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Abstract: In order to predict the elastic properties of thermotropic liquid crystalline polymers
(TLCPs), a simple model based on the composite structure associated with a nematic domain,
typical of liquid crystalline system, is presented. In this model, we assume that the volume fraction
and aspect ratio of oriented nematic domains vary with the degree of orientation. We estimate
the structural parameters as a function of orientation using the well known Halpin-Tsai equations
as a basis for the model. The results of such analysis indicate that the degree of liquid crystallinity
and aspect ratio of nematic domains are highly dependent on the orientation and this in situ
formation of the fiber like nematic domains potentially leads to high modulus and high strength
properties that are not obtainable with conventional reinforcing fibers.

Introduction

Thermotropic liquid crystalline ploymers (TLCP)
are well suited for the study of relationships be-
tween molecular orientations and material proper-
ties of polymers. By varying the processing cond-
itions applied to TLCPs, one can obtain a wide range
of molecular and supermolecular orientations
since the oriented structure of the TLCPs is retain-
ed over a long period of time even at high temper-
atures due to their high relaxation times. In order
to utilize the advantage of TLCP orientations, it
is desirable to develop a good understanding of the
processing-structure-properties  relationships for
TLCP materials and their blends.

Several approaches have been proposed for pre-
dicting the elastic properties of TLCP materials.
Davies and Ward' applied the aggregate model (orig-
inally proposed by Ward to describe the mechani-
cal anisotropy of uniaxially oriented single phase
polymers) to oriented TLCPs in the solid state and
obtained the equations relating the measured ten-
sile, shear and X-ray data with a single orientation
parameter. Garg and Kenig® considered the orienta-
tion of LCP domains as the orientation of rigid rods
particles such as short fibers in dilute suspensions
and the orientation developments are qualitatively
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predictable from the fluid mechanics of short fiber
suspensions for both extrusion and injection. Re-
cently, DiBenedetto ef al.® proposed a composite
model to describe the modulus of the TLCP as it de-
forms in the extensional field generated during hot
drawing. This model was shown to correlate exper-
imental results of hot drawn PET40/PHB60 LCP
to processing conditions.

However, a more rigorous approach comprising
the details of the structure and flow units in TLCPs
has not been possible due to the lack of appropriate
theory in this area. In this paper, a simple theoreti-
cal model for predicting the elastic properties of
TLCPs is described and applied to the experimen-
tally determined literature data to estimate the
structural parameters such as the aspect ratio of
nematic domains and degree of liquid crystallinity.

Theory

In order to predict the elastic properties of com-
posite materials with short fibers, several investiga-
tors have proposed realistic models introducing the
fiber aspect ratio as a parameter. Others have mod-
ified the simple “law of mixtures” relationship by
empirically introducing “the efficiency parameters”
to account for fiber aspect ratio and orientation dis-
tribution. In this study, analyses for the structure-
property relationship for TLCPs will follow the com-
posite analogy. A common view of the structure
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Figure 1. Orientation model of the LCP as it is being
extruded through a rod shaped die.

of TLCPs is that of randomly oriented micrometer
or semimicrometer size domains of highly ordered
molecules surrounded by boundaries of the lesser
order. Each domain features structural homogeneity
and uniformity, and the size and shape of domains
are sensitive to processing conditions. The prop-
erties of this polyhedric nematic domains are defin-
ed by the specifics of the heterogeneous phases of the
perfectly oriented domain structure. On the other
hand, the matrix (boundary) has nearly isotropic
properties so that rapid relaxation will maintain
amorphous mass. We propose a composite model
based on this composite structure of a nearly iso-
tropic matrix reinforced with nematic domains (Fig-
ure 1). The ordered nematic domains assumed to
be polyhedric and their aspect ratio and volume
fractions depend on the processing conditions. We
then use the well known Halpin-Tsai equations as
a basis for the model. These equations calculate
in-plane stiffness of a transversely isotropic sheet
having all the fibers unidirectionally aligned in the
plane and also cover both the particulate (fiber as-
pect ratio=unity) and the fiber reinforced case
(fiber aspect ratio= infinity).*®
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Figure 2. Sketch of reduced modulus vs volume frac-
tion V; for a unidirectional composite with fiber aspect
ratio (——, longitudinal; ----, transverse).

The quantity & is equal to 2(//d), where (/d) is the
length-to-diameter ratio of the polyhedric liquid
crystal domain. The quantity Vy is the volume frac-
tion of the oriented liquid crystalline domains and
E; is the longitudinal modulus of the (TLCP) com-
posite. Ey and Ey are the moduli of the matrix
and nematic domains, respectively.

Before going into details, we now discuss more
closely the important features of TLCPs using some
experimental data. Garg and Kenig’? and Chung®’
measured elastic modulus as a function of orienta-
tion for TLCP Vectra. The measured elastic modu-
lus increases infinitely like the dashed line in Fig-
ure 2. At first sight, it would appear that the shape
of the dashed line might be unexpected because
most fiber reinforced composites show an upper
limitting behavior in stiffness at high orientation
like the solid lines in Figure 2. There is another
point to make about TLCPs in contrast with fiber
reinforced composite. We conducted extrusion ex-
periments in a single screw extruder with sheet
type dies of different diverging angles to establish
the relationship between orientation and mechani-
cal properties for the TLCP Vectra A 9508 This
diverging flow generates tensile hoop stress which
leads to perpendicular orientation to the flow direc-
tion. Figure 3 shows tensile strength as a function
of diverging angles of the dies for the three sam-
ples cut from the center, from the edge in the direc-
tion of flow and from the cross section perpendicu-
lar to the direction of flow. The results clearly show
the increase in tensile strength for all the three
different directions. In the case of fiber reinforced
composite which contains a constant amount of
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Figure 3. Tensile strength vs diverging angle for the

LCP extrudates (die temp=270C, rotor speed=120
rpm).

fibers having a constant aspect ratio, orientation
usually leads to enhanced properties in the oriented
directions, which in turn implies property decrease
in the non-oriented or lesser oriented directions.
We observed the same trends in tensile strength
as a function of screw speeds (Figure 4).

In order to explain these differences from short
fiber composite case, we have to take into consid-
eration the following two important points in mod-
eling TLCPs:

1) The aspect ratio of the nematic domains
changes during orientation process. Contrary to the
conventional glass fiber filled thermoplastics, the
aspect ratio of the nematic domains tends to in-
crease with increasing orientation. The domains elon-
gate by slippage of the oriented molecules past
one another since the shear moduli of both the
oriented domains and the non-ordered boundary
are low. It is anticipated also that the persistent
length of the polymer chains increases with the
orientation.

2) The amount of the nematic domains oriented
in the direction of flow may increase with increas-
ing orientation. The nematic organization of LCP
usually improves under the flow field as a result
of simultaneous rotation and elongation of the do-
mains, However, the degree of liquid crystallinity
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Figure 4. Tensile strength vs diverging angle for the
LCP extrudates (die temp=270C, Div. angle=
45°).

in LCPs has not been well defined and experimen-
tally measured in the literature to authors’ knowl-
edge. To a first approximation, we will assume a
linear increase of the nematic contents with orien-
tation. When the interphase follows a usual sigmoid-
al shape, a linear change in the degree of liquid
crystallinity with orientation can be imagined if the
upper and lower extremes are neglected.

Under the simplifying assumption of linear de-
pendence of the Vi on the orientation, the quantity
Vv can be estimated with reasonable accuracy using
experimental literature data (Figure 5) at the follow-
ing two extreme cases. When the nematic zones
are perfectly oriented (Hermans orientation func-
tion, F=1), the longitudinal modulus can be obtain-
ed by a rule of mixtures (continuous fiber case)

E =EyVy+ENVy 3

where E;, Ey and Ex are the moduli of the compo-
site, matrix and nematic domains, and Vy and Vy
are the corresponding volume fractions. In the case
of TLCPs, Ey and Vy are very small compared to
Ev and Vy, respectively and their product can be
neglected. The modulus Ey can be equated from
the experimental longitudinal modulus deduced
from changes in the meridional X-ray scattering as
a function of stress.! Taking Ex=150 GPa, a value
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Figure 5. Relationship between initial tensile modu-
lus and Hermans orientation function (Vectra A950 and
B950).

of Vy=0.80 was calculated from the limiting longi-
tudinal moduli of the composite E;. In the case
of the lower bound (F—0), the modulus of the com-
posite can be calculated using the Halpin-Tsai
equation (particulate filler case; I/d=1) and equated
to the experimental limiting value to obtain Vy. The
quantity Vy when F=0 was estimated as 0.46.
Using these two limiting values for Vy, the orienta-
tion dependency was determined as

Vy=0.34F+0.46 4)

This equation indicates that the liquid crystallinity
varies in the range 0.46~0.30 depending on the
orientation. This range seems to be reasonable
since the maximum volume fraction of perfectly
aligned fibrils is 0.82.°

Analysis of Experimental Modulus Data

The reduced longitudinal modulus was calculated
using equations (1) and (4), and the results are
presented as a function of F for various aspect ra-
tios in Figure 6. The predicted E,/Ey shows a
strong dependence on the aspect ratio and the orien-
tation parameter in the range considered. These
aspect ratios were used in conjunction with the ex-
perimentally determined moduli from Chung's work
(Figure 5) in an attempt to characterize the related
structure. To achieve a good fit with the experimen-
tal value of E,/Ey, an approrpriate value of the
aspect ratio was determined as shown in Figure
7. In this calculation, we took the advantage of the
Halpin-Tsai equation, which covers the particulate
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Figure 6. Reduced longitudinal modulus (E;/Ey) vs
Hermans orientation function with various aspect ratio
of nematic domains caculated using the relation Vy=
046+ 0.34F.
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Figure 7. Effects of LC domain aspect ratios on the
longitudinal stiffness of unidirectionally oriented LCP
rods.

as well as fiber reinforced cases.

Figure 8 shows the aspect ratio of nematic do-
mains as a function of Hermans orientation functon
F. The aspect ratio increases gradually at low orien-
tation (F<0.87) and when the orientation par-
ameter approaches unity, it increases rapidly. The
aspect ratio ranged from 1 to 70 with a steep change
at an aspect ratio of about 5. These results suggest
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Figure 8. Aspect ratio of nematic domains as a func-
tion of Hermans orientation function F.
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Figure 9. Reduced longitudinal modulus (E./Ey) vs
Hermans orientation function £ with various aspect
ratio of nematic domains.

that the mechanical behavior of TLCP materials
may be described either as particle reinforced com-
posites (low orientation) or as fiber reinforced com-
posites (high orientation). As was mentioned earlier,
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the longitudinal stiffness of unidirectionally orien-
ted TLCPs is highly dependent on the aspect ratio
of the nematic domains (Figure 7). Figure 9 shows
the experimental and calculated reduced modulus
as a function of the orientation parameter. A good
fit means that this model describes the elastic pro-
perties of TLCP materials well and the values of
the model parameters such as the aspect ratio and
Vv are reasonable. It is also interesting to note that
these structural parameters are highly dependent
upon the orientation. For example, the degree of
orientation of 0.8 or so is no longer sufficient to
achieve ultra high modulus. The longitudinal mod-
ulus for the material considered in this model ap-
parently depends on F74(Figure 9). This i situ for-
mation of the fiber-like domains potentially pro-
vides a degree of control over fiber aspect ratio and
fiber content that is not achievable with conven-
tional reinforcing fibers.

Conclusion

A simple theoretical model for predicting the elas-
tic properties of TLCP materials is presented and
discussed. Liquid crystal polymers are modeled as
an array of perfectly oriented polyhedric nematic
domains immersed in a less-ordered, nearly isotrop-
ic matrix. This model assumes that the volume
fraction of nematic domains increases linearly with
the degree of orientation and the aspect ratio of
nematic domain changes during orientation process.
Experimental literature data were analyzed in the
light of the proposed model using the Halpin-Tsai
equation. The results of such analysis showed that
the degree of liquid crystallinity for the TLCP Vec-
tra varies from 0.46 to 0.80 and the aspect ratio
ranges from 1 to 70 depending on the orientation.
These calculated values seem to be reasonable and
accord with intuitive expectations for the TLCP
materials.
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