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Abstract The deformation micromechanics of single-
fibre embedded model composites of poly(p-phenylene
benzobisoxazole) (PBO) and poly(p-phenylene terephthal-
amide) (PPTA) fibres, embedded in an epoxy resin have
been examined using synchrotron microfocus X-ray
diffraction. Single fibres (in air) were deformed and the
c-spacing monitored to establish a calibration of crystal
strain against applied stress. Subsequently, the variation in
crystal strain along fibres, embedded in the resin matrix
was mapped using synchrotron microfocus X-ray diffrac-
tion. Raman spectroscopy was then used to map molecular
deformation on the same samples (recorded as shifts in the
Raman band wavenumber) in order to provide a comple-
mentary stress data. A shear-lag analysis was conducted on
the axial fibre stress data in order to calculate interfacial
shear stress and identify different stress-transfer modes at
fibre/resin interfaces. The results establish that the axial
fibre stress distributions measured by synchrotron micro-
focus X-ray diffraction correlate well with those obtained
using Raman spectroscopy. The interfacial shear stress data
derived from the stress-transfer profiles also show a good
degree of correlation.
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Introduction

An engineering composite material may be considered as
two or more physically distinct materials, combined with
the purpose of achieving properties, which are unique and/
or superior to those of the component materials. The design
and production of high-performance fibre reinforced
polymers, one of the main categories of composite mate-
rials, is based upon this ideal. The properties of these
composite materials are dependent upon the properties of
the individual components and those of the key fibre/matrix
interface region. In particular, the properties of the inter-
face may be varied to control the fracture toughness, fati-
gue resistance, stiffness and strength of the composite.

Of the various methods, which have been established to
determine the properties of the fibre/matrix interface, one
of the most commonly used is the single-fibre fragmenta-
tion test [1]. This test relies on the properties of the fibre,
matrix and the interface being balanced in such a way as to
permit fragmentation of a long continuous fibre into critical
lengths [1]. It is simple to perform in the classical set-up,
requiring only an estimate of the average fibre fragment
length, number of fragments and a measurement of peak
load. The end result is a single interfacial shear strength (t;)
value, making comparison between different matrix/fibre
systems easy. However, our previous studies have shown
that the assumed form of the interfacial shear stress dis-
tribution is too simple for many composite systems and can
lead to a gross miscalculation [2, 3].

Raman spectroscopy has been used extensively to
evaluate the micromechanical interfacial properties of fibre
reinforced composite materials [1]. This approach makes it
possible to measure the point-to-point variation in axial
stress along a fibre embedded in a resin matrix. In this kind
of study, a model composite is loaded in stages and the
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axial stress is measured at discrete points along the fibre,
by monitoring changes in stress sensitive Raman band
positions, at each stage of the process. The interfacial shear
stress can then be calculated by using a balance of forces
argument [4], thus allowing progressive interfacial failure
processes to be accurately monitored. Recently [5] a syn-
chrotron X-ray based strain scanning technique has been
specifically developed to monitor the stress/strain distri-
butions within two-phase systems of oriented and non-
oriented polymeric materials. The results of this work show
that this technique is particularly useful for interfacial
characterisation of fibre reinforced polymer composites.

In this study, single-fibre model composites were
examined by both synchrotron radiation and Raman spec-
troscopy. In each case the variation of axial fibre stress was
mapped along a fibre embedded in a polymeric matrix.
Subsequently, the corresponding interfacial shear stress
values were calculated from the measured axial fibre stress
distributions.

Interfacial analyses theories
Stress transfer—elastic model

The shear-lag model originally proposed by Cox [4] can be
used to model the distribution of fibre strain in a single-
fibre model composite, where the fibre is short or discon-
tinuous (e.g. in a fragmentation test [1]). The model
assumes that the fibre and matrix are in an elastic state and
that there is perfect adhesion along the interface. The
variation in axial fibre stress (o), with position (x) along an
embedded fibre is given as follows [6]

_ cosh (nx/rp)
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where e, is the matrix strain, E¢ is the fibre modulus and r¢
is the fibre radius. The parameter s is the fibre aspect ratio I/
2r;, where [ is the fibre length. The parameter n is
dimensionless and can be expressed as follows

n = Eﬂ## 2)
Er In(R/re) (1 4 o)

where E,, is matrix modulus, v, is the matrix Poisson’s
ratio and R is the radius of a solid cylinder of matrix around
the fibre that is influenced by the applied stress. Using a
force balance approach [7] enables the rate of change of
fibre stress with respect to the position along an embedded
fibre to be calculated using the expression
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where 7 is the interfacial shear stress.
Hence, an expression for the variation of interfacial
shear stress along the fibre can be derived such that

_ n ey Er sinh (nx /)
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Stress transfer—debonded model

Kelly and Tyson [8] proposed a model that can be used to
describe the distribution of stress along a fibre, which has
debonded from the matrix. In this case, the interface is
assumed to be the debonded along the whole fibre length
and the stress induced by applied deformation is transferred
from the matrix to the fibre as a frictional sliding stress (ty).
Kelly et al. assumed that 7¢ is constant and thus the stress
distribution along the embedded fibre in the debonded
region can be expressed as follows

-2

As the value of 77 has to be a constant, the axial fibre
stress distribution is linear instead of the curved profile
found in the elastic region. This theory has been verified
experimentally for a number of polymeric fibre/matrix
systems using Raman spectroscopy [6].

Partial debonding

The partial-debonding model was proposed by Piggott [9],
for the case when the shear stress at a discontinuity such as
the fibre end, rises to such a high value that interfacial
failure occurs along part of the fibre. The partial-debonding
model combines the theories of Cox [4] and Kelly and
Tyson [8], using Eqgs. 1 and 5 to calculate profiles in the
bonded and debonded regions, respectively.

Experimental
Materials
Fibres

Two high performance fibres were chosen for this study,
namely poly(p-phenylene terephthalamide) (PPTA) and
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poly(p-phenylene benzobisoxazole) (PBO). The molecular
structures of both fibres are shown in Fig. 1. The PPTA
fibres, which have a Youngs modulus, E; of 105 GPa, were
supplied by Teijin Co Ltd. under the tradename Twaron.
The PBO fibres, which have a Youngs modulus, Ef, of
260 GPa, were supplied by Toyobo Co. Ltd under the
name Zylon.

Matrix

A cold-curing two-part epoxy resin was chosen for the
matrix material. The epoxy resin, supplied by Ciba Geigy,
UK, consisted of 100 parts by weight of butane-1,4-diol
diglycidyl ether resin (L'Y5052) and 38 parts by weight of
isophorone diamine hardener (HY5052). The resin was
cured at room temperature for 7 days.

Fibre diameter determination

A Philips 525 M scanning electron microscope (SEM) was
used to determine fibre diameters. At least 20 fibres of each
type were selected at random and examined at three dif-
ferent magnification levels. Diameters were estimated for
each fibre by comparing with a standard SEM graticule.
The fibre diameters were found to be 12.1 4+ 0.5 um and
11.2 £ 0.7 pm for the PPTA and PBO fibres, respectively.

Single-fibre embedded model composite preparation

A square ‘picture-frame’ mould was used to prepare an
epoxy resin plate with isolated, embedded single-fibres.
PPTA and PBO single fibres were carefully cut into a
number of ~10 mm lengths. The square ‘picture frame’
mould was half filled with resin and allowed to cure par-
tially before the individual 10 mm fibre lengths, were
placed on the surface of the resin. The fibres were encap-
sulated by adding more resin to the mould. The mould was
then kept at room temperature for seven days in order to
allow complete curing of the epoxy resin. Individual
samples were machined from the square epoxy resin plate,
into dumb-bell test specimens, with the fibre axis lying
parallel to the tensile axis of the specimen, as shown in
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Fig. 1 Polymeric structures of (a) PPTA and (b) PBO fibres

Fig. 2. The gauge length and the thickness of the speci-
mens were 50 and 2 mm, respectively.

Synchrotron radiation diffraction methods
General background

Synchrotron radiation which is well known for its high
brilliance, deep penetration and microfocus capability, has
been widely used in different fields. An earlier study on
determining the crystal modulus of PBO fibres [10] dem-
onstrated the usefulness of synchrotron radiation and con-
firmed the potential of microfocus X-ray diffraction (XRD)
as a tool for monitoring deformation in oriented polymer
systems. The present study utilised a synchrotron XRD set-
up, on beamline ID13, at the European Synchrotron
Radiation Facility (ESRF). This beamline is configured
with a Kirkpatrick-Baez (KB) type mirror, and is colli-
mated using a piezo-based block system. This provides an
on-sample beam spot-size of approximately 5 pm, with a
radiation wavelength of 0.095 nm. A CCD detector with an
average pixel size of 257.79 um® was used to capture
diffraction patterns.

Experimental configuration—model composites

A miniature materials tensile testing rig was used for
sample deformation. The samples were fixed to the rig
using a grip mechanism with pins inserted through the
holes at either end of the dumbbell sample (shown in
Fig. 2) to limit slippage. Initially a small load was applied
to each sample to ensure it was mounted securely within
the grips, thus ensuring the position of the sample did not
change significantly during subsequent loading steps.
Deformation was applied to the samples in steps using a
manually controlled gearbox. The stress applied to the
sample, 0,pp, Was estimated from measurements of local
fibre stress, oy, near the middle of the fibre. By calculating
the fibre strain, ey, and assuming this to be equal to the
strain in the matrix [7],

En
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where E,, is the matrix modulus and o, is the matrix
stress.. The deformation at each step is subsequently
referred to in terms of a nominal applied load 0.
Diffraction patterns were generated along the embedded
fibre length at various levels of applied stress, and at 25 and
20 um intervals along fibres embedded in PPTA and PBO
composite samples, respectively. The diffraction patterns
retrieved for the model composite were a combination of
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Fig. 2 Schematic of a single- Applied Stress Fib 2 mm
fibre model composite q 1bre
-— N\ [
Applied Stress

epoxy and fibre patterns. It has been shown elsewhere how
the resin diffraction patterns for epoxy can be subtracted
from bulk patterns, leaving only the fibre layer lines, which
can be used for c-spacing determinations [5]. The same
method was employed in the present study. All diffraction
patterns were taken using an exposure time of 10 s. The
sample-to-film distance was calculated from the diffraction
pattern of an Al,O; calibration sample.

Determination of crystal strain

Analysis of the diffraction data was performed using the
FIT2D software application [10]. Radial profiles of inten-
sity as a function of distance, &, from the beam centre were
first generated along the meridional axis thus allowing the
positions of the fibre crystallographic reflections to be
determined. This enables the subsequent calculation of
lattice spacings in the fibre axis direction (commonly
referred to as c-spacings). These were calculated using one-
dimensional diffraction grating theory according to [11].

n;l
c=

e 8
sin [an 1 ()] (®)

where n; is the order of diffraction, 4 is the X-ray wave-
length, r is the sample-to-detector distance, and £ is the
reflection distance from the beam centre. A more detailed
description of a similar analysis procedure has previously
been reported elsewhere [12]. Crystal strain may then be
calculated as the change in lattice spacing during sample
deformation [13]. Calibration curves were obtained, from
single-fibre samples deformed on a custom built stress rig,
by recording diffraction patterns at incrementally increas-
ing levels of fibre stress.

Raman spectroscopy methods
General background

The samples used for the synchrotron experiment were
retrieved and the axial fibre stresses were mapped in a
similar fashion using Raman spectroscopy, which can be
used to measure stress variations along single fibres, such
as PPTA or PBO, embedded inside transparent epoxy
resins [14]. Both PPTA and PBO fibres possess strongly
deformation sensitive Raman bands located at 1610 and
1618 cm™, respectively [15]. This reflects the fact that in
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such materials macroscopic deformation of the fibres is
translated directly into the stretching of the covalent bonds
of the highly aligned molecules. Both peaks shift towards a
lower wavenumber when the fibre is experiencing tensile
stress, hence a Raman band shift rate can be obtained and
used as a calibration of deformation. The fibre stress, oy, at
a discrete point along a fibre embedded in a composite can
then be estimated by analysing a Raman spectrum taken
from that point and using the calibration to calculate the
appropriate value.

Experimental configuration—model composites

A Renishaw Raman spectroscopy system was employed in
this experiment. Raman spectra of single-fibres embedded
in model composites were taken using a 25 mW He-Ne
(632.8 nm) laser. A modified Olympus optical microscope
with a 50x objective lens was used, and the laser power
measured at the surface of the material was about 1.3 mW.
Each spectrum was obtained with a 2 s exposure time using
a highly sensitive Charge Couple Device (CCD) camera.
The single-fibre embedded model composites were
deformed using the same testing rig used in the synchrotron
experiments. As in the synchrotron XRD experiments, the
level of applied tensile deformation was observed by
monitoring the stress in the middle of the fibre, assuming
that the strain in the fibre is equivalent to the strain in the
matrix. Tensile deformation was carefully applied to the
sample in several steps. Raman spectra were recorded
along the embedded fibre length at various levels of applied
stress, and at 20 and 25 pm intervals along fibres embed-
ded in PPTA and PBO composite samples, respectively.

Deformation experiments
Synchrotron radiation
Stress calibration

Figure 3 shows typical diffraction patterns obtained for the
PPTA and PBO fibres in air, as used in this study. The
strong equatorial reflections and multiple meridional
reflections indicate a high degree of crystallite orientation
along the fibre axis and suggest good lateral packing of the
stiff-molecules within the fibre. The (002) and (004) layer
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Fig. 3 Synchrotron diffraction (a)

patterns for (a) a PPTA and (b)

a PBO fibre (004)
L

lines are visible in the PPTA diffraction pattern whereas
the PBO diffraction pattern exhibits well-defined (003),
(005) and (006) layer lines. It is these meridional reflec-
tions which are used to determine the axial crystal strain.
For PPTA only the well defined (004) reflection was used
to calculate c-spacing. However, for PBO it was possible to
improve the accuracy of the result by using both (005) and
(006) reflections. Due to constant corrections that were
required in order to maintain the beam alignment, small
changes in the beam centre position could occur. To
overcome this, reflections both above and below the beam
centre were used to extract peak position, and then an
average was taken. In this way, any small vertical changes
in beam position would be cancelled out. The results of the
axial fibre stress calibration and crystal modulus determi-
nation for PPTA and PBO fibres are shown in Fig. 4. The
PPTA crystal modulus, Ey._is reported to be approximately
220-290 GPa [16], which is consistent with the
224 £ 3 GPa result obtained in this study. As can be seen,
the PBO fibre has a crystal modulus of 469 £+ 7 GPa,
which is in good agreement with earlier estimates, which
report the value to be 430-460 GPa [11, 17]. The stress
calibrations obtained here are used to relate the crystal
strain to the stress in the fibre within the model composite.
The crystal modulus of both fibre types was found to be
significantly greater than typical Young’s modulus values,
E¢ =105 and 260 GPa, for PPTA and PBO, respectively.
This gives an indication of the influence of factors which
can cause a reduction in the measured tensile modulus of
the fibres, such as flaws, voids, impurities and poor crys-
tallite orientation.

PPTA—epoxy composite micromechanics

The axial fibre stress distributions for the PPTA single-fibre
embedded model composite, measured by synchrotron
XRD, are shown in Fig. 5. Measurements were made at
four different loading levels, each identified by an applied
stress, o,pp. Each point represents the stress derived from

an individual diffraction pattern, taken at a discrete point
along the fibre, some distance x from the fibre end.

The data shown in Fig. 5 demonstrate how the stress
distribution along the fibre changes when deformation is
applied to the sample. At 0,,, = 3 MPa the stress distri-
bution is approximately flat and close to zero. As the o,y is
increased through 17, 25 and 34 MPa, it can be seen that
the stress along the fibre also increases, rising sharply from
the fibre end before levelling off to a plateau value at some
distance x along the fibre. The plateau stress values of the
PPTA model composite at the initial loading levels are 0.1,
0.6, 0.9 and 1.2 GPa, respectively. These stress distribu-
tions, which are qualitatively similar to the shear-lag dis-
tributions described in section Stress transfer—elastic
model, indicate that the fibre/matrix interface is deforming
elastically and hence remains fully bonded. This correla-
tion is confirmed by the theoretical curves, calculated from
Eq. 1, fitted to the data in Fig. 5. The curves were adjusted
to give the best fit to the experimental data by varying the
shear-lag fitting parameter, n, which is listed within the
inset box, along with relevant material properties.

The corresponding interfacial shear stress distributions
derived using Eq. 3 are shown in Fig. 6. It can be seen that
in each case the interfacial shear stress is highest at the
fibre end, progressively tending to zero with distance x
along the fibre. Maximum 7; values at o,p, = 3, 17, 25 and
34 MPa in the PPTA model composite, were found to be 5,
18, 22 and finally 28 MPa, respectively.

PBO-epoxy composite micromechanics

The experimental data showing the variation in axial fibre
stress along a PBO single-fibre embedded in an epoxy resin
matrix, measured by synchrotron XRD, are presented in
Fig. 7. Deformation was applied in four steps and syn-
chrotron diffraction patterns were recorded as described in
section Experimental configuration—model composites. A
small amount of stress, 0.15 GPa, is induced in the fibre by
the residual deformation, o0,,, =2 MPa. However, the
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1 Gradient = 2.24 + 0.03 GPa / % crystal strain

Axial fibre stress, o, ( GPa )

0 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Crystal strain ( % )

14 Gradient = 4.69+ 0.07 GPa / % crystal strain

Axial fibre stress, o, ( GPa ) g
w

0 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Crystal strain ( % )
Fig. 4 Fibre stress calibrations of (a) PPTA and (b) PBO fibres

profile remains approximately flat. As o,y is increased
through 12, 16 and 24 MPa, the stress along the fibre can
be seen to rise sharply from the fibre end before levelling
off to a plateau value at some distance x along the fibre.
The plateau stress values of the PBO model composite for
each successive increase in o,,, are 0.15, 1, 1.4 and
2.1 GPa, respectively. The theoretical curves, calculated
from Eq. 1, also shown in Fig. 7, confirm that the stress

4.0

m 3\Pa Fitting
35| o 17mpa parameters
A 25MPa n-0.067

v 34MPa E, -3GPa
Shear-Lag Model E -105GPa

v, -0.35

3.0

2.5

2.0

1.5

1.0 +

Axial fibre stress, o. ( GPa )

0.5 4

0.0 -

T T T T
0 200 400 600 800
Position along fibre from free end, x (um)
Fig. 5 Stress distributions along a PPTA fibre embedded in an epoxy
resin matrix subjected to increasing levels of loading measured by

synchrotron radiation (fitting parameters for theoretical shear-lag
curves shown in box)
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Fig. 6 Interfacial shear stress distributions along a PPTA fibre
embedded in an epoxy resin matrix subjected to increasing levels
of loading (derived from theoretical shear-lag model in Fig. 5 using
Eq. 3)

distributions correlate well with the elastic shear-lag
analysis described in section Stress transfer—elastic mod-
el, thus indicating that the fibre/matrix interface remains
fully bonded. As before the curves were adjusted to give
the best fit to the experimental data by varying the shear-
lag fitting parameter, n, which is listed within the inset box,
along with relevant material properties.

Figure 8 shows the interfacial shear stress distributions
corresponding to the results in Fig. 7. The values of 1; for
Oapp = 2, 12, 16 and 24 MPa loading levels are 7, 31, 41
and finally 46 £ 5 MPa, respectively. The maximum value
of the shear stress (46.0 MPa) slightly exceeds the shear
yield stress of the resin [18], and corresponds to values
reported elsewhere for PBO/epoxy [19] systems. Since
there is no evidence of interfacial failure it can be assumed
there is a good interfacial bond between fibre and matrix,
however elastic stress transfer behaviour must be limited
by the onset of matrix plasticity and hence it is possible
that some limited matrix yielding has taken place very

4.0

1 m 2MPa Fitting
35 O 12MPa parameters
A 16MPa n-0048
V 24 MPa E, -3GPa
—— Shear-Lag Model E, - 260 GPa
v,-0.35

3.0 4

254

2.0 4
1.5

1.0 |

Axial fibre stress, o, ( GPa )

0.5 4

0.0 4

0 200 400 600 800
Position along fibre from free end, x (um)

Fig. 7 Stress distributions along a PBO fibre embedded in an epoxy
resin matrix subjected to increasing levels of loading measured by
synchrotron radiation (fitting parameters for theoretical shear-lag
curves shown in box)
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Fig. 8 Interfacial shear stress distributions along a PBO fibre
embedded in an epoxy resin matrix subjected to increasing levels
of loading (derived from theoretical shear-lag model in Fig. 7 using
Eq. 3)

close to the fibre end, which is beyond the resolution of the
present technique.

Raman spectroscopy
Single-fibre stress calibration

The measured stress induced band shift rates for the 1610
and 1618 cm™' Raman peaks, from PPTA and PBO fibres,
respectively, are presented in Table 1. These values were
used as a calibration of local deformation in the fibre
encapsulated within the epoxy resin matrix.

PPTA—epoxy composite micromechanics

The experimental data representing the variation in axial
fibre stress, measured by Raman spectroscopy, along the
fibre, in the same PPTA/epoxy single-fibre model com-
posite used for the synchrotron study (reported in section
PPTA-epoxy composite micromechanics), are presented in
Fig. 9. The measured length along the fibre was 800 pum,
with intervals of 20 pm between measurements. As with
the synchrotron experiment, deformation was applied in
four steps, 0,5, = 8, 20, 31 and 45 MPa. The use of Raman
spectroscopy to monitor the micromechanics gives similar
stress distributions to those obtained using the synchrotron
diffraction approach, with stress building up from the fibre
end before levelling off to a plateau value. In this case the

Table 1 Stress and strain induced Raman band shift rates for PBO
and PPTA fibres

Fibre type Stress-induced shift Strain-induced shift
rate (cm’I/GPa) rate (cm’l/%)

PPTA -39+03 -3.6+03

PBO -3.1+02 -75+04

= 8MPa Fitting
3.5 o 20 MPa parameters

: A 31MPa n-0.067

v 45MPa E, -3GPa
3.0 - | =——shear-Lag Model E, -105GPa
v, 0.35

Axial fibre stress, o, ( GPa))

0 200 400 600 800
Position along fibre from free end, x (um)

Fig. 9 Stress distributions along a PPTA fibre embedded in an epoxy

resin matrix subjected to increasing levels of loading measured by

Raman spectroscopy (fitting parameters for theoretical shear-lag
curves shown in box)

plateau values for each of the applied stress levels are 0.3,
0.7, 1.1 and 1.6 MPa, respectively. It was possible to fit the
experimental data, using typical fitting parameters, with the
theoretical shear-lag model up to 0,5, = 31 MPa, thus
indicating the stress transfer is taking place elastically.
Thereafter, a short linear region in the stress distribution,
extending from the fibre end over a distance of about
80 pm, can be seen to develop, when o, is increased to
45 MPa. The linear region indicates the onset of inelastic
behaviour such as matrix yielding or fibre/matrix debond-
ing. Equations 5 and 6 have been used to generate and fit
the experimental data with the theoretical partial-debond-
ing model, first described by Piggott [9]. It should be noted
that the level of applied deformation is higher than that
applied during the synchrotron experiment.

Detailed interfacial shear stress distributions for each
level of applied deformation are shown in Fig. 10. The
maximum interfacial shear stresses for each deformation
step are 3.9, 18, 29 and 27 £ 3 MPa, respectively, and are
good in agreement with the synchrotron data. In the
inelastic region, indicated in Fig. 10, it can be seen that the
interfacial shear stress is estimated to be 24 MPa. The
small drop in 1 (at o,,, = 45 MPa) from the maximum
value of 27-24 MPa in the inelastic region seems to indi-
cate that a yielding process has been initiated.

PBO—-epoxy composite micromechanics

The experimental data representing the variation in axial
fibre stress, measured by Raman spectroscopy, along the
fibre in the same PBO/epoxy single-fibre model composite
used for the synchrotron study (reported in section PBO-
epoxy composite micromechanics), are presented in
Fig. 11. Four different levels of applied matrix stress,
Oapp = 3, 16, 22 and 33 MPa, were used in order to com-
pare with the synchrotron diffraction results. The overall
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Fig. 10 Interfacial shear stress distributions along a PPTA fibre
embedded in an epoxy resin matrix subjected to increasing levels
of loading (derived from theoretical shear-lag model in Fig. 9 using
Eq. 3)

length of fibre mapped was 850 pm at intervals of 25 pum.
As with the PPTA samples, the measured data representing
variation of axial fibre stress, obtained using Raman
spectroscopy are consistent with those measured by syn-
chrotron diffraction. Axial fibre stress distributions for each
successive deformation level reach plateau values of 0.3,
1.4, 1.9 and 2.9 GPa. In this case it was possible to use the
theoretical elastic stress transfer curves to fit the experi-
mental data, using typical fitting parameters, up to
Oupp = 22 MPa. During the final deformation step,
Oapp = 33 MPa, there is clear evidence of a significant re-
gion of interfacial failure, characterised by a linear inelastic
region in the stress distribution, which can be clearly
identified. The length of the inelastic region is approxi-
mately 75 um. It can be seen that the theoretical partial-
debonding curve [9] fits the data well. The applied stress at
which the inelastic behaviour occurs, o,,, = 33 MPa, is
higher than the maximum applied during the synchrotron
experiments.

4.0
] m 3MPa Fitting
354 O 16MPa parameters
—_ O A 22MPa n-0.048
© 1 v 33MPa J E,-3GPa
% 3.0 4 | ——sShear-Lag Model v E, - 260 GPa
§ 254
g 4
o 204
=
5 ]
® 154
2
=
T 1.0
054 L o™ " AEmE ann® = u
] — i
]
0.0 4 ./.M-'—.* -

0 200 400 600 800
Position along fibre from free end, x (um)

Fig. 11 Stress distributions along a PBO fibre embedded in an epoxy
resin matrix subjected to increasing levels of loading measured by
Raman spectroscopy (fitting parameters for theoretical shear-lag
curves shown in box)
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Fig. 12 Interfacial shear stress distributions along a PBO fibre
embedded in an epoxy resin matrix subjected to increasing levels

of loading (derived from theoretical shear-lag curves in Fig. 11 using
Eq. 3)

The corresponding interfacial shear stress distributions
are shown in Fig. 12. The maximum interfacial shear
stresses obtained using this method were 8, 24, 33 and
38 4+ 4 MPa. These results are in line with previous exper-
iments on PBO/epoxy systems [19]. By contrast to the PPTA/
epoxy system, there is a larger drop in interfacial shear stress
(at o4pp = 33 MPa) from a maximum value of 43-23 MPa.
In this case, the size of the drop appears to indicate that
interfacial failure is due to fibre/matrix debonding.

Conclusions

High quality synchrotron diffraction patterns acquired
using the XRD set-up have been obtained for single high
performance polymeric fibres. By correlating crystal strain
data derived from these patterns with the applied fibre
stress is has been possible to construct calibration curves,
for use in evaluating the stress distributions along fibres,
within model composites. The crystal moduli estimated
from the calibration curves were 224 and 469 GPa for the
PPTA and PBO fibres, respectively. Axial fibre stress dis-
tributions were successfully obtained by synchrotron XRD.
The data obtained show the micromechanical behaviour of
the fibre/matrix interface, which is typical of elastic stress
transfer for PPTA and PBO fibre model composites. This
observation was further substantiated, by a good correla-
tion between the experimental data and theoretical curves
representing classical shear-lag analyses.

Both the PPTA and PBO single-fibre embedded model
composites were retained and subsequently re-examined
using a Raman spectroscopy approach to stress mapping.
By determining the Raman band shift rate, the axial fibre
stress distribution along the fibres was obtained. At similar
levels of applied deformation good agreement was found
between the Raman and synchrotron XRD data.
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Fig. 13 Comparison of the maximum interfacial shear stress for the
Raman and synchrotron methods of determination for (a) PPTA and
(b) PBO fibre-based samples

Distributions of interfacial shear stress derived (and fitted
to each data set) using Eq. 4 from the theoretical shear-lag
analyses, allowed comparison of the maximum interfacial
shear stresses obtained using the synchrotron and Raman
techniques. These results, which are summarised graphically
for PPTA and PBO specimens in Fig. 13a, b show there is
good correlation between the two techniques.

Localised, but significant debonded regions were found
in both PPTA and PBO single-fibre embedded model
composites whilst conducting the Raman spectroscopy
experiments. These are thought to be as a consequence of
repeated deformation of the samples to higher stress after
the synchrotron analysis.

Finally, it can be concluded that the potential of syn-
chrotron XRD as a tool for monitoring micromechanical
behaviour in fibre reinforced composite materials has been
successfully demonstrated. This is attributable to the ability
to generate high quality diffraction patterns from single
high performance rigid-rod polymer fibres, such as PPTA
and PBO. Raman spectroscopy has provided the essential
confirmation of the validity of the synchrotron radiation
approach and vice versa.
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