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Abstract

The anisotropic rheology of a model composite consisting of a termperature-sensitive
viscous liquid matrix reinforced by aligned and virtuaily inextensible fibres of Nylon has
been studied using a custom-built linear oscillator. The composite was characterised
dynamically both along and transverse to the fibre direction over a wide range of
frequencies for different fibre volume concentrations. Towards the limit of zero-shear
the composite was found to exhibit a yield stress. The temperature dependence of the
matrix dynamic viscosity was used to study the dependence of the longitudinal and
transverse dynamic viscosities of the composite on the dynamic viscosity of the matrix.
The dependence of the composite dynamic viscosities on fibre volume concentration are
compared with models of the steady shear dependence for aligned fibre systems that have
been reported in the literature.

Keywords : anisotropic ; fibre volume concentration ; yield stress.

1 Introduction

One inherent property of a continuous fibre reinforced composite is that of anisotropy. The
extent of the anisotropy is governed by the degree to which the fibres can be stretched together
with their orientation within the matrix phase. In the special case where the fibres are highly
inextensible and aligned the composite 1s strongly anisotropic with principal directions along
and transverse to the fibres.

In an earlier paper [1], we reported on experiments to characterise the rheology of a
strongly anisotropic model composite consisting of Nylon fibres in a viscous liquid matrix
of Golden Syrup. In those experiments samples of the composite were subjected to small
amplitude oscillatory shear both parallel and transverse to the fibre direction using the linear
oscillator designed and built by Jones and Wheeler [2]. Longitudinal and transverse dynamic
moduli were measured over two decades of frequency (1rad/s — 100rad/s) for different
fibre volume concentrations. Preliminary results indicated that the ratio of the longitudinal
dynamic viscosity 77, to the transverse dynamic viscosity 7y varied significantly with the

volume concentration of the fibres. At a concentration of fifty-five percent, 77 was found
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to be approximately equal to 77 whereas for lower concentrations 77 was greater then |
and vice-versa for higher concentrations. These observations showed consistency with i§
experimental findings of Groves et al [3]. The dependence of 77 and n7 on fibre volus
concentration were compared with models of the steady shear dependence for aligned His
systems put forward by Christensen [4] and Pipes [5].

The key objectives in this paper are to clarify the above results and to extend &
experimental work to incorporate lower frequencies. The behaviour of the Nylon il
reinforced Golden Syrup towards the limit of zero-shear is of particular interest as i
composite appears to exhibit a yield stress. A similar yield stress has been observed for hig
modulus carbon fibre reinforced thermoplastic composites in their molten state [3], [6]+{ 1

2 Experiments

2.1 Apparatus

The linear oscillator used for the experimental investigations is shown in Fig. 1; a details
account of the way it operates has been given by Jones and Wheeler [2]. The instrument i
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Figure 1: Schematic diagram of linear oscillator

been tested with isotropic materials and the results show excellent agreement with data giy
by standard commercial rheometers.
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2.2 Fibre and matrix materials for the model composite

The basic ingredients for the model composite were a temperature-sensitive Golden Syrup
liquid, Newtonian in behaviour and of viscosity 70Pa.s at 20°C, and an abundant supply
of straight, inextensible Nylon fibres with mean diameter 0.2mm, length 39mm and density
1.35gem™2.

2.3 Sample construction

A sample of the composite was constructed by coating a pre-determined quantity of the Nylon
fibres with Golden Syrup, before carefully arranging the assembly on the lower plate of the
linear oscillator such that it was uniformly distributed and free from fibre misalignments. The
upper plate of the instrument was then lowered to the chosen gap, and it was ensured that the
sample and the plates made proper contact. By choosing an appropriate quantity of fibres it
was possible to construct a sample of any chosen fibre volume concentration.

2.4 Sample linearity

Before the dynamic moduli of a sample could be correctly evaluated and interpreted it was
first necessary to determine the range of input amplitudes over which the response of the
sample was linear. This was achieved by examining the displacement waveforms of the
upper and lower plates.

A sample of 60% fibre volume concentration and thickness 3mm was constructed and
subjected to longitudinal and transverse shear at 20°C using input amplitudes € = 0.18mm,
0.36mm and 0.72mm (This covered the entire range of input amplitudes possible with the
linear oscillator). For each value of €, photographs of the displacement waveforms of the
upper and lower plates were taken at frequenciesw = 78.91rad/s,1.25rad /sand 0.079rad/s
(Figs. 2 and 3). Where the waveforms were sinusoidal measurements were carried out at
different amplitudes, and it was found that the dynamic response was independent of the
amplitude indicating a linear response.

+ Longitudinal shear

In this case it can be seen that for each value of € the displacement waveform of the
upper plate is sinusoidal at the high frequency (w = 78.91rad /s), where the response
is linear, but flat-topped at the low frequencies (w = 1.25 and 0.079rad/s), an effect
consistent with a yield stress [11]. The yield stress was estimated from the output
waveforms and found to be approximately 50Pa.

e Transverse shear

At the smallest input amplitude (0.18mm) the response is linear for each frequency.
However for ¢ = 0.36mm and ¢ = 0.72mm the output displacement waveforms are
non-sinusoidal at the low frequencies, and the sample appears to behave non-linearly.
This non-linear behaviour at large strain levels is in line with the theory for oscillatory
shear [12].
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Figure 2: Displacement of linear oscillator plates (Longitudinal shear)
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Figure 3: Displacement of linear oscillator plates (Transverse shear)
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Similar results were obtained for a sample of 40% fibre concentration, which was 27
to have a yield stress of around 9Pa. No significant yield stress was observable for a s
of 20% fibre concentration. The

acte,
2.5 Conditions for measuring dynamic moduli Néet;
of th
A series of experiments was carried out at fixed strain and fixed fibre concentration on sany ;ndn
of different thicknesses. It was found that for thicknesses greater than 3mm the dyns 9
response was independent of the sample thickness, i.e. independent of the number of il
across the gap. A thickness of 3mm corresponds to fifteen Nylon fibre diameters. All fi
measurements of the dynamic moduli were carried out with this sample thickness and »=
strains within the linear range.
2.6 Measurements for different fibre volume concentrations
Longitudinal and transverse dynamic moduli were measured at 20°C for samples of
volume concentrations f = 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7. Fig. 4 shows the variation
the ratio % with increasing values of f. It can be seen that the ratio has a maximum ol
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Figure 4. The dependence of % on fibre volume concentration o
COF
when f = 0.3, reduces to 1 when f = 0.55 and becomes less than 1 for higher values ol | dy;
The ratio of the longitudinal dynamic rigidity G, to the transverse dynamic rigidity G7, ¥ Sy1
found to be less than 1 for all the fibre concentrations.

Intermediate dynamic moduli between longitudinal and transverse were also measured § CF
rotating the plates of the linear oscillator in situ. For each value of f, it was found that i =it
change in moduli from longitudinal to transverse shear was virtually uniform. tha
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2.7 Changing the matrix dynamic viscosity

The dynamic response of Golden Syrup is very sensitive to temperature and is well char-
acterised [1]; temperature can therefore be used as a means of varying the matrix viscosity.
Measurements were carried out on the composite at different temperatures and the dependence
of the dynamic moduli of the composite on the matrix dynamic viscosity was obtained. Fig. 5
indicates that for f = 0.2, 0.4 and 0.6 the relationship 1s approximately linear. It can also
be seen that for f = 0.6, 7}, is less than 77 throughout the matrix dynamic viscosity range.
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Figure 5: The dependence of 77, and 7 on the matrix dynamic viscosity

Similarly for f = 0.2 and 0.4 7}, remains greater than ny-

3 Discussion

In the literature, there are numerous reports that molten continuous fibre thermoplastic
composites exhibit a yield stress when subjected to longitudinal shear [3], [6]-[10]. Reported
values of the yield stress for a composite consisting of 60% by volume of carbon fibres in
a polyetheretherketone matrix (CF/PEEK) range from 450Pa (Scherer and Friedrich [9]) to
1000Pa (Groves et al [3]). This range (450Pa — 1000Pa) exceeds our estimate of S0Pa
for a sample of the Nylon fibre reinforced Golden Syrup model composite of the same fibre
concentration. It must be noted however that there is a significant difference between the
dynamic viscosity of the molten PEEK matrix (approximately 200Pa.s) and the Golden
Syrup matrix (70Pa.s).

Groves et al [3] also measured the dynamic moduli of the 60% fibre concentration
CF/PEEK and their results show that 7 < 77 and G > G7. However for a glass fibre
reinforced polypropylene composite composite of 35% fibre volume concentration they found
that 7}, > 7% and G, > G7. More recently Sengupta and Mukhopadhyay [13] carried out
dynamic tests on carbon fibre reinforced polypropylene composites of fibre concentrations
13%, 24% and 35%, and they found that 77, > 77 and G, > G for each concentration.
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From these investigations it appears that the dependence of the dynamic viscosities on i)
concentration is consistent with our experiments (Fig.4) but the dependence of the dyn
rigidities is not.

Analytical formulae relating the longitudinal and transverse steady shear viscositigs
and nr of an aligned fibre composite to its fibre volume concentration f have been den

by Binding [14], Christensen [4] and Pipes [5]. For a hexagonal array of fibres, the suggpew
formulae are

o 1-f

Pl

(Bindin
nL _ 1+0.873f nro_ (1—0.1937)?
M (1=0.88I5/)V2(1— f)12" nm ~ (1—0.5952f)32(1 — f)¥2
(Christens:
m_ 2=y w1
T 2= yf) Be 1= ff
(Pipe Rel
where f = 24? fOL < ﬁ) and 7,, is the matrix viscosity. These expressions cafi b 1]
compared with the experimental data provided it is assumed that the fibre arrangement 11 |

samples was approximately hexagonal and that the dependence of the dynamic viscosities (2]
fibre volume concentration has the same form as that for the steady shear viscosities. )

comparison is given in Fig. 6 from which it can be seen that the prediction of Binding |14 (3]
best fits the experimental data points.

{41
4 Summary

(3]
(1) The response of the model composite when sheared parallel to fibre direction

(61
be described as visco-plastic. Below a critical yield stress the composite behaw

like an elastic solid, while above the stress the composite flows and its behaviour | 7
comparable to an elastico-viscous liquid. In transverse shear the composite exhibi
non-linear behaviour at large strain levels. (8]

(i1) The ratio % has a maximum of 1.5 when f = 0.3, reduces to 1 when f =0.55, a [9]
becomes less than 1 for higher values of f.

{10]
(111) For a given fibre volume concentration, the longitudinal and transverse dynan

viscosities of the composite appear to depend linearly on the matrix dynamic viscosii

(11]
(iv) The dependence of the dynamic viscosities on fibre volume concentration have b

compared with theoretical models. (12}
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Figure 6: Comparison of experimental results with analytical formulae
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