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A model is developed that describes the complicated rheology and morphology of
thermoplastic polymers blended with relatively small amounts of liquid-crystalline
polymers (LCPs). Such blends typically display properties superior to, but more
complicated than,those of ordinary thermoplastic polymers. Viscosity predictions
are obtained with this model that exhibit the wide range of behavior that is observed experimentally in these blended materials for both shear and elongational
flows. For example, the viscosity-composition curve can display a minimum at low
compositions of LCP, and the addition of an LCP to a thermoplastic polymer can result in a reduction in the shear viscosity but an increase in the elongational viscosity. Corresponding morphological descriptions are also obtained for the internal
microstructure of the blends that provide information about the underlying causes
of the complicated rheological behavior.

INTRODUCTION

lends of thermoplastic polymers (TFs) and liquidcrystalline polymers (LCPs) have generated some
intense interest over the past decade because of several advantages they offer relative to conventional TPs
or blends of these polymers ( 1 -8).For instance, a
small amount of LCP added to a thermoplastic polymer can alter the viscosity of the thermoplastic matrix
phase significantly. In some processes, such as melt
spinning or film blowing, a high elongational viscosity
is required because of the extensional nature of the
process. In other processes, such as injection molding, low shear viscosity materials are preferable in
order to ensure complete mold filling and fast processing cycles (6). Experimental evidence suggests
that small amounts of LCPs added to thermoplastic
polymers can reduce the shear viscosity of the neat
TP, and, potentially, at the same time increase its
elongational viscosity, thus aiding both types of processes (6).
Some phenomenological correlations have appeared
in the literature regarding these unusual blends. Valenza and La Mantia (9) demonstrated that the shear
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viscosities of blends of LCPs and thermoplastic polymers decrease with increasing LCP concentration and
are between those of the two homopolymers when the
ratio of the neat TP to LCP viscosities is much larger
than unity. They also showed that the shear viscosity
of the blends usually displays a minimum with LCP
concentration when the viscosity ratio mentioned above
is about unity.
Material properties can also be positively affected by
addition of small amounts of LCPs to thermoplastic
polymers. For example, Kiss (8)found that by blending polybutyleneterephthalate with an liquid-crystalline polyester, the tensile modulus of injection molded
mini-bars was increased approximately 25% over that
of the neat polymer. Since LCPs are generally expensive, it is also beneficial that these key property enhancements are exhibited for small LCP concentrations.
To date, no viable models for blends of thermoplastic polymers and LCPs have appeared in the literature. In this article, a model is developed and investigated for the purpose of describing the rheological
behavior and the associated gross morphological
characteristics of the intrinsic microstructure. It is
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demonstrated that the model can exhibit behavior
very similar to that which is observed experimentally,
such as the minimum in the viscosity-composition
curve and the higher elongational but lower shear viscosity of LCP-blended thermoplastics. Furthermore,
the model allows an examination of the microstructural interactions between the LCP and thermoplastic
polymer that lead to these strange rheological properties.

Next, a n expression is written for the total energy,
or Hamiltonian, of the material as a function of the
three variables just chosen. The simplest reasonable
expression is

A MODEL FOR BLENDS OF THERMOPLASTIC
AND LI$UID-CRYSTALLINE POLYMERS

where K is the Hookem spring constant, kB is Boltzmann's constant, T i s the absolute temperature, and
a, u are elastic constants that are essentially functions of the concentrations of polymer chains and
rigid molecules (14).Hence they can be thought of as
parameters quantifylng the concentration of elasticity
within the blend components.
Two main assumptions were used to arrive at this
expression. First, it WiaS assumed that the concentration of LCP in the blend was low. From a practical
perspective, these blends are viable only under this
condition because of the expense of LCPs. With regard
to Eq 3, however, this assumption allowed the free energy of the LCP component to be written as a truncated Landau/de Gemes form, rather than the full
expansion (10). This is commonly called 7ke Maier/
Saupe Potential 115). The second assumption is that
the thermoplastic polymer follows the free energy of a
single Maxwell mode (101, which is generally a good
approximation of the gross characteristics of viscoelastic media in the linear deformation regime. Note
that there is no coupling between the two modes in
the Hamiltonian; i.e., there is no mixing rule for the
blend. Each component is assumed not to affect the
other's energetics per se, but such a dependence
could be incorporated into the Hamiltonian indirectly
through specifications of appropriate concentration
dependencies of a and v. The components will interact
with each other dynamically, however, as dictated by
the underlying matheimatical structure of the dissipation bracket.
The Hamiltonian of Eq 3 limits the applicability of
the model to be derived below. Given the mathematical form of the LCP contribution to this expression,
one can interpret the domain of applicability of the
model in three distinct ways. First, since the interfacial energy between the TP matrix phase and LCP
droplets has been neglected from Eq 3, the model
might be construed a s being limited to low deformation flows where the interfacial energy is relatively insignificant. Second, a:j opposed to blends of two thermoplastic polymers where interfacial energy can be
very significant, one imight argue that when the dispersed phase possesses liquid-crystalline order, the
interfacial energy is minor relative to the bulk free energy of the LC phase, as quantified by The Maier/
Saupe Potential. Third,one can argue that the elastic
constant u is proporlional to the interfacial energy,
and that the term m : m quantifies an entropic measure of average droplet surface area, thereby recovering

Using methodology developed over the past decade,
a model can be constructed for blends of thermoplastic and LC polymers. This methodology is based on
the reformulation of non-equilibrium thermodynamics
in terms of its underlying mathematical structure that
is essentially invariant of the physical system or material under investigation. The mathematical form of
this underlying structure has been determined over
the past decade (10-12), and, once known, allows
thermodynamically consistent derivations of the local
continuum equations of motion for describing the dynamical phenomena that occur in complex materials.
The starting point of the modeling effort is the realization of the appropriate variables needed to describe
the material under consideration, in this case, a TP/
LCP blend. Taking the material as incompressible and
isothermal, three variables are needed to describe the
rheology and morphology of these blends: (u,c, m).
The first variable, u, is the momentum density, defined as u = pv, where p is the mass density of the
fluid and v is the local velocity vector field. The second
variable is the conformation tensor describing the distribution of orientation and extension of the thermoplastic polymer chains in the blend. It is assigned its
usual definition as the second moment of the orientational distribution function, IJI (x, R,t) (13):

c

=

i

RR+d3R.

In this expression, R is the end-to-end vector of a TP
chain and x is the Eulerian coordinate denoting the
spatial position of the chain's center of mass. According to Eq 1 , c has units of length squared. The final
variable, m, describes the orientational distribution of
the LCP macromolecules in the blend. I t s definition is
similar to Eq 1 ; however, in this case, the polymer
molecules are rigid and inextensible. Hence the endto-end vector R is replaced by t h e unit vector, n,
called the director, which quantifies the orientation of
a given rigid molecule. Thus,

where +(x, n, t) is the orientational distribution f m c tion of the rigid macromolecules. By this definition,
the second-rank tensor m is required always to have a
unit trace.

lndetc-kPYm:m
4
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Similarly, the dissipation bracket is written as (10, 19)

a model of similar spirit to the Doi/Ohta Model of TP
blends (16). Regardless of which of these three views
one takes, the model should possess at least some domain of applicability for describing the rheological and
morphological properties of TP/LCP blends. Indeed,
one could assume the second view, as outlined above,
and include an additional effect in the Hamiltonian of
E q 3 associated with the interfacial energy and another variable quantifying the amount of surface area
of the droplets, as in Ref. (16). Then, both effects, LCP
bulk free energy and interfacial energy, would be incorporated into the ensuing model.
The methodology used to derive the model asserts
that the dynamics of an arbitrary functional of the
material variables, F[u,e,m], will be governed by the
global evolution equation

In these expressions, A, 1v, and 9 are phenomenological coefficient matrices (lo),to be defined shortly.
In view of the global evolution expression of Eq 4,
local evolution equations for the material variables
can be derived as
p-a v, = - pvpvpvu

=

{F, H }

+ [F, HI,

rJ t

(41

-

v,

P

+ VpUu,,

(10)

6F

where - is the functional derivative of the arbitrary
6a
functional with respect to the variable of interest, a =
(u,C , m ) , [ F, H ) is the Poisson bracket of conservative
dynamics operating on the Hamiltonian of Eq 3, and
[F, HI is the dissipation bracket of non-conservative
phenomena (10). The Poisson and dissipation brackets have been studied extensively in (10-12, 17, 18).
The Poisson bracket can be written as the sum of
three subbrackets (101,

where
where

-

1[6F v, ( E u , )
6u,

sup

-

su,

Op( " u , ) ]
sup

d3x, (6)
6H u
and - = - = v (10,20). These are the general evoluP

tion equations for the TP/LCP blends that are valid
regardless of the specific choice of the Hamiltonian
and phenomenological coefficient matrices.
To proceed further, it is necessary to specify the
Hamiltonian as Eq 3 and the phenomenological coefficient matrices as

I
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in which 0 is a phenomenological coupling parameter
that quantifies the degree of interactions between the
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two polymers, A is a characteristic relaxation time of
the thermoplastic polymer, and y is the same for the
LCP. The choices of these phenomenological coefficient matrices are motivated by the simplest forms,
which are consistent with the methodology of Ref.
(10).The coupling parameter, 8, has been investigated
for thermoplastic polymers viewed as possessing two
coupled Maxwell modes of conformational rearrangements (21). Experience from that case indicates that 8
should be a small, positive fraction, say in the range
of 0 5 9 5 1. When the two conformation modes are
identical, 9 = 0, and the model reduces to the usual
Upper-Convected Maxwell model in terms of a single
relaxation time, A = y. Thermodynamic admissibility
criteria have been established for placing bounds on 9
(21). but these are not particularly useful in practice
because they turn out to be flow-field dependent. In
the following, past experience is used to place 0 in the
range indicated above.
According to Eq 3, the remaining functional derivatives of the Hamiltonian are (10, 20)

Substituting Eqs 14- 18 into the evolution equations
of Eqs 10- 13 results in the material specific evolution
equations investigated in the remainder of this article,
1

7cap +

and Eq 10, in which
uup =

par<c,fi - PakBT6,p

+

pvkBT mvpq a- pvkBT mapmysmyE.

(21)

In the next section, these equations will be solved for
steady-state shear and elongational flow to determine
the rheological properties of sample blends and the
associated morphological characteristics of the fluids.

SAMPLE CALCULATIONS OF THE
RHEOLOGY OF TP/LCP BLENDS
In order to investigate the rheological and morphological characteristics of the model introduced in the

previous section, a homogeneous flow field is assumed,
so that only Eqs 19 and 20 need to be solved simultaneously for the components of c and m for a given deformation rate. Subsequently, the extra stress in the
fluid can be determined according to Eq 21. Two flow
fields are examined herein: steady shear and steady
uniaxial elongational flow. In the former case, the only
non-zero component of the velocity gradient tensor is
the shear rate, 9, and in the latter, the non-zero components are the diagonal elements, which are proportional to the elongatioin rate.
For computational convenience, the evolution equations (Eqs 19 and 20). as well as the extra stress tensor
expression, Eq 21, are made dimensionless according to the following assignations: Yap = KC,p/k,T,

-uup= aup/pkBTd&, 7 = t,fG
, and

v,Fp= V'&
V1v,. With these defiriitions, the equations of motion

and the extra stress tensor expression can be recast
in dimensionless form in terms of only three parameters: the ratio R = a / v that effectively quantifies the
concentration of rigid molecules in the blend, the ratio
V = y/A that effectively quantifies the relative viscosities of the pure LCP and TP components of the blend,
and the coupling parameter, 9. For large values of R,
the blend is almost pure thermoplastic polymer, but
as this ratio decreases,, the LCP component has an increased significance on the dynamics of the blends.
Likewise, when the ratio V i s large, the viscosity of the
neat TP is much smaller than that of the LCP, and
vice versa.
Numerical calculations for steady shear and elongational flow were performed using Newton's Method for
solving a set of non -linear algebraic equations to
within an error tolerance of 10-lo. Results of these
calculations are presented in the following figures.
Only a few experimental programs have attempted
to characterize the rheological properties of TP/LCP
blends (1-9). Consequently, not enough data is avaiable to make quantitative data fitting meaningful at
present. However, certain trends in the experimental
data can be identified and compared with theory to
see if such a simple model has potential to describe
the rheological and mlorphological properties of such
complicated blends.
In Fig. 1, the dimensionless zero shear-rate viscosity, q;, is plotted versuis 1/ R for parameter values V =
1 and 8 = 1/2. This corresponds to a blend in which
the viscosities of the neat thermoplastic and LC polymers are equivalent, and to a moderate degree of coupling between the two components. Since the concentration of LCP in the blend varies inversely with
R, moving along the abscissa from left to right corresponds to increasing the LCP concentration of the
blend. As evident from the figure, for reasonable values of the parameters, q: displays a minimum as a
function of the blend composition. Such behavior has
been observed repeatedly in experiments (3, 5, 6. 9).
Furthermore, this viscosity variation can range over
several orders of magnitude, as also found experimentally. Note also that as 1/R -+ 0, the blend becomes a
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Dimensionless zero shear-rate viscosity, q;. uersus the concentration ratio, 1/ R ,.for parameter values V = 1 and H = 1 /2.

pure TP, thus providing a relative gauge of its viscosity. It is thus evident that at low LCP concentrations,
the viscosity of the blend is lower than that of the
pure TP, and only at relatively high concentrations of
LCP can the blend manifest a higher viscosity than
the pure TP.
In this model, 8 defines the degree of coupling between the thermoplastic and liquid-crystalline polymer phases. In Rg. 1, this parameter is arbitrarily set
to 1/2, this value being in the exact middle of what is
considered to be the acceptable range, 0 5 8 5 1. A s 8
decreases, the coupling between the two phases lessens, and the minimum in the viscosity-composition
curve abates. As 8 increases beyond 1/2, the minimum
becomes deeper, indicating a greater degree of improvement in the shear properties of the blend.
Figure 2 displays the corresponding plot for the dimensionless zero shear-rate, first normal-stress coefficient, Urq, versus 1/R for the same parameter values
as Fig. 1. Although no experimental data is available
for comparison, the model predictions for this rheological characteristic function indicate a behavior
qualitatively similar to that of the shear viscosity: a
minimum occurs in the coefficient versus composition
curve, and the coefficient for the blends is always
lower than that of the pure Tp, at least at low to moderate concentrations. Furthermore, this coefficient is
always roughly twice the magnitude of the zero shear
rate viscosity.
Figure 3 displays the model predictions for :
q versus composition (1/R) for parameter values V = [O.l,
0.011 and 8 = 1/2.These cases correspond physically
1782

to blends of thermoplastic and LC polymers where the
viscosity of the pure TP is significantly larger than
that of the pure LCP. Experimentally, it has been observed that these blends typically display viscosities
that are between those of the pure TP and LCP, and
decrease with increasing LCP concentration (9).
As evident in the figure, the viscosities of the blends decrease consistently with increasing LCP concentration, as expected experimentally, with a small plateau
region appearing a t intermediate concentrations.
Such a plateau region has been observed for several
TP/LCP blends-see Fig. 1 of (9).Also, as the viscosity of the LCP decreases relative to that of the Tp, i.e.,
as V decreases, the viscosities of the blends increase
at low compositions, but appear to saturate at high
concentrations of LCP.
In Fig. 4, the dimensionless zero elongation-rate viscosity, qz, is plotted versus LCP composition (1/ R ) for
uniaxial elongational flow using the same parameter
values as in Figs. 1 and 2. As evident, q; displays the
same qualitative behavior with LCP composition as
:
:
q
there is a significant minimum a t intermediate
compositions, mirroring the behavior of Figs. I and 2.
Consequently, it does appear that the model can capture the experimentally observed behavior that the
u3P can both decrease and increase the elongational
viscosity of the pure TP (6, 7). However, the model
suggests that both increasing the elongational viscosity of the TP and simultaneously decreasing its shear
viscosity is not feasible at vanishingly small deformation rates. This can, however, still be achieved at finite, reasonable values of the shear and elongation
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rates, outside of the Newtonian region at very low deformation rates. At intermediate deformation rates.
the shear viscosity can display severe shear thinning
and the elongational viscosity can display a thickening behavior (7).As shown below, both of these behaviors are described by the model.
In Fg.5, the shear viscosity is plotted versus shear
rate for V = 1, 0 = 1/2, and several values of R. For
high values of R, where the blend is mostly composed
of the TP, the viscosity is Newtonian. This is to be expected since as R + % the material is purely thermoplastic, and this component has been modeled in the
preceding section as an Upper-Convected Maxwell
Mode, which displays always a constant viscosity. Of
course, most neat thermoplastic polymers manifest
shear-thinning behavior, but in the limit of small shear
rates, they display constant Newtonian viscosities. It
would be very easy to incorporate a more complicated
model for the 'IF component into the model presented
herein, dong the lines discussed in Ref. (lo),that does
allow for a shear-thinning viscosity of the neat TP at
intermediate and high shear rates. However, this is not
done at present so that the core behavior of the model
can be examined under the simplest set of circumstances: i.e., without distracting from the main features of the model. As R -+ 0, the model does predict
shear-thinning behavior, as caused by the interactions
between the two blend components at increasing LCP
concentration. Furthermore, as LCP concentration ircreases, the degree of shear thinning intensifies, as noticed in some experiments (3, 6).
1784

In Fig. 6, the elongational viscosity is plotted versus
stretch rate for V = 1, 8 = 1/2, and several values of
R. At low concentrations of LCP, one observes the
usual behavior of a neat TP: a constant viscosity at
low stretch rates, obeying the Trouton formula, followed by an increase in the viscosity at higher elongation rates. Such behavior has been observed experimentally for many neat TPs, as well as some TP/LCP
blends (7). Once the blend contains a significant LCP
component, the elongational viscosity can actually decrease with increasing stretch rate, as has also been
observed experimentally (2, 7).As in the experiments
of Ref. (7),
the model switches from thickening to thinning behavior as the concentration of the LCP increases.
The model can also give indications as to the microstructural nature of the rheological behavior thus
far observed. In Q. 7, the primary eigenvalues of the
second-rank tensors c and m are plotted versus dimensionless shear rate for V = 1, 8 = 1/2, and two
values of R. These eigenvalues give an impression as
to the extension from the quiescent spherical orientational distribution of the microstructural components.
At vanishingly small shear rates, the tensor c should
possess unit eigenvalues, and the tensor m should
have eigenvalues equal to one third: thus both indicate random distributions of orientation. As the shear
rate increases, it is evident from the figure that the
microstructural elements composing the TP component of the blend deform vigorously with the magnitude of the flow field, a s is expected. Furthermore, the
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LCP component does not experience much in the way
of deformation, although it is oriented to a fair degree
by the imposed shear field. The interesting feature of
the model, however, is that the presence of the LCP actually induces more deformation of the TP component,
thus leading to the shear-thinning behavior noticed in
Rg. 5. Consequently, the model seems to predict that
the increased degree of shear thinning with increased
LCP component concentration is due to the augmentation it provides to the deformation of the TP component.
In Fig. 8, the primary eigenvalues of the secondrank tensors c and m are plotted versus dimensionless stretch rate for V = 1, 0 = 1/2, and the same two
values of R as in Fig. 7. Again, the magnitude of the
flow field has a greater effect on the deformation of the
TP component of the blend. Note, however, that in
this type of flow, the LCP component reduces the intensity of the deformation, rather than augmenting it
as in shear flow. This reduction in deformation, at a
given stretch rate, is probably then associated with
the presence of the elongational thickening or thinning behavior observed in Fig. 6. Thus it seems that
the effect of the LCP component has upon the rheological properties of the blend depends greatly on the
type of flow field that is applied to these materials.

CONCLUSIONS

In this article, a model was developed to describe the
complicated rheology and morphology of thermoplastic
polymers blended with relatively small amounts of
1786

liquid-crystalline polymers. Viscosity predictions were
obtained with this model that exhibited the wide
range of qualitative behavior that is observed experimentally in these blended materials for both shear
and elongational flows. Viscosity-composition curves
displayed minima at low compositions of LCP, for both
shear and elongational flow fields. In elongational flow
fields, both a thickening and a thinning behavior with
increasing stretch rate was observed, depending on
the relative concentration of the LCP component. The
corresponding morphological implications were also
considered through the model, thus providing information about the internal microstructural states that
give rise to the complicated rheological behavior.
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