RECENT ADVANCES IN PREDICTING
THE DEVELOPMENT OF STRUCTURE
IN MESOPHASE PITCH
A. D. Rey1 and D. D. Edie2
1
McGill University, Montreal, Canada
2
Clemson University, Clemson, SC, USA
Corresponding author e-mail address: alejandro.rey@mcgill.ca
Introduction
This paper summarizes recent advances in our understanding of the relationship
between mesophase structure and flow. Our research groups at Clemson and McGill
have collaborated over the past six years in this investigation. Initially, the Clemson
group developed the experimental procedures for accurately measuring the elastic and
viscous effects of mesophase in both steady and transient flows. They then applied
these procedures to measure the flow behavior of a well-characterized mesophase
pitch. The McGill group developed a constitutive equation for this liquid material. The
Clemson data were then used to test the McGill model. The results show that the
model accurately predicts the formation and stability of mesophase structure during
processing and explains the experimental observations made by White, Fathollahi,
Edie, Fleurot and others [1-5].
Experimental
Materials: The mesophase used in this study was produced by Mitsubishi Gas
Chemical Company (MGCC) and had a designation of ARA24R Lot# 6U21. The Mettler
softening point, which is the ASTM standard for pitch softening point determination, was
found to be 296.2°C.
Steady Rheological Measurements at Low Shear Rates: An ARES rheometer, built by
Rheometric Scientific, was used to measure the low shear rate flow behavior of the
mesophase. This instrument was equipped with 50 mm cone and plate fixtures, a Force
Rebalance Transducer and an air-bearing LS motor. This configuration allows the
ARES to accurately measure torque values as low as 0.02 g·cm and determine normal
stresses with a high degree of precision.
Prior to testing the rheological behavior of mesophase pitch, cylindrical samples were
created using a vacuum pelletization technique. The exact procedure for preparing the
pellets is detailed by Cato [6]. At the start of each steady-state test the sample chamber
of the instrument was purged with nitrogen to prevent oxidation of the pitch sample and
the sample heated to the desired temperature. After thermal equilibrium was reached, a

pre-shear step was applied to the sample, and then the sample was allowed to rest for
twenty to thirty minutes. Once this was accomplished, the steady-shear test was
initiated. The precise step-by-step procedure used to obtain steady shear data is given
in Cato [6].
Transient Rheological Measurements: An RDS-II rheometer, also built by Rheometrics
Scientific, with 25 mm cone and plate fixtures was used to measure the transient shear
properties of mesophase pitch. Once the rheometer was heated to the desired
temperature, a pelletized sample was placed between the cone and plate and held until
thermal equilibrium was reached. The sample was pre-sheared before measuring the
transient shear behavior of the sample.
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After the sample was pre-sheared, the sample was subjected to a four-step sequence of
alternating periods of shear and rest (Figure 1 illustrates a typical four-step sequence).
The instrument recorded the shear rate during each period along with the variation of
shear stress on the cone with time. These transient data provided valuable information
on both stress overshoot (as rotation was initiated during periods one and three) and
stress relaxation (as rotation ceased during periods two and four). The precise step-bystep procedure used to obtain transient shear data using the RDS-II rheometer is given
in Cato [6].
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Figure 1. Typical sequence, of shear and rest periods, during transient experiments
Results and Discussion -- Experimental
The steady rheological measurements using the ARES showed that the AR mesophase
is shear thinning, with a slope ranging from 0.4 - 0.5, at rates below 1 s-1. However, at
higher shear rates the viscosity becomes constant. As seen in Figure 2, the viscosity
undergoes a distinct hesitation or “kink” within this transition. It can also be seen that
the location of the transition region, and hence the kink, shifts to higher shear rates as
the temperature is increased.
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Figure 2. Steady shear viscosity of mesophase measured on the ARES rheometer
As Figure 3 shows, the measured first normal stress difference is negative at low shear
rates. The shear rate region over which the first normal stress difference transitions
from negative to positive corresponds to the same region in which the shear viscosity
kink is observed. In a parallel study, mesophase samples were quick-frozen during
typical rheological experiments at shear rates less than, approximately equal to, and
greater than the kink [7]. The molecular orientation within these samples was measured
using standard optical techniques. The analysis revealed an orientation change of the
poly-domain structure at shear rates where the kink was observed. This orientation
change results in a high viscosity to low viscosity transition. This viscosity transition
would appear to be responsible for the kink phenomena [7].
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Figure 3. First normal stress difference measured on the ARES rheometer
As previously mentioned, the transient shear rheology of mesophase pitch was
examined using the RDS-II rotational rheometer. A typical shear stress response for

mesophase pitch is shown in Figure 4. After the initiation of shear flow the stress
response shows a peak that relaxes towards the steady state shear stress, τss. After
cessation of shear flow the stress response drops to zero over a time period of about
10-20 seconds. Studies on mesophase pitch and other liquid crystals have shown that
the initial stress peak increases as the rest time increases [3],[9]. This behavior is
attributed to the poly-domain structure that is disrupted during shear and then relaxes
back during the rest periods ([9],[5]).
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Figure 4. Transient shear stress response at 312.1°C and a shear rate of 0.5 s-1
The transient stress response of LCPs during step shear is dependent upon whether
the nematic fluid is of the flow tumbling or the flow aligning type. Flow tumbling can
cause the director to rotate in the shear plane, oscillate in the shear plane, or become
aligned in the flow. Flow aligning fluids only achieve a time independent director
orientation. The transient shear response of tumbling nematics is characterized by
oscillations in both the shear stress and first normal stress difference while flow aligning
fluids only exhibit an overshoot before reaching a steady state [10].
As is apparent in Figure 4, oscillations in the shear stress were not present for this
mesophase pitch, indicating that mesophase is flow aligning. This response was
unexpected based on past modeling studies by Marrucci and Maffettone ([11], [12]) and
Singh and Rey ([13], [14]) where fluids that exhibit negative first normal stresses are
typically of the flow tumbling type.
Theory
A Landau-de Gennes model that takes into account short range and long range energy,
and flow-induced orientations has been adapted to describe the flow behavior of flowaligning, thermotropic, discotic, nematic, liquid crystals as models of carbonaceous
mesophases [15]. The dynamics of the tensor order parameter is given by the following
sum of flow F, short range Hsr, and long range Hlr contributions [15]:

ˆ = F(Q, ∇v ) + H; H = H sr (Q, D (Q )) + H lr (∇Q )
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(ii) short-range elastic contribution Hsr:
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Here A, Li (i=1,2), U and β are the rate of deformation tensor, the Landau coefficients,
the nematic potential and the molecular shape parameter, respectively. The
dimensionless numbers Er (Ericksen number) and energy ratio R [16]:
Dr =

γ& H 2ckT*
3H 2 ckT *
R=
(6a,b)
L1
2 L1 D r
give the ratio of viscous flow effects to long-range order elasticity, and short-range order
elasticity to long-range order elasticity, respectively (H is the characteristic distance
between the two plates (see figure 5) , V is the constant velocity of the top plate and T*
is the isotropic-nematic transition temperature).
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Figure 5. Definition of the flow geometry and coordinates system for simple shear flow.
A unified expression for the extra stress tensor is used. The total extra stress tensor t t
for liquid crystalline materials is given by the sum of symmetric viscoelastic stress
tensor t s , anti-symmetric stress tensor, and Ericksen stress tensor t Er :

t t = t s + t a + t Er

(7)

The symmetric visco-elastic stress tensor t s is expressed as a sum of a symmetric
viscous stress contribution t v and an elastic stress contribution t e [17] as:

ts = t v + te
The stress contribution t v found is given by:
t v = ν1 A + ν 2 {Q ⋅ A + A ⋅ Q − 23 (Q : A )I}+

(8)

(9)
ν 4 [(A : Q )Q + A ⋅ Q ⋅ Q + Q ⋅ A ⋅ Q + Q ⋅ Q ⋅ A + {(Q ⋅ Q ) : A}I]
where ν1 , ν 2 , ν 4 are viscosities coefficients. Characteristic values for these viscosities
coefficients for discotic nematic liquid crystals can be found by mapping the total stress
tensor with the stress tensor given by the Leslie-Ericksen vector theory [18]. The elastic
contribution te that couples stress to the molecular field H is given as:
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The antisymmetric contribution ta arises whenever H.Q is not symmetric, and is given as
[19]:
t a = ckT(H ⋅ Q − Q ⋅ H )
(11)
Er
The Ericksen stress contribution t arises from the long range elasticity and is given as:
∂f
T
T
T
t Er = −
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∂∇Q
The dimensionless first normal stress difference (N1*) and the dimensionless apparent
shear viscosity (η*) used to characterize the steady shear rheological material functions
are given by:
t -t
N1* = t *xx - t *yy = xx *yy
(13)
ckT
t 6Dr
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Results and Discussion -- Theory
We present numerical results for the rheological response as a function of shear rate
and strain, when the director n anchoring at the walls is fixed along the flow direction
(see figure 5). In the present work the parametric values are set at: U=4.5, β = -1.2 (flow
aligning system), R=105 and viscosities coefficients: ν1∗=1, ν2∗=−1, ν4∗>0.
Figure 6 shows the dimensionless shear viscosity η* as a function of the Ericksen
number. The apparent shear viscosity is shear thinning at low shear rates and reaches
a plateau at higher shear rates. The shear viscosity behavior at steady state is
qualitatively similar to data obtained for mesophase pitches and follows the three region
Onogi and Asada’s model of LCs. The high Er plateau is given by the alignment
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viscosity ηal corresponds to an orientation along the alignment angle θ=θal (orientation
angle) (for details see [18]).
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Figure 6. Predicted dimensionless apparent shear viscosity function of Ericksen
number
The shear thinning corresponds to the competition between the elasticity and flow and
the high shear rate plateau corresponds to the alignment regime, where the flow
dominates.
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Figure 7. Predicted dimensionless first normal stress difference function of Ericksen
number
Figure 7 shows the dimensionless first normal stress difference as a function of the
Ericksen number. At low shear rates (Er), the values of the first normal stress

difference increase, and subsequently at Er=100 there is a sign change transition. The
first normal stress difference exhibits a strong non-Newtonian behaviour, including the
sign change with increasing shear rate (Er). At high shear rates, N1 is a linear functions
of the shear rate: N1 ∝ γ& , which is typical for LC and is in agreement with the
experimental results. The sign change in N1 is a direct result of nonlinearity. From
equation (9) it follows that N1 is a scalar function of QQ and hence normal stress sign
changes can appear whenever the director components ( i.e, (nx,ny) ) change sign.
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Figure 8. Predicted transient shear response in step shear flow for Er=500.
Figure 8 shows the transient evolution of the dimensionless shear stress τxy as a
function of strain for Er=500, in a step shear flow. For higher Er numbers, flow
dominates, the director at the midplane reaches the flow alignment angles, and an
overshoot is predicted [20]. The strain ( γ= γ! t ) where the overshoot occurs corresponds
to the orientation angle in the bulk (y*=0.5) of 45o [20]. These results are in agreement
with the transient rheology experiments.
Conclusions
The orientation-controlled steady and transient shear rheology of discotic, nematic liquid
crystals that emerges under the absence of molecular order variations has been
characterized. The set of rheological and structural data calculated under well controlled
conditions provide the opportunity to show that the theory is capable of realistic
predictions for the rheology of flow aligning liquid crystals. The predicted shear viscosity
behavior at steady state is qualitatively similar to data obtained for mesophase pitches
and follows Onogi and Asada’s three-region model of LCs.
The predicted first normal stress difference exhibits a strong non-Newtonian behavior,
including a sign change with increasing shear rate (Er). At high shear rates, N1
follows N1 ∝ γ& , typical for LC, in agreement with the experimental results. The predicted

transient rheological response, characterized by a single overshoot and monotonic
relaxation also agrees with the experimental data.
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