, and
can be used as a variable to fit single filament experi-
mental data to the Cox model [11], but has been
estimated to be 5.2 times the fibre radius [21].

Equation 1 can be solved by calculating the average
interfacial shear stress [ 14] (the average shear stress is
equal to the shear stress integrated over the distance,
L, divided by L), or by assuming that the shear stress is
constant [22, 23]

(or)/2L 2)

where L is the length of the fibre in which load is
transferred from the matrix to the fibre (the transfer
length). The interfacial shear stress can then be meas-
ured experimentally by measuring a stress parameter
and a length parameter. The length parameter is called
the critical length, L., defined as the length at which
the fibre is short enough that the axial stress in the
fibre cannot build up to the failure stress of the fibre.
The stress parameter is the fibre failure stress at the
length L  (see Fig. 3 below) [1, 2, 4, 8, 13, 24]. The
difficulty with this technique is that the fragment
lengths can vary from L_to L./2 and the strength of a
fibre varies along its length requiring complicated
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statistical analysis to obtain the length and strength
parameter.

To eliminate the use of statistics for the fibre
strength and fragment length distributions, a new
optical fragmentation technique was developed [14]
that replaces the failure strength with the applied
strain multiplied by the modulus of the fibre, and the
critical length with the transfer length at strains well
below the critical strain (see Fig. 2). This technique
also yields an average interfacial shear stress.

An improvement over the above optical fragmenta-
tion techniques for obtaining interfacial shear stress
distributions is the Raman spectroscopic technique
[11]. By solving Equation 1 exactly, the ISS distribu-
tion along a fragment can be calculated instead of an
average ISS [17]. The advantages of measuring an ISS
distribution over an average ISS is that the maximum
ISS can be determined, and the shape of the distri-
bution can yield information about whether the
mechanism of load transfer is due to friction, matrix
yielding, or good bonding.

Raman spectroscopy probes the atomic vibrations
of crystalline materials. When an external load is
applied the equilibrium interatomic distance changes,
and thus the interatomic force constants which deter-
mine the frequency of atomic vibrations also change.
This results in a shift in the Raman peaks with applied
strain. Therefore, by measuring the magnitude of this
shift, one can convert Raman frequency into strain in
the same way that electrical resistance is converted to
strain in the resistive strain gauges. It has been shown
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Figure 2 (a) Schematic drawing of the stress distribution in a few
fibre fragments showing an example of critical length, (b) an ex-

ample of a technique for measuring the transfer length and the
strain in the fibre.



that in graphite fibres the shift in the Raman peak with
applied strain is linear and sensitive enough for strain
measurements [25, 26]. The shift in the Raman peak is
calibrated by loading a bare filament in a micro-
extensometer, and measuring the peak shift as a func-
tion of applied strain. The strain of an embedded fibre
in a transparent matrix can then be mapped along its
length [17].

This technique is a powerful tool for micromechan-
ical studies of the interface. If the strain in the fibre can
be mapped along the fibre length, then the build up of
load in the fibre can be measured as a function of
distance; Equation 1 can be solved exactly to yield a
distribution in ISS along a fibre length [17]

[de(z)/dz] (Esr/2) G)

where E; is the Young’s modulus of the fibre.

The Raman shift with strain is termed the Raman
frequency-gauge factor (RFGF) and is a measure of
the sensitivity of the fibres as a strain gauge. The
tensile RFGF has been measured for graphite fibres of
different moduli, and it has been found that the RFGF
increases with fibre modulus [27]. The compressive
RFGF has also been measured for graphite fibres of
varying modulus using a cantilever beam technique
[27]. The compressive RFGF was found to be less
than the tensile RFGF, and the difference between the
tensile and- compressive RFGF increased with de-
creasing modulus in graphite fibres.

The Raman technique has been used to perform a
traditional fragmentation test in Kevlar® fibre/epoxy
matrix short-fibre model composites, and the strain
and ISS distributions have been mapped [11, 18, 19].
Good bonding was found at low strains, and the Cox’s
shear lag prediction was found to fit the data reason-
ably well. At higher composite strains, the interface
began to fail resulting in an ISS that is due to frictional
load transfer, and is lower than the ISS due to good
bonding [11].

The advantages of a short fibre is that the strain
distribution can be mapped from the fibre end at any
strain level. In this study short graphite fibres are
embedded in polycarbonate, and the strain distribu-
tion is mapped from 0.0-1.1% strain. This allows the
build up of strain in the fibre from compression to
tension to be monitored, and the ISS distributions to
be calculated at each strain level.

t(z) =

3. Experimental procedure

3.1. Materials

The PAN-based graphite fibre used in this programme
is a Hercules HMS-4 fibre. The matrix material is
General Electric Lexan® polycarbonate (7, = 140 °C).
The monofilament composites were prepared in a
mould by placing cleaned fibres, secured on each end,
between two sheets of cleaned and dried polycarbon-
ate 0.25 mm thick. The mould was heated to 190°C
between two platens at a heating rate of 3°C min~*
under a pressure of 3900 Pa, and was air cooled. Upon
cooling, the fibre was loaded in compression because of
the large difference in the coefficients of thermal ex-
pansion between the fibre and the matrix. The com-

pressive strain was high enough to cause a shear
failure in the fibre during cooling. The shorter fibres so
produced remained aligned because the temperature
at which they failed was low enough that the matrix
could not flow considerably. Tensile samples (9.5 mm
x 75 mm x 0.5 mm) were cut from the moulded sheet.

3.2. Raman/interfacial studies

Raman spectra were taken with an argon-ion laser
with a wavelength of 514.5 nm and a power of 2 mW.
A modified Nikon microscope was used to focus the
incident beam to a spot size as small as 2 pm. The 180°
backscattered light was collected by the microscope
objective and focused on the entrance slit of a SPEX
1877 triple monochromator. A cooled charge coupled
device (CCD) imaging detector recorded the Raman
spectra.

The shift of the E,, Raman peak maxima
(~1580cm™!) in tensile strain was measured by
stretching the fibres with a modified micrometer. The
shift of the E,, Raman peak in compression was
measured using a cantilever beam technique [27]
where the fibre is mounted on a cantilever beam and
the beam is flexed to compress the fibres. The Raman
peak maximum was found by subtracting the
matrix background. peak from the whole spectra, and
then fitting the remaining fibre spectra using a
Lorentzian fit.

The single-filament composites were displaced
using. a mini-tensile testing device. The composite
strain was measured with a strain gauge mounted
directly in the gauge length.

The error in fibre strain measurements was estim-
ated from the variability in the wavenumber measured
at a given point in the fibre, and the variability in the
RFGEF. The error in ISS was estimated from the
variation in slope that occurred given the variation in
strain.

4. Results

4.1. Raman shift

The Raman spectra for the E,, vibrational mode for
Hercules HMS-4 at 0.0% and 1.1% applied strain are
shown in Fig. 3. The peak at 0.0% strain is at
~ 1580 cm ™. Fig. 4 shows the continuous shift of the
Raman peak with applied tensile strain for two fibres.
The shift is linear over the entire range and has a
negative slope of — 85+ 03cm !per 1% strain.
This value is consistent with that measured for other
graphic fibres of similar modulus [17]. The com-
pressive RFGR was predicted based on previous stud-
ies of fibres of various moduli [28], and is estimated to
be ~ 7.3cm™! per 1% strain.

4.2. Residual strain in the composite

Because of the large difference in the coefficient of
thermal expansion (CTE) between the fibre and the
matrix, after the:moulding is cooled, there are residual
stresses in the sample. The state of strain in the sample
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Figure 3 Typical Raman spectra for HMS-4 at 0.0% and 1.1%
strain.
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Figure 4 Raman frequency as a function of strain for the 1580 cm !
band of HMS-4.

was quantified; the fibre was assumed to be a trans-
versely isotropic linear elastic material, and the matrix
an isotropic non-linear material. The CTE of poly-
carbonate and of graphite was assumed to be constant
below the glass transition temperature, T, (140°C).
The sample was cooled from 7, to room temperature
(25°C). The CTE of polycarbonate is higher above T,
than below it, but because there is considerable flow of
the matrix above the glass transition temperature, the
applied strain on the fibre above T, was assumed to be
zero. If the matrix modulus was held constant from the
glass transition temperature to room temperature, the
bulk matrix strain was — 0.8% compression. The
axial strain on the HMS was also calculated to be
— 0.8% compression. The radial and hoop stress and
strain distributions are -shown in Fig. 5. The radial
strain in the fibre is constant and small, but the matrix
is in radial compression close to the fibre, reaching
zero load, and the bulk shrinkage strain at a distance
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stress as a function of radius, (c) the hoop strain as a function of
radius, (d) the hoop stress as a function of radius. The fibre radius is
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of a few fibre diameters from the interface. Therefore,
the interface is in radial compression. The hoop strain
on the fibre is also small and compressive, while the
hoop stress in the matrix is tensile. Although the
magnitude of the strain values would vary by assum-
ing some flow below T, the sign of the strain would
remain the same.

As load is applied to the composite, the axial strain
decreases, but Poisson’s effects increase the radial and
hoop stress in compression except for the matrix hoop
stress which increases in tension.

4.3. Strain mapping

The strain in the embedded fibre was monitored from
0.0%-1.1% applied composite strain. Fig. 6a—d depict
the strain in the fibre as a function of distance from the
fibre end. The fibre is initially in axial compression; the
average strain in the centre of the fragment is 0.45%
compressive strain. As the applied strain is increased
to 0.22%, the end of the fibre is loaded in tension, but
the centre of the fibre fragment remains in com-
pression. By 0.55% applied composite strain the fibre
is almost entirely in tension, but the fibre ends are
carrying more strain than the centre of the fibre. At
1.1% strain the fibre strain builds continuously from
the end of the fibre to the centre.

4.4, Interfacial studies

The interfacial shear stress (ISS) was calculated from
the strain—distance curves by calculating the slope,
de/dz, at each point and using Equation 3. The slope
was determined by fitting a second-order polynomial
to 11 points of the data of strain versus distance data
at one time using a least-squares-fit and, then, by
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calculating the derivative at the centre point. The
effect of varying the number of points for each fit from
7-13, and the order of the polynomial from second to
third order was minimal. The calculated ISS for four
strains, 0.0%, 0.22%, 0.55%, and 1.1% is shown in
Fig. 7a—d. The sign of the shear reflects the sign of the
slope of strain with distance; the change in sign of ISS
is important, but the initial reference sign is arbitrary.
The change in sign of the ISS represents a change in
the slope of the axial stress build up in the fibre; in
order to maintain equilibrium, the integrated shear
stress must equal zero, so there is both positive and
negative shear along the fibre. The maximum ISS
observed is about 18 MPa. The maximum ISS is
relatively constant with applied strain except that the
maximum ISS for 0.22% applied strain is only
10 MPa. This may be because the change of the sign of
the shear in the maximum region masks the higher
ISS. The maximum ISS is much less than the yield
stress of the matrix (50 MPa) implying that the load
transfer is due to friction. When 0.55% strain is ap-
plied to the composite, a given transfer length experi-
ences both positive and negative shear reflecting the
build up of load near the fibre end, and the eventual
drop in load some distance along the fibre. By 1.1%
strain, the strain builds continuously in the fibre, and
the sign of the shear stress is again constant within a
given transfer length.

4.5. SEM studies

To help determine the mechanism of load transfer,
scanning electron micrographs of bare fibres, and
fibres that had been embedded in polycarbonate, were
compared. The micrographs are shown in Fig. 8. The
HMS bare fibre and the fibre pulled from the matrix
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Figure 6 Typical profiles of fibre strain as a function of fibre length for various applied strains. (a) 0.0%, (b) 0.22%, (c) 0.55%, (d) 1.1%.
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Figure 7 Typical profiles of the ISS of HMS at several strain levels: (2) 0.55% applied strain, (b) 1.1% applied strain, (c) 1.67% applied strain,

(d) 2.22% applied strain.

Figure 8 Typical scanning electron micrographs comparing (a) a bare HMS fibre with (b) a fibre pulled from the matrix.

have similar surfaces. This suggests that the failure
occurred directly along the fibre matrix interface,
supporting the observation that the load transfer
mechanism in HMS/PC is a frictional load transfer.

5. Discussion
5.1. Strain mapping
When a thermoplastic matrix composite is cooled, the
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difference in coefficient of thermal expansion creates
residual stresses. Raman spectroscopy has already
been used to measure the compressive strain on
graphite fibres in pre-pregs, and the strain in the fibres
was found to be as predicted analytically [29]. In
single filament composites, however, the volume frac-
tion of fibre is so low that the matrix contracts as
much as it would if the fibre were not present, and as a
result the fibre is loaded into higher compression [7].



For HMS in polycarbonate the calculated strain in the
fibre is — 0.8% strain. However, HMS fails by brittle
shear at 0.55% compressive strain. The mean max-
imum compressive strain of — 0.45% + 0.1% is not
incongruous with the predicted strain, because when
the fibre failed during fabrication the strain may have
been relieved.

If a Cox-model prediction of a fibre loaded to
— 0.45% strain, a radius of influence, or interfibre
spacing, of 5.2r, [21] is compared to the data, the fit is
good only at higher strains as shown in Fig. 9. The
slope of the strain versus distance plot is slightly lower
than predicted by the Cox model, and no further
comparisons between the shape of the strain profiles
can be made due to the large scatter in the data. If the
data are compared to a frictional model that predicts a
constant shear stress, the fit is good at lower strains,
but deviates from the model at strains close to the
maximum strain. The constant shear stress value was
determined by fitting a straight line to the first 11
points of data.

The subsequent build up of load in the fibre as
tensile strain is applied to the sample results in a more
complicated state of stress in the fibre. As tensile strain
is added to the composite, the fibre is under a three-
dimensional compressive field on the top of which an
axial tensile force is applied. Adding a tensile strain
places the region near the fibre end in tension because
the compressive strain was not as large near the end,
and reduces the compressive strain in the centre of the
fibre, but does not eliminate it. Neither model can
predict this behaviour; however, if the model behavi-
our is superimposed on the experimental data, the
results are interesting. Fig. 10 shows a plot of the
experimental data of 0.22% applied strain, and the
fibre strain predicted by both the Cox shear lag model,
and the frictional model if 0.3% strain is applied to the
composite. A comparison of the experimental data at
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Figure 9 Comparison of (@) experimental data with those predic-
ted by (0J) Cox’s solution to the shear lag analysis, and with (—) the
linear frictional model at 0.0% applied strain.
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Figure 10 (a) (M) 0.2% Experimental data, and (O) the Cox shear
lag solution for 0.3% as well as (—) the linear frictional model for
0.3% applied strain. (b) A comparison of (M) the 0.5% experimental
data with the 0.22% experimental data superimposed with an
additional 0.3% calculated from (O) the Cox shear lag model and
(A) the linear frictional model.

0.55% applied strain is compared to a superposition
of the experimental 0.22% data and the 0.3% model
behaviour in Fig. 10b. The superposition does not
match the experimental data at 0.55% closely. How-
ever, there are some similarities. The centre of the fibre
in both cases experiences an increase of 0.3% applied
strain. Secondly, the cross-over point from tension to
compression is the same for both distributions. In
addition the various dips in the experimental strain
are observed in the superposition. The differences in
the predicted and experimental data are significant.
The experimental data reaches a maximum of 0.4%
strain, and the superposition only reaches 0.27%
strain; therefore some portions of the fibre gained
0.5% strain when only 0.33% strain was applied. In
addition, the model predicts that the strain builds
more quickly necar the fibre end than is observed.

The inability of linear models to predict the behavi-
our in the stress transfer zone (STZ), especially the
non-linear build up of strain, is not clear at this point
in the study, but is also not surprising given the
complicated state of stress in the fibre. If the shear
stress in the stress transfer zone were higher at higher
strains, then an increase in fibre strain higher than the
applied strain could be explained because the stress in
the fibre is just the shear stress integrated over dis-
tance. However, this is not the case as evinced by the
constant maximum shear stress at several applied
strain levels.
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5.2. Interfacial studies

The ISS distribution found is indicative of a frictional
load transfer mechanism. The maximum value of
15 MPa is well below the yield stress of polycarbonate,
and remains constant throughout the loading se-
quence. Typical values of frictional load transfer are
10 MPa [11]. The larger value observed in this system
may be due to the radial stresses introduced during
processing or due to a higher coefficient of friction.
The constant value throughout the loading sequence
implies that the additional radial strain placed on the
fibre during loading due to Poisson’s effects does not
affect the frictional load transfer.

Fig. 11 is a model of the development of the ISS
distribution in one-half of a fragment as strain is
applied to a composite. At 0.0% applied strain, the
strain in the fibre builds from 0.0% at the fibre end to
a compressive strain, and is constant in the centre of
the fragment. The ISS in the stress transfer zone, for
the sake of argument is taken as negative. In the
region of constant fibre strain, the ISS is zero. As
strain is applied to the composite there is both a
positive and negative ISS in the stress transfer zone. In
the region adjacent to the fibre end, the fibre strain
builds from 0.0% at the end to a positive value; the ISS
is positive in this region. At some distance along the
fibre, the strain in the fibre begins to decrease; the ISS
is negative in this region. The cross-over point from
positive to negative shear moves away from the fibre
end until the applied strain is high enough that the
fibre increases in strain continuously from the fibre
end until it reaches a constant value. At this applied
strain, the ISS in the stress transfer zone is positive
throughout the entire stress transfer zone.

+ Distance along fibre
1SS
- \ Compressive fibre strain
ension
+ Distance along fibre
. \ 1SS , .
______ Fibre strain
/\ Fibre strain
+ . Distance along fibre
) 1SS
Fibre strain
Tension
+ IS5 Distance along fibre

Figure 11 Schematic drawing of the change of sign of shear as the
fibre is loaded from compression to tension.
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6. Conclusions

The above study on the interfacial behaviour of HMS
short-fibre polycarbonate matrix composites using a
Raman spectroscopic technique lead to the following
conclusions.

1. The residual strain in HMS/polycarbonate single
filament composites is great enough to fail the HMS
fibre in compressive shear during moulding. The res-
ulting residual strain is — 0.45% + 0.1%.

2. The load transfer in HMS/polycarbonate is
primarily frictional load transfer, and is not affected
by Poisson’s ratio effects.

3. The build up of load in the fibre from com-
pression to tension results in a complicated state of
stress and strain in the fibre that cannot be modelled
with current models.
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