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Abstract. Intra-ply shear is an important mechanism in hot stamp forming processes of UD fibre reinforced thermoplastic
laminates. Various methods have been developed to characterise this shear mechanism, but measured properties may differ
for several orders of magnitude. Therefore, an alternative methodto characterise the longitudinal shearing viscosity is
presented. Straight fibre reinforced thermoplastic bars with a rectangular cross section are subjected to torsional loadings. The
specimens’ response can be used to characterise the shear properties of the fibre reinforced polymer melt. Different geometries
and clamping conditions were modelled to show the sensitivity of the measured viscosity. Based on this, experiments
were performed with thick bars with a PEI-AS4 and PEEK-AS4 composition. Frequency sweeps were applied at different
temperatures. All measurements showed a clear shear thinning behaviour, which can conveniently be described with a power
law model.
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INTRODUCTION

Simulation tools for the stamp forming process of uni-directional (UD) fibre reinforced thermoplastics aim to reduce
the number of optimisation cycles during the development phase of a product. Constitutive models are needed to
describe the occurring deformation mechanisms, such as intra-ply shear, ply-ply and tool-ply friction, and out-of-
plane bending. These models subsequently require reliablematerial property data and corresponding characterisation
methods.

The well accepted Ideal Fibre Reinforced Newtonian fluid Model (IFRM) can be utilised to describe the deformation
behaviour of a UD fibre reinforced Newtonian polymer melt [1]. This continuum theory assumes incompressibility and
fibre-inextensibility. The stress tensor is expressed as:

σ =−pI+T~a~a+2ηT D+2(ηL −ηT )(~a~a ·D+D ·~a~a), (1)

in which p is a hydrostatic pressure,T represents an arbitrary fibre stress,~a is a unit vector that represents the
fibre direction, andD is the rate of deformation tensor. The parametersηT and ηL represent the transverse and
longitudinal shearing viscosity of the UD reinforced ply respectively, and are related to the shearing mechanisms
of a fibre reinforced viscous fluid as discussed in [2, 3].

The published methods for intra-ply shear characterisation result in distinctly different material parameters, as
was summarised clearly in [2]. For example, a difference of several orders of magnitude was found between plate-
plate rheology and picture frame experiments. Stamp forming simulations in which the magnitude of these shearing
properties was varied resulted in different predictions ofprocess induced defects [4]. Therefore, the development of
an alternative shear characterisation technique is desired. The method in this paper deals with a straight rectangular
bar that is subjected to a torsional load. The material is assumed to be a fibre reinforced polymer melt. The applied
torque and the resulting deformation of the bar are related by its shearing properties. Analyses in the next sections will
clarify the relation between the longitudinal viscosity and the torsional loadings. Characterisation experiments will be
performed with a standard rheometer in oscillatory mode. Oscillating loadings and the effect of clamping conditions
will be studied. Two composite systems will be characterised to demonstrate the use of this technique.



TORSION OF RECTANGULAR BARS

Consider a torsionally loaded rectangular straight bar of lengthL, width w, and thicknesst, as shown in figures 1a
and 1b. Assume that an unknown material propertyG is uniform over the entire cross section of the bar and that both
bar ends are free to deform. This implies that bulging of the cross section is uniform over the length of the bar. The
unknown propertyG can be determined if the shear stress and the shear strain at an arbitrary point in the cross section
are both known. If we choose a point where these quantities have a maximum, namely at (y = 0, z = t/2), it can be
shown that [5]:
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where only theσxy andγxy components contribute to these maxima. These relations imply that a measured torqueM
and rotation angleφ , can be related to a shear stress and its associated shear strain, respectively. The unknown material
parameterG can now be determined asG = τmax/γmax.

Now suppose that an oscillating rotation angleφ = φ0sin(ωt) with angular frequencyω is applied to the straight bar
in figure 1a. Then generally a torsional response of the formM = M0sin(ωt + δ ) will be measured. The phase angle
δ appears in case of materials with viscous properties. Usingequations (2) and (3), the oscillating rotation angle and
torsional response can be converted to an oscillating shearstrain and shear stress with amplitudesγ0,max andτ0,max,
respectively. Then the conventional dynamic shear modulusand apparent viscosity can be defined as:

G′ =
τ0,max

γ0,max
cosδ η ′ =

1
ω

τ0,max

γ0,max
sinδ (4)

Note that the material parameters are assumed to be uniform over the entire rectangular cross section, such that these
relations are only valid for materials with linear elastic and/or shear rate independent viscous behaviour (Newtonian
fluids).

Clamping Sensitivity

Imposing a torsional load requires clamps near both ends of the fibre reinforced straight rectangular bar to transfer
the forces (figure 2a). As a worst case scenario, it is assumedthat the clamping conditions imply a restriction of
bulging near both bar ends. For this situation, it was shown in [3] that the total torque is mainly carried by the fibres.
This results in an over-estimation of the longitudinal viscosity. The AniForm finite element package [6] was utilised
to relate the deviationη ′/ηL to the thicknesst of the bar.

The IFRM model (1) was used to describe the material behaviour. A fibre stiffness ofE f = 134GPa was used. The
longitudinal and transverse viscosities were assumed equal and dimensions ofL = 47 andw = 13mm were used. A
mesh with quadratic tetrahedrae was used to model the straight bar. Boundary conditions were applied as indicated in
figure 1b. An oscillating rotation angleφ = φ0sin(ωt) with φ0 = 0.3◦ was imposed by prescribing the DOFs of the
upper surface iny- andz-direction, whereas these DOFs of the lower surface were allsuppressed. Torsional responses
were extracted from the solution and the apparent viscosityη ′ was determined by using equations (2)-(4).

Results for different thicknessest and several angular frequenciesω are shown in figure 1c. The apparent viscosity
deviates around two orders of magnitude from the longitudinal viscosity, for small thicknesses. This deviation reduces
with increasing angular frequency. The deviation also reduces for an increasing thickness of the rectangular bar.
Additionally, increasing the angular frequency shows a little effect on the deviation for an increasing thickness. The
deviations are small for straight bars without the uni-directional reinforcement, as shown by the dashed line. Suppose
that specimens with dimensions ofL = 47,w = 13, andt = 10mm are used in practice. According to the plotted graphs
in figure 1c, the measured apparent viscosityη ′ will at most deviate 25% from the actual longitudinal viscosity ηL.
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FIGURE 1. (a) Schematic representation of the UD reinforced straight bar. (b) Finite element mesh to model the straight bar.
(c) Deviation of the apparent viscosity with the longitudinal viscosity as a function of the thickness of the straight bar.

RHEOLOGICAL EXPERIMENTS

Longitudinal viscosities were measured for two thermoplastic composite materials. CETEX Thermo-Lite® pre-
preg materials from Ten Cate were used: a polyether ether ketone (PEEK) semi-crystalline polymer with an AS-4
carbon fibre reinforcement and a polyetherimide (PEI) amorphous polymer with an AS-4 carbon fibre reinforcement.
Laminates were produced by stacking 80 equally orientated layers of the pre-preg material in a framed mould.
Temperature and pressure cycles were applied, as instructed by the pre-preg manufacturer. Rectangular specimens
as shown in figure 2b were subsequently cut from the laminate with a diamond wheel saw and dried in a vacuum oven
at 80◦C for at least 48 hours. Additional information can be found in Table 1.

Measurements were conducted by using an Anton Paar MC501 rheometer. Figure 2a shows a specimen that is
mounted by a lower static fixture, and an upper movable fixturethat transfers the torque from a controlled motor to
the specimen. These standard fixtures (SRF12) for rectangular bars were slightly modified with two socket head cap
screws. These screws transfer a clamping force to a guided plate that exerts a more evenly distributed clamping pressure
on the specimen. Each specimen was clamped by tightening thescrews gently until contact of the guided plate with
the specimen was established. Since the specimens are tested at high temperatures and become viscous, high clamping
pressures are avoided to prevent for squeeze flow mechanismsbetween the clamps. The clamping conditions will also
change during the measurements due to thermal expansion of the specimen.

Five specimens per composite system were tested in a nitrogen environment at three distinct temperatures, within
the range of stamp forming temperatures. Measurements werestarted, once the desired testing temperature and a
steady state temperature distribution were reached (in approximately 10 minutes). In that case, temperature deviations
of ≈10◦C between the skin and points A and C in figure 2b, and≈5◦C between the skin and point B were observed.
An 0.1N compressive normal force was controlled during heating to compensate the change inL due to thermal
expansion. For each specimen and testing temperature, rotation angle sweeps with 0.05◦ ≤ φ0 ≤ 0.3◦ at an angular
frequency ofω = 6.28rad/s were performed. Since the apparent viscosityη ′ and the dynamical shear modulusG′

TABLE 1. Details of the carbon fibre reinforced thermoplastic specimens at room temperature.

Polymer properties
Thermoplastic t w L Fibre volume Glass transition Melting temperature
-Fibre [mm] [mm] [mm] fraction temperature Tg[◦C] Tm[◦C]

PEI-AS4 10.7± 0.05 13.0± 0.1 47.1± 0.15 ≈61.0% 215 -
PEEK-AS4 11.0± 0.05 13.0± 0.1 46.7± 0.15 ≈59.3% 143 343
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FIGURE 2. (a) Fixture with a mounted specimen. LengthL indicates the length between the clamps, not the specimen’s length.
(b) Typical geometry of the specimens. Temperature deviations were evaluated within the specimen near points A, B, and C.
(c) Deconsolidation processes result in change of the straight rectangular geometry. Typically,w∗ ≈ 1.03w, andt∗ ≈ 1.15t.

remained constant, subsequent frequency sweeps were conducted with φ0 = 0.3◦ to gain sufficient resolution for
torque amplitude readings.

Figure 3 shows the results of both composite systems. Initially, tests 1© were performed in the lower temperature
range. Thereafter, tests2© were performed in a medium temperature range, followed by tests 3© in a high temperature
range. In the particular case of the semi-crystalline polymer PEEK, specimens were cooled down and tested4© in
the lower temperature range again. The results show the apparent viscosity according to equations (2)-(4). The solid
lines represent upper bound viscosities for the specimen’soriginal geometry withw and t, as shown in figure 2b.
Deconsolidation processes that occur aboveTg result in a change of geometry as show in figure 2c. The dashed lines in
figure 3 assume a specimen geometry that is a straight bar witha rectangular cross section ofw∗ timest∗, resulting in
a lower bound ofη ′. This geometry change gives rise to a 30% decrease ofη ′ at most. Apart from this, the specimen’s
lengthL∗ was continuously updated in these calculations. Note that all plotted apparent viscosities are at most 25%
larger than the actual longitudinal viscosity, as concluded from the clamping sensitivity study.

All graphs show a decreasing apparent viscosity for increasing angular frequencies. This is generally referred to
as shear thinning behaviour and can be described with a powerlaw model. Comparing the low with the medium
temperature range, a small decrease ofη ′ can be observed for both composite systems. Nevertheless, this decrease is
somewhat larger for the PEEK-AS4 system. A negligible change in viscosity is found by comparing the results of the
medium with the high temperature range. Cooling down the PEEK-AS4 specimens to the initial testing temperature
again 4©, results in a lower viscosity than the initial measurements. It is likely that a semi-crystalline structure for tests
1© was still present, whereas the crystallites were entirely molten for the tests2© and 3© at higher temperatures. These
processes did not appear for the PEI-AS4 specimens due to theamorphous structure of the polymer.

DISCUSSION

Figure 3 shows the previously mentioned apparent viscosityη ′ of the reinforced systems, as well as the steady shear
viscosityη of the neat thermoplastics [7]. The empirical Cox-Merz rulemay be applied to translate the neat steady
state viscosities to the magnitude of the complex dynamic viscosity, namelyη(γ̇)≈ |η∗(ω)|. The magnitudes of both
viscosities in figure 3 cannot be compared directly, becauseη ′ is the real part ofη∗. However,|η∗| was only slightly
higher thanη ′ for all cases such that a large difference betweenηL and the neat viscosityη can still be concluded.
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FIGURE 3. Apparent viscosity as a function of angular frequency for five PEI-AS4 specimens (left hand-side figures), and five
PEEK-AS4 specimens (right hand-side figures). Rotation angle amplitudes ofφ0 = 0.3◦ were used. Due to a temperature distribution
Ts within the specimen, actual corrected temperatures are shown in the figures. The encircled numbering indicates the sequence of
testing. Note that all plotted apparent viscositiesη ′ are at most 25% larger than the actual longitudinal viscosityηL, as concluded
from the clamping sensitivity study. The lower solid lines show steady shearviscositiesη of the neat thermoplastics [7].

It is also interesting to compare the slopes ofη ′(ω) andη(γ̇) in figure 3 (the experiments showed equal slopes for
η ′ and|η∗|). Both composite systems show slopes of≈−0.9 for η ′. For the associated range of shear rates, the neat
resin viscositiesη are within the Newtonian plateau or in the transition regionto a viscosity with power law behaviour.
The slope ofη(γ̇) in the power law region is almost equal to the slope ofη ′(ω) for the PEI-AS4 system. This is clearly
not the case for the PEEK-AS4 system.

For both composite systems, the slope of≈ −0.9 for η ′ suggests almost rigid plastic behaviour. This implies a
nearly constant (slighty increasing) shear stress and torque in the range of the plotted angular frequenciesω. The
experiments showed a nearly constant torque (andG′ from (4)) indeed. So far, it is hard to relate the characteristics
of the neat thermoplastic properties to those of the reinforced systems, such as the Newtonian plateau. Additionally,
there was no clear match between the slopes of the PEI-AS4 andPEEK-AS4 systems and their neat counterparts in
the power law region.

It must be noted that all results are not corrected for the shear thinning behaviour. The viscosities were determined



with equations (2)-(4), which were based on uniform material properties over the entire rectangular cross section. Cor-
rections need to be applied to account for the non-uniform material properties, such as the Weissenberg-Rabinowitch
correction.

CONCLUSIONS

The IFRM model can be used to describe the constitutive behaviour of UD fibre reinforced thermoplastic melts.
The material can be described with two characteristic viscosities. A novel characterisation technique to determine
the longitudinal viscosity was presented in this paper. Applying oscillatory torsional loads to a straight bar with a
rectangular cross section allows for its determination. Relations to determine this viscosity were shown. Uniform
material properties over the entire specimen’s cross section were assumed.

Finite element analyses were employed to investigate the deviation of the measured apparent viscosity, with respect
to the longitudinal viscosity. A clamping situation that prevents both bar ends to bulge was modelled for different
specimen geometries. Thicker rectangular bars show a rapidly decreasing deviation of the apparent viscosity. For
the considered specimens, the measured apparent viscosityη ′ will deviate 25% at most from the actual longitudinal
viscosityηL.

Experiments were performed with PEI-AS4 and PEEK-AS4 specimens. Based on the clamping sensitivity study,
thick rectangular specimens were produced and tested by means of a standard rheometer device. Five specimens
per composite system were tested at three distinct temperatures. Small standard deviations were found, indicating
the consistency of this characterisation method. Deconsolidation processes of the specimens occurred. Lower and
upper bound viscosities were determined to account for thischange in geometry. The lower bound shows 30% lower
viscosities than the upper bound. Shear thinning mechanisms were clearly present for each situation and can be
described with a power law viscosity model with relative ease.

The viscosity determination was based on the assumption of uniform material properties over the entire rectangular
cross section of the specimen. Future work requires the correction of the experimental results to account for the shear
rate dependent viscosity. Additionally, a translation from apparent to steady shear viscosities needs to be established.
The possibility to translate the considered small strain tolarge strain deformations will also be assessed. Finally, the
possibility to characterise the transverse viscosity willbe considered by using differently oriented plies within the
specimen.
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