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A Raman study into the effect
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Thermal stresses have been measured in single carbon fibre polypropylene matrix
composites using micro Raman spectroscopy. The study focuses on the influence of a
transcrystalline interlayer on the thermal residual stress distribution in composites. A series
of three experiments were made in order to systematically study the influence of thermal
history, transcrystalline interlayer thickness and matrix supermolecular structure. From the
experiments it was shown that the transcrystalline interlayer results in higher thermal
residual shear stress. This was explained by anisotropy in the transcrystalline interlayer
resulting in higher radial thermal expansion and thus higher radial stress.
C© 2003 Kluwer Academic Publishers

1. Introduction
Thermal stresses in a fibre reinforced composite are de-
termined by the interaction between the solidifying ma-
trix and the fibre. In composites with a semicrystalline
matrix solidification isassociated with crystallisation.
In semicrystalline thermoplastic matrix composites
transcrystallisation often takes place. Transcrystallisa-
tion occurs when spherulites are heterogeneously nu-
cleated on the fibre surface. As the spherulites impinge
theygrow radially from the fibre forming the transcrys-
talline interlayer. This phenomenon has been observed
in several commercial semicrystalline matrices such
as polyetheretherketone, polypropylene, polyethylene,
polyphenylenesulphide and polyamide [1–18]. Factors
that may influence the heterogeneous nucleation are the
surface energy of substrate, adsorption of molecular en-
tities, epitaxity, melt time and temperature, cooling rate
and flow field [1, 2, 19]. Experimental studies on sin-
gle fibre polypropylene (PP) matrix composites have
shown that transcrystallisation increases the efficiency
of stress transfer at the fibre-matrix interface [20–22].
Consequently the presence of a transcrystalline inter-
layer affects the thermal stresses as well as the redistri-
bution of stresses during subsequent mechanical load-
ing. However the mechanisms governing this increased
stress transfer in the presence of the transcrystalline
interlayer have not yet been clarified. In composites
with apolar matrices such as PP stress transfer is of a
frictional nature governed by secondary van der Waals
bonds [24, 25]. In such systems stress transfer may be
described in terms of a Coulomb frictional type where
the coefficient of “friction” relates to physiochemical
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interactions at the interface. An enhanced stress transfer
due to transcrystallinity may then be due to an increased
coefficient of “friction” as a result of the heterogeneous
nucleation or due to increased residual compressive
stresses at the interface due to anisotropy of the tran-
scrystalline interlayer.

This paper describes a systematic study into the effect
of transcrystallisation on the thermal stresses in com-
posites. The experimental study utilises Raman spec-
troscopy. Using this technique it is possible to measure
thermal stress distribution pointwise within embedded
single fibres and thus to determine the interfacial shear
stress distribution. The purpose of the study is to pro-
vide further experimental evidence of the mechanisms
governing stress transfer in the presence of a transcrys-
talline interlayer.

2. Experimental
2.1. Materials and sample preparation
Two grades of isotactic polypropylene were used as ma-
trix. These differed only by their rheological behaviour
with melt flow indices (MFI) of 14 (PPa) and 5.5 (PPb).
Single fibre composites were prepared by placing a
fibre, approximately 1 mm in length, between two
polymer films of 80–100 µm in thickness (Fig. 1). The
fibre used was a PAN based high modulus carbon fibre
(350 GPa). The fibre was thoroughly cleaned to remove
any sizing and subsequently dried under vacuum.

The assembly was placed on a thin glass slide covered
with a thin layer of silicon oil and placed in a Linkam
THMS600 thermal stage. The sample was melted at
205◦C for 5 min. The influence of heat transfer from

0022–2461 C© 2003 Kluwer Academic Publishers 597



T ABL E I Materials and sample preparation

Matrix Sample preparation

PPb Quenched
PPb Isothermal crystallisation 125◦C, 1min
PPb Isothermal crystallisation 125◦C, 5min
PPb Isothermal crystallisation 130◦C, 60min
PPa Constant cooling rate 10◦C/min
PPb Constant cooling rate 10◦C/min

Figure 1 Manufacturing of single fibre composites utilising the thermal
stage.

Figure 2 Raman spectrum acquisition using Raman microprobe (ω0:
laser frequency, ω: Raman frequency, �ω(ε): Raman band shift with
strain).

the exposed surface was determined using a thermo-
couple and read-out values were corrected accordingly.
The composites were cooled at constant cooling rates or
isothermally crystallised. Details of the sample prepa-
ration are given in Table I.

2.2. Raman spectroscopy
Thermal stresses were measured using Raman spec-
troscopy. The sample was placed on a motorised and
computer controlled XYZ-stage and the laser was fo-
cused confocally in the fibre through a ×50 objective to
obtain a laser spot of approximately 2 µm in diameter.
This enables Raman spectra to be recorded at different
points on the fibre and thus to determine the thermal
stress distribution along the fibre (Fig. 2).

The 2660 cm−1 second-order peak was used to de-
termine stress in the fibre. The Raman band shift with
compressive strain for this band has previously been
determined to −19.98 cm−1/% [26]. Axial stress in the
fibre was calculated as σ = E f ε where E f = 350 GPa
is the longitudinal Young’s modulus of the fibre.

2.3. Data analysis
Experimental data were fitted to a partial elastic shear-
lag distribution

σ f
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The in-elastic stress transfer may either be frictional
slip or yielding. The parameters of Equation 1 are
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E f = fibre modulus, r f = fibre radius, rm = matrix
radius, ε∞ = farfield thermal strain, z′ inelastic stress
transfer, f = fibre volu and L = fibre length.

Equation 1 can be written in a simple form
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Thus the shear-lag solution can be fitted to experimental
results by determining the constants τ f , z′, C1, C2, C3
through a least squares analysis.

From the experimental fit the shear stress was calcu-
lated by differentiation as

τ f
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2
r f dσ

f
z

dz
(3)

3. Results and discussion
Fig. 3 shows the microstructure of samples that have
been quenched from melt or isothermal crystallised.
In the isothermal crystallised sample a transcrystalline
interlayer has been formed. Fig. 4 shows the thermal
stress distribution for these two samples. The stress
distribution indicates an in-elastic stress transfer for
z < 350 µm and elastic stress transfer for z > 350 µm.
The interfacial shear stress in the slip zone was found
to be 5.31 MPa for the transcrystalline sample and
3.66 MPa for the quenched sample. These values are
much lower than the shear yield limit of PP (≈15 MPa)
indicating that the stress transfer in the in-elastic zone
is frictional slip. This increase in stress transfer in
the presence of a transcrystalline interlayer may either
be related to the increased radial pressure or an increase
in the “frictional” coefficient. Brady and Porter /20/
have shown that the adsorption rather than the heteroge-
neous nucleation explains the increase in adhesion. Ad-
sorption is primarily governed by MW and melt-time/
temperature. These parameters were the same for the
two systems of Fig. 4. Thus the increase in interfacial
adhesion in the case of transcrystallisation is probably
due to an increased radial stress at the interface.
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Figure 3 Microstructure of sample isothermal crystallised at 130◦C followed by quenching and sample quenched directly from the melt.

Figure 4 Thermal stress distribution in fibre: (A) Isothermal crystallised sample and (B) Compared with quenched sample (data regressions).

Figure 5 Influence of thickness of transcrystalline interlayer: (A) Experimental data and (B) Data regression (numbers on graphs indicate approximate
crystallisation time/interlayer thickness.

To further investigate the transcrystalline phe-
nomenon samples were prepared with transcrystalline
interlayers of different thicknesses (different crystalli-
sation times) (Fig. 5). The increased stress transfer effi-
ciency with increased thickness of the transcrystalline
interlayer supports the conclusion that the influence of
the transcrystalline interlayer is due to increased ra-
dial stress rather than an adhesion phenomena. An in-
crease in radial compressive stress may either be due to
different properties of the transcrystalline interlayer as
compared to the bulk morphology. As spherulites pref-
erentially grow radially to the fibre, the transcrystalline
interlayer must be anisotropic due to the mechanical
and thermal anisotropy of the crystal unit cell [27, 28].
However the increase in radial stresses may also be
due to the different thermal history to which the sam-

ples have been subjected. The isothermally crystallised
sample solidifies readily upon quenching from the crys-
tallisation temperature, whereas the quenched sample
will solidify at a significantly lower temperature due
to the influence of cooling rate on crystallisation. Thus
the isothermally crystallised sample will have a higher
stress free temperature, which will affect the residual
normal stress at the interface.

Fig. 6 shows the microstructure of two samples with
different matrices, PPa and PPb, cooled at 10◦C/min.
In the PPa matrix system spherulites are not heteroge-
neously nucleated. As these samples have been sub-
jected to the same cooling rate, the morphology only
differs by the presence of the transcrystalline interlayer
in the PPb matrix composites, whereas the bulk mor-
phologies are similar. Fig. 7 shows the thermal stress in
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Figure 6 Morphology of HM-PPa (spherulitic) and HM-PPb (transcrystalline) cooled at 10◦C/min.

Figure 7 Stress distribution in PPa and PPb matrix composites cooled
at 10◦C/min, (A) PPa, (B) PPb, and (C) Comparison of data regressions.

the fibre of PPa and PPb systems cooled at 10◦C/min.
Thus the increase in stress transfer efficiency must pri-
marily be due to the presence of an anisotropic tran-
scrystalline interlayer.

4. Conclusions
Thermal stresses have been measured in polypropy-
lene matrix composites using micro Raman spec-
troscopy. The existence of a transcrystalline interlayer

increases the residual shear stress by causing a more
efficient stress transfer. The experimental results, as
well as previous studies, conclude that stress transfer in
polypropylene matrix composites is governed by fric-
tion. In this case stress transfer is governed by radial
stress and coefficient of friction. The explanation for
the increase in interfacial shear stress in the presence
of a transcrystalline matrix was explained by increase
in radial stress as result of the anisotropic nature of the
transcrystalline interlayer.
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