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Abstract—A microstructural lattice simulation for textured liquid crystalline polymer is carried out to predict rheo-
logical behavior, especially the stress evolution after shear inception. It is based on a combination of two main con-
cepts: (i) the director in each cell of a supramolecular lattice has an orientation described by the minimization of total
energy of director map, and (ii) the torque balance of each director under shear flow and anisotropic relaxational shear
moduli depends on the averaged orientation of the director map. By considering the interaction between the nearest-
neighbor directors, the spatial orientational correlation is introduced and the spatial heterogeneity, i.e., a polydomain
texture, is generated simultaneously. For the start-up shear flow, the overshoot and the steady value of shear stress in-
crease and the former shifts toward a shorter time as the applied shear rate increases. Also, the calculated stress
evolution is compared with the experimental result of a thermotropic liquid crystalline poly(ester-imide).
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INTRODUCTION [Langelaan and Gotsis, 1996]. According to Baek et al. [1994], the
high viscosity caused by polymer-polymer dense packing and fric-
Liquid crystalline polymers (LCP), lyotropic and/or thermotro- tion may be responsible for the disappearance of negatival-N
pic, with rigid mesogenic unit and flexible spacers in the main chainue. When a TLCP sample is loaded in nematic state for rheological
arouse interest academically and industrially. They show a numbemeasurement, normal stresss\not completely relaxed and shows
of unusual rheological phenomena such as long relaxation time residual normal stress, which is difficult to eliminate by heating
[Wissbrun, 1980], negative first normal stress difference, dampedhe sample above the isotropization temperature because the TLCP
oscillatory transient stress in the case of inception of shear flonmay be degraded before reaching the isotropic state. When the unre-
[Guskey and Winter, 1991; Kim and Han, 1993; Winter and Wed-laxed state is set up as a base line, a negative&jbe observed
ler, 1993; Baek et al., 1994; Han and Chang, 1994]. These phgKim and Han, 1993a, 1994; Langelaan and Gotsis, 1996]. A lig-
nomena may be explained by applying various factors: the possiid crystalline polymer shows three regions of a viscosity curve,
bility of director tumbling/wagging in a negative first normal stress, Region |, Region Il and Region lll in the shear rate [Asada et al.,
the textured or polydomain structure by the inhomogeneity of di-1980]. In paticular, it is known that the shear thinning in a low shear
rector field and so forth. Most thermotropic liquid crystalline poly- rate region (Region [) is ascribed to the presence of polydomain
mer (TLCP) very often shows thermal hysteresis [Done and Bairdstructure [Kim and Chung, 1997]. For the transient evolution of
1990; Driscoll et al., 1994] in which a rheological property has two stress under shear flow, initial polydomain structure significantly
different values at a certain nematic temperature on heating andffects the transient rheological behavior of TLCP.
cooling. It is explained by the supercooling effect. They also show The rheological properties of LCP are closely related to its struc-
the change of a rheological property with time at a fixed temperature formation on a micron scale as well as its pattern responding
ture, because residual crystallites accelerate the formation of highe the imposed flow condition, especially in the low shear rate re-
temperature crystallites [Lin and Winter, 1989]. The negative valuegion (Region | of Onogi-Asada’s three region viscosity curve). How-
of first normal stress difference, fiirst reported by Kiss and Porter  ever, the difficulty in rheology of LCP at a low shear rate arises for
[1978] for lyotropic liquid crystalline polymer (LLCP) solutions, the qualitative as well as quantitative prediction of its dimensional
was predicted through the exact numerical calculation of Doi's dif-inhomogeneity. Recently, a simple lattice model has been suggested,
fusion equation without decoupling approximation by Larson which is based on the heterogeneity in the director field [Bedford
[1990]. The existence of tumbling for TLCP is, however, contro- et al., 1991; Picken et al., 1992; Gervat et al., 1995]. Simulations
versial. of director dynamics were also carried out on the microstructural
One assertion is associated with tumbling/wagging of directorsscale [Han and Rey, 1993; Ding and Yang, 1994]. Advantage of
as in LLCP. Ancther assertion is related to no tumbling but a techthese models is that they are not necessarily of a delicate mathe-
nical problem involved in the measurement of first normal stressmatical formulation in the complex and hierarchical structure
that is, the method of how to set up the base line in the rheometeasf LCP orientation.
In this paper, the microstructural simulation of director evolution
To whom correspondence should be addressed. is based on the Frank free energy for the director distortion and on
E-mail: chung@cais.kaist.ac.kr the Leslie-Ericksen hydrodynamic theory. It is carried out to inves-
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tigate the texture evolution and the rheological change of a TLCRhe form of sif(@—6) in this work. Although the energy function
after the start-up of shear flow. Model parameters are of typical valaffects the final morphology [Assender and Windle, 1994], the
ues of thermotropic liquid crystalline polymers and the moduli are above equations have a similarity in energy minimization procedure

of poly(ester-imide). and slightly affect the morphological behavior under shear flow.
The polydomain structure is observed by the simulation from the
MICROSTRUCTURAL SIMULATION initial director distribution given arbitrarily. This texture formation
corresponds to the real situation where the nematic texture is gen-
1. Derivation of Constitutive Equation erated by cooling the isotropic melts of TLCPs below isotropiza-
In the Frank elasticity theory, the total energy for the spatial dis-tion temperature. Spontaneous texture formation by energy mini-
tortion of liquid crystal molecules can be given as mization is thought to be successful in a sense that the order par-
ameter value, £.5(3d08631), of about 0.3-0.4, coincides well
A, =%K1(div n)? +%K2(n eurl n)? +%K3(n><curl n)? (€h) with an experimental observation [Hongladarom and Burghardt,
1994].

where K, K, and K are the elastic constants for splay, twist and  In this work, director dynamics is obtained from the torque bal-
bend modes, respectively, amdenotes a director vector at alocal ance in a two-dimensional lattice model. The lattice model [Picken
position. For TLCPs, the magnitude of elastic constants is in theet al., 1992] is combined with the orientation change of directors
following order: K=K,>>K, and the smallest twist mode (out-of [Semenov, 1993] with time. From the theory of hydrodynamics,
plane) is excluded automatically for a two-dimensional consider-the torque exerted on the central cell is approximated by

ation. Typical values of Kand K, for TLCPs are 18-10"N [Lee

and Meyer, 1988], which are about two orders larger than those for e(t%)t_e(t) =§M —g(l —-Acos®) (3)
small molecule liquid crystals.
For a discrete two-dimensional lattice model without shear im-where
position [Picken et al., 1992], the approximate energy of the central .
cell is expressed as M ==3 (r sirf®, +(1 -r)cosd )sin( A —6)), 4
4
(Ae\)center:Z%(Kl Sinz'ak *+Ks Co§z9k)sin2((g(—9) % (0] fori=2,4
k _
i~Un . _l+ta/a,_ Y,
4 —_— -_— el T — AL
=S K(r sirt9, +(1-1)cog9,)sir(q, —6) ) 52 ol fori=1,3 A=T= 0Ty,
k
The angle® andq, are defined in Fig. 1, is identified withq Yy =05 =0, Y,=0; %0, K'=aﬁ2

for the right and left lattices arm#2—-|q| for the upper and lower.
Various energy functions for the discrete lattice model have beertere,a, anda, are Leslie viscosities and a is the characteristic
derived in the forms o} sin’(@.—8) Y (@ —0)* [Bedford etal., length of a lattice cell size. K is the average Frank elastic constant
1991] or) (2—-2cog6 “@)) [Kimurd and Gray, 1993]. The en- defined as K=2Kr and K=2K(1-r) where r is a sliding factor be-
ergy function for the interaction between the adjacent cells takegween bend and splay (r=0.5 is fixed in this simulation). Hence r
sirtd,+(1-r)cosd,=1. The values dfi, anda, are rarely reported

for TLCPs, so the values used for the simulatiorr4t&~—170 of

_/ Shear direction / Ao a, and—4 Pa - s ofi, obtained for semiflexible thermotropic liquid
Analvzer S 255 | crystalline polyester obtained from 4,4'-dioxy-2,2'-dimethyl azoxy-
Y a9 48| ¥ benzenedodecanediyl [Donald and Windle, 1992]. The lattice size
> N ] ~ a is somewhat ambiguous. However, its possible minimum value
4 is used, which takes the value of 10 that corresponds to the con-
KA tour length of aromatic polyester with degree of polymerization ca.
ﬁ/ / b 150. This means the minimum length scale cannot be smaller than
_ o~ the molecular level. The values of a, k gndetermine the rate of
ploarizer \ convergence in the simulation as discussed by Picken et al. [1992)].
\ -— Because the lattice size a is'10, we have to take a 500x500
Incident light - lattice to match the rheometer gap spacing @frb@the domain
_r AN\ size observed in experiment is order of 14ff). However, the

comparison between the 50x50 and 500x500 lattice cases shows

Fig. 1. Schematic diagram of array of lattice cells. Polydomain little difference in texture or stress after shear inception. This is due
structure of liquid crystalline polymers through an optical g the fact that the motion of directors does not differ for the two
microscope is modeled as directors in lattice cells. Defini-  .ocac and the stress funciiginf8co<8s calculated on an aver-

tion of two-dimensional lattice for the microstructural
simulations is shown and its dynamics is determined by age for all cells under shear flow. Thus, we have used the 50x50

the four adjacent director orientations and hydrodynamic ~ lattice for all simulations. Perfect anchorirtyQ) boundary con-
torque exerted by shear flow. Directors in fact have no di-  ditions are set for the upper and lower plates, and periodic bound-
rection and therefore are in the range from-90° to 90C. ary conditions are used at the right and left edges of the lattice. The
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time interval of an iteration is set to 0.05 s. eralized and expressed as
2 —4!
STRESS EXPRESSION IN TERMS OF DIRECTOR o, =[ ZF,"Etinzeco§9Dexp%t)\—t5/xy(t')dt' 8)
ORIENTATION =2 i

L i . . [AOmeans the average over all the lattice cells. In the theoretical

At this time, we would like to consider the Leslie-Ericksen theory «1cjation, an expansion with multiple time constants has been fre-
for the two-dimensional case under simple shear flow. This equag ently performed when the polydispersity effect is considered
tion is usually adopted as a constitutive equation for the small mOIIChow and Fuller, 1985; Larson and Mead, 1991]. In spite of the

ecule liquid crystal [Semenov, 1993]: fact that Eq. (8) is derived from the theory of lyotropic LCPs, we
__Do,*o,*a, o . +y§ 6002 0 adopt the equation asa constiFutive equation becagse 'it is si.milar to
0=0y -V%IT v, %11 VB‘SW‘ Bco 9% ) the generalized Maxwell-type integral stress equation in which the

constant$? will be determined from the experimental result. Sim-
whereg; 's are Leslie viscosities [de Gennes and Prost, 1992]. Howilarly, first normal stress difference, I¢ presented as follows:
ever, many molecular parameteess] are used inconveniently , .
and the relaxation of director orientation is not calculated like a small N, =o,,-c,,= fw > IPeos6sind —sin39c059@xp%-t)\;t§/xy(t')dt'
molecule liquid crystal in this equation. Thus, Eg. (5) is not thought "2 ' )
to be adequate for the stress prediction of our TLCP. A direct ap-
plication of Leslie-Ericksen theory to LCP rheology [Viola and
Baird, 1986] has been shown to be insufficient for a quantitative
prediction as well as for a qualitative one of transient behavior. :
. ; ) : . 1. Materials
To obtain a proper stress expression using the director orienta- Methvl hvdroai MeH lated b ¢
tion resulting from the above simulation, we choose the theory of. eyl hydroguinone (MeHQ) was acetyae: Yy means of ace-
; o 3c anhydride in boiling toluene with a catalytic amount of pyri-
transverse isotropic liquid crystals developed by Larson and Mead. . . - . .
. . ) . dine. Thew-amino acid and trimellitic anhydride were placed in
[1989], which was derived for the theory of lyotropic LCPs. In this ~ . . . . o
. o L dried dimethylformamide with toluene, and this mixture was re-
theory, the final stress expression in the monodomain is based o . . .
; . . . Tflquxed for 4 hr in a flask. A mixture of N-(6-carboxyalkylene) tri-
the director orientation only. We assume that the flow behavior o liic imid d hvd . diacetate with ) id
rodlike molecules in the lyotropic system has some similarity andeme '.mr']t eds'an Y (rjogu;tnone d |a<Fe d e aIWII magn((:etsmm oxiae d
is applicable to that in the thermotropic system. The stress expre%i'i‘; \;veslgain(?esg :téztljr;ti;rgr EI)'nQ: rggé?ar?tcs wge?:igi?jeﬁrsggu;)gz 0
sion is given on the basis of linear viscoelasticity: C i
g ty 270°C for about 7 hr under the nitrogen atmosphere, and then under
o, E;,Jk|(t —t)y.(t)dt (6) vacuum for 1 hr at 27€. The poly(ester-imide) was synthesized

' _ _ ~ ~and used for the test. Its schematic chemical structure is shown in
An anisotropic relaxational modul@,,(t —t')  has three distinct Fig, 2.

EXPERIMENTS

terms: 2. Rheological Experiments

o 1-9A ) ) Qt-tn Polymer powder was glned in & vacuum oven acgor abqut
Gy (t —t)) =3ckgT $—)—3 (B ~ning; ~Nnd;)expT 5 24 h to remove any residual solvent and moisture, and disk type
O ' samples (approximately 2 mm thickness and 25 mm diameter) were
+(1+29(1-S)(A-B) t-t'n prepared and kept above the melting point of poly(ester-imide) at

nnnn, exp%—D o .
2 A the pressure of 10 MPa for 5 min in a hot press. This poly(ester-
A@-S) t—t imide) undergoes only two thermal transitions: (i) glass transition
T nnna, exp%)\—lmg at ca. 68C and (ii) nematic-isotropic transition at ca. 229

An ARES with cone and plate fixture was used to measure (1)
c is the number concentration of rods per unit volumées the dynamic moduli (G' and G") as function of the angular frequency,
Boltzmann constant, and T is absolute temperature. A and B arand (2) the shear stress growth and first normal stress difference
parameters depending on the scalar order parameter S and Maigrowth after shear inception as a function of time for various shear
Saupe mean field potential U, respectively. There are two relaxrates. A cone angle of 0.1 rad was used; it had a diameter of 25 mm.
ation times\; andA, that can be expressed in terms of S, U, and All gap sizes were fixed at $0n. All experiments were carried
rotational diffusivity (D) of the rod molecules. Simplified to a two- out under nitrogen atmosphere in order to preclude the oxidative
dimensional case with+co$) and r=sin, the shear component
of relaxational moduli reduces to the form:

Gt 1) +Gy ot —t) = zr sinfBco<o exp%t)\;utl% @ co
N—(CH,)¢—CO0
To apply the theory of lyotropes to thermotropes, the parameter 00C co/
I2in Eq. (7), are introduced and determined by the experiment,
which includes all the parametric values (U, SgcTkand D) in Fig. 2. Chemical structure of thermotropic liquid crystalline poly

the theory of Larson and Mead [1989]. The shear stress may be gen-  (ester-imide) used in this work.
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Fig. 3. Frequency sweep measurement of poly(ester-imide) with  Fig. 4. Start-up shear stress measurement of poly(ester-imide) at
¥,=10% at 140°C. The symbols are measured values of G' 140°C with various shear rates.

and G". The solid line and dot line are calculated Maxwell

elements from non-linear least square fitting. terephthalate) (PET) and PHB/HNA copolyester [Done and Baird,

1990; Driscoll et al., 1994]. It may be due to the supercooling ef-
degradation of samples. Temperature control was satisfactory withifect. In this work, poly(ester-imide) is thought to be very adequate
+0.1°C. In a frequency sweep, the extent of strain amplitude wador the test to examine the only effect of texture on the rheological
well within the linear viscoelastic range of materials investigated. properties of TLCPs, because the hysteresis and the formation of
After the sample was loaded at 2@0for 10 min, which is well  high temperature crystallization do not exist in this sample [Kim et
above the isotropization temperature of poly(ester-imide), it wasal., 2000]. This unique rheological behavior has already been ex-
cooled down slowly to a predetermined temperature, and held foplained in terms of the monomeric sequence distribution compared
10 min to equilibrate thermodynamically prior to measurements  with homopolymers by Kim et al. [1997a].

2. Start-up Shear Flow Measurement

RESULTS AND DISCUSSION Fig. 4 shows the stress growth after the startup of shear flow. It
should be mentioned that a fresh sample was employed for each
1. Frequency Sweep Measurement shear rate. Upon startup of shear flow, the shear si€s8,goes

From data in Fig. 3, we could obtain the Maxwell elements of re-through a maximum in a very short time. As the shear rate in-
laxational moduli of our poly(ester-imide) by non-linear least squarecreases, the peak becomes higher and tends to shift towards a shorter
method [Bird et al., 1987; Kamath and Mackley, 1989]. The cal-time, although the extent of shift is seen to be rather small and the
culated moduli values are listed in Table 1. The symbols are experratio of the maximum stress to the equilibrium stss)/o.(t, y),
imental values; the solid line and dotted line are calculated values.is found to lie between 6.43 and 6.74. Such a large valu@ gf

Thermal hysteresis of a viscoelastic property is found for vari-o,(t, y) ratio is believed to be caused by the abrupt break-up of the
ous TLCPs, such gshydroxybenzoic acid (PHB)/poly(ethylene polydomain structure at an early stage.

The evolution of the first normal stress differencé, ) with
time is shown in Fig. 5 for the different shear rates. Upon startup
Table 1. Calculateq pre-exponential relaxation moduli. Nine_time of shear flow N, y) goes through a maximum, which becomes
constants in a range from and are select_ed and their cor- greater with increasing At a high shear rate,,{t y) goes down
responding Maxwell elements are obtained to a negative value at a very early stage of transient shear flow, but

i Time constan, (s) Modulus'; (Pa) soon goes up to a positive value and reaches a positive of steady-
1 0.00112 8400.0 state. The ratio of the maximum to the equilibrium value of first

2 0.00316 8240.6 normal stress difference, N(t, Y)/N,(e, y) lies between 5.44 and

3 0.01212 8303.1 5.55, depending on the applied shear yaauch large values of

4 0.04642 1623.5 N malts Y)/N;(c0, y) ratio are believed to be characteristics of TLCPs

5 0.1778 550.38 in general and are attributable to the polydomains, which exist in

6 06813 450,20 the nematic state of a poly(ester-imide) before the application of

7 2610 370533 sudden shear flow [Kim an.d Han', 1993]. o

3 6.31 300.35 In Iyotropes,'the most reliable S|gnature of tumbling is the pre-

9 10. 00 260. o sence of negative normal stresses in steady shear and stress oscilla-

tions in transient shear flows. It has been reported that the poly-

Korean J. Chem. Eng.(Vol. 18, No. 1)
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Fig. 5. Start-up first normal stress difference measurement of © ) d)

poly(ester-imide) at 140°C with various shear rates.
Fig. 6. Evolution of director field by means of the microstructural

simulation.
mer-polymer dense packing and friction might obstruct the tum- (a) Textured director map through a Frank energy minimiza-
bling of rod-like molecules and be responsible for the disappear- tion. This director map is taken as an initial texture of start-up
ance of negative Nvalues in TLCPs [Baek et al., 1994]. Measure- shear flow. (b) Textures after 1 s under a shear flow ywith
ments in transient shear flows show no strong indication of the os- 1s™ (c) Texture after 2 s. (d) Texture after 25 s.

cillatory responses of tumbling. Recently, using the same sort of ma-
terial we found only positive values of M steady shear measure- the lattice cell perpendicular to the shearing plane in that the shear
ment. modulus increases as the directors align in the shear or elongation
A comparison of Fig. 4 with Fig. 5 shows thaf(tNy) has the  direction [Gervat et al., 1995]. It has to be noted that the director
maximum at a larger value of time and takes a longer period to reactrientation out of the shear plane produces no shear stress [Larson
a steady state thartt, y). and Mead, 1989]. The fact that the post-sheared (aligned) TLCP
3. Microstructural Simulation shows lower moduli than the pre-sheared (unaligned) one has been
As reported by many researchers, TLCP in the nematic state hdsiown by the experimental results from the study about the effect
a supra-molecular structure [Larson and Doi, 1991; Kim et al., 1994pf shear history on the small-oscillatory measurement [Driscoll et
Han and Rey, 1995; Langelaan and Gotsis, 1996]. Such a supral., 1994]. This microstructural simulation explains a hydrodynam-
molecular structure is often referred to as a polydomain, which maycs of director in connection with polydomain texture in quiescent
be regarded as aggregates consisting of many small-sized domaietate and its break-up by shear imposition in a shearing plane.
(monodomains). It can be postulated that when a sudden shear flow It is noted that we take into account heterogeneity of TLCPs in
is applied to a TLCP in the nematic region, the domains will be bro-this work. It is well known that there are inherent defects by the
ken up and the extent of destruction depends on the intensity of sheanain end. In addition, phase separation between high molecular
rate. When the flow is stopped, the broken domain texture will startveight LC phase and rather isotropic low molecular weight LC
to reorganize and coalesce to form polydomains, probably regainphase is known to cause a high density of defects in TLCP [Nakai
ing the original domain texture if a sufficiently long time is al- et al., 1994]. The effects of these inherent defects are very impor-
lowed to elapse. tant for the transient rheological properties. For a lattice simulation,
In this microstructural simulation, polydomain structure in a qui- the defects have been modeled by means of fixing some lattice ori-
escent state is developed from the random configuration of initiabntation [Gervat et al., 1995].
director field. Textures appear [Fig. 6(a)] between the aligned aggre- Fig. 7 shows the calculated shear stress for a start-up shear flow
gates of directors or domains, although every lattice cell is undefrom the simulation of Eq. (8). The valued din the equation are
an equivalent dynamics. Fig. 6 shows the director evolution aftebtained by frequency sweep measurement: For the case of a sin-
shear inception for shear rate™. s gle time constant, the Maxwell componErin Table 1 can be re-
After shear inception, directors are in motion governed mainlygarded as identical to the function&irféco<e for the initial di-
by viscous torque and closely aligned to the flow direction with arector orientations. The total stress of TLCP can be calculated by
Leslie angled, =tan *Jaya, [Fig. 6(b)-(d)]. In this work, the total  using the pre-exponential part of moduli in Eg. (8) with the aver-
energy of the system of LCP and relaxation moduli decrease as dage director orientation at each time step. The ratio of the maxi-
rectors align in the shear direction, whereas the orientation paramenum to the equilibrium value of shear stregs, y)/o.(t, ), lies
ter is increased. This result is contrary to the result of the solid modeetween 1.2 and 2.95, depending on the applied shegr Fats
el such as a calculation of an anisotropic aggregate model based aormal stress difference is also calculated from Eqg. (9) and is de-
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Fig. 7. Transient shear stress upon a start-up shear flow from the ~ Fig. 9. C_alcula_ted steady shear viscosity from the microstructural
microstructural simulation. simulation.
B tional elasticity associated with the deformation of disclinations in
120 b shear rate(s ) the polydomain sample and defect density that is ascribed to fix
’ 02 some directors to represent a more real situation. The first normal
8(15 stress difference in experiment shows a negative value, which may
9010 F B be caused by sample relaxed incompletely, at a very early stage of

transient shear flow, but it does not in simulation.

Do Fig. 9 shows the calculated steady state shear viscosity as a func-
— . ¥ tion of shear rate. It shows shear thinning in the low shear rate range
é soxior and a Newtonian plateau in the large shear rate region (Region |

i and Region Il of Onogi-Asada’s three-region viscosity curve). Such

. behavior is very important because it is a characteristic of TLCP,

3001 and this result is well consistent with experimental results [Chang

and Han, 1997]. Shear thinning in the low shear rate region is be-
lieved to be caused by the abrupt break-up of the polydomain struc-

00t . . 1 ture at an early stage.
0 e CONCLUSIONS
t ()

Fig. 8. Transient first normal stress difference upon a start-up of The rheological behavior of a TLCP in the nematic phase is very

shear flow from the microstructural simulation. unusual and shows quite different phenomena such as thermal hy-

steresis and high temperature crystallization. Thermal hysteresis is

picted in Fig. 8. The ratio of the maximum to the equilibrium value caused by the supercooling effect, and high temperature crystalli-
of first normal stress difference, N.(t, Y)/N,(c, V) lies between  zation is caused by the existence of residual crystallites. Herein a
1.36 and 1.95, depending on the applied sheay. dat@so shows  new TLCP, poly(ester-imide), was synthesized to remove these un-
a single overshoot. In both of the calculated results, the faster apisual phenomena.
pearance of maximum overshoot position with increasing the shear Model prediction by means of microstructural simulation shows
rate seems to be responsible for the faster decrease of pre-expona@rdecrease in relaxation modulus of TLCP because the polydomain
tial moduli by the faster loosing of the polydomain structure.  texture disappears as the directors align in the shear direction. Dy-

Comparing experiment and simulation results (Fig. 4, 5, 7, 8),namic moduli obtained from the experiment are applied to the cal-
after startup of shear flow, both shear stress and first normal stressilation of parameters in Eqg. (8). In this manner the texture of TLCP
difference go through a maximum which is believed to be causeds modeled from the proper parameters; for example, Frank elastic
by the abrupt break-up of the polydomain structure at an early stageonstants and the Maxwell type moduli obtained experimentally
As the shear rate increases, the peak becomes higher and tendsate used to predici(t, y) and N(t, y) for the start-up shear flow.
shift towards a shorter time. The results of simulation are in agreement with the experimental

In simulation and experiment results there are differences in theesults for TLCPs qualitatively. For a start-up shear flow the de-
maximum magnitude of overshoot. This is attributed to a distor-struction of polydomain texture by flow and its resultant decrease
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of shear moduli, which depend on the average orientation of di- Macromolecules27, 3239 (1994).

rectors, produce a large stress overshoot. Also, we could predi®aek, S. G, Magda, J. J., Larson, R. G. and Hudson, S. D., “Rheological
shear thinning in a low shear rate region (Region ), which is as- Differences Among Liquid-Crystalline Polymers. II. Disappearance
cribed to the break-up of polydomain structure. It is possible to pre- of Negative Nin Densely Packed Lyotropes and Thermotropes;
dict the flow behavior of a thermotropic polymer by using the lat-  Rheol, 38, 1473 (1994).

tice model and the rheological equations extending from the theoBedford, S. E., Nicholson, T. M. and Windle, A. H., “A Supra-molecu-

ries for lyotropic liquid crystalline polymers. lar Approach to the Modeling of Textures in Liquid Crystals]
Cryst, 10, 63 (1991).
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