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THE RHEOLOGY AND MICR(tSTRUCTURE OF FLOWING THEWTROPIC LIQUID CRYSTAL 
POLYMERS 

DR. M.R. MACKLEY 
Department of Chemical Engineering, University of Cdridge, Cambridge, 
U. K. 

Abstract We examine and compare the morphology of small molecule 
liquid crystals, thermotropic main chain, liquid crystal polymers and 
flexible chain polymer melts. We also compare the rheological 
behaviour of these fluids and attempt to relate the structural 
characteristics of the fluid with their observed rheology. 

INTRODUCTION 

Thermotropic main chain liquid crystal polymers ( U P ’ S )  possess properties 
common to both small molecule liquid crystal (SMLC) and flexible chain 
polymers. In terms of anisotropy and structure the thermotropics relate 
more closely to SMLC, however in terms of rheological behaviour the 
connection is closer to that of conventional flexible polymers. This 
overlap of behaviour into two already well established fields of science 
means that in order to obtain a clear understanding of behaviour, all three 
systems should be examined. Although not considered in this paper the 
effect of the presence of a solvent in each of these cases should also be 
explored to incorporate Lyotropic behaviour. 

MATERIALS 

In order to simplify discussion and limit descriptions to systems that the 
author is familiar the following restricted examples of fluids will be 
examined. 

Small Molecule Liquid Crystals 
N - (- P - Methoxybenzylidene) - P - butylaniline (MBBA) 
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250 M .  R. MACKLEY 

A room temperature nematic liquid crystal fluid. Local P a ( @ )  -. 0.7 - 0.8. 

Thermotropic Liquid Crystal Polymer 
Polymer A 

0 

- f 3 -  - 0 - c -  

A "relatively low molecular weight" themotropic liquid crystal polymer, 
local P2(0) - 0.9. Melt processing temperature > -- 23OoC. (Polymer 
supplied by ICI, PLC). 

Polymer B 

A higher molecular weight thernotropic LCP than polymer A. Local P,(tl) 
0.9. Melt processing temperature > - 290°C. (Polymer supplied by ICI, 
PLC) . 

- Flexible Chain Polymers 
Polyethylene [CH2 - CH,In 

in = 20,000,  R = 130,000. Local Pa(e) ... 0 .  Melt processing temperature > 
140°C. (BP Rigidex Type 006-60). 

Small Molecule Liquid Crystal Behaviour 
Structural aspects relating to SMLC are covered in a number of texts'-', 
however the rheological literature is more sparse and their are few reviews 
on the subject'-'. Nematic SMLC such as MEBA are found to be optically 
anisotropic and have a local orientation function P,(e) of order 0.7 - 0.8, 
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RHEOLOGY AND MICRO-STRUCTURE 25 1 

surfaces can influence the director orientation and line defects known as 
disclinations can exist within the material. 

A useful insight into the effect of shear on the behaviour of 
nematic liquid crystals can be gained from the work of Wahl and Fischer'. 
Starting with discs which had been surface treated such that the MBBA 

between the discs W ~ S  in the director vertical state, they followed the 
shear induced flow birefringence and the associated orientation. Figure 1 
taken from reference (5) shows the schematic change of director orientation 
with shear together with the observed birefringence which approaches 
saturation at high shear levels. A later paper by Wahl' showed that the 
relaxation of birefringence A followed the form given by 

where T = h'/K. A, is the initial birefringence, h the sample thickness and 
K a material dependant coefficient. Shear causes distortion away from the 
preferred director vertical state. On cessation of flow the director 
relaxes back to its minimum energy state relieving the bend elastic 
distortions that the fluid shear has induced. Both the development of 
director orientation and its subsequent shear relaxation has been 
successfully modelled by them using the Leslie Erickson continuum theory of 
nemat ics' ' . 

When high shear rates are applied (say > .. 1 s-') Wahl and Fischer' 
observed what they thought were disclinations. Graziano and Mackley' 
confirmed this observation. They showed that both "thick" and "thin" 
disclination loops as shown in figure 2 were nucleated 88 a of 
shear and that massive disclination multiplication due to shear was 
possible. The presence of the disclinations also significantly effected 
relaxation processes. 

Concerning rheology of nematic SMLC; reported data*-'' suggests that 
the steady shear viscosity generally decreases with increasing shear rate 
and approaches a limiting value. There is some evidence to suggest that the 
fluid rheology is not influenced by the presence of disclinations. 

consequence 

Thermotropic Liquid Crystal Polymers and Conventional Melt 
The structure of thermotropic main chain liquid crystal polymers has been 
studied by a number of workers and representative examples are given in 
references' I-". Rheological reviews are sparse"-lb. 
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252 M. R. MACKLEY 

Oraziano and Mackley" observed that both polymers A and B were 
optically anisotropic and in both cases it appeared that the bulk of the 
polymer observed between glass slides did not respond to particular surface 
boundary conditions; the local director tended to have no preferred 
orientation axis. In polymer A they observed line defect disclinations 6s 

shown in figure 3. The optical texture observed in sample of B (figure 4) 

was of a smaller scale and subseq~ently'~ identified as a dense disclination 
texture. It wa8 sham that simple shear induced a net optical orientation 
in the direction of shear and also caused major changes in the structural 
reorganisation of the disclinations. Relaxation after shearing induced a 
number of textures including the possibility of an observed banding 
perpendicular to the shear direction. 

Up to this point the analogy with SMLC is very close, however if the 
rheology is examined the similarities and differences between conventional 
polymer melts become striking. 

Firstly if we examine the pressure drop for flow of polymer A into 
capillary. Figure (5) shows curves, for polymer A flowing into a zero L/D 
die at different temperatures. The curves show a typical power law 
behaviour and a set of resulta for a polyethylene melt are also shown for 
comparison. Further curves for dies with a finite L/D ratio are shown in 
figure ( 6 ) .  By assuming that the total pressure drop AP is given by, 

AP = Kg qng + Kc Wnc 

where K are power law constants for the entry and capillary section, 
L the of capillary and nB and nc the power law index for the entry 
and capillary section. Experiments of the kind sham in figure ( 5 )  and ( 6 )  

revealed power law indices of order 0.4 for both entry and capillary 
sections. Polymer B was also found to have a power law index of 0.4, as 

too did the polyethylene in the flow range tested. All these materials. 
would then exhibit an apparent viscosity where 

and K 
length 

I( 

Thus in terms of capillary rheometry alone it is difficult to 
distinguish LCP's from molten polymers. Where a major rheological 
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RHEOLOGY AND MICRO-STRUCTURE 253 

difference does appear is in the die swell characteristics and linear 
viscoelastic behaviour. 

Conventional melts usually exhibit strong die swell when they exit 
from a die1’*’*. The magnitude of the lateral dimension expansion can vary 
from perhaps 12 in extreme cases to typical values of order 1-3. The 
swelling is a strong function of polymer molecular weight, capillary shear 
rate, and L/D ratio of the die. Remarkably LCP’s show little or no die 
swell”. This suggests that when the LCP reaches the exit there are no 
elastic relaxation processes available for swelling unlike the conventional 
melt case. 

In contrast to this apparent lack of elasticity, the small strain 
oscillatory linear viscoelastic behaviour of thermotropic U P ’ S  shows that 
the material is highly elastic. Indeed the Storage modulus G’ is usually 
greater than the loss modulus G” for most LCP’s as shown by example in 
figure (7) .  The complex viscosity n* is also plotted and this is related to 
G’ and G” by the relation. 

where is the angular frequency of oscillation. 
In order to make a comparison, the G’, 0” and r(* behaviour of 

polyethylene Here the usual melt behaviour is seen 
where G’ is less than G” at low angular frequencies u and G’ is greater than 
G” at high values of u. 

is shown in figure ( 8 ) .  

The viscoelastic behaviour of monodisperse polymers now appears to 
be reasonably well understood and the molecular model of Doi and Edwards” 
predicts amongst other factors both small strain linear viscoelastic and 
large strain capillary shear thinning behaviour. For molten polymers, the 
small and large strain behaviour are linked by the Cox Merz emperical ruleaL 
where 

where % = u. 
The Cox Merz rule states that the apparent shear viscosity changes 

as a function of shear rate in the same manner as the complex viscosity 
changes with angular frequency. Doi Edwards theory predicts the Cox Merz 
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254 M. R. MACKLEY 

rule which suggests that small and large strain mechanisms in melts are from 
the same physical origin. Doi Edwards theory relies on stress being 
generated in the melt by the configurational orientation change in deformed 
chains generating an elasticity which can dissipate by a reptation 
mechanism, allowing relaxation of the chain to its entropically favoured 
random configuration. Because of the high local Pa(e) in thermotropic U P ’ S  
this elastic entropic chain stretching mechanism presumably is not present, 
although the small strain linear viecoelastic behaviour clearly shows the 
fluid exhibits a viscoelastic behaviour. 

viscous 

A way around this dilemma and also a possible explanation for the 
lack of die swell is to examine the strain dependance of G ’ ,  0” and a . 
Figure 9 shows the strain dependance for polymer B of the oscillatory 
rheological parameters taken at a fixed angular frequency of 0 = 100 
radians/s. It can be seen that at low strains the elasticity of the 
material dominates, however as the strain increases there is a dramatic 
reduction in particular of G’ the elastic component of the material. This 
observation is consistent with the micro optic shearing observations made on 
this polymer”. At small strain deformations the observed birefringence and 
defect texture is merely perturbed by the deformation, however at large 
strain8 substantial birefringent orientation is induced in the direction of 
flow together with major changes occurring in the observed fluid structure. 
These observations suggest that the elasticity in thermotropic U P ’ S  is 
strain dependant and different in origin to that of a conventional melt. 
The lack of die swell also suggests that elastic recovery is possible over 
relatively small strains of say a few percent. The origin of the small 
strain elasticity may either come from internal energy elastic deformations 
or be in some way related to the defect structure; entropic chain 
configurational changes of the form seen in molten polymers seem unlikely 
and the large strain elastic memory of the polymer is lost. This is 
reflected for example in the experimental observation that the exit 
properties thermotropic LCP’s do not depend on upstream flow conditions 
such as capillary length or capillary entrance geometry”. This contrasts 
strongly with molten polymers where the viscoelastic melt memory 
significantly effects exit behaviour’*. In addition from the results 
reported here, thermotropic LCP’s do not obey the Cox Merz rule and the 
direct connection between small and large strain behaviour is lost. 

* 

of 

Stress and strain relaxation experiments for thermotropic LCP‘s 
would reveal valuable information on the internal mechanisms associated with 
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RHEOLOGY AND MICRO-STRUCTURE 255 

these materials. ”Normal” viscoelastic behaviour can be expected and has 
been observeda‘ for small strain behaviour. it is only when the 
deformations become large that the anisotropy and or defect textures will 
significantly effect results. In conventional molten polymers there is a 
direct connection between chain configuration, material anisotropy and 
stress. In thermotropic UP’S the inter relation will be more complex. 

The Processing of Thennotropic Liquid Crystal Polvmers 
Finally the extreme shear sensitivity of thermotropic UP’S should be 
emphasised. This leads to effects both in extrudates“”’ and injection 
mouldingsa6 where there appears to be evidence that in a decelerating flow 
the director alignment becomes unstable and in accelerating flows director 
alignment occurs along the flow streamline. These observations together 
with observations of relaxation behaviour during solidification are of vital 
importance in understanding commercial processing procedures. 

In terms of end user properties the potential of the enhanced solid 
anisotropic properties produced by the material ensures an active future 
commercial interest for these systems. In terms of processing technology, 
the lack of die swell means that complex geometrical shapes CM be formed 
without distortion and in particular very fine (sub mm) width scale 
extrusions can be manufactured. In addition the apparent absence of flow 
instabilities means that extrusion speeds for thermotropics can in principal 
be significantly greater than conventional melt processing. 
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( a )  2 E L A T f O h S h : P  B E i ' W i E N  O P T I C A L  A N f S O T R O P Y  
AhD \ / E L L C I T Y  O U R I r i G  S T E A D Y  S H E A F !  01: M B B A  
06TAilu'ED 51' W A H L  A N D  F I S C H E R  119731 

m = Retardation number 
v = V e l o c i t y  of moving plate 
h = Sample thickness 

I b !  S C H E M A T I C  R i P R E S E N T A T f O N  O F  S H E A R - I N D U C E D  
i-lOLECULAR ORfENTATION I N  HOMEOTROPIC SAMPLES 
O F  NBBA PROPOSE0 BY WAHL ANC F I S C H E R  11973! 

Figure 1 
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258 M. R. MACKLEY 

Figure  2. 
shear  r a t e  ? = 4 s - l .  
c r o s s  po la r s  w i t h  shea r  d i r e c t i o n  v e r t i c a l .  

Thick and t h i n  d i s c l i n a t i o n s  th reads  i n  a sheared  sample of MBBA 

Reproduced from re fe rence  (8).  
Sample th i ckness  = 150 pm. Sample viewed between 

Figure  3. 
between crossed  p o l a r s .  
view = 500 pm S. Reproduced from re fe rence  CIS), 

D i s c l i n a t i o n s  observed in Polymer A a t  T = 240OC. Viewed 
Sample th i ckness  4 '30 urn. Hor i zon ta l  f i e l d  of 

F igure  4 .  
28OoC. Viewed between crossed  p o l a r s .  Sample th i ckness  5 5 urn. 
Hor izonta l  f i e l d  of view 350 pm. Reproduced from re fe rence  (16 ) .  

'Dense d i s c l i n a t i o n '  t e x t u r e  observed in Polymer B a t  T = 
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AP x lo5 N/m2 

0 100 200 

Q mm3/s 

259 

Polymer A 
Polymer A 

0 Polymer A 
Polyethylene 

Figure 5. Graph of pressure as a function of flowrace Q, for polymer A, and 
polyethylene. Capillary diameter = 1.0 mm, LID = 0. Die entry diameter = 
18 mm. 

AP x i05 N/m2 

0 100 

9 m 3 1 s  
200 

0 

Polymer A 
Polymer A 
Polymer A 

Figure 6. Graph of pressure as a function of flowrace Q for polymer A. 
Capillary diameter = 1.00 nun, L/D = 16. 
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; * .  

! >...-..~ -.__ __r c"mry-r--r,-r-"~ '-'*r.rry -r ---4 
I m - 0 3  

I.0S-01 FREO RAOISEC 

Figure 7. 
for polymer B. T ~~3000C. Strain = 0.1%. Parallel Plate geometry, 
gap 1.7 mm. (Rheometrics RDSJII). 

Frequency dependance of G I ,  G" (N/m2) and Q* ( N  s/m2) 

Figure 8. 
for linear polyethylene (BP 006-60). 
Parallel Plate geometry. 

Frequency dependance o f  G I ,  G" ( N h 2 )  and rl* (N s/m2) 
T = 200°C. Strain F IOZ.  
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A d .  

! . . . .  . . ' * "  1 
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Figure 9 ,  
for Polymer B .  T = 30OOC.  w = 100 rad / s .  

Strain dependance of G', G" (N s/m2) and ll* (N s /m2)  
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