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Theoretical analysis of texture dependent extensional viscosity of

discotic mesophases

ARVINDER P. SINGH and ALEJANDRO D. REY*
Department of Chemical Engineering, McGill University, 3610 University Street,

Montreal, Quebec H3A 2B2, Canada

(Received 26 August 1998; in ® nal form 24 November 1998; accepted 1 December 1998 )

Rheological functions for uniaxial extensional ¯ ows predicted by a previously selected and
validated constitutive equation (CE) for discotic mesophases are presented. The predicted
relations between extensional viscosities, ¯ ow-induced microstructure, processing conditions,
and material parameters of discotic mesophases are characterized and discussed. It is found
that, in contrast to rod-like nematics, two distinct uniaxial extensional viscosities need to be
de® ned to characterize the extensional rheological functions of discotic mesophases completely.
The model predicts non-Troutonian extensional viscosities of discotic nematics, such as strain
thinning and strain thickening, depending on the process temperature, and the ratio of viscous
to elastic stress contributions. The uniaxial extensional viscosities are also found to depend
strongly on the ¯ ow-induced microstructure. The rheological analysis is then used to
characterize the relations between extensional ¯ ow viscosities and the classical microstructures
that arise during the industrial ® ber spinning of discotic mesophase pitches.

1. Introduction and simulation of uniaxial extensional viscosities of
discotic mesophases, based on a validated tensorialMesophase pitches are used in the manufacture of high

performance carbon ® bres [1± 7] . These ® bres possess model, and their relationships with ¯ ow-induced micro-
structure, processing conditions, and molecular geometrysuperior mechanical and thermal transport properties

and ® nd uses in a wide variety of applications ranging corresponding to those of carbonaceous mesophase
pitches.from space to the electronics industry [1] . A conven-

tional high speed melt spinning process is employed in Mesophase pitches consist of ¯ at, disk-like, aromatic
molecules that tend to adopt a uniaxial discotic nematicwhich the mesophase pitch is melted and then extruded

through spinneret capillaries to form ® bres which are phase N D , with unit normals to the disc-like molecules
more or less aligned along a common direction (seesubsequently drawn in the spin-line to accentuate the

axial orientation [3± 7] . Since the mesophase pitches ® gure 1) represented by the uniaxial director n; in what
follows we use n and uniaxial orientation interchange-have ® nite memory, the relative intensity of the various

process steps and their sequence (i.e. conical section � ably. The degree of alignment of the unit normals along
n is given by the scalar order parameter S; in whatcapillary � die exit � spin-line) have a profound e� ect

on the ® nal microstructure of the carbon ® bers. Also, follows we use S and uniaxial alignment interchangeably.
The ¯ ow-induced biaxiality in discotic mesophases isspinning temperature is reported to have a signi® cant

e� ect on the selection of ® bre texture [1] . The spinning
process inherently involves extensional ¯ ows both
inside the spin-pack and in the spin-line, therefore it
is important to understand the behaviour of meso-
phase pitches under theses ¯ ows [1± 7] . In addition,
the molecular orientation of discotic mesophases in the
spin-line gives rise to characteristic textures, such as radial
and onion [1] , and the relation between extensional
viscosities and ® bre textures has not yet been charac-
terized. This paper presents for the ® rst time the theory Figure 1. The uniaxial director orientation n of uniaxial

discotic nematic liquid crystals. The director n is the
average orientation of the unit normals to the disc-like*Author for correspondence; e-mail: alex@chemeng.lan.

mcgill.ca molecules.
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826 A. P. Singh and A. D. Rey

characterized in terms of biaxial directors/orientationm viscosity, microstructure, processing conditions, and
materials parameters are also given. Finally, conclusionsand l, and the biaxial scalar order parameter or alignment

P ; details are given in [8] . are presented. The appendix contains a brief analysis,
based on Leslie± Ericksen (L± E) theory, of extensionalIt is well known that extensional ¯ ows are strongly

orienting ¯ ows [8± 10] . The basic ¯ ow orienting viscosity of rod-like and discotic nematics.
phenomena of nematics in extensional ¯ ows depend on
the molecular geometry due to the fact that discotic

2. Theory and governing equations
(rod-like) nematics orient their shortest (longest) direction 2.1. De® nition of microstructure, kinematics and
along the director n. For discotic nematics the tumbling coordinates
function or the reactive parameter is negative, l< 0, and In tensor theories the complete description of the
uniaxial extensional ¯ ows orient the uniaxial director n microstructure of liquid crystalline materials is con-
anywhere in the compression plane, normal to the veniently given by a symmetric and traceless second
extension axis [8± 10] . This ¯ ow-induced orientation order tensor, generally known as tensor order parameter
naturally induces biaxiality [8] since the major axis

Q , given in principal form as:
(extension direction) of the rate-of-strain tensor ellipsoid
is perpendicular to the main axis (n) of the tensor order Q = ln nn +lmmm +ll ll (1 a)
parameter ellipsoid. On the other hand, for rod-like

wherenematics the reactive parameter is positive, l> 0, n

aligns along the extension direction and the tensor order
parameter is uniaxial. ln =

2

3
S, lm = Õ

1

3
(S Õ P ), ll = Õ

1

3
(S +P ),

The main purpose of this paper is to present the
extensional rheological properties of discotic mesophases.
The particular objectives of the paper are to: and Õ

1

3
< la <

2

3
. (1 b , c, d , e)

(1) Identify the important extensional rheological
The eigenvalues la (a = n, m , l ) correspond to the unitparameters for discotic mesophases;
eigenvectors (n, m , l ) respectively, the latter forming a right(2) Characterize the dependence of rheological
handed orthogonal triad. The orientation is completelymaterial properties of discotic mesophases on their
de® ned by the director triad (n, m , l ). The magnitudeextensional ¯ ow-induced microstructure;
of uniaxial alignment S= 3/2 n ¯ Q ¯ n is a measure of(3) Establish the relationships between extensional
molecular alignment along the uniaxial director n andrheological functions, ¯ ow-induced microstructure,
that of the biaxial alignment P = 3/2 m ¯ Q ¯ m Õ 3/2 l ¯ Q ¯ lprocessing conditions, and molecular geometry.
is a measure of molecular alignment in a plane perpen-

Although numerical predictions of this paper have dicular to uniaxial director n. Details on uniaxial (S )
not been directly validated due to the lack of available and biaxial (P ) alignments and their interrelations are
experimental data, yet a high degree of con® dence can given in [8] . The present work is restricted to normal
be expected since: (1) the present model has been shown nematics (0 < S < 1, 0 < P < 1). The order parameter Q
to embrace the distinctive and experimentally observed is assumed to be spatially uniform and Frank elasticity
shear-induced microstructure modes [4] and ¯ ow is not considered.
instability of discotic mesophases [7] ; (2) the model Figure 2 shows the deformations of an element of
presented in this paper has been shown to capture all discotic mesophase subjected at time t = 0 to a uniaxial
the complex non-linear rheological phenomena actually extensional ¯ ow of constant extension rate eÇ . As shown,
exhibited by discotic as well as rod-like nematics [4, 7] . the extension direction is along the z-axis and r Õ h is the
This paper is a continuation of our e� ort to increase the compression plane. The velocity ® eld for the considered
understanding of the rheology of discotic mesophases, ¯ ow ® eld is given as:
and to provide theoretical guidelines for experimental
work being pursued to understand the microstructure±

vr = Õ
1

2
eÇ rH (t ), vh= 0, vz = eÇ zH (t)processing± product property relationships in developing

new high performance engineering materials.
The organization of this paper is as follows. The next

where H (t)= G0 t < 0

1 t > 0
. (2 a, b, c, d )section presents the theory, the coordinate system and

kinematics along with the microstructure-governing CE
and stress tensor equation. In §3 we present, discuss, and In this paper we use the velocity ® eld given by

equation (2) and perform only a steady state analysis,characterize the uniaxial extensional viscosity of discotic
mesophases. The relationships between extensional i.e. t � +2 .
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827Extensional viscosity of discotics

Here D
±

r is the averaged di� usivity, Dr is the pre-
averaged di� usivity or rotary di� usivity of a hypothetical
isotropic ¯ uid under the same conditions, U (3 1/T ,
T temperature) is the nematic potential, and b is the
shape factor. To specify the molecular geometry we
approximate the disk-like molecular shape of discotic
mesophases with an oblate spheroid of aspect ratio p

( p < 1) where r
d

is the length of the shortest and distinct
semiaxis, and r) the length of the two longest and equal
semiaxes. For an ideal ¯ at disc p = 0 (b = Õ 1), for a
sphere p = 1 (b = 0), and for an in® nitely long rod p � 2
(b = 1). For discotics (Õ 1< b < 0); as b increases, the
constituting aromatic disk-like molecules tend to become
thicker. A and W are the rate of deformation and
vorticity tensor respectively. For uniaxial extensional
¯ ows the vorticity tensor W is zero, and A is calculated
using equations (2).

Figure 2. Deformation of a unit cylinder of discotic mesophase
subjected at time t = 0 to a uniaxial extensional ¯ ow 2.3. Symmetric visco-elastic stress tensor for nematics
deformation. The extension direction is along the z-axis, The symmetric extra stress tensor t

s for thermotropicand the r Õ h plane contains the uniform compression.
liquid crystalline materials is expressed as a sum of
viscous t

v and elastic t
e stress contributions [11, 13, 14]

2.2. Microstructure constitutive equation for nematics as:
The microstructure response of liquid crystalline poly-

t
s = t

v+ t
e
. (8)mers, as described by Doi’s mesoscopic nematodynamic

theory [11] , is given as: The expression for the elastic stress contribution t
e,

derived by using the standard equation of ¯ uxes (ts, QÃ )QÃ = F (Q , = v)+H (Q , D
±

r (Q )) (3)
in terms of forces (A , H ) [13, 15, 16] , for the presented

where = v is the velocity gradient tensor and QÃ is the CE, equation (3) is:
corotational derivative of Q and is de® ned as:

t
e= (ckT )CÕ

2

3
bH Õ b GH ¯ Q +Q ¯ H Õ

2

3
(H : Q ) d HQÃ =

qQ

qt
+ (v ¯ = )Q Õ W ¯ Q +Q ¯ W . (4)

F (Q , = v) and H (Q , D
±

r (Q )) represent the ¯ ow and the +
1

2
b{ (H : Q )Q +H ¯ Q ¯ Q +Q ¯ H ¯ Q

short range elastic contributions respectively, and are
given as [12] :

+Q ¯ Q ¯ H Õ ((Q ¯ Q ) : H ) d }D (9)
F (Q , = v)=

2

3
bA +b CA ¯ Q +Q ¯ A Õ

2

3
(A : Q ) d D where

Õ
1

2
b[ (A : Q )Q +A ¯ Q ¯ Q +Q ¯ A ¯ Q

H (Q )=
1

6D
±

r
H (Q , D

±
r (Q ))= Õ CA1 Õ

1

3
UBQ Õ U Q ¯ Q

+Q ¯ Q ¯ A Õ { (Q ¯ Q ) : A} d ] (5)
+U G(Q : Q )Q +

1

3
(Q : Q ) d HD (10)

H (Q , D
±

r (Q ))= Õ 6D
±

rCA1 Õ
1

3
UBQ Õ U Q ¯ Q

and c is the number of molecules per unit volume, k the
Boltzmann constant and T the absolute temperature.+UG(Q : Q )Q +

1

3
(Q : Q ) d HD (6)

The viscous stress contribution t
v is given by:

where
t
v = N : A = n1 A +n2CQ ¯ A +A ¯ Q Õ

2

3
(Q : A) d D

D
±

r = DrC1 Õ
3

2
(Q : Q )DÕ 2

, b =
p

2 Õ 1

p
2+1

, p =
r)
r
d

.
+n3[ (A : Q )Q +A ¯ Q ¯ Q +Q ¯ A ¯ Q

+Q ¯ Q ¯ A + ((Q ¯ Q ) : A) d ] (11)(7 a, b, c)
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828 A. P. Singh and A. D. Rey

where N is the fourth order tensor, and n1 , n2 and n3 are only one extensional viscosity is needed because n orients
along the extension direction (z-axis). On the other hand,viscosity coe� cients. Mapping the above expression to

those given in [11, 14] , in which the viscous contribution in discotic nematics n orients normal to the extension
direction and anywhere in the compression plane (r Õ h),to the stress tensor contains contributions from Q

2 terms
only, we arrive at: so that the symmetry of the compression plane is broken,

and therefore two viscosities are needed. In what follows
t
v = m[ (A : Q )Q +A ¯ Q ¯ Q +Q ¯ A ¯ Q

we show the relations between the two extensional
+Q ¯ Q ¯ A + ((Q ¯ Q ) : A) d ] (12) viscosities, equations (15), and the microstructures that

arise in the spinning of carbonaceous mesophases [4] .where n1 = n2 = 0 and n3 = m. Combining equations (9)
and (12), the dimensionless symmetric extra stress tensor

3. Results and discussion
tÄ
s is given by [16] :

This section is subdivided into two. Section 3.1
discusses the microstructural features (orientation and

tÄ
s=

t
s

ckT
= jv De[(AÄ : Q )Q +AÄ ¯ Q ¯ Q +Q ¯ AÄ ¯ Q

alignment) of discotic mesophases subjected to uniaxial
extensional ¯ ows needed to explain extensional ¯ ow

+Q ¯ Q ¯ AÄ Õ ((Q ¯ Q ) : AÄ ) d ]
rheology. Section 3.2 presents the extensional rheological
properties of discotic mesophases.

+b CÕ
2

3
H Õ GH ¯ Q +Q ¯ H Õ

2

3
(H : Q ) d H

3.1. Orientation and alignment of discotic mesophases
under extensional ¯ ows

+
1

2
{ (H : Q )Q +H ¯ Q ¯ Q +Q ¯ H ¯ Q +Q ¯ Q ¯ H

The detailed dynamic analysis of the orientation
director triad (n, m , l ) and uniaxial S and biaxial P

alignments of discotic mesophases under extensionalÕ ((Q ¯ Q ) : H ) d }D (13)
¯ ows are given in [8] . As mentioned above, here we
study only the steady state rheological features of discoticwhere jv = m6Dr /ckT is a dimensionless constant
mesophases under extensional ¯ ows. At steady state therepresenting the ratio of the viscous t

v to the elastic t
e

uniaxial nss , and biaxial m ss directors lie in the com-stress contributions, previously introduced by Larson
pression plane (r Õ h plane) whereas the biaxial director[14] ; De = eÇ / 6Dr is the Deborah number or the dimen-
lss lies along the extension direction (z-axis). The steadysionless strain rate, AÄ (AÄ = A /eÇ ) is the dimensionless rate
state orientation of the director triad (nss , m ss , lss ) isof strain tensor, and eÇ is the extension rate.
independent of extensional rate De, nematic potential
U , and shape factor b. However, the dynamics of the2.4. Uniaxial extensional viscosities of discotic nematics
orientation director triad are functions of these para-The classical de® nition of uniaxial extensional viscosity
meters [8± 10] .for isotropic materials, also referred to as elongational

In this work we have obtained the stable steady stateviscosity or tensile viscosity, is given by [17] :
solutions to equations (3) for a velocity ® eld given by
equations (2). The output consists of the components ofgE(eÇ )= lim

t � 2CsE (t, eÇ )

eÇ D (14)
the steady state tensor order parameter Q ss(De) which
is transformed to principal form to determine its eigen-where sE= t

s
zz Õ t

s
rr is the tensile modulus. However, for

values (to evaluate steady state alignments Sss and P ss) anddiscotic nematic liquid crystals the above de® nition is
eigenvectors or steady state orientation triad (nss , mss , lss).incomplete because there are two di� erent extensional
The parametric study is performed by choosingviscosities, as explained below and shown in Appendix A.
two values, low and high, of the nematic potential UThese two extensional viscosities are de® ned as follows:
(U = 3, 6), and the shape factor b (b = Õ 0.8, Õ 0.6). In
the present case, i.e. in the absence of spatial gradients,

gzr=
t
s
zz Õ t

s
rr

eÇ
, gzh=

t
s
zz Õ t

s
hh

eÇ
(15 a, b)

both Sss and P ss are independent of the steady state
director triad orientation (nss , m ss , lss). Figure 3 showsand in dimensionless form
the steady state uniaxial Sss and biaxial P ss scalar order
parameters as a function of De for U = 6 (full line) and

g
*
z i=

gz i

(ckT )De
=

6Dr

ckT

t
s
zz Õ t

s
ii

eÇ
=

tÄ
s
zz Õ tÄ

s
ii

De U = 3 (dash-line) , for b = Õ 0.8 (upper), and b = Õ 0.6
( lower). Sss increases monotonically with the dimen-

where i = r and h. (16) sionless strain rate De at all values of U and b. P ss at
higher U (U = 6) follows the similar trend and increasesFor simplicity, in what follows the superscript *̀’ is

dropped. It is important to note that for rod-like nematics monotonically with De for both values of b; however
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829Extensional viscosity of discotics

length is less than 10Õ
2

mm and thus signi® cantly smaller
than the ® bre radius (~1mm), and to simplify the
analysis we can assume as a ® rst approximation that
= li= 0 (i= n, m , l ). Therefore in what follows we use the
homogeneous scalar order parameter (i.e. = S= = P = 0 )
results obtained in this section to calculate extensional
viscosities in the presence of the orientation gradients
(i.e. = n Þ 0, = m Þ 0 ) that arise in cylindrical coordinates
(see ® gure 4).

3.2. Uniaxial extensional viscosity of discotic
mesophases

This section presents the predicted extensional viscosity
and its relationship with the ¯ ow-induced internal micro-
structure (Q ), processing conditions (U 3 1/T ), and
material parameters (b), of relevance to the industrial
® bre spinning of mesophase pitches. It is well docu-

Figure 3. Steady state uniaxial Sss and biaxial P ss scalar order mented that during this process the ® bre cross-section
parameters as a function of De for U = 6 (full line) and may exhibit the onion or radial textures [1] shown in
U = 3 (dash-line), for b = Õ 0.8 (upper) and b = Õ 0.6

® gure 4. The ® gure shows schematics of the radial and( lower). Sss increases monotonically with the dimensionless
onion microstructure mode with respect to the cylindricalstrain rate De at all values of U and b. P ss at higher U

(U = 6) follows a similar trend, however at lower U (U =3) coordinate system with the z-axis (extensional direction)
there is a local minimum. Both Sss and Pss for discotic perpendicular to the page. The dotted lines show the
mesophases consisting of thicker molecules, b = Õ 0.6, are side view of the disk-like molecules, such that for radialless than those with relatively thinner molecules, b= Õ 0.8.

(onion) mode, the unit normals to the disk-like molecules
orient along the azimuthal h (radial r) direction. These
two modes also exist as the prevalent transverse ® bre

at lower U (U = 3) there is a local minimum for textures in mesophase carbon ® bres [1] . To study the
intermediate values of De, thereafter it increases mono- e� ect of processing conditions and material parameters,
tonically with De. For discotic mesophases with a given the same parametric values for U and b, as stated above,
shape factor b, Sss at high U is always greater than that are used.
at low U , however the di� erence DSss (= Sss,highU Õ Sss,lowU) As shown in the Appendix the Leslie± Ericksen
between values at high and low U decreases with increasing [19] theory for discotic mesophases indicates that two
De. On the other hand P ss at high U is less than that at uniaxial extensional viscosities need to be de® ned to
low U , and the di� erence DP ss (= P ss,lowU Õ P ss,highU) characterize their extensional rheological functions com-
increases with De. Both Sss and P ss for discotic meso- pletely, in contrast to rod-like nematics which need only
phases consisting of thicker disks, b = Õ 0.6, are less
than those with the relatively thinner disks, b = Õ 0.8
for all U and De. Though not shown in ® gure 3, as
De � 0, uniaxiality is recovered, i.e. P ss � 0, for all values
of nematic potential U (U = 6, 3) and shape factor b

(b = Õ 0.6, Õ 0.8) considered here.
In this paper the spatial variation of order para-

meter is not considered when capturing the extensional
viscosities corresponding to the characteristic textures
of discotic mesophase ® bres. As is well known [13] , the
intrinsic length scale of the model f, where there are
variations in order parameter, is given as:

Figure 4. Schematics of (a) cylindrical coordinate system,
f= C L

(d
2
LH/dS

2
)|SBD

1/2

(17) and the two main representative mesophase pitch-based
carbon ® bre transverse textures: (b) radial, and (c) onion.
In the radial (onion) texture, the unit normals to the disk-

where L is the elastic constant, LH is the homogeneous like molecules orient along the azimuthal h (radial r)
free energy density [18] , and SB is the bulk order direction. These textures are observed in the spinning of

carbonaceous mesophases [1] .parameter. For liquid crystal systems this correlation

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



830 A. P. Singh and A. D. Rey

one. Thus to characterize the extensional viscosities for
discotic nematics with the two observed microstructures,
radial and onion, we use the following nomenclature:

g
i
zj =

t
i
zz Õ t

i
j j

De
(18)

where i= r, o represents the radial and onion texture
respectively, and j= r, h represents the two axes in
the cylindrical coordinate system, see ® gure 4 (a). For
example the two extensional viscosities corresponding
to the radial texture are: g

r
zr and g

r
zh, the former is given

as the ratio of the di� erence of the diagonal components
of the extra stress tensor t

s along z and r directions to
the strain rate, and the latter by the ratio of the di� erence
of the diagonal components of the extra stress tensor t

s
Figure 5. Dimensionless uniaxial extensional viscosities g

i
zr

along z and h directions to the strain rate. In the present and g
i
zh [i= r (radial), o (onion)] of discotic mesophase

model, the extension viscosity is a function of ¯ ow- as a function of De for jv = 0.001 (full line), 0.1 (dash line),
and 0.2 (triple dot-dash line); for b = Õ 0.8 and U = 6induced microstructure Q , nematic potential U , strain
(a, b), and U = 3 (c, d ). The extensional viscosity g

i
zr (gi

zh)rate De and the shape factor b, and can be represented
for the radial texture g

r
zr (gr

zh) is always less (greater)
by than for the onion texture g

o
zr (go

zh), i.e. g
r
zr < g

o
zr (gr

zh> g
o
zh).

Also note that g
r
zr = g

o
zh, and g

o
zr = g

r
zh, therefore

g
i
zj = Y (b, U , De, Q

i
) (19) g

r
zr = g

o
zh< g

o
zr = g

r
zh; for details see text.

where the microstructure tensor Q
i [i= r (radial), i= o

(onion)] for radial (Q r ) and onion (Q o ) texture is given Table. E� ect of processing conditions on uniaxial extensional
as: viscosities of discotic mesophases Ð̀ ’ strain rate independent

viscosity, `̄ ’ strain thinning, (̀’ strain thickening, U nematic
Q

r = lmd
Ã
r d

Ã
r+ln d

Ã
hd

Ã
h+ll k

Ã
k
Ã (20) potential (3 1/T , temperature), jv ratio of viscous to

elastic stress contributions, De dimensionless strain rate,
Q

o = ln dÃ rd
Ã
r+lm dÃ hdÃ h+ll k

Ã
k
Ã (21) g

r
zr , g

r
zh, g

o
zr , g

o
zhdimensionless uniaxial extensional viscosities

of discotic mesophases.
where d

Ã
r , d

Ã
h and k

Ã are the unit vectors along the three
cylindrical coordinates; the superscript in Q represents Parameter Uniaxial extensional viscosities
the texture: i= r (radial), o (onion).

U 6(high) 3(low)Figure 5 shows the computed dimensionless uniaxial
extensional viscosities g

i
zr and g

i
zh of a discotic meso- jV 0.001 0.1, 0.2 0.001 0.1, 0.2

phase as a function of De for jv = 0.001 (full line), 0.1
(dash line), and 0.2 (triple dot-dash line); for b = Õ 0.8 De low high low high low high low high
and U = 6 (a, b), and U = 3 (c, d ). The extensional viscosity

g
r
zr= g

o
zh Ð ¯ Ð ( Ð ¯ Ð (g

i
zr (gi

zh) for the radial mode g
r
zr (gr

zh) is always less
g

o
zr= g

r
zh Ð ¯ Ð ( ¯ Ð ¯ ((greater) than for the onion mode g

o
zr (go

zh) i.e. g
r
zr < g

o
zr

(g
r
zh> g

o
zh), at all De for all values U and b. Please also

note that g
r
zr= g

o
zh, and g

o
zr = g

r
zh, therefore we have

g
r
zr= g

o
zh< g

o
zr= g

r
zh. The dependence of uniaxial exten- the same trend at low and high U . However, at low U ,

g
o
zr exhibits strain thinning at low De with saturation atsional viscosities, g

r
zr and g

o
zr , for the radial and the

onion textures on U , b and De are summarized in high De for jv = 0.001, and strain thinning for low De

and strain thickening at high De, with transition fromthe table. For high U (U = 6), g
i
zr (each g

r
zr and g

o
zr ) is

independent of low De, but exhibits slight strain thinning thinning to thickening at intermediate De, for jv = 0.1
and 0.2. At low De the departure from equilibrium isfor jv = 0.001, and strain thickening for jv = 0.1, and

0.2 at high De. It is found that the strain thinning higher at low U (see ® gure 4), thus elastic stress contri-
butes more at low U and low De, thereby showing strain(thickening) is due to elastic (viscous) stress contribution,

since as the viscous contribution to total stress increases, thinning at low strain rates, with strain thickening at
high rates. Also, as elastic (viscous) stress dominates atthe discotic mesophases exhibit stronger strain thicken-

ing characteristics. This phenomenon is more apparent low (high) De, therefore strain thinning (thickening) is
seen at low (high) strain rates, with an intermediate Deat low U (higher T ). As shown in the table, g

r
zr follows
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strain thinning � thickening transition, see ® gure 5 (d ) since ln > lm , we have the inequality:
and the table). Though extensional viscosities at very

g
r
zh> g

r
zr . (28)low De are not presented here, at very low De (De � 0)

the visco-elastic e� ects on microstructure and stress Likewise from equations (19± 21), (24 b) and (26 b), andvanish and the viscosities are constant. The terminology with ln > lm , the second inequality follows:for low/high De is used just to explain the most important
results presented in ® gure 5. g

o
zr> g

o
zh. (29)

Although not shown, the e� ect of the shape factor b

on both of the extensional viscosities has been charac- We note that even in the uniaxial approximation
(ln Þ lm = ll ), there will be two distinct extensionalterized. It is found that as b increases the extensional

viscositiesg
i
zr and g

i
zh decrease. For a ® xed director triad viscosities for discotic mesophases, and the inequalities

between the uniaxial extensional viscosities for discoticorientation (radial or onion in the present case), the
extensional viscosities are functions of the steady state mesophases presented above will hold. The Appendix

shows that the texture dependent equalities andeigenvalues (ln , lm , ll ) or the uniaxial Sss and biaxial P ss

alignments; see equations (1, 19). As explained above inequalities between the viscosity coe� cients hold in the
uniaxial limits also, using L± E theory.and shown in ® gure 3, both Sss and P ss decrease with

increasing b, hence g
i
zr and g

i
zh decrease with increasing

b. All the above mentioned equalities, i.e. g
r
zr = g

o
zh and

4. Conclusions
g

o
zr= g

r
zh, and inequalities, i.e. g

r
zr < g

o
zr and g

r
zh> g

o
zh, also Predictions of uniaxial extensional rheological functionsfollow at higher b (b= Õ 0.6). of discotic mesophases are presented and classi ® ed. TheThe above discussed viscosity± microstructure predicted rheological functions are discussed and assessedrelationships can be summarized as follows: within the context of nematorheology.Inequalities within a given texture For discotic mesophases two uniaxial extensional

viscosities, termed here gzr as and gzh, are needed tog
r
zh> g

r
zr ; g

o
zr > g

o
zh (22 a, b)

characterize completely their extensional rheologicalEqualities between two di� erent textures functions. The extensional viscosities depend strongly
on the microstructure such that g

r
zr< g

o
zr and g

r
zh> g

o
zh.g

r
zh= g

o
zr ; g

r
zr = g

o
zh. (23 a, b)

The extensional viscosities are di� erent within a givenTo understand the above equalities and inequalities texture, for example for radial (onion) texture g
r
zr < g

r
zhwe use symmetry. The extensional viscosities for discotic

(g
o
zr > g

o
zh). The discotic mesophases are found to be non-mesophase depend on the microstructure Q , the nematic Troutonian, and show strain thinning or thickeningpotential U , the strain rate De, and the shape factor b: based temperature and ratio of viscous to elastic stress

contributions. The elastic (viscous) stresses result ing
r
zh= Y (b, U , De, ln , ll ) and g

o
zr = Y (b, U , De, ln , ll )

strain thinning (thickening) characteristics of the discotic(24 a, b) mesophases.
The microstructure dependency of the extensionalwhere ln , lm , ll are the eigenvalues of Q ; see equation (1).

Since the eigenvalue ln , along h direction for the radial viscosity of discotic mesophases has direct impact on the
selection of the experimental technique for its measure-texture is equal to the eigenvalue ln along r for the

onion texture, and since ll is common to both we ® nd: ment. The preferred microstructure (radial, onion, mixed
radial onion, or folded) develops inside the spinneret

g
r
zh= g

o
zr . (25) capillaries, and the strong extensional ¯ ows accentuate

the axial orientation of the molecules [3± 7] . Thus ifSimilarly
spinning devices are employed to measure the extensional

g
r
zr = Y (b, U , De, lm , ll ) and g

o
zh= Y (b, U , De, lm , ll )

viscosity, then prevailing microstructure in the thread-
line needs to be speci® ed along with the extensional(26 a, b)
viscosity data.Since the eigenvalue lm along r direction for the radial

texture is equal to the eigenvalue lm along h for the
onion texture, and since ll is common to both we have: Acknowledgment is made to the Donors of The

Petroleum Research Fund (PRF), administered by the
g

r
zr= g

o
zh. (27) American Chemical Society, for support of this research.

The authors wish to thank Prof. D. D. Edie and DrNext, we will establish the origin of the inequalities (22)
in the uniaxial extensional viscosities within a given O. Fleurot for helpful discussion during the stay of APS

at Clemson University.texture. From equations (19± 21), (24 a) and (26 a), and
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Appendix The diagonal components of the stress tensor t are given
asUniaxial extensional viscosity predictions f rom

L eslie± Ericksen theory
The purpose of this appendix is to show, in the context trr= Õ

eÇ

2
[a4 + (a1 +a5 +a6 )n

2
r ] (A8 a)

of a vector theory (Leslie± Ericksen theory) [19] that
two extensional viscosities need to be de® ned to charac-

thh= Õ
eÇ

2
[a4 + (a1 +a5 +a6 )n

2
h] (A8 b)terize the uniaxial extensional functions of discotic

nematics, whereas only one extensional viscosity coe� cient
tzz = a4 eÇ . (A8 c)is needed for rod-like nematics. Also ordering equalities

and inequalities between uniaxial extensional viscosities, Clearly trr Þ thh, therefore there are two distinct uniaxial
with regard to textures in discotic nematics, are also extensional viscosities for discotic mesophases, given by:
established using the L± E theory.

For anisotropic ¯ uids, the stress tensor t as given by gzr,uni,disks=
3

2
a4 +

1

2
(a1 +a5 +a6 )n

2
r (A9 a)

the L± E theory [19] is:

t = a1 A : nnnn +a4 A +a5 nn ¯ A +a6 A ¯ nn gzh,uni,disks=
3

2
a4 +

1

2
(a1 +a5 +a6 )n

2
h. (A9 b)

+a2 nN +a3 Nn (A1)
Thus to characterize completely the extensional rheo-
logical properties of discotic mesophases, both viscositieswhere
need to be speci® ed. As the extensional viscosities of
discotic mesophases are microstructure dependent, seeN = nÇ Õ n ¯ W . (A2)
equations (A9a, b), they can be directly related to the
transverse ® bre textures. For the ideal radial texture,For extensional ¯ ows at steady state
nss= (0, 1, 0):

W = 0, nÇ = 0, h N = 0 (A3 a, b)
g

r
zr,uni,disks=

3

2
a4 (A10 a)

and A is given by equations (2). Equation (A1) for
extensional ¯ ows and at steady state reduces to:

g
r
zh,uni,disks=

3

2
a4 +

1

2
(a1 +a5 +a6 )

t = a1 A : nnnn +a4 A +a5 nn ¯ A +a6 A ¯ nn . (A4)
=

3

2
a4 +

1

2
(a1 +a2 +a3 +2a6 )

For rod-like nematics:

(A10 b)
nss (n r , nh, nz )= (0, 0, 1 ). (A5)

For the ideal onion texture, nss= (1, 0, 0):
The diagonal components of the stress tensor t are given
as g

o
zr,uni,disks=

3

2
a4 +

1

2
(a1 +a5 +a6 )

trr= thh= Õ
eÇ

2
a4 (A5 a, b ) =

3

2
a4 +

1

2
(a1 +a2 +a3 +2a6 )

tzz = (a1 +a4 +a5 +a6 )eÇ (A5 c) (A11 a)

where eÇ is strain rate. As trr= thh, there is only one g
o
zh,uni,disks=

3

2
a4 (A11 b)

uniaxial extensional viscosity for rod-like nematics given
as: Comparing equations (A10a, b and A11 a, b) we have:

g
r
zr,uni,disks= g

o
zh,uni,disks (A12)

guni, rods =
3

2
a4 +a1 +a5 +a6 . (A6)

g
r
zh,uni,disks= g

o
zr,uni,disks . (A13)

For discotic nematics, a2 > 0, a3 > 0 [20] , a4 > 0, a5 < 0,Similarly, for discotic mesophases subjected to uniaxial/
a6 > 0 [21] . Also from the value of a1 approximated inextensional ¯ ows [8± 10] :
[21] we have:

a1 +a2 +a3 +2a6 > 0. (A14)nss (n r , nh, nz )= (n r , nh, 0 ). (A7)
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