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The effect of shear on thermotropic
liquid crystalline polymers

By L. GErvAT], M. R. MACKLEY, T. M. NICHOLSON] AND
A. H. WINDLE

Departments of Chemical Engineering and of Materials Science and Metallurgy,
University of Cambridge, Pembroke Street, Cambridge CB2 3RA, U.K.

We present and review optical and rheological data on a number of sheared
thermotropic liquid crystal polymers LCPs. Optical observations were carried out
by using a shearing apparatus that was designed for these and additional in situ
X-ray measurements. X-ray data on sheared LCPs are also presented together
with orientation relaxation measurements made on the cessation of flow.

To reconcile the optical, X-ray and rheological data, a numerical scheme is con-
structed that can qualitatively, and in some cases quantitatively predict observed
behaviour. Essential elements of the model are concerned with a local molecular
anisotropy, a molecular correlation coefficient, and a local defect structure. The
model shows, among other predictions, that stress relaxation is essentially decou-
pled from both orientation and optical relaxation. In addition the presence of a
defect texture influences orientation aspects more than the rheology.

1. Introduction

Molten thermotropic liquid crystalline polymers have physical properties which
have been separately related to the modelling of small molecule liquid crystals
and flexible chain polymers. In this paper we attempt to reconcile both viewpoints
and initially we briefly review relevant aspects relating to both individual classes
of material.

In relation to small molecule liquid crystals (SMLCs), the underlying basis for
their modelling is to consider the material’s local anisotropy, which can be de-
scribed in terms of an order parameter (see, for example, de Gennes 1974; Chan-
drasekhar 1977). The local orientation of the ordering is usually described by a
director, and it was established at an early stage that topological irregularities,
or defects, often exist within this anisotropic material (Lehman 1890). These de-
fects have been mathematically predicted (Frank 1958) and have become known
as disclinations. The rheology of defect free SMLCs can be successfully described
by a continuum theory which uses anisotropic viscosity and elasticity coefficients
(Leslie 1983) although a continuum model of flow that includes the presence
of disclinations has not yet been successfully achieved. The origin of elasticity
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2 L. Gervat, M. R. Mackley, T. M. Nicholson and A. H. Windle

within a SMLC comes from the splay twist and bend distortions proposed by
Frank (1958).

In relation to molten flexible polymers, it is now generally accepted that they
exist as interpenetrating random coils (see, for example, Flory 1969). When sub-
ject to shear, the chains are perturbed from their random configuration and the
resultant orientation and rheology of the material is a reflection of the competi-
tion between elastic entropic deformation and viscous relaxation. Doi & Edwards
(1986) have successfully constructed a molecular theory based on the concept of
reptation, and this theory can explain many of their rheological features. The im-
portance of a spectrum of relaxation times within the linear viscoelastic response
of a polydisperse material has been appreciated by many (Ferry 1961; Baum-
gaertel & Winter 1989; Kamath & Mackley 1989) and the nonlinear rheological
response of the material can be realistically described in terms of a damping func-
tion, which was a concept introduced by Wagner (1979) and extended by others
(see, for example, Wissbrun & Dealy 1990).

In 1976 Eastman Kodak reported the discovery of a thermotropic liquid crystal
polyester known as X7G (Jackson & Kuhfus 1976) and since then a broad range of
experimental studies have been carried out on, in particular, the Hoechst-Celanese
Vectra LCP, as this material is one of a very limited number of commercially
available variants.

With certain important exceptions, the rheology of thermotropic liquid crys-
talline polymers (TLCPs) appears to be similar to that of molten flexible polymers.
They show a similar linear viscoelastic response and their shear thinning char-
acteristics, to a first approximation, can be modelled in a similar way to molten
polymers (Guskey & Winter 1991). They do, however, show differences, such as
a near complete absence of die swell when extruded through a capillary (Done
& Baird 1987) and in addition the material does not show high flow rate global
melt instabilities such as the shark skin effect or discontinuities in the capillary
flow curve.

On the other hand, optical textures of TLCPs have been observed by a number
of workers (see, for example, Mackley et al. 1981; Viney et al. 1983b; Graziano
& Mackley 1984a; Alderman & Mackley 1985; Sawyer & Jaffe 1986) and these
optical textures correspond more closely to SMLCs than to flexible polymers. The
two underlying features observed in molten TLCPs is that of optical birefringence
coupled with strong light scattering. Birefringence is present in the quiescent state
and relates directly to the intrinsic local anisotropy of the material (Mackley et
al. 1981). The light scattering is associated with sudden changes in the refractive
index gradient within the material and under certain conditions this has been
correlated by Graziano & Mackley (1984a) and Alderman & Mackley (1985) with
a line disclination structure. Some of these line defects have been subsequently
modelled by Nicholson (1989) and the similarity to SMLC defect behaviour shown
by Graziano & Mackley (1984b).

In a number of cases the optical scattering texture of TLCPs in the molten state
is dominant and the length scale of the scattering entities is close to the resolution
of the optical microscope. This texture has been called a tight texture (Viney et
al. 1983b), a dense defect texture (Alderman & Mackley 1985), or a polydomain
(Chapoy et al. 1988).

In contrast, molten flexible polymers in the quiescent state are generally op-
tically transparent and structure free. They develop birefringence when sheared,

Phil. Trans. R. Soc. Lond. A (1995)
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Effect of shear on thermotropic LCPs 3

which subsequently relaxes with a certain timescale on the cessation of shear
(Tanaka et al. 1989). There is a direct correlation with optical and stress re-
sponse through the stress optical coefficient of the material, and generally the
material response to flow deformation is well understood.

When TLCPs are sheared, dramatic changes in optical textures can be seen and
these features will be summarized in later sections of this paper. In addition,
under certain conditions, on the cessation of shear a banded texture has been
observed (Viney et al. 1983a; Graziano & Mackley 1984a), while subsequent heat
treatment can reveal a rich spectrum of textures (Viney et al. 1985).

X-ray studies offer a potentially useful way of examining anisotropy within
samples, however, up to this point most observations on TLCPs have been limited
to the quiescent state (see, for example, Blundell et al. 1982), or to examining the:
orientation developed in samples cooled after being drawn or sheared at elevated
temperatures (Mitchell & Windle 1982; Done & Baird 1987). In relation to flowing
LCPs, work has only been performed on lyotropic polymers, where the shear may
be imposed at room temperature (Doppert & Picken 1987; Keates et al. 1992).

Concerning the mathematical modelling of liquid crystal polymers, most previ-
ous attempts have concentrated on lyotropic systems. Doi has developed a defect
free model for rodlike entities (see, for example, Doi & Edwards 1986) and Lar-
son & Mead (1989) have proposed a polydomain phenomenological description of
lyotropic systems. Marrucci & Maffettone (1990) solved a diffusion equation for
rodlike lyotropic molecules and the model predicts a low shear tumbling régime
for the director trajectory and a higher shear alignment régime. Recently Doi
has presented the mathematical framework for modelling the rheology of meso-
scopic domain structures (Doi 1992) and Larson et al. (1992) have extended their
experimental observations and scaling arguments on lyotropic systems.

The purpose of this paper is to review our own experimental observations on
optical, X-ray and rheological measurements of TLCPs and link these observations
with those of other workers to give an overview of the response of the material
to shear. We then construct a numerical scheme that is capable of describing
most of the gross features associated with the observed behaviour. The problem
is itself complex because local anisotropy, rheology and defect textures all play
an interconnected role, and in order to make the problem tractable, each element
has had to be introduced in a simple way. In §2 experimental procedures are
described and in §§ 3, 4 and 5 the experimental optical, X-ray and rheological data
respectively are given. In §6 the numerical scheme together with its predictions
is presented and finally in §7 the successes and limitations of the model are
discussed.

2. Materials and experimental procedure

(a) Materials used

Most experiments were carried out on a random copolyester composed of
73% hydroxybenzoic acid and 27% hydroxynaphthoic acid supplied by Hoechst-
Celanese and designated Polymer A (see figure 1a). This material forms a mobile
liquid crystal melt at temperatures above about 295 °C. It is sensitive to temper-
ature and cannot exist above 320°C for any extended period without chemical
modification. The molecular mass averages are unknown, although the zero shear
viscosity reported later is substantial and of order 10° Pas suggesting that the
polymer has a significant degree of polymerization with DP,, certainly above 100.

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 1. Chemical structures of materials used. (a) Polymer A and (b) Polymer B are
thermotropic liquid crystal polymers. (¢) MBBA is a small molecule liquid crystal.

Some optical observations are reported for an ICI development grade copoly-
ester designated Polymer B. The chemical composition of this chlorinated mate-
rial is shown in figure 16 and the material forms a mobile mesophase above about
200 °C. Finally in terms of TLCPs an optical texture of a Rhone Poulenc develop-
ment grade copolyester is also included. It is a random copolyester formed from
dicarboxy diphenylether, terephthalic acid, paracetoxybenzoic acid and methyl-
hydroquinone and is designated Polymer C.

As a basis for comparison with SMLC behaviour, a series of photographs for 4-
methoxybenzylidene-4-n-butyl aniline (MBBA) is also given. The chemical struc-
ture of MBBA is shown in figure 1¢ and the material is a nematic at room tem-
perature.

(b) Optical shearing apparatus

Optical observations were made in two custom built shear cells, one of which
has previously been described (Alderman & Mackley 1985). This device imposes a
translational oscillatory linear shear deformation on a sample placed between two
heated glass discs. A maximum amplitude of 1 mm and frequencies of 0.02-6s7!
are possible.

In the course of the current series of experiments we have developed a new
rotational shear cell which is shown schematically in figure 2 and in the photo-
graph of figure 3. The sample, a hot-pressed polymer disc of 29 mm diameter by
about 50 pm thick, is held between two circular glass discs, one of which is rotated
with respect to the other. Observations are made through a 5 mm diameter port
positioned towards the circumference of the discs where the deformation of the
sample may be considered closely linear. A microcomputer controlled stepper mo-
tor system allows steady rotation speeds between 0.02 and 10 rad s~ . Oscillatory
motion with amplitudes of between 0.005 and 5 rad at frequencies of between 0.5
and 5 cycless™! is also possible.

The polymer sample is heated by foil heaters behind the glass windows. These
can reach operational temperatures of up to 350°C rapidly and maintain a uni-
form temperature over the working area of the window (+£2°C at a nominal

Phil. Trans. R. Soc. Lond. A (1995) -
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Figure 2. Cross-sectional diagram of rotational shear cell.
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< S Figure 3. Photograph of the rotational shear cell with the upper, stationary, window assembly

S - removed.

e =

o) 5 temperature of 300 °C). The design of the cell ensures that the two windows
remain parallel, the distance between them being measured by a micrometer.

= O P ) : ;

~ As with the translational shear cell, observations were made with a modified

Swift microscope between crossed polarizers using a x20 long working distance

objective.
(¢) X-ray measurements

Replacing the glass discs with mica or polyimide film windows, the new rota-
tional shear cell may be used to observe X-ray diffraction patterns from molten
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6 L. Gervat, M. R. Mackley, T. M. Nicholson and A. H. Windle

L.CP samples while they are being sheared. In order to obtain a stronger diffraction
pattern the sample thickness was increased to 1 mm.

Initial observations were made using a conventional CuK, source, the patterns
being collected on flat film, taking about 30 min for an exposure. It was possible
to observe reflections at Bragg angles of up to 26 = 25°. To allow time resolved
observations of the change in the diffraction pattern after the cessation of shear, a
high intensity synchrotron source at the SERC Daresbury Laboratory was used.
Here area detectors allowed a diffraction pattern to be recorded in under 1 min.

(d) Rheological measurements

The characterization of the rheology of the liquid crystalline polymer was per-
formed on a Rheometrics, Dynamic Spectrometer II, using parallel plate and
cone and plate geometry. Samples were hot-pressed discs of Polymer A, 25 mm
diameter by 1 mm thick, and experiments were performed at 310 °C.

Three different deformation types were used.

(i) Small strain oscillatory deformation

A small oscillatory shear strain (y = 7psinwt) is applied to the lower plate.
From the torque 7'(¢) measured on the upper plate the stress response 7(¢) is
calculated and divided into two components: in and out of phase with the applied
strain. T'wo moduli may therefore be defined:

7(t) = 70 (G’ sinwt + G” coswt), (2.1)
where G’ is the storage (elastic) modulus and G” the loss (viscous) modulus.

(ii) Step strain

A finite shear strain ~y, is rapidly applied to the lower plate. The stress gener-
ated is measured and related to the relaxation modulus:

G(t) = 7(t)/0, (2.2)

where 7(t) is the time response of the stress after the step strain deformation.
This may be performed for a range of strains, but at lower strains (less than 5%)
the results suffer from noise as the measured torques can be very low.

(iii) Steady shear

A constant shear rate is applied to the bottom plate and the resulting stress
measured. Of interest is both the steady stress level as a function of applied
strain rate, and the form of the growth of the stress to a steady value and its
subsequent relaxation upon cessation of shear. The results have a tendency to be
noisy because of the large scale deformations being applied to the sample.

3. Optical observations

Small molecule liquid crystals such as MBBA are excellent candidates for op-
tical observation because the structures within the fluid can usually be readily
identified and the effect of shear observed without ambiguity. In figure 4 we show
the evolution of a MBBA sample when subjected to shear in the rotational opti-
cal shearing apparatus. Figure 4a shows the material in the initial quiescent state
and within the bulk of the sample a few disclination loops can be seen. When

Phil. Trans. R. Soc. Lond. A (1995)
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(a) (b)

(©)

()

8

Figure 4. Micrographs of MBBA. (a) At rest. (b) Shear rate 10s™'. (c) Shear rate 100s™ .
(d) 5s, (e) 10, (f) 30s, (g) 1 min and (h) 2 min after cessation of shear. Direction of shear is
horizontal.

the material is subjected to a steady shear of ~ 10s™! these disclination loops
distort within the shear (figure 4b). However, at a higher shear rate (~ 100s71)
disclination multiplication occurs and the disclinations align in the direction of
flow as shown in figure 4c. On cessation of flow (figure 4d) the ‘dense array’ of
disclinations relax to a more isotropic configuration and with subsequent elapse
of time shown in figure 4e—h the line defects relax, in this case to a final defect
free state shown in figure 4h. The dominant feature is generation of disclination
loops during shear and their subsequent relaxation on the cessation of shear. The
observations reported here are consistent and compliment those reported earlier
by Graziano & Mackley (1984b). They are also supported by the optical obser-
vations of Hilltrop & Fischer (1976) who observed preferred orientation at low
shear rates and disclination multiplication at high shear.

The optical textures observed in TLCPs are often more complex and difficult to
interpret. Figure 5 shows the typical quiescent optical texture for three TLCPs.
Figure 5a corresponds to Polymer B, figure 5b to Polymer C and figure 5¢ to
Polymer A. Each polymer shows significant scattering either when viewed be-
tween crossed polaroids or in bright field and the general texture appears to be

Phil. Trans. R. Soc. Lond. A (1995)


http://rsta.royalsocietypublishing.org/

AL B

B

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

8 L. Gervat, M. R. Mackley, T. M. Nicholson and A. H. Windle

@ Eay O R

Figure 5. Dense defect textures. All viewed between crossed polars. Thickness ca. 40 pm, width of
photo 250 pm. Annealing time 1 min. (a) Polymer B 220 °C, (b) Polymer C 315 °C, (¢) Polymer A
310 °C.

insensitive to the differences of the chemical repeat unit in each case. The prob-
able origin of these textures can be seen by annealing the sample at elevated
temperature but without shear. Figure 6 shows the annealing process for Poly-
mer B at a temperature of 220 °C. With time the original texture coarsens and
by the photograph of figure 6d, which was taken after 12 min, the texture has
relaxed sufficiently to reveal the presence of line defects. In figure 6e disclina-
tion loops are clearly visible and after 20 min (figure 6f) the defect structure has
completely disappeared. From observations such as these it would appear that
the photographs shown in figure 5 and figure 6a are directly linked with a dense
defect structure. Again these observations are consistent with those reported by
Alderman & Mackley (1985). In the case of Polymer A, which lacks the flexible
spacers between the meseogenic units present in Polymer B, relaxation of the
dense texture is still observed, but on a longer timescale.

The shearing behaviour of TLCPs can depend on the initial state of the material.
Starting with a dense defect texture shown in figure 7a, shearing causes this
texture to be modified by the distortion and multiplication of the defect texture,
as indicated in figure 7b. Further shearing at higher rates leads to the apparent
disappearance of any defect textures and the emergence of pure birefringence
with the optic axis in the plane of shear (figure 7c). On the cessation of shear,
the material will relax back to the original dense defect state with a relaxation
time that depends both on the polymer and the temperature. Typically this might
range from a few seconds to tens of minutes. In some situations the material may
relax through a banded texture (Graziano & Mackley 1984a).

We now follow the effect of shear on Polymer B when its starting state is
defect free due to prior annealing. The defect free state is shown in figure 8a.
With the imposition of shear, shown in figure 8b, ¢, defects are generated during
the shearing process. Most, if not all, of the defects appear to be disclination
loops. At higher shear rates, shown in figure 8d, the defect texture again appears

Phil. Trans. R. Soc. Lond. A (1995)
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)

Figure 6. Annealing of dense defect textures in Polymer B. All viewed between crossed polars.
Thickness ca. 40 pm, width of photo 250 pum. 7" = 220 °C. (a) 1 min, (b) 5 min, (¢) 10 min,
(d) 12 min, (e) 15 min, (f) 20 min.

to be lost leaving pure birefringence contrast only. On the cessation of shear the
oriented defect texture reappears and is observed to relax and coarsen with time.

In summary for TLCPs we observe quite generally an initial dense defect state
that can in principle be removed with thermal annealing. Shearing of the dense
defect state leads to defect modification and at high shear rates the optical disap-
pearance of the dense structure leaving evidence of orientation alone. On cessa-
tion of flow, the material usually returns to the dense defect state. If the material
starts defect free, shear induces defect creation and subsequent orientation. On
the cessation of shear the material returns to its defect free state.

4, X-ray observations

A limited number of in situ X-ray diffraction measurements of the degree of
preferred orientation in Polymer A were carried out at 310 °C using the rotational

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 7. The effect of shear on dense defect state in Polymer B 220°C All viewed between
crossed polars at 45° to horizontal oscillatory shear. Thickness ca. 40 pm, width of photo 250 pm,
annealing time 1 min. (a) Quiescent state, (b) maximum shear rate 5s %, (¢) maximum shear
rate 15057, (d) 1's after shear at 150s™".

Figure 8. The effect of shear on defect free state in Polymer B at 220 °C. All viewed between
crossed polars at 45° to horizontal oscillatory shear. Thickness ca. 40 pm, width of photo 250 pm,
annealing time 20 min. (a) Quiescent stage, (b) maximum shear rate 157", (¢) maximum shear
rate 10s™", (d) maximum shear rate 150s™".

shearing apparatus and the Daresbury synchrotron X-ray source. Photographs of
the observed diffraction patterns are shown in figure 9. Figure 9a corresponds
to a state before shear. The pattern is dominated by the essentially uniform
intensity diffraction arc at 26 = 18.6°. With the application of steady shear
(figure 9b, ¢, which is horizontal in the figure, evidence for orientation is seen

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 9. Diffraction patterns of Polymer A collected at the Daresbury SRS. The shear direction
is horizontal. Temperature 310 °C. (a) At rest. (b) Shear rate 25 '. (¢) Shear rate 20s™'.
(d) 2 min and (e) 9 min after cessation of shear.
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with a concentration of the diffraction peak intensity on the equator. With the
cessation of flow (figure 9d, e) the orientation is observed to relax over a period,
which for the conditions reported here, was of about 9 min.

The main feature of all these patterns is the diffuse diffraction ring at an angle
of 20 = 18.6°. This corresponds to the approximate interchain periodicity in the
polymer and for a fully aligned sample would give rise to two more or less equal
regions of intensity positioned symmetrically on the equator. The more intense
meridional reflection observed in these polymers (Mitchell & Windle 1982) is
at a higher 20 angle and cannot be observed with the shear cell in its current
configuration.

The degree of orientation in the sample is quantified by measuring the intensity
of the X-ray scattering around this ring of constant diffraction angle as a function
of azimuthal angle ¢. This is corrected for the effects of background scattering
from an empty shear cell and for the absorption of X-rays by the polymer. An
orientation function is calculated:

27 27
s= [ 1R/ [ 16)ds, (+1)
where I(¢) is the intensity at an azimuthal angle of ¢ and P, is the second
Legendre polynomial, Py(¢) = 1(3cos®¢ — 1) (see, for example, Windle 1982;
Mitchell & Windle 1988).

Results of the analysis of the diffraction patterns of figure 9 are given in table 1.
The synchrotron X-ray data reveal orientation information alone without the
complication of direct observation of the defect texture. The orientation in the
unsheared sample may be accounted for by the inevitable shear deformations
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Table 1. Orientation functions calculated from the diffraction patterns of figure 9

ref Samorphous  Scrystal
(a) no shear 0.30

(b)  shear 257! 0.70 0.65
(¢) shear 2057 0.80 0.68
(d) relax 2 min 0.48

(e) relax 9 min 0.34

imposed by hot-pressing during the preparation of the sample. It is clearly seen
that shear induces some orientation in the sample but, even at the higher rate,
orientation is far from complete. If it were, an orientation function of S = 1 would
be obtained. The maximum value of S = 0.8 reported here is quite modest. By
comparison, tensile drawing followed by quenching can give orientations of the
crystalline component which closely approaches unity (Mitchell & Windle 1988)
whereas the same polymer of a somewhat lower molecular mass has been oriented
in a magnetic field of 5.6 T to S = 0.97 (Anwer & Windle 1993). Relaxation of
orientation after cessation of shear takes place over a relatively long timescale of
the order of several minutes.

There is also some evidence from the diffraction patterns taken during shear in
figure 9b, ¢ for the formation of crystallites. This is seen as the development of a
sharp (in the radial direction) diffraction arc at a higher diffraction angle (19.4°)
than the amorphous liquid crystalline diffraction. Figure 10a shows intensity scans
along the equator for the diffraction patterns of figure 9 showing the development
of the additional crystal peak. This is seen more clearly in an intensity scan along
the meridian of the diffraction patterns (figure 10b) since the crystal diffraction
does not orient as much as the liquid crystalline diffraction. Upon cessation of
shear the crystalline diffraction disappears rapidly. It is thought that this is due
to the formation and rapid remelting of non-periodic layer crystals (Nicholson et
al. 1992). Orientation functions for crystalline components, where observed, are
included in table 1.

The X-ray data compliments the optical observations and gives direct orienta-
tion information. In addition the X-ray relaxation of orientation after cessation of
shear seems to occur over a similar timescale to the optical relaxation of textures
observed for this material at the same temperature.

5. Rheology

In this section we present the rheology of Polymer A at one temperature of
310 °C. This material has been studied by a number of workers (Lin & Winter
1988; Troughton et al. 1989; Cocchine et al. 1991) and in general our results are
consistent with theirs. The rheology of the material is very sensitive to tempera-
ture, particularly below the temperature chosen here.

(a) Oscillatory measurements

Small strain oscillatory data were obtained over a frequency range of w =
0.01-500 rad s . The data points in figure 11 show the classical response of a
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Figure 11. Small strain dynamic rheology of Polymer A. Temperature 310 °C,strain 1%. A, Stor-
age modulus, G; [, loss modulus, G”; o, complex viscosity; n*. The lines were calculated from

Maxwell model equations
ure 12; — A , G

(5.1) and (5.2) using the best fit values of the moduli shown in fig-
1"

conventional flexible polymer melt in that G’ and G” are of the same order of
magnitude and they both increase with increasing frequency. There is also some
evidence to suggest that a plateau behaviour is seen for the complex viscosity n*

where n* = /(G"”? + G"?) Jw.

These data can be fitted to a Maxwell type model which describes linear vis-
coelastic materials in terms of a time constant A and a modulus G. For an LCP
a single time constant is not sufficient to describe the data and so a series of
Maxwell elements with varying time constants are used. The dynamic storage
and loss moduli are related to the time constants and moduli by the expressions,

Phil. Trans. R. Soc. Lond. A (1995)

G'(w) =

>

i

G"(w) — Z

%

Giaﬂ/\f

1+ w2)\?’

Gi(.d)\i
1+ A2

(5.1)

(5.2)
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Figure 12. Moduli of Maxwell elements used to fit the data of figure 11.

Eleven time constants, logarithmically spread over the range 1073 to 10? are
chosen and the corresponding moduli calculated by a least squares method. The
resulting moduli are shown in figure 12 as a function of the time constant. The
lines in figure 11 were calculated from these moduli using the formulae of equa-
tions (5.1) and (5.2) to provide an indication of the success of the Maxwell model
fit to the experimental data.

The fitting of Maxwell elements to the G', G” data has been discussed in a
number of papers (Baumgaertel & Winter 1989; Kamath & Mackley 1989). No
method is without error, however, the choice of 11 time constants over a broad
range of timescales gives a good fit to the data as shown in figure 11.

(b) Step strain

Step strain data for Polymer A is shown in figure 13 for a range of strains. For
small strains the relaxation modulus is linear on a log—log plot with a relatively
long time constant for the relaxation. At higher strains two regions are evident;
a dramatic strain softening at short times followed by a longer relaxation of
comparable time constant to that observed at small strains.

For a system of Maxwell elements representing a viscoelastic material, the
relaxation of the system following a step strain deformation may be derived from
the constitutive equation as

Go(t) = th—) = EGie_t/)"', (53)
v i

where G, and \; are the moduli and time constants for the Maxwell elements
and ~ the magnitude of the step strain. Figure 13 includes a line corresponding
to the Gy(t) generated from the G’ and G” data and agreement between the
two sets of data is considered acceptable. The fall off in the Maxwell element
predicted modulus at long times is due to the lack of very low frequency data in
the dynamic experiments.

This, however, shows no dependence of relaxation modulus upon strain, so a
damping function is added to the constitutive equation leading to a new expres-
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Figure 13. Relaxation moduli for Polymer A calculated from step strain experiments at 310 °C.
Temperature 310 °C. — , 3% Strain; ----- , 10% strain; - -+ - - - , 30% strain; - - -, 100% strain;

-, 300% strain. Superimposed is the relaxation modulus calculated, using equation (5.3),
from the Maxwell elements moduli, —+—+—,.

sion for the relaxation modulus

Gy (t) =e > Gt (5.4)

This has proved successful for conventional melts (see, for example, Wagner 1979;
Kamath & Mackley 1990), indicating in these instances that the constitutive
equation is factorable into strain and time dependencies, and that a single value
for the damping coefficient k£ can be found.

However, for the Polymer A data, the degree of damping is clearly dependent on
both time and strain so such an approach will be less successful. Using the longer
time relaxation data from figure 13 damping coefficients in the range k = 2-4.6
are obtained.

These values of k, together with those of G; and A; obtained from the dynamic
measurements may be used to calculate relaxation moduli, assuming the form
of response- given in equation (5.4). This is compared with the original data in
figure 14. Over the central time region good agreement is found, but deviations
occur at both short and long times. The long time deviation is again due to the
absence of very low frequency data in the dynamic experiments. At short times,
and high strains the response is clearly not factorable.

(¢) Steady shear

Figure 15 shows the variation in the magnitude of the steady shear stress
response as a function of strain rate. On a log—log plot this is approximately
linear and shows a power law behaviour, 7 = k4™, with a power law index of 0.6.
This is a similar response to that observed in a conventional polymer melt.

The time dependence of the steady shear response is shown in figure 16. A
common feature is the stress overshoot that occurs before the steady shear stress
level is attained. Stress relaxation occurs over a time of about 5s. From these
data alone it is clear that the timescales for stress relaxation and orientation
relaxation, as measured using X-rays, are very different.

Phil. Trans. R. Soc. Lond. A (1995)


http://rsta.royalsocietypublishing.org/

& ENGINEERING

MATHEMATICAL,
SCIENCES

A PHYSICAL

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

& ENGINEERING

MATHEMATICAL,
SCIENCES

PHYSICAL

A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

16 L. Gervat, M. R. Mackley, T. M. Nicholson and A. H. Windle

10! R BT O SR S Y
10! 10! 103
time /s

Figure 14. Experimental relaxation moduli from figure 13: , 10% strain; «----- , 100%
strain; together with calculated step strain data using equation (5.4): —+—+—, 10% strain;
-4 -+ 4+, 100% strain. Damping coefficient k fixed at 4.6.
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Figure 15. Steady shear stress values for Polymer A as a function of shear rate.

4000

2000

stress

\

eIy

0 300 600
time

I ST Y |2

Figure 16. Stress growth against relaxation curves for Polymer A. Shear ceased at 300 s.
Temperature 310 °C. ——— 0.1s7 % ----- J1s7h o , 1057,
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6. Simulation of microstructure and rheology

A supramolecular lattice simulation has been developed in an attempt to model
the optical microstructures in liquid crystal systems (Nicholson 1989; Bedford
et al. 1991). Here this simulation is developed to model the effect of shear on
the liquid crystal structures and their resulting rheological properties. We wish
for example to predict both stress and orientational relaxation behaviour from
the same model and have a scheme that is also self-consistent with the optical
observations.

(a) Definition of lattice and equilibrium configuration

Initially the material is divided up into a periodic array of cells placed on a two-
or three-dimensional lattice. Each cell is characterized by a single direction which
is assumed to be related to the molecular director (the preferred local orientation
of chain axes). This is assumed to be uniform in a single cell (that is the local
orientation is S = 1), but may vary from cell to cell (so the global orientation
may be less than unity). Initially the directors are assigned random directions.
Simulations reported in this paper were performed on a 50 x 50 array and periodic
boundary conditions were used with no external constraints present.

As described by Bedford et al. (1991) the lowest energy state for two adjacent
cells is when their orientations are parallel. The orientation of a single cell which
minimizes its energy can be shown to be the average of the orientation of its
immediate neighbours. At each stage in the simulation therefore the orientation
of each cell is moved a fraction of its deviation from this mean neighbourhood
orientation:

z,1 = (1= p)x, + p, (6.1)
where the vectors x, and x,,; represent successive orientations of a cell, T the
average neighbourhood cell orientation and p a correlation coefficient, which in
this paper was fixed at 0.2.

Figure 17 shows the effect of applying this director correlation process alone
to an initially random array of directors. In figure 17a the initial random set
of directors can be seen. The situation shown in figure 17b corresponds to one
iteration step using equation (6.1). Figures 17c—f correspond to 2, 5, 10 and
50 subsequent iterations. From these pictures it can be seen that after about
ten iterations the director map reaches a steady state and the map shows local
regions of correlated orientation together with a local defect texture. The model
to a first approximation therefore simulates, at stages during its development,
local anisotropy and defects, as observed experimentally. The exact nature of the
final director maps will depend on the. initial conditions of the director and the
value of the chosen correlation coefficient.

(b) The effect of shear

Shear is modelled by applying incremental pseudo-affine deformations. The di-
rections of the vectors representing the directors in the cells are deformed as if
they were embedded in a solid undergoing an affine deformation with the desired
shear increment, but any length changes in these vectors are ignored. Cell posi-
tions are also changed by the deformation, subject to the cells always remaining
on lattice sites. In setting up the model in this way, the possibility of director
tumbling is ruled out.
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Figure 18 shows the effect of a high level of shear alone. Starting from the orig-
inal equilibrium state of the director array (figure 18a) the material is subjected

The loss of defects in the model during shear is a consequence of the coarse
nature of the periodic array. With shear, the size of the defects reduces until they
can no longer be represented on the grid,

to a vertical

random arrangement of cell directions. (a) Initial state. After (b) 1, (c) 2, (d) 5, (e) 10 and (f) 50
Phil. Trans. R. Soc. Lond. A (1995)

iterations of the correlation equation (6.1).
orientation correlation step is performed. Figure 18b—d shows the director map

evolution up to a shear strain of 150 (300 iterations). These indicate that full
director orientation has been achieved. In this simulation the defects have been

removed by the shear. Figures 18e, f correspond to the director trajectories af-
ter the cessation of flow. The correlation coefficient algorithm is applied after

each step with no further applied strain. Clearly once fully oriented

remains oriented.
of the cells are randomly chosen as having fixed orientation. With the application

of shear (figure 196
act as nuclei for the global disorientation of the array. As time evolves the local

Figure 17. Director maps showing the effect of the director correlation process on an initially

model. We therefore now arbitrarily introduce defects into the model
number of cells in their original configuration. In the case shown in figure 19

both before, during and after shear. This effect is
the fixed defects influence the orientation of their near neighbours.
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Figure 18. Director maps at various stages during the microstructural simulation of steady shear
without defects. The shear rate was 10s™". (a) Initial state. (b) v = 2.5, (c) v = 25, (d) v = 150
during flow. (e) 1s and (f) 30 s after cessation of flow.

anisotropy is maintained but global isotropy develops. This behaviour is similar
to that experimentally observed.

Figure 20 shows a similar situation to the previous simulation but in this case
‘fixed cells’ are assigned randomly during the simulation at a rate proportional
to the current stress (see later) with each lasting for a time proportional to the
mean time constant for the material. We name these ‘stress-induced defects’ and
again they correspond to our experimental observations. The simulations shown
in figure 20 appear generally similar to those shown previously in figure 19 for
the fixed defects. Combinations of fixed and stress-induced defects also showed
little difference with each of the previous cases.

The overall degree of orientation that can occur for any of the director maps
shown may be expressed as an orientation function S, using the average second
Legendre polynomial:

S = (Py(0)) = (3(3cos®0 — 1)), (6.2)

where @ is the angle between the director in a cell and the shear direction.
Figure 21a shows the development of S with time for different shear rates when
no defects are present, shear being stopped at t = 30 s. At a shear rate of 10s~! the
orientation function, which is reflecting the maps shown in figure 18, essentially
follows a pseudo-affine deformation curve, reaching a final orientation of unity,
reflecting the local orientation of the unit cells. The order parameter calculated
here is the order parameter of the directors alone and full ordering gives S = 1.
If there was some local disorder about the director of say Sy = 0.8 the final order

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 22. Steady shear data calculated from the microstructural simulations. Shear ceases at
time ¢ = 30. (a) No defects included. (b) Fixed defects included. — L0187, oo , 1s71,
...... 10s~ L.

b

Assuming a uniaxial model, the elastic response of a single cell is described
by two extensional moduli (£ and E,), a shear modulus (Gs) and two Poisson
ratios (v, and v,). We fix the ratio of the moduli somewhat arbitrarily at Ej :
E, :Gs = 10:1:1 and the Poisson ratios are fixed at 0.5. For any given cell
director orientation, a tensor transformation is used to calculate the effective
shear modulus of that particular cell at the specified orientation. Taking a random
aggregate of units, a mean value of the shear modulus (G) is then calculated,
yielding Fy, F, and Gs in terms of (G).

We now identify (G) successively with each component value of shear modulus
G; that has been previously experimentally determined for a series of time con-
stants using the G’, G” data (as shown in figure 12). In this way self-consistency
with the experimental linear viscoelastic data is ensured and values of Fj, E
and Gg can be determined for each time constant.

With a knowledge of the component values of the anisotropic modulus and
given an arbitrary director map we can then determine the shear stress. For each
time increment the average value of (G) is determined for the appropriate director
map and the stress determined using the modified Maxwell equation,

T(t) = - / ; 2 ”_(G}(?/»e“””%t, ') dt’, (6.3)

where

t
1) = [ A ar

(G;(t")) is the shear modulus for each time constant component \; at the previous
time t' averaged over all the cells and the integral is calculated as a sum over
sufficient previous time steps for the required numerical accuracy. Thus as the
director orientation map changes the (G;(t)) components correspondingly change
and modify the stress from simple Maxwell behaviour.

Examples of the predictions of the model are shown in figure 22. In figure 22a
stress growth and relaxation curves are shown for different shear rates with no
defects present. The director maps used in the calculations for ¥ = 10s~! were
shown previously in figure 18. At low shear rates the stress increases to a constant
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Figure 23. Comparison of experimental and modelled steady shear stress values. *, Experimen-
tal data from figure 15; /A, microstructural model with no defects; O, microstructural model

including defects. The lines are calculated from the constitutive equation (6.4) with two different
values for k. —— k =2; ----- , k =4.6.

Ll
10!

10! bl — e
10-1 102

value before stress relaxation at ¢t = 30 s. At the higher value of ¥ = 10s™! a stress
overshoot is predicted which is consistent with the experimental observations
reported in figure 16. For all shear rates stress relaxation occurs with about the
same timescale of a few seconds and it should be noted that the stress relaxation
is very much faster than either the director disorientation after shear and the
associated development of texture around defects if present.

Figure 22b shows an equivalent simulation to the previous figure but in this
case fixed defects are present and the ¥ = 10s™! run corresponds to director tra-
jectories shown in figure 19. The important observation here is that the presence
of defects does not appear to significantly affect the kinetics of the stress build up
or relaxation. At high shear rates the value of the steady shear stress is increased
when compared to the no defect case and this is to be expected as the defects are
acting as a local source of disorientation and hence enhanced (G);. In all cases the
simulation stress relaxation occurs over shorter times than texture relaxation.

Finally we compare results on the steady shear predictions with experimental
data and the results are shown in figure 23. The experimental data are shown
as stars and they are roughly in accord with a power law fluid, appearing as
a straight line on a log—log plot. The square and triangle data correspond to
the microstructural simulation described here for two cases where defects or no
defects are present. Agreement for both situations is reasonable in the central
shear rate region but poorer at both low and high shear rates.

We also show on the same graph the predictions of a Maxwell type constitutive
equation which incorporates a Wagner type damping function (Wissbrun & Dealy
1990). This equation has the following form:

G,

t
T(t) = —/ > A—e—“—t Aig =Ry (¢ ) At (6.4)

Using the experimentally determined G; from the G, G"” data and two different
values of k taken from fitting different step strain data the predictions for steady
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shear given by
Gi\iy
Z (14 kXY)? (6:5)

are also shown in figure 23. The ﬁt with the experimental data is significantly
worse than the microstructural simulation.

7. Discussion and conclusions

In this paper we have reviewed a range of TLCP response and have shown
experimentally that the optical and texture behaviour of TLCPs resemble that
of SMLCs rather than flexible polymers, however, the base rheology of the fluid
is closer to that of flexible polymers. Clearly elements of local anisotropy and
viscoelasticity play a role in describing the behaviour of TLCPs and their coupled
effect has resulted in complex behaviour.

We have described results from two optical shearing devices both of which
have been successful in obtaining information on oscillatory deformation and the
rotational device for steady shear behaviour. The rotational device was used for
both in situ optical and X-ray observations working in a temperature range of
200-320 °C. Our X-ray results show conclusively that TLCPs can be aligned by
shear flow but perhaps surprisingly the overall level of orientation with S ~ 0.8
is quite low when compared to a magnetic field induced orientation of S = 0.97
at 5.6 T (Anwer & Windle 1993) and orientation levels in drawn solid LCP fibres.
Our melt flow values are, however, similar to that found by Picken et al. (1990)
for a Lyotropic LcP.

Our optical observations illustrate that defects within the material can play a
major role in controlling overall orientation, particularly in the quiescent state
and during relaxation after shear. Shear induces orientation as seen by both the
X-ray data and optical birefringence. Shear also appears to lead to disclination
multiplication. On the cessation of shear the presence of defects causes the ori-
ented directors to reorient and the correlation coefficient model presented here
appears to mimic this behaviour reasonably well. Our modelling of the defect
texture is of course extremely crude; however, it does incorporate an important
element in that it provides a mechanism for global orientation relaxation.

The rheology reported is representative of a number of TLCPs and its small
strain linear viscoelastic response is close to that of flexible polymers. The ma-
terial is viscoelastic with a broad range of relaxation times and can be modelled
successfully by using a spectrum of time constants. The strain softening behaviour
as revealed by the step strain experiment is generally more extreme than con-
ventional flexible melts but the steady shear behaviour appears quite similar to
conventional melt processing, showing a power law behaviour. Stress relaxation
after steady shear was observed to be significantly faster than optical relaxation.

Both the microstructure and rheology of TLCPs have been shown to be com-
plex and the realistic chances of developing a molecular model that fully describes
deformation and flow of these materials at present seem remote. A phenomeno-
logical description of SMLCs has been successfully developed by Leslie (1983) but
this at present cannot handle complex defect behaviour. Flexible polymers are
adequately described by, for example, Doi & Edwards (1986), but again it is
difficult to see how local orientation correlation-and defect behaviour can be in-
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corporated. Doi (1981) and Marruci & Maffettone (1989) have both developed
molecular theories for LCPs but again these do not at this stage predict or include
defect effects (see, for example, Larson 1988).

In this paper we have developed a director simulation that incorporates our
experimentally observed optical observations. It is predictive but contains a num-
ber of semi-arbitrary adjustable parameters which as yet are not directly linked
to molecular parameters The model has already been shown to predict observed
quiescent defect textures (Bedford et al. 1991) and in this paper we have incor-
porated both shear and rheology. The constraints to obtain self consistency with
optical, X-ray and rheological data are considerable and the model presented here
does achieve this to a first approximation at least.

The main predictions of the simulation as presented here is that the presence
of defects in particular influence orientation relaxation after shear and that the
defects themselves do not appear to have a profound effect on rheology. The
direct coupling of stress and orientation as reflected in the well-known stress
optical coeflicient for flexible polymers is therefore broken for TLCPs

We have constructed a mechanistic model that is guaranteed to be self con-
sistent with the linear viscoelastic response in that we have accepted that the
material contains a range of time constants and fitted the model to the linear
viscoelastic data. The choice of the ratio of anisotropic tensile and shear modulus
for each element is somewhat arbitrary although we found that changes of order
four or five in these ratios did not have a major effect on the predicted results.
Again the way in which defects were introduced into the model also did not sig-
nificantly alter the rheological response. These observations collectively indicate
that the rheology of the material is dominantly controlled by the intrinsic relax-
ation spectrum of the material together with the nonlinear response associated
with the affine deformation of the director.

The simulation is pragmatic in that it reflects our experimental observations
and does not directly correlate behaviour with either molecular mass or chain
stiffness. The relaxation modulus that we have calculated from experimental G,
G" data will depend largely on the molecular mass distribution and, probably
weakly, on chain stiffness, whereas the correlation coefficient p used in the sim-
ulation will depend dominantly on chain stiffness. We have had to arbitrarily
introduce defects into the simulation but their presence will depend on both
rheological and correlation parameters. The scope for further refinement and in-
deed solving equations from first principle is obviously considerable, however the
magnitude of such an effort should not be underestimated.

Clearly the interplay between the anisotropic viscoelastic response introduced
here and the Frank type elasticity that probably controls the disclination defect
texture will require to be developed in the future. The mechanisms controlling
the birth of disclination defect loops together with their multiplication during
shear still needs to be clearly identified and incorporated into a fully consistent
constitutive response.

We thank both SERC and Rhone Poulenc for financial support of this work and Alan Butcher
for constructing both the translational and rotational shear cells.
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igure 3. Photograph of the rotational shear cell with the upper, stationary, window assembly
removed.
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igure 4. Micrographs of MBBA. (a) At rest. (b) Shear rate 10s~'. (¢) Shear rate 100s™'.
1) 5s, (e) 10 s, (f) 30s, (¢) 1 min and (k) 2 min after cessation of shear. Direction of shear is
orizontal.
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igure 5. Dense defect textures. All viewed between crossed polars. Thickness ca. 40 pm, width of
10to 250 um. Annealing time 1 min. (a) Polymer B 220 °C, (b) Polymer C 315 °C, (¢) Polymer A

0°C.
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ioure 6. Annealing of dense defect textures in Polymer B. All viewed between crossed polars.
hickness ca. 40 pum, width of photo 250 ym. 1T 220 "C. (a) 1 min, (b) 5 min, (¢) 10 min,

[) 12 min, (e) 15 min, (f) 20 min.
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igure 7. The effect of shear on dense defect state in Polymer B 220°C
ossed polars at 45” to horizontal oscillatory shear.

inealing time 1 min. (a) Quiescent state, (b) maximum shear rate 5s

te 150s ', (d) 1 s after shear at 150s

All viewed between

Thickness ca. 40 pm, width of photo 250 pm,
b (¢) maximum shear
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igure 8. The effect of shear on defect free state in Polymer B at 220 "C. All viewed between
ossed polars at 45° to horizontal oscillatory shear. Thickness ca. 40 pm, width of photo 250 pm,
inealing time 20 min. (@) Quiescent stage, (b) maximum shear rate 1s ', (¢) maximum shear
te 10s™ ', (d) maximum shear rate 150s™ ",
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igure 9. Diffraction patterns of Polymer A collected at the Daresbury SRS. The shear direction
horizontal. Temperature 310 °C. (a) At rest. (b) Shear rate 2s~'. (¢) Shear rate 20s™'.
) 2 min and (e) 9 min after cessation of shear.
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