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Abstract: A melt blend of a rigid-chain copolyester and a terpolyester, thermotropic liquid crys-
talline polymer is described with reference to its miscibility, rheological and free volume properties.
Dynamic rheometry is used to characterize the effect of blend concentration on rheological prop-
eties, whilst capillary rheometer is used to quantify the efficacy of the reduction in viscosity of the
more viscous component at higher shear rates. Dynamic mechanical thermal analysis indicates that
the blend becomes two phase structures, transesterification being intrinsically low or sufficiently
suppressed by the addition of inhibitor to prevent blocky or random copolymers forming via in-
terchain reactions. There appears to be a limited miscibility of the copolyester in the other ter-
polyester phase and it is suggested that this may be due to differences in packing and chemistry of
the two components. The density and free volume measurements show that the blends are denser
(lower fractional free volume) than may be expected from linear additivity, even though the av-
erage size of the free volume pores in the blends is greater. This increase in size may be due to in-
creased free volume at the interfaces between the two phases. The overall decrease in fractional
free volume may be due to the slight miscibility of one phase in the other, leading to closer packing
within that phase, and thus explaining the greater than average density.

Introduction

The miscibility of blends of main-chain liquid
crystalline polymers (MCLCP) is intrinsically in-
teresting due to the rigid-rod nature of the poly-
mers. It is known that most low molar mass liquid
crystals (LMMLC) of the same phase type show
miscibility. To this end, the blending of a mesogen
of a known phase with other new LMMLCs or
side-chain L.CPs is often used as a way of phase
verification. In the case of liquid crystalline poly-
mers (LCPs) other factors such as the low en-

tropy of mixing of polymers become important. A
blend of two SCLCPs with very similar chemical
structure was found to be immiscible,’ even
though the only difference between the samples
was in the length of the spacer between the meso-
gen and polymer chain. This contrasts to the no-
tion in traditional thermoplastic polymer (TP)
blends that very similar polymers tend to interact
and thus are likely to mix on a molecular level.
The orientational order and packing in a liquid
crystal polymer system is likely to play an im-
portant role in the final miscibility. Jin et al?
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found that, in the case of mixtures of two semi-
flexible TLCPs, blends of the materials with the
same mesophase were miscible and those with dif -
ferent mesophases (nematic and cholosteric or
nematic and smectic) were immiscible. Ballauff’
modeled the wvarious entropic and enthalpic
forces involved in miscibility in TLCP systems.
Favorable contact energies and thus enthalpic in-
teractions between chains favor miscibility
between thermoplastics, despite low entropy of
mixing. In more commonly studied blends of TPs
and MCLCPs, the entropy term is even more un-
favourable. Blends of MCLCP +MCLCP have a
similar entropy of mixing contributions as TP +
TP blends, and enthalpy once again plays an im-
portant role.*

Technologically, the role of MCLCP + MCLCP
blends has been shown to be interesting in that it
often leads to synergy, both in terms of lower
viscosity and higher modulus of the blends com-
pared to the homopolymers.* This has been ob-
served in other studies, a number of which were
reported by DeMeuse, Jaffe and coworkers.”®
They investigated a number of systems of TLCP
blends usually based on rigid Hoechst Celanese
Vectra-like copolyesters consisting of units of p-
hydroxybenzoic acid (HBA), 6-hydroxynapthoic
acid (HNA), terephthalic acid (TA) and hy-
droquinone (HQ). Blends of TLCP's comprising
copolymers of HBA and HNA of different co-
polymer ratios were examined® and although in
some cases miscibility was thought- to occur in
the melt state, it was not observed in the solid
state. Synergies such as those reported above
were observed in a blend between a HBA/HNA
copolymer and a TLCP consisting of HNA, TA
and acetoxy-acid aniline units® and the system
was found to be miscible. Lin and Winter® also re-
ported synergy in that the shear viscosity of the
phase separated TLCP blends which was far low-
er than that of either TLCP homopolymers. Such
synergies have been attributed to greater align-
ment and self-lubrication of TLCP chains.®

Work in our laboratory is currently looking at a
wide range of commercial or semi-commercial
TLCP+TLCP blends of different and similar
chemical structure and differences in chain ri-
gidity (blends of all-aromatic and semi-flexible
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TLCPs). The objective is to discover the driving
forces for miscibility and how miscibility and im-
miscibility relates to subsequent engineering prop-
erties, in particular rheological or mechanical
properties. In this paper we describe blends of the
widely used HBA/HNA copolymer, Vectra A950
and an amorphous TLCP which was one of a ser-
ies released by Du Pont (HX2000). We present
aspects of miscibility, rheological behavior and
the results of a novel technique positron an-
nihilation lifetime spectroscopy (PALS) which is
able to non-destructively probe the angstrom-siz-
ed free volume spaces between polymer chains.
This latter technique is compared with more tra-
ditional density measurements.

Experimental

Materials. The TLCPs in this study were two
nematic thermotropic copolyesters, Vectra A950
(referred to as Vectra hereafter) and HX2000.
Vectra from Hoechst-Celanese is a widely-stu-
died, semi-crystalline copolyester consisting of 73
mol% of hydroxybenzoic acid (HBA) and 27
mol% of hydroxynaphthoic acid (HNA). And it
is semi-crystalline, with a small melting en-
dotherm of approximately 1 J/g at about 28 °C.
HX2000 was supplied by Du Pont and is an
amorphous TLCP with no melting point ob-
servable by DSC. The molecular structure is like-
ly a terpolyester composed of terephthalic acid
{(TA), phenyl hydroquinone (PHQ) and a minor
amount of HBA.

Blends of the two TLCPs with different weight
percentages (20, 40, 50, 60 and 80 wt% of HX
2000) were prepared in the molten state using a
Haake Rheocord internal mixer for 5 minutes at
330 °C. Before mixing all materials used were vac-
uum-dried at 100°C for 24 hours. A transesteri-
fication inhibitor, Irganox 1098 from Ciba-Geigy,
with 0.3 wt% in the mixture was added to inhibit
chemical reactions taking place during melt blend-
ing. In order to experience some thermal and
shear history, neat TLCPs were processed under
the identical conditions as their blends.

Rheological Measurement. Dynamic shear
measurements were performed within the linear
viscoelastic region obtained by strain sweep test
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using parallel-plate fixtures with a gap of 0.9 mm
on a Rheometrics Dynamic Analyser Il (RDAI) at
320°C under nitrogen atmosphere. Shear viscos-
ity was measured with a Galaxy Il capillary
theometer with a capillary die of the diameter
0.76 mm and the length 254 mm (L/D=33).
The Rabinowitch correction for non-parabolic
velocity profiles was made.

Dynamic Mechanical Thermal Analysis.
Dynamic mechanical thermal analysis (DMTA)
was carried out on a Perkin-Elmer DMA-7 at a
frequency of 1 Hz over a temperature range
from -90 to 220°C by 3-point bending mode
and applying 1000 mN dynamic force. The
heating rate was 2°C/min and the specimen di-
mensions were 20 X 5 X 2 mm®.

Density. The density measurements of the
blends were carried out on a Micromeritics Ac-
cupyc 1330 Gas Pycnometer on sample shavings
at ambient temperature under a helium at-
mosphere. The tested samples were purged by
helium ten times to ensure a consistent dry at-
mosphere and thus to stabilise measurements.

Positron Annihilation Lifetime Spectros-
copy (PALS) Measurements. The Positron An-
nihilation Lifetime Spectroscopy (PALS) meas-
urements were performed at 22°C on an au-
tomated EG& G Ortec fast-fast coincidence sys-
tem using a *Na spot source with an instrument
resolution of 280 ps. The source was contained
between 0.0001 inch thick titanium foils and
data was an average of at least 10 spectra with
30,000 peak counts. The results were analyzed
using the PFPOSFIT program. Further experi-
mental details can be found elsewhere."

The PALS technique is based on the injection
of a subatomic particle, the positron, into the
polymer sample at the same time giving off a
characteristic Y-ray energy that can be used to
trigger a timing detector. Upon injection into the
sample, the positron rapidly thermalises, sub-
sequently either decaying or transforming into
other secondary particles which themselves decay.
In either case, the decay event is accompanied by
another characteristic energy Y-ray. In this way,
the timing of all the decay events can be cap-
tured and resolved by exponential decay fits.
One sub-atomic particle in particular, ortho-po-

46

sitronium, o-Ps, which is a particular combination
of an electron and a positron, seeks out free
volume spaces of the order of angstroms
between polymer chains and has been used to
probe the size and number concentration of such
voids. The larger the free volume pore, the longer
the o-Ps can exist within it before annihilating
with an electron from the cavity wall and this
time is known as T; (usually in ns), the o-Ps life-
time or “pickoff’ time. The larger T;, the greater
the size of the free volume voids. Their number
concentration is given by an intensity, I; which
has arbitrary units {expressed in this paper as a
per centage). The parameters T: and I; and a
combination of them have been found to relate
to many properties that are generally associated
with free volume such as glass transition, physical
ageing, plasticisation, gas permeability and so on.
Some reviews which deal with properties of
polymers as measured by the PALS technique
are referenced.’

Results and Discussion

Figure 1(a) and 1(b) depict the frequency de-
pendence of storage moduli (G'} and loss moduli
(G") of HX2000 and Vectra, respectively, as
characterised by the RDAIl at 320°C. The plot
for HX2000 (Figure 1{a)) demonstrates that its
viscous nature is dominant at low frequencies
with G™>G'. As frequency increases, G' increases
above G', becoming greater above 0.25 s*. By
comparison, Vectra displays a behavior dom-
inated by its elastic properties in the low fre-
quency range, with G' greater than G" and G" in-
creases faster than G' with increasing frequency,
eventually surpassing G' with a crossover of 10
s’. In order to interpret the dynamic rheological
data, a model of dynamic moduli, G' and G", as
a function of frequency described by Ferry* is a-
dapted and shown in Figure 1(c). This model
has been extensively applied to dynamic rheome-
try of flexible polymers, dividing the spectrum
into three zones in order of increasing frequency;
the terminal, plateau and transition zones. It as-
sumes that there are two sets of relaxation times
corresponding to short range and long range con-

figurational rearrangements of the polymer
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Figure 1. Dynamic, storage and loss moduli as a function
of oscillatory frequency, of the polymer blends (composition
of blends shown on plots) at 320°C. Fig. 1(c) is the model
behaviour of a viscoelastic fluid from Ferry (ref. 14). G'
{dynamic storage modulus) is the solid line and G" {dynamic
loss modulus) the broken line.

chains. The time scale of the transition zone
matches the relaxation time of molecular seg-
ments between entanglements (short range mo-
tion) and the relaxation at a range larger than
that of entanglements occurs at the time scale of
terminal zone. (The glass transition, measured by
other dynamic mechanical methods, is seen as a
peak in G" at higher frequencies in the transition
zone itself). The terminal and transition zones
are separated by the plateau zone which be-
haves as a rubber network. Changes in molec-
ular weight and distribution have little effect on
the glassy zone, but alter the properties of the
terminal zone. Whilst clearly the TLCPs being
used here are not flexible and highly entangled,
reference to such a model has been to be of
some use in TLCP systems in that, rather than
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entanglements, the change between a plateau
and terminal zone is likely due to intermolecular
interaction between the rigid chains®®* which is
related to the large-scale molecular architecture
in these rigid-chain systems.?’

Referring to Figure 1(a), 1(b) and 1(c), the
behavior of HX2000 across the frequency range
measured can be located in both terminal and
plateau zones with close values of G' and G" at
high frequencies. Vectra behaves rather like a ma-
terial in the plateau zone at low frequencies, mov-
ing into a transition zone at high frequencies. Due
to the rigid nature of TLCP molecules, the effect
of entanglement is less significant compared with
that of flexible polymers, and plateau zone behav-
ior is more likely to result from effects of chain
rigidity, molecular packing and intermolecular as-
sociation. It has been demonstrated that these
zone characteristics can be altered by applying
heat treatment before measurements for a given
TLCP, with the viscoelastic response shifting from
the terminal to plateau zone after 24 h anneal-
ing.’ It appears that the Vectra behaves rather
more rigidly’ in the melt than HX2000 with
greater intermolecular interaction since Vectra's
terminal zone clearly occurs at very low fre-
quencies (below those measurable in this study).
This may be because of the fact that HX2000 is
a terpolyester which would be disruptive to the
formation of extended, straight chains and thus
reduce intermolecular interactions and close pack-
ing. By characterising the behavior of all the
blends in the manner described above in relation
to their dynamic frequency behavior, (as is
shown in Figure (1)), the effect on low shear rate
rheology of the blending of the two materials is
made apparent. Blends of 40 wt% to 80 wt% HX
2000 (Figures 1(d)-1(h)) appear to predom-
inantly be in plateau zone, clearly influenced by
the behavior of HX2000. The blend of 20 wt%
HX2000 (Figure 1(h)) is very Vectra-like, al-
though the transition frequency between the pla-
teau and transition zone is slightly reduced com-
pared to that for neat Vectra.

In summary, HX2000 dominates the rheo-
logical properties at these low oscillation fre-
quencies, even for blends of 60 wt% Vectra. HX
2000 appears to behave as a “less-associated”
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TLCP than Vectra because the terminal-to-pla-
teau zone crossover frequency is much lower in
the case of Vectra.

Shear viscosities of the two TLPCs and their
blends were measured at the much higher shear
rates available to capillary rheometry and the
results are shown in Figure 2. All materials are
shear thinning as the viscosity decreases mono-
tonically with increasing shear rate, with HX2000
being more viscous than Vectra and the blends
showing intermediate behavior. The higher viscos-
ity of HX2000 may be due to its less straighter
chains and reduced liquid crystallinity, the more
rigid Vectra molecules yielding a lower viscosity.
The viscosity of the blend system as a function of
HX2000 content is shown in Figure 3 for two
chosen shear rates, 100 s* and 1000 s™. At 100
s, the viscosity reduction of the blends by ad-
ding Vectra is considerable, even for 20 wt% Vec-
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g 1000y —— HX2000 50%
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Figure 2. Capillary shear viscosity data for blends at 320 °C.
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Figure 3. Compositional dependence of shear viscosity at
various shear rates for blends, as measured by capillary
rheometry.
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tra addition. The effect of Vectra addition on de-
crease of viscosity at the “higher shear rate of
1000 s? is less. Although the desirable, previously
observed synergistic effect*®® which leads to a vis-
cosity of the blends lower than either parent
TLCP was not seen in this system, the composi-
tion dependence of the blend viscosity shows a
clear negative deviation from the rule of mixtures.

The miscibility in the solid state was deter-
mined from DMTA mechanical loss data, in the
form of tand vs. temperature for the wvarious
blend systems and is shown in Figure 4(a). The
glass transition temperature (T,) of neat HX2000
is quite strong and occurs at 199°C and the rath-
er weak glass transition of Vectra occurs at 109
°C, as has been observed many times before.”
The weakness of T, and its low temperature is as-
cribed to nature of the glass transition in TLCPs,
local shearing motions between neighboring, align-
ed polymer chains, as opposed to the larger-scale,
cooperative motions of random-coil ther-
moplastics. Indeed, it is often found that rigid-
chain, aromatic TLCPs such as Vectra have
secondary relaxations of a similar magnitude to
the primary, o-relaxation and this can be seen to
be the case for Vectra in Figure 4(a). It should be
noted that although height of a tand relaxation
peak is indicative of strength of a relaxation, it is
the area under the loss modulus, E", peak that
should more correctly be used.”

Much stronger @-relaxations have been ob-
served in other rigid-chain TLCPs, particularly in
those which are potentially more sinuous due to
the nature of units incorporated into the chain.
One recent example is the TLCP known as HIQ
(made up of HBA, isophthalic acid (IA) and hy-
droguinone (HQ) units), whose DMTA data
shows a very prominent o-relaxation, as has
been shown in a very recent paper by Green et
al® It may be that terpolymers (particularly
those which have a disruptive unit such as meta-
linked isophthalate in the HIQ materials) are
able to undergo stronger relaxations at T, due to
greater chain mobility. In this sense, although still
rigid TLCPs, such materials behave a little more
“thermoplastic-like” .

Vectra and HX2000 appear to have only a
very limited miscibility as the glass transitions of
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both phases change very little as a function of
composition. This eliminates one of the concerns
in analysing such materials, that is, that the blend
appears miscible primarily because of transesteri-
fication. It may be that this blend does not int-
rinsically rapidly transesterify, or that the inhibitor
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Figure 4. Dynamic mechanical analysis of blends as a func-
tion of composition. Fig. 4(a) shows both peaks of the par-
tially-miscible blend, Fig. 4(b) is an expansion of the HX-
2000 rich phase, and Fig. 4(c) is an expansion of the Vectra-
rich phase.
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used is effective in preventing such a transreac-
tion. As seen in Figure 4(b} (which is an expan-
sion of the HX2000-rich phase) the T, decrea-
ses up to 17°C (182.5°C) for the blend with 20
wt% HX2000. It appears that there is a slight
solubility of Vectra within the HX2000-rich
phase since the T, decreases further with the ad-
dition of Vectra. This variation of T, with concen-
tration seems unlikely to be due to transesteri-
fication, since, in a highly immiscible blend, such
a reaction would only occur at the interfaces and
not lead to a significant change in the property
(such as T,) of an entire phase. By contrast, the
T, relating to the Vectra-rich phase in a blend of
concentration 20 wt% HX2000 is the same as for
neat Vectra (Figure 4(c)), and at higher composi-
tions becomes too weak to be detected. Based on
the rheological discussion above, we have sugges-
ted that the Vectra material may be closer pack-
ed on a molecular level due to a simpler molec-
ular structure, and this may discourage inclusion
of HX2000 molecules in the Vectra-rich phase.
By contrast, Vectra molecules are clearly able to
be incorporated in the HX2000 rich-phase.

Figure 5 shows the solid density of the blends
as a function of HX2000 concentration. It can be
seen that density shows a positive deviation com-
pared to a simple rule of mixtures average of the
two TLCPs. Such a positive deviation may be ex-
pected in miscible blends” where close chain
packing of molecules leads to a squeezing out of
free volume® and thus a density greater than av-
erage. However, this blend is partially-miscible

1.38

Density (g/cm®)

0 20 40 60 80 100
wt% HX2000

Figure 5. Solid density of the blends as a function of com-
position.
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with separate phases and less readily explained
in this manner. Density is, however, a macro-
scopic engineering property, and it is very desir-
able to be able to consider the space between
polymer chains (free volume) on a more molec-
ular level and the PALS technique is able to do
this in a non-destructive fashion.

Figure 6 shows the plots of o-Ps lifetimes and
intensity (t; and Is) as a function of HX2000
composition where it can be seen that the size of
the free volume sites show a positive deviation
from additivity of the values of the two com-
ponent homopolymers. Previous work with ther-
moplastic blends® concluded that, on the whole,
the size of the polymer free volume pores of mis-
cible blends generally demonstrate a negative de-
viation from linearity, which was ascribed to close
packing of the chains in the blend. Immiscible sys-
tems showed a positive deviation® which was ex-
plained by extra free volume produced at poorly-
packed interfaces. A partially miscible blend was
found to be more of a direct average between
the homopolymers.” Therefore the slight positive
deviation of values of T; for this blend is con-
sistent with a blend which is immiscible although
the deviation is only small. Only a small deviation
may be expected if the interfaces between the
phases were good, with few voids. One may have
envisioned such a good quality interface in these
blends due to the similar nature of the com-
ponent chemistries (both polyesters), the likel-
ihood of some slight transesterification at the
phase boundaries and the slight miscibility ob-
served in which some Vectra appears to be solu-
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Figure 6. Dependence of PALS parameters T; and I3
{explained in text) as a function of blend composition.
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ble in the HX2000-rich phase. It should be noted
that the PALS parameters for the neat homo-
polymers in Figure 6 show that there is signifi-
cantly more free volume (greater size and num-
ber of free volume holes) in HX2000, than in Vec-
tra-despite the temperature of PALS meas-
urement (22°C) being much deeper into the glas-
sy state for HX2000, than for Vectra. This is con-
sistent with the idea developed above that the
Vectra material is much more closely packed.

Interestingly, as shown in Figure 6, the con-
centration of free volume sites (I) shows a strong
negative deviation as a function of concentration
and indicates there are thus fewer, larger free
volume sites in the blends than expected from ad-
ditivity of PALS properties. The reason for the de-
crease in free volume holes is not entirely clear. It
must be remembered that I; can depend both on
the probability of formation of the o-Ps particles
{which can be related to polymer chemistry), as
well as the number concentration of holes present,
and this may complicate the I, dependency. A
semi-empirical model was used to convert the T,
and I; data into a measure of free volume size
and free volume fraction, and will be presented
elsewhere.”® The results of those calculations
showed that the total free volume fraction shows
a slight negative deviation from linearity. This is
entirely consistent with the macroscopic density
.measurements where there was a positive de-
viation from a linear average. This consistency
between density data and PALS data is not al-
ways seen in amorphous blend systems® but ap-
pears to be quite correlatable within a number of
TLCP systems.* Given that the blend is im-
miscible and vet has lower free volume and high-
er density than expected, it must be concluded
that there is good interfacial bonding between the
phases and some miscibility of Vectra and HX
2000 in the HX2000-rich phase causes close-
packing of chains. The good interfacial adhesion
is also borne out by good mechanical properties
of the blend which do not fail in a brittle fashion
via the interface.”

Conclusions

Blends of two rigid-chain TLCP materials have
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been studied-Vectra, a copolyester of 73 mol%
HBA and 27 mol%HNA units and a terpolymer
HX2000 which is comprised of a number of
groups including HBA, PHQ and TA. HX2000
has a much stronger glass transition than Vectra
which is relatively weak. DMTA results clearly
show the blend was partially-miscible, with two
separate phases, indicating that the phase behav-
ior was not dominated by transesterification. The
HX2000 phases appear to contain limited
amounts of Vectra, whilst HX2000 appears not
to be soluble in the Vectra phase. Rheological
results indicate that low shear rate rheological
properties are dominated by HX2000. If the low
frequency dynamic rheology data is interpreted
in terms of transition between various forms of
viscoelastic behavior (terminal, plateau or tran-
sition zone) it appears that HX2000 is less in-
termolecularly associated than Vectra in the mol-
ten state. This may be indicative of the more ri-
gid, liquid crystalline nature of the Vectra which
is a copolymer, whereas liquid crystallinity in HX
2000 (a terpolymer) may be more frustrated by
a less linear and rigid chain due to the greater
number of component repeat units.

The conclusions from the low frequency rheol-
ogy are consistent with other TLCP properties.
For example, Vectra is semi-crystalline whilst HX
2000 is amorphous. Since the nature of crystals
in TLCPs are the so-called "non periodic layer’
crystallites which rely on some lateral registration
between similar chemical units,” or chain con-
formation,” this model of chain rigidity is con-
sistent with the Vectra chains being straighter
and better packed, and thus more able to form
crystallites upon solidification. Likewise, the fact
that some Vectra is soluble in the HX2000 phase,
but no HX2000 in the Vectra phase could also re-
late to tighter packing in the Vectra phase. Other
workers looking at polycarbonate blends have
found that free volume and conformation of
chains is important in causing miscibility.”

Although the nature of the behavior seen by
dynamic rheometry is dominated by the HX2000
phase, the actual value of high shear rate viscos-
ity measured by capillary rheometry is more in-
fluenced strongly by the Vectra. Indeed, small
amounts of Vectra significantly decrease the
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blend viscosity. Given the two-phase nature of
the blends, this cannot be due to the molecular
self-lubrication of different liquid crystalline units
that may occur in molecularly miscible TLCP +
TLCP blends. If there is some sort of lubrication it
must be between the Vectra and HX2000 phases
in the molten state. Thus miscibility of TLCPs is
not required to get a strategic and strong mod-
ification of viscosity by blending. Whether mis-
cibility of the TLCPs is preferred to gain actual
synergies is the subject of ongoing work.

The molecular chain packing and polymer mor-
phology should also be reflected in blend density
and in the free volume between polymer chains.
Both the solid density and the positron an-
nihilation lifetime spectroscopy results indicate less
fractional free volume in the blends than may be
expected from additivity of properties of the com-
ponents. This is surprising and marks these blends
as quite different in this regard, compared to more
traditional thermoplastic blends.®® The PALS
results indicate that the average size of the free
volume pores is also greater than additivity, but it
is the fact that there are much fewer of them in
the blends (compared with what would be ex-
pected from a simple rule of mixtures) which
leads to the free volume fraction being much low-
er than additive. An interpretation of this result is
that although it is a two-phase blend, within each
phase the blends are tightly packed and there is a
strong surface interaction. The good surface bond-
ing may be due to intrinsically strong physical and
chemical interactions between these two chem-
ically-similar polymers, and also possibly due to in-
clusion of some Vectra in the HX2000-rich phase
{making it more “Vectra-like”).
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