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Abstract Blends of hydroxypropyl cellulose (HPC) in
lyotropic phase have been prepared with a new epiclon-
based poly(amic acid) (PAA) or its corresponding polyimide
(PI). The flow behaviour of their mixed solutions in N,N-
dimethylacetamide (DMAc) was investigated by means of
shear viscometry and oscillatory shear tests. The effect of
composition, temperature and shear rate on the rheological
functions reflects the orientation or mobility of the chain
segments in the shear field. Specific interactions, such as the
hydrogen bonds between PAA and the liquid crystalline
component, stabilized the resulted morphology. The band
texture, typical for lyotropic HPC solutions, evidencing
different intensities and dimensions is observed from atomic
force microscopy images in PAA/HPC and PI/HPC blends.
The paper pursues some aspects concerning the obtaining of
mixed alignment layers used in display devices.

Keywords Polyimides - Liquid crystalline polymers (LCP) -
Blends - Rheology - Morphology

Introduction

A successful alternative for the development of new
polymeric materials is blending of the already existing
polymers, to obtain a balance among the desired properties
exhibited by the individual components. The development
of the characterization techniques have led to an increased
understanding of the mechanisms involved in polymers
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mixing, of their fundamental interactions, and of the
manner in which these interactions affect their final
properties. This link between molecular interactions and
physical and engineering properties continues to be an
important challenge for both scientific and industrial
perspectives, due to the increasing economical impact of
polymer blends and alloys in many domains affecting our
everyday life. The morphology and rheology of polymer
blends has been the subjects of many researches [1, 2]. It is
well-known that the properties of blends depend on the
rheology of components fluids, as well as on the interface
properties. When a component becomes an anisotropic
fluid, it is expected that the anisotropic interfacial properties
would greatly affect the blends properties. Polymer/ liquid
crystal polymer (LCP) blends have been intensively
investigated as to their unique electrical, optical and
mechanical properties and typical surface morphology [3].
The self-aligning nature of LC is used for enhancing the
specific properties, important for obtaining organic polymer
thin-film transistors (OP-TFTs) [4] for liquid crystal display
devices [5].

Cellulose and some of its derivatives can form liquid
crystalline solutions in a variety of solvents. Most of the
lyotropic liquid crystalline phases formed by cellulose and
its derivatives are cholesteric. The mesophases possess a
unique helicoidal supramolecular structure in which the
alignment of cellulosic molecules occurs at a small angle in
one layer to another. Under a high shear rate flow, the chiral
nematic structure changes to a flow-induced nematic-like
phase. However, the shear-oriented phase is easy to disrupt
after removing the shear force. This is generated by the
driving force for the liquid crystalline solution forming the
more thermodynamically stable helicoidal supramolecular
structure [6]. One of the most common ethers of native
cellulose, whose concentrated solutions display optical
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properties typical for cholesteric liquid crystals, is hydrox-
ypropylcellulose (HPC). In the crystalline state, the HPC
molecules are present in a helical arrangement. The
structure is not dependent on the solvent alone, but also
on the concentration [7]. Fundamental research on the
formation of banded textures in thin-film samples from
lyotropic HPC solutions subjected to shear is important,
due to the large number of physical interactions involved
[8, 9]. Moreover, the surface anisotropy of the mechanical
and optical properties of the polymer films [10], together
with their potential use as alignment layers for liquid crystal
displays, make these systems particularly interesting and
promising for new applications. Flow behavior is the most
thoroughly studied rheological property. Onogi and Asada
[11] hypothesized the universal existence of three shear
flow regimes to describe the viscosity of polymer liquid
crystals (PLC): a shear thinning regime at low shear rates
(Region I), a Newtonian plateau at intermediate shear rates
(Region II), and another shear thinning regime at high shear
rates (Region III). Region I, observed at low shear rates,
shows shear thinning, exhibiting a yield stress, as in some
plastic materials. This region is characterized by distortional
elasticity associated with spatial variation in the director
field (average local molecular orientation). Region II is a
Newtonian plateau, reflecting a “dispersed polydomain”
structure and Region III is a shear thinning zone, showing
viscoelastic behaviour. In Regions I and II the flow is not
strong enough to affect molecular orientation, while in
Region III the flow field is very strong, so that the shear
induces molecular orientation. Literature [11, 12] shows
that cellulose derivatives do not always cover the entire
domain from Region I to Region III, because not every
regime lies within the accessible shear rate range.

On the other hand, polyimides (PI) are the most
commonly employed LC alignment layers [13]. Literature
of the field is focused on wholly aromatic polyimides [14],
because of their high-temperature resistance. However, they
do not always provide optimum properties because of
deficiencies in processability, solubility and transparency,
as well as because of their relatively high dielectric
constant. Incorporation of aliphatic units into the polyimide
backbone facilitates fewer polymer-polymer interactions
and enhances the solubility in organic solvents, offering a
compromise between processability and thermal properties
[15]. Therefore, utilization of aliphatic or cycloaliphatic
monomers to form aliphatic polyimides can successfully
counteract some of the shortcomings of the wholly aromatic
ones [16]. Also, chain flexibility and conformation should
satisfy specific requirements in various applications, so that
a careful examination and control of polyimide solution
properties, under the influence of some external factors, is
of great importance [17]. The structural composites industry
and the electronics business rely heavily upon rheological
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testing for product improvement, as well as for new product
process development. During compounding, several factors
influence the final morphology, including shear, solution
concentration, solvent nature, specific interaction and, also
rheological properties of the blend components.

The present work investigates a series of blends obtained
from HPC in lyotropic phase, and a new partial aliphatic
polyimide or its poly(amic acid) precursor (PAA), for which
details of synthesis and properties were described in
previous publications [18, 19]. The aim of the paper is to
study the correlation between solution properties and solid
film characteristics, providing insight on the interactions
from the system, which lead to the stabilization of the
resulting morphology. As a consequence, a good knowl-
edge on the rheological properties of these solutions is
important for their handling and formulation, and also for
better understanding and controlling the process of poly-
imide coatings. In order to exploit the complex range of
properties of HPC/PI or HPC/PAA blends, it is necessary to
analyze the morphological and structure-rheological rela-
tionship, for investigating the origins of phase separation at
different concentrations and shear rates, as well as for
estimating segments orientation or mobility in the shear
field.

Experimental part
Materials

Epiclon (5-(2,5-dioxotetrahydrofurfuryl)-3-methyl-3-
cyclohexene-1,2-dicarboxylic acid anhydride), an asym-
metrical flexible alicyclic dianhydride (Merk, 98% purity),
has been used as a raw material for polyimide, to enhance
its solubility and to render some new properties [20, 21].
The poly(amic acid) precursor was synthesized by the
reaction of epiclon with 1,4-(p-aminophenoxy)benzene in
N-methylpyrrolidinone (NMP) as solvent, under inert
atmosphere. Concentration of the reaction mixture was
adjusted to 20% total solids. The first step of this reaction,
performed at 15-20 °C, led to the corresponding poly
(amic acid). In the second step, the polymer solution was
heated at 180—190 °C to perform cyclodehydration of the
poly(amic acid) (PAA) to the corresponding polyimide
structure (PI) [18, 19]. The number average molecular
weight is 76,000 g/mol for PAA and 48,200 g/mol for PI,
resulting from gel permeation chromatography (GPC)
measurements in N,N-dimethylformamide (DMF), per-
formed on a PL EMD-950 evaporative light scattering
detector apparatus [22]. The investigated structures are
presented in Scheme 1.

Hydroxypropylcellulose (HPC) (LF, Klucel™) was
purchased from Aqualon Company, Hopewell, Virginia,
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Scheme 1 Structures of the CH,
poly(amic acid) and of the
corresponding epiclon-based HOOC /COOH
polyimide PAA
HNOC \CONHO—O—
n
CH,
~C /

0 S
N( j
/c

USA. According to product specifications, HPC LF has a
molecular mass of approximatively 100,000 g/mol and
“moles of substitution” of 3.4.

Solution and film preparation

A standard procedure for preparing the sample solutions was
used. First, the polymer powder (PAA, PI and HPC) was
weighed and put into a jar (also weighed). HPC was then
mixed with an appropriate amount of N,N-dimethylacetamide
(DMAc), to obtain a 60 wt.-% concentration, where HPC
is in liquid crystalline state. The jar was tightly sealed,
covered with paper to stop the sample from being altered
by light, and gently rolled for approximatively 4 weeks.
After reaching the lyotropic phase, HPC was combined
with PI (or PAA) 49 wt.-% solutions in DMAc, at
different mixing ratios: 30/70 wt./wt, 50/50 wt./wt and
70/30 wt./wt. The resulting system was deposited onto a
glass substrate. Films were cast and sheared simultaneously
at room temperature, on a Teflon plate, by moving a Gardner
casting knife at a controlled speed of 5 mmy/s.

Rheology

The flow properties of the concentrated mixed solutions
were determined on a Bohlin CS50 rheometer, manufac-
tured by Malvern Instruments. The measuring system
presents a cone-plate geometry with a cone angle of 4°
and a diameter of 40 mm. Shear viscosities were
registered over the 0.07-4582.40 s ' shear rate domain
for surprising all possible flow regimes, at several temper-
atures (2540 °C). During the oscillatory shear tests, the
frequency was varied between 0.1-150 Hz, and a shear
stress of 30 Pa was applied.

Atomic force microscopy (AFM) measurements

Blends morphology was examined on a SPM SOLVER
Pro-M instrument. A NSG10/Au Silicon tip with a 35 nm

radius of curvature and 255 kHz oscillation mean frequency
was used. The atomic force microscope was operated in
semi-contact mode, over a 40x40 umz scan area, 256x256
scan point size images being thus obtained.

Results and discussion
Shear viscosity

The microstructure and polymer-solvent interactions of the
lyotropic mesophases were derived from rheological studies.
The shear experiments performed on lyotropic HPC solutions
in DMACc reveal that the viscosity-shear rate dependence
exhibit only Regions II and III (Fig. 1). The Newtonian
plateau is smaller and it is shifted to lower shear rates as
concentration increases. Viscosity versus concentration, from
the small plot of Fig. 1, shows a maximum at/or near the
critical concentration, in the 20-60 wt.-% concentration
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Fig. 1 Logarithmic plot of viscosity as a function of shear rate for
HPC in DMAc at different concentrations and temperatures. Loga-
rithmic viscosity data points for 60 wt.-% are shifted upwards to 10
for better visualization. The small plot represents the dependence of
shear viscosity on concentration at different shear rates

@ Springer



544

A.L Cosutchi et al.

range, which designates the anisotropic phase formation.
With increasing concentration the isotropic solutions show a
monotonic increase in shear viscosity. Viscosity increases to
a maximum when the isotropic to anisotropic transition is
approached. The ordering of macromolecules in the HPC/
DMACc system is associated with a viscosity lower than that
of the isotropic solutions. In this context, one should mention
that, below a certain critical shear rate, the isotropic solutions
are Newtonian. The viscosity peak, observed for all lyotropic
polymer solutions, is a decreasing function of shear rate,
ascribed to several mechanisms. For example, Hermans [23]
suggested a possible competition between the ordering
induced by shear and that produced thermodynamically.
However, Zugenmaier [24] found out that the correlation
between the viscosity maximum and the anisotropic phase
appearance is valid only when the shear rate is low (close to
zero). Starting from this affirmation, at a constant shear rate
of 0.76 s, the critical concentration of 45.71 wt.-% appears
to be the concentration at which a distinct change in the
rheological properties occurs. Therefore, the viscosity at high
shear rates takes lower values than the viscosity of lower
concentration solutions at equivalent shear rates. Based on
the viscosity versus concentration relation for concentrations
above 45.71 wt.-%, the solution is in a fully liquid-crystalline
mesophase. Below this concentration, the solution is
biphasic. Similar results were obtained by Ernst and Navard
[25] for HPC aqueous solutions. Upon formation of the
anisotropic phase, viscosity begins to decrease.

On the other hand, the PAA and PI solutions exhibit a
constant viscosity region over the entire shear rates range,
revealing a Newtonian behaviour (Figs. 2a and 3a). The
working polymer concentrations were situated in the 21—
49 wt.-% concentrated domain. The dependence of
viscosity on concentration at a shear rate of 0.072 s
can be described by a power law n«c", with x in the 6.72—
6.99 range for PAA, and 8.33-8.79 for PI, at different
temperatures (Fig. 4). This dependence coincides with the
theoretical prediction for concentrated polymer solutions in
which entanglements between the macromolecules exist
[26]. The interactions between the chain segments, which
reflect the existence of polymer entanglements and hydro-
gen bonding, can be described by the activation energy, E,,
evaluated with Eq. 1:

lnnzlnno—kg—; (1)
where 7)o is the zero-shear-rate viscosity, R is the universal
gas constant and 7 is the absolute temperature.

The flow behaviour of the PAA/HPC and PI/HPC blends
obtained from the highest concentration of the individual
polymers taken into study, i.e. 49.29 wt.-%, 49.69 wt.-%
and 60.01 wt.-% for PAA, PI and HPC, respectively, is
presented in Figs. 2b and 3b. Introduction of a higher
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Fig. 2 Logarithmic plot of viscosity as a function of shear rate for a
PAA and b PAA/HPC at different temperatures

amount of HPC reduces the Newtonian regime. At these
concentrations, the Newtonian behaviour is characteristic
rather to PAA and PI than to HPC. Similarly with the case
of individual components, the increasing of temperature
leads to a decrease of shear viscosity and to a slight
increase of the Newtonian domain.

Figure 5a shows the plot of Inn versus reciprocal
temperature for HPC, PAA and PI samples. One can see
that the solutions follow the Arrhenius expression (Eq. 1)
and that the resulting flow activation energy is influenced
by the chemical structures. At a close domain of the
investigated concentrations, the slopes for all PAA solutions
are slightly increasing with concentration, giving a mean
activation energy of 44.75+3 kJ/ mol, while the
corresponding Pl structure, which is a little more rigid,
presents easily higher mean values: 46.86+3 kJ/mol. The
recurring anhydroglucose units reduce the flexibility of the
HPC chain, resulting in highest mean activation energy
values: 57.81+3 kJ/mol, comparatively with the other two
pure components. A smaller value of £, implies a lower
energy barrier for the movement of an element in the fluid.
In the case of the polymeric solutions here under analysis,
this barrier can be related to the interaction between the
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Fig. 3 Logarithmic plot of viscosity as a function of shear rate for a
PI and b PI/HPC at different temperatures
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chain segments and can be determined by polymer
entanglements or by specific interactions, such as hydrogen
bonding. Analysis of polymer entanglements may provide
an interesting perspective. PAA may interact with DMAc
through hydrogen bonding, due to the amidic groups. Also,
it possesses higher chain flexibility comparatively to its
corresponding PI. The results of these phenomena are
reflected in the different values of E,. The corresponding PI
in DMAc cannot form hydrogen bonds, yet it exhibits a
higher rigidity, because of the imide rings.

Figure 5b shows the dependence of Inn on the reciprocal
temperature, for PAA/HPC and PI/HPC blends. In this case,
additional interactions may appear between the counter-
parts. The amidic and hydroxylic groups from the PAA/
HPC system can also lead to the formation of hydrogen
bonding. Therefore, at a mixing ratio of 30/70 wt./wt.,
where the liquid crystalline counterpart prevails, the
activation energy slightly increases from 54.79 kJ/mol for
PI/HPC, to 56.12 kJ/mol for PAA/HPC. As the HPC
amount gets reduced at 70/30 wt./wt., the E, values
decrease up to an equal value of 50.60+0.4 kJ/mol for
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both blends. This value reflects the influence of the
hydrogen bonding in PAA/HPC system, which increases
rigidity.

Lyotropic HPC solutions and the corresponding blends
with PAA or PI exhibit a typical pseudoplastic behavior and
show a decrease in viscosity with increasing the shear rate.
The dependence of shear stress, o, on shear rate partly
obeys the power law relationship described by Eq. 2

c=K- " @)

where n and K are the flow behavior and consistency
indices, respectively.

For all samples, the shape of curves representing log
shear stress versus log shear rate plots is different, as
observed from Figs. 6a and 7, where two flow regimes were
observed, comparatively with Fig. 6b and c, where only
Newtonian behaviour exists. From this reason, the flow
behavior and consistency indices were determined from the
linear regression corresponding to Newtonian flow
(Figs. 6a and 7—over a limited shear rate domain (0.07—
100 s "), or from the linear regression in Fig. 6b and c). The
results listed in Table 1 show that the flow consistency
index increases when increasing concentration and
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Fig. 6 Plot of log shear stress versus log shear rate plots for the pure
components: a HPC, b PAA and ¢ PI
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decreases when increasing temperature. Also, any increase
in concentration is accompanied by an increase in pseudo-
plasticity, shown by a decrease in the values of the flow
behavior index. The flow behavior index for PAA and PI
solutions is approx. equal to the unity, as expected for a
Newtonian fluid. The corresponding blends with HPC
reveal a flow behavior index easily higher, comparatively
with the pure liquid crystalline component, and a lower
solution consistency.

Viscoelastic properties

The storage and loss moduli are plotted in Fig. 8 as a
function of frequency, f, for the pure component solutions
and the corresponding blends, at 25 °C. Over the low
frequency regime, the loss modulus, G", is always higher
than the storage modulus, G’, no plateau appearing in G’
versus [ curves, which is a characteristic behavior for a
viscoelastic fluid [27]. Generally, in this range, the storage
modulus scales with frequency as G' ~ f2, while the
viscous modulus is linear in frequency G’ ~ f [28]. This
dependence is observed for both poly(amic acid) and
polyimide solutions, where G' and G" are proportional to
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Table 1 Flow behavior index, n, and the consistency index, K, values for HPC, PAA and PI samples at different concentrations (wt.-%), and for

PAA and PI blends with HPC at different mixing ratios (wt./wt.)

Sample ¢ or mixing ratio n K (Pa.s")
25°C 30°C 35°C 40°C 25°C 30°C 35°C 40°C

HPC 20.01 0.82 0.84 0.86 0.88 10.58 6.622 4.931 3.10
40.02 0.44 0.46 0.47 0.49 315.50 222.33 164.82 123.03
60.01 0.27 0.29 0.30 0.31 3548.13 2432.20 1931.97 1396.37
PAA 21.20 1.03,4 1.03g 1.04,4 1.05;5 0.07 0.038 0.02 0.02
30.00 1.02, 1.035 1.03g 1.04, 0.85 0.55 0.33 0.20
49.29 1.02 1.025 1.035 1.03¢ 12.76 7.69 4.98 2.88
PI 27.66 1.02¢ 1.03, 1.034 1.04 0.09 0.07 0.04 0.02
39.96 1.01g 1.025 1.02¢ 1.03, 1.07 0.59 0.36 0.27
49.69 1.00 1.01, 1.02 1.02, 21.38 13.90 10.26 5.89
PAA/HPC 30/70 0.45 0.47 0.48 0.51 427.56 351.56 289.07 232.27
50/50 0.64 0.65 0.67 0.68 123.34 55.98 43.15 35.81
70/30 0.84 0.86 0.87 0.89 10.50 7.36 5.79 4.16
PI/HPC 30/70 0.33 0.34 0.36 0.38 885.12 635.33 505.82 403.65
50/50 0.55 0.57 0.59 0.63 127.06 92.47 70.15 50.47
70/30 0.79 0.80 0.81 0.83 18.28 14.52 11.43 7.89

f22% and £ "1, respectively. At higher values of f; the
elastic modulus becomes higher than the viscous one, and
the frequency corresponding to their overlapping increases
with decreasing concentration. Similar results were also
obtained for other epiclon-based poly(amic acid)s and
polyimides [29]. For HPC solutions, the influence of
concentration on the crossover frequency is more complex.
Thus, increasing concentration from 20.01 wt.-% to
40.02 wt.-% leads to a decrease in crossover frequency.
At higher concentration, of 60.01 wt.-%, when the liquid
crystalline phase appears, the crossover frequency is higher
comparatively with the case of the other two concentra-
tions. Also, a similar dependence of the rheological moduli
on frequency is observed, while the resulting slopes are
smaller, i.e. G' ~ f06~12 and G ~ f06-09

The different flexibility of PAA, PI and HPC is reflected in
the G', G”, and G’'=G"’ values. Thus, the shear moduli values
for PAA and PI are quite close, but lower than those of the
HPC sample. The frequency corresponding to the crossover
point, which delimits the viscous flow from the elastic flow,
decreases with increasing the flexibility of the studied
polymers, as shown in Table 2.

In the case of PAA/HPC or PI/HPC blends, the
rheological moduli exhibit larger values by introducing
a higher percent of HPC liquid crystal in the system. In
the low frequency domain, the slopes are smaller
comparatively to the pure components and decrease as
the lyotropic phase becomes predominant. Also, the
overlap frequency is influenced by the chemical structure

of the components and by the blend composition. If the
flexible counterpart (PAA or PI) is reduced, transition
from the viscous to the elastic flow is delayed and the
moduli crossover occurs at higher frequencies.

Investigation of the rheological properties of pure compo-
nents and blends is essential for better understanding the
morphology developed by PAA/HPC and PI/HPC blends.
These combined studies contribute to the knowledge on the
nature of the interactions in the system, and the relation
between shear deformation and texture. AFM investigation of
films prepared by shear casting of PAA/HPC and PI/HPC can
reflect the influence of these interactions on the morphological
properties.

Blends morphology

Literature shows that, under particular conditions, HPC
liquid crystalline films subjected to shear exhibit a
characteristic texture called “band texture” [30-32]; it
consists of alternating bright and dark lines perpendicular
to the shear direction, resulting from reorientation of the
average molecular orientation (director), driven either by a
prescribed mechanical deformation or by the relaxation of
the elastic energy stored in the material during flow or
deformation by shear [33]. After shear cessation, relaxation
leads to the formation of the bands perpendicular to the
flow direction, while the flow or deformation orthogonal to
bulk orientation (or previous deformation direction) leads to
bands parallel to the second deformation direction. There-

@ Springer



548

A.L Cosutchi et al.

61 (a)
4 p
2 4
0 p
—=— G", —o0— G c=49.29 wt.-%
-2 1 —e— G",—o— G', c=21.20 wt.-%
T b T T T T T T
o1 ®
4
2 j
S o —a— @', —— G', 30 PAA/7T0 HPC
> —v— G", —v— G', 70 PAA/30 HPC
© 61
O 41
22
i 0 ]
-2 1 —e G", —0— G', c=2766wW.-%
41 —»— G", —o— G', c=49.69 Wt-%
61 (d)
4
2 ]
—a— G",—— G',30 PI/TOHPC
01 —v— G",—— G', 70 PI/30 HPC

40 -05 00 05 10 15 20
log f (Hz)
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fore, a primary set of “large” bands, perpendicular to the
shear direction, and a smoother texture characterized by a
secondary periodic structure containing “small” bands, can
be distinguished for HPC. This particular behavior is useful
for achieving ordered polymer films based on a liquid
crystal template. By mixing HPC in lyotropic phase with
PAA, which is anisotropic, the surface pattern is modified,
yet the band texture is still discernible even at a high PAA
content. Figure 9 shows the 2D topography image (40 x
40 um ?) of the free surface of sheared PAA/HPC and PI/
HPC films, prepared by mixing a 60 wt.-% HPC solution
with a 49 wt.-% PAA or PI solution. Both sets of bands can
be observed for the PAA/HPC system at a mixing ratio of
30/70 wt./wt. (Fig. 9a), where the resulting morphology is
stabilized through the formation of hydrogen bonds
between components or between them and the solvent. As
the percent of the liquid crystalline counterpart decreases,
the surface pattern is maintained, while its dimensions
become higher and the “small” bands disappear (Fig. 9b).
In PI/ HPC blends, hydrogen bonds appear only between

@ Springer

HPC and DMAc, therefore the band texture is larger
comparatively with PAA/HPC films, and also increases
with decreasing the amount of HPC (Fig. 9c and d).

As a result of the symmetry properties of the HPC liquid
crystal solution, large domains of well-oriented polymer
chains are formed during shear flow, while the defects are
squeezed into small regions. Shear accounts for an
additional energy stored in the solution. There is a natural
tendency for the semi-rigid segments of HPC to self-align
into ordered domains, thus giving high performance
properties to these materials [34]. It is well established
that, for specific shear flow conditions, the cholesteric
liquid crystalline cellulose derivatives exhibit unwinding of
the cholesteric helix and a cholesteric-to-nematic transition
[35]. When the shear is stopped, the system will first relax
with a characteristic time to a transient state. In this state,
the distortion energy is minimized, and the orientational
order is maintained, resulting in a banded structure. The
shear-induced anisotropy is affected by the inevitable
relaxation of the chains, when the external field is removed.
By introducing poly(amic acid) or polyimide into the HPC
solution, relaxation will take place collectively, due to the
fact that the highly concentrated and aligned polymers
cannot individually relax and, therefore, the inner stress
induces a periodical contraction in the whole liquid
crystalline polymer and different packing modes are
observed. Structural relaxation after cessation of shear
depends on the shear history of the mixture and on the
dominant mechanism of stress relaxation. The band
morphology of the blend is influenced by precursor and

Table 2 Crossover frequency, fG— g~ and the overlapping moduli, G'=
G", for HPC, PAA, PI samples at different concentrations, ¢, (wt.-%),
and the corresponding PAA/HPC and PI/HPC (wt./wt.) blends

Sample ¢ or mixing ratio log fo—Gn log (G'=G")
PAA 21.20 1.58 2.3
30.00 1.25 2.66
49.29 1.18 3.2
PI 27.66 1.63 2.7
39.96 1.52 2.95
49.69 1.48 3.00
HPC 20.01 1.70 3.40
40.02 1.60 3.80
60.01 2.20 6.80
PAA/HPC 30/70 2.00 6.3
50/50 1.80 4.20
70/30 1.47 3.80
PI/HPC 30/70 2.10 6.70
50/50 1.90 4.60
70/30 1.49 3.90
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Fig. 9 2D-AFM images for a 30
PAA/70 HPC, b 70 PAA/30
HPC, ¢ 30 PI/70 HPC and (d) 70
PI/30 HPC

polyimide solution composition, solvent evaporation rate,
film thickness, rate and duration of shear [36, 37].

The effect of the chemical structure and composition on
the viscoelastic properties is reflected on the orientation or
mobility of segments in the shear field. The inherent long-
range ordering tendencies of the LC itself—and specifically
its pattern-forming properties open new perspectives to
produce ordered polymer microstructures. The morphology
of the ordered domains provides a means of “imaging”,
respectively potentially novel aspects of the pattern-forming
LC states. Pure and applied research related to the shear-
induced morphology and structural relaxation after cessa-
tion of shear in polymer/LCP blends will become more and
more important for developing high performance alignment
layers used in display devices.

Conclusions

New data on the rheological properties of epiclon-based
polyimide solutions, on their corresponding poly(amic
acid), and hydroxypropylcellulose liquid crystalline solu-
tions, as well as on PAA/HPC and PI/HPC blends are
reported. Newtonian flow of the PAA and PI samples was
observed over the entire studied shear rate range, while that
of the HPC decreases with increasing concentration.

um

Polymer concentration dependencies on shear viscosity at
constant shear rate for PAA and PI samples can be
described by a power law n«c", with x coefficients in the
range corresponding to the theoretical prediction for
concentrated polymer solutions. For the HPC sample,
viscosity versus concentration shows a maximum at/or near
the critical concentration, which designates the anisotropic
phase formation. In the case of PAA/HPC and PI/HPC
blends obtained at the highest studied concentrations,
introduction of a higher amount of HPC reduces the
Newtonian regime.

The activation energy determined from the dependence
of viscosity on temperature shows that PAA, known as
possessing a higher flexibility comparatively with PI and
HPC, takes lower values, while the more rigid structures,
resulting both from PI imidization and from the HPC
recurring anhydroglucose units, increase the activation
energy. On the other hand, the presence of hydrogen
bonding, which enhances rigiditiy in the case of PAA/
HPC systems, increases the activation energy, values closer
to those for PI/HPC blends thus resulting.

For all studied samples, the flow consistency index
increases when increasing concentration and decreases
when increasing temperature. Also, a decrease in the values
of the flow behavior index indicates an enhanced pseudo-
plasticity with increasing concentration. The corresponding
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blends with HPC reveal a slight decrease of pseudoplas-
ticity, comparatively with the pure liquid crystalline
component, and a lower solution consistency.

The storage and loss moduli for pure components
(PAA, PI or HPC) exhibit the power law dependence on
frequency, where the exponents are characteristic to
viscoelastic fluids. Over the studied frequency range,
these properties are strongly related to the chemical
structure, reflecting the influence of flexibility and
concentration. The frequency corresponding to shear
moduli overlapping appears over the studied domain of
frequency and increases with decreasing concentration.
However, for HPC this conclusion is valid for concen-
trations smaller than 60 wt.-%, while at this concentra-
tion, when the liquid crystalline phase exists, the
crossover frequency is higher. Introducing a higher
percent of HPC liquid crystal in the PAA/HPC or PI/
HPC blend determines higher values of the rheological
moduli and an increase in the frequency of transition
from the viscous to the elastic flow.

AFM investigations reveal the importance of the specific
interactions on the type of hydrogen bonding in the
occurrence of the band texture, one perpendicular to the
shear direction, another parallel to the second deformation
direction. Decrease of the HPC content reduces the
hydrogen bonding in the blending system and thus
increases the dimension of the bands.

Knowledge on the rheological properties in correlation
with morphological aspects lies at the basis for future
investigation concerning high performance mixed alignment
layers used in display devices.
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