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ABSTRACT: Shear dynamic and elongational rheology of concentrated solutions of cel-
lulose in N-methylmorpholine oxide monohydrate (lyocell) were investigated at differ-
ent temperatures and for two Hencky strains. Shear thinning and strain thinning
behavior is characteristic for dynamic viscosity and effective elongational viscosity of
lyocell solutions. Body forces, enthalpy, and entropy of orientation are high at low
temperature and high deformation rates, showing a strong orientation effect. © 2000
John Wiley & Sons, Inc. J Appl Polym Sci 77: 1369-1377, 2000
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INTRODUCTION

Rheological characteristics of the polymer melts
and solutions are of paramount importance for all
processing procedures. For example, the fiber
spinning and bubble blowing processes are sensi-
tive to the variation of the rheological properties,
particularly in the formation and drawing stages.
Due to the elongational character of flow in these
stages, the elongational viscosity plays a funda-
mental role for the quality of the resultant fibers
and films.

This paper presents the elongational and dy-
namic rheological measurement results on a 14%
lyocell solution prepared from dissolving pulp.
Also, fundamentals for a new technique of elon-
gational viscosity measurement are given.
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THEORETICAL CONSIDERATIONS

Fundamentals of Elongational Viscosity
Measurement

Elongational flow is the dominant mode of fluid
flow when a rapid change of shape such as
stretching is involved in the operation. A unique
process for characterization of the elongational
rheology of polymer melts and solutions at pro-
cessing strain rates has been developed.! It was
initially demonstrated that an essentially pure
elongational flow could be obtained in the core of
core/skin coextrusion; this was accomplished ex-
perimentally using a core/skin viscosity ratio of
100 to 30, and a core/skin flow rate ratio of about
10 was maintained.?® Experimental measure-
ments on a pilot scale coextrusion system in a
planar slit die using tracer particles and an image
analysis system confirmed the predicted behavior
and demonstrated the ability to achieve a con-
stant elongational strain rate in the core layer.*

Electrodischarge machined semihyperbolic
convergent conical dies were designed to generate
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a constant elongational strain rate throughout
the core; to accomplish this, the flow channel de-
creases as R%z = C, , where z is the flow direction
and R is the radius of the flow channel. Two
conical dies are being used having Hencky strains
€, of 6 and 7; €, = In(area reduction). This concept
was implemented on an Advanced Capillary Ex-
trusion Rheometer (ACER), Rheometric Scien-
tific, by replacing the capillary die with one of
these hyperbolic converging axisymmetric dies to
determine the uniaxial elongational viscosity of
several polymer melts and solutions. Elonga-
tional strain rates up to 740 s~ ! can be achieved
in this rheometer with the two dies (the range
includes processing rates). In attempting to de-
velop a correction factor for skinless measure-
ments, it was discovered that the orienting effect
of the melt dominates the flow so strongly that
shearing gradients near the wall were insignifi-
cant and both skinless and lubricated polypro-
pylene samples data fell on the same curves.!
Analysis of this flow was accomplished using
the measured pressure and volumetric flow rate
data, and mass, momentum, and energy balances.
A stream function,

€
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and a potential function,
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describe the system with the pressure as a linear
function of p € ®, and
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define the velocity components.

The basic equations describing the flow are the
scalar equations of continuity (mass balance), mo-
tion (momentum balance), and energy (energy
balance)®:

Dp
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where 7, a second-order tensor, denotes the
stress, and the first-order tensor (i.e., vector)
quantities v and g denote velocity and energy
flux, respectively. The body force term b is dis-
cussed in greater detail below; it is a first-order
tensor, which was found to represent primarily
the force necessary to orient the material; this
term would also include a gravitational compo-
nent if the latter were significant. The first-order
tensor operator V denotes the gradient. The sca-
lar terms P, p, and H are the pressure, density,
and enthalpy per unit mass, respectively.

Since the convergence of the flow channel was
designed to force a constant elongational strain
rate, the flow is homogeneous and the elonga-
tional stress components were also constant.!
This result coupled with insignificant shearing
gradients caused the stress gradient terms in the
momentum balance equation to be zero, and the
inertial terms were also negligible (pressure gra-
dients calculated from them were two to three
orders of magnitude lower than observed and
were independent of fluid character). Therefore,
as a result of the imposed pressures (1.15-42.6
MPa at elongational strain rates of 0.02-136 s 1,
for a polypropylene of 300,000 molecular
weight!), the momentum balance equation sug-
gested that significant body forces must be neces-
sary to orient the fluid. Furthermore, the energy
balance, expressed in terms of enthalpy for this
controlled isothermal system, revealed a signifi-
cant enthalpy change consistent with transforma-
tion to an ordered liquid crystalline form (which
may be metastable and induced due to flow). The
calculated body forces and the enthalpy change
both suggest a transformation to an oriented lig-
uid crystalline form, consistent with the earlier
work in which flow through a linearly converging
die was followed by a sharp temperature gradi-
ent, thereby crystallizing the polypropylene in-
side the die.®”

As a result of this analysis, the elongation vis-
cosity m, and the effective elongational viscosity
Negr i both Cartesian and cylindrical coordinates
are
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AP pAH
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where AP is the pressure gradient, p the density,
and ¢ the elongational strain rate. The definition
of M., as given by eq. (9), in effect assumes that
the enthalpy change is included in the viscosity
term.

The elongational strain rate can be calculated
by using

U,
&= A (exp g, — 1) (10)

where ¢, is the Hencky strain, defined as

Aen
& = lnr (11)

ex

A,, is the entrance area, A, the exit area, L the
centerline length, and v, the initial velocity at the
entrance cross-section area.

The enthalpy change associated with the flow-
induced transformation to what can be considered
a metastable liquid crystalline form can be esti-
mated as follows. The effective Trouton ratio is
NesMs (Where 7 is the shear viscosity measured
at the same temperature and at an equivalent
magnitude shear rate). If the assumption is made
that the non-Newtonian character of the fluid in
excess of that reflected in 7, is due to the resis-
tance to orientation, then the actual Trouton ratio
would be m./7n, = 3. By measuring 7, then 7,
= 37, and substituting 3 7, into the above equa-
tions, enthalpy per unit volume, AH = pAH, can
be calculated from the resultant equation:

AH = _ésh(neff_ 3773) (12)

This implies that the term (1.4 - 37,) is a viscos-
ity-related measure of the orientation develop-
ment due to this flow geometry and that the fluid
does not remain in an isotropic state during flow.
The entropy change AS, indicating the degree of
orientation that develops can be determined from
AG = AH — TAS, where G is the Gibbs free energy

and T is the absolute temperature. The assump-
tion is made that the Gibbs free energy change
approaches zero for this steady state, quasi-equi-
librium flow resulting in

AS = — (13)

EXPERIMENTAL

Materials

The lyocell solution was supplied by Buckeye
Technologies, Inc., Memphis, Tennessee. This so-
lution consisted of 14% cellulose from a dissolving
pulp having cupriethylenediamine (CED) viscos-
ity (0.5%) 5.2 cP, DPy 855, a-cellulose 94.7%,
B-cellulose 3.3%, +vy-cellulose 2.0%, pentosans
2.0%,and 7.3% extractable in 10% NaOH, dis-
solved in N-methylmorpholine oxide monohy-
drate.

Equipment and Experimental Technique

Elongational viscosity measurements were done
on an ACER-2000 instrument. Two semihyper-
bolic dies of Hencky strain 6 and 7 were used to
measure the elongational flow properties. The
pellets of the solid lyocell sample were charged
into the barrel and allowed to melt and attain the
prescribed steady state temperature. Then the
experiments were performed by sweeping the cho-
sen elongational strain rates until a steady state
of pressure was accomplished, for each strain rate
in turn. Data on steady state pressure differences
were used to calculate the effective elongational
viscosity by using eq. (9). From a single charge of
the barrel, one or more viscosity curves were ob-
tained. All the viscosity data presented in this
report have been obtained by using only fresh
lyocell solutions.

Dynamic rheological measurements were per-
formed on Bohlin VOR 405 and TA rheometers,
using the parallel plate geometry. Strain sweep
measurements were performed at different fre-
quencies in order to determine the limits of the
linear region, recorded between 0 and 100%
strain. The dynamic experiments were done be-
tween 0. 02 and 0.18 strain. In order to avoid the
water uptake by the sample in the time of prepar-
ing and running the experiment, the edges of the
specimen and the plates were covered with a thin
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Figure 1 Effective elongational viscosity of lyocell
solution at Hencky strain 6.

layer of viscosity standard silicon oil of 29.1 Pa s
viscosity. Data on time, temperature, frequency,
phase angle, dynamic viscosity, moduli, torque
range of the torsion bar, amplitude, and the
strain were recorded, saved, and converted to a
text file. For better reproducibility, all the exper-
iments were done by using only one torsion bar,
previously calibrated and recalibrated from time
to time with the same standard viscosity.

RESULTS AND DISCUSSION

Elongational Viscosity

In Figures 1 and 2 is plotted the effective elonga-
tional viscosity, at Hencky strains 6 and 7, in the
range of elongational strain rates 0.5-40 1/s. A
general trend of “strain thinning” behavior is no-
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Figure 2 Effective elongational viscosity of lyocell
solution at Hencky strain 7.

ticed at both Hencky strain 6 and 7, but higher
viscosities are recorded at higher Hencky strain.
It seems that both in case of temperature and
Hencky strain influence the effective elongational
viscosity curves are parallel lines, a fact that sug-
gests that it is worth trying to find a master
curve.

If we suppose that the effective elongational
viscosity—temperature relationship obeys the Ar-
rhenius law and take temperature 7 = 353.16 K
as reference temperature, then the viscosity at
any temperature is given by

E,(To—T
Nefr = Mo €XP| B T,T (14)

where 1), is the viscosity at reference tempera-
ture. Taking also into account the effect of the
Hencky strain, with the reference Hencky strain
€= 6, the following general equation may be
written:

) g, | 2303(en—en) E,(Ty,—T - (n—1)
Tefr = Moo 870 €Xp R T,T °

(15)

In eq. (15) myo and n are consistency index and
flow index at reference conditions, respectively, in
the power law equation for effective elongational
viscosity, that is,

— - (n—1)
Meff = Moo€ (16)
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Figure 3 Master curve for effective elongational vis-
cosity of lyocell solution.
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Figure 4 Dynamic viscosity of lyocell solution.

The shift factors for the influence of tempera-
ture and Hencky strain are calculated with eqgs.

(17) and (18):

E, 1 1

er=epl gy, r)] a7
€ 2.303/1-n
€ho

Due to the curvature of the log viscosity — 1/T
plots, an average of the activation energy E, was
calculated from the values obtained at all the
strain rate tested and for both Hencky strains.
Also, an average of the flow index was calculated.
These values are E, = 3.77 kcal/mol and n = 0.24.
By using the shift factors calculated with eqs. (17)
and (18), the master curve from Figure 3 results,
showing a good accuracy of the shifting proce-
dure.
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Figure 5 Dynamic moduli of lyocell solution at 80°C.
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Figure 6 Dynamic moduli of lyocell solution at 90°C.

Dynamic Viscosity and Moduli

Dynamic viscosity for the lyocell solution at 80,
90, 100, and 100°C is presented in Figure 4. As in
case of effective elongational viscosity, the dy-
namic viscosity shows a trend of shear thinning
behavior. At low angular velocities, a Newtonian
range is noticed. Also, it is interesting to note that
the influence of temperature on dynamic viscosity
is lower as the shear rate is higher, this behavior
being different as compared with effective elonga-
tional viscosity, where the same temperature ef-
fect is recorded for all the elongational strain
rates. Zero shear viscosities were determined by
fitting the experimental data on dynamic viscos-
ity with the Cross model.® From these data the
corresponding flow activation energy of 12.9 kecal/
mol was calculated, assuming that the influence
of temperature on dynamic viscosity of lyocell so-
lution obeys the Arrhenius model. This value of
activation energy is comparable with the flow ac-
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Figure 7 Dynamic moduli of lyocell solution at
100°C.
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Figure 8 Dynamic moduli of lyocell solution at
110°C.

tivation energy of some polymer melts, like poly-
ethylene (25 kd/mol), polystyrene (60 kd/mol), and
polycarbonate (85 kJ/mol).®

Dynamic moduli, presented in Figures 5-8,
show almost the same pattern for all tempera-
tures. At low deformation rates the lyocell solu-
tion behaves most likely as a viscous liquid (loss
modulus G” being larger than storage modulus
G') but at high angular velocities elastic proper-
ties develop. The two domains of viscoelastic be-
havior are separated by the so-called crossover
point, which is shifted to higher angular velocities
as the testing temperature is increased. This
means that at higher temperatures the lyocell
solution behaves as a viscous liquid over the al-
most whole range of the tested angular velocity.
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Figure 9 Complex and shear viscosity of 14% lyocell
solution.
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Figure 10 Trouton ratio for lyocell solution at
Hencky 6.

Even though the angular velocity of the crossover
point is temperature dependent, the moduli val-
ues at the crossover are essentially constant since
the samples are identical and therefore have the
same average molecular weight.

Trouton Ratio

The effective Trouton ratio is the ratio between
effective elongational viscosity and shear viscos-
ity at the strain rate equal to shear rate and is a
good measure of the deviation from Newtonian
behavior for a particular solution or melt. Run-
ning the ACER in the same range of shear rates
as the elongational strain rates is rather difficult
so that, considering that the Cox—Merz rule ap-
plies for lyocell solution—as seen from Figure
9-the complex viscosity was used for calculating
the Trouton ratio. This characteristic is presented
in Figures 10 and 11, at Hencky strains 6 and 7.
It is seen that the effective Trouton ratio in-
creases with the increase of the solution temper-
ature at low deformation rates but a slightly re-
versed trend is recorded at the higher deforma-
tion rates. This is due to the fact that the shear
viscosity is more temperature dependent at low
shear rates and seems to be less affected by the
thermal energy at high frequency. Higher values
of the Trouton ratio are recorded at Hencky strain
7, and this is, of course, due to the higher effective
elongational viscosity at that level of cross section
area reduction.

As a rough approximation, the Trouton ratio is
about 50—-100 at high deformation rates. This ra-
tio increases to about 182 at 110°C, 0.5 1/s angu-
lar velocity, and at Hencky strain 6, showing
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Figure 11 Trouton ratio for lyocell solution at
Hencky 7.

again a larger temperature dependency of shear
viscosity as compared with the elongational vis-
cosity, except at very high deformation rates. This
is seen from the trend of the two types of viscosity
curves. In case of dynamic shear viscosity, the
curves converge as the angular velocity increases,
but they are parallel for the effective elongational
viscosity. At Hencky strain 7, 110°C, and 0.5 1/s
deformation rate, Trouton ratio increases to
about 264.

Body Forces

Calculated body forces that the applied pressure
must overcome in order for the flow and orienta-
tion to develop are plotted in Figures 12 and 13.
At low shear or strain rates, the body forces (neg-
ative in sign) are lower in magnitude and this
corresponds to the lower entropy changes (as dis-
cussed below), thereby indicating less orientation
development. Also, at high temperatures the body
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Figure 12 Body forces for lyocell solution at Hencky
strain 6.
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Figure 13 Body forces for lyocell solution at Hencky
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forces are lower due to the lower viscosity. In-
creasing the Hencky strain—that is, making the
geometry more constrained for the flow—deter-
mines an increase of the body forces. It should be
expected that as body forces are higher the higher
is the orientation of the structural components of
the flowing system.

Orientation Effects

Enthalpy of orientation, calculated according to
eq. (12), is plotted as a function of strain rate for
different temperatures in Figures 14 and 15. The
influence of the deformation rate is much higher
at low deformation rates (the initial slope of all
curves is higher and asymptotically approaches
zero as the strain rate increases). Additionally,
solution temperature has a greater influence at
high deformation rates, probably due to “a better
use” of the drag or draw effect at low temperature,
when due to the higher viscosity of the solution,
the deformation process is better sustained, re-
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Figure 14 Enthalpy of orientation for lyocell solution
at Hencky 6.
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Figure 15 Enthalpy of orientation for lyocell solution
at Hencky 7.

sulting in an enhanced orientation. This hypoth-
esis seems to be true if we also take into account
the fact that the lower temperatures have a
higher influence on enthalpy change at Hencky
strain 7-that is at a higher rate of cross-section
area reduction. Therefore, both strain rate and
Hencky strain have an enhanced influence on ori-
entation as the temperature is lower or the vis-
cosity of the solution is higher.

Changes in the entropy of orientation, as cal-
culated with eq. (13), are presented in Figures 16
and 17. The general trend is as for the change in
the enthalpy. Poor orientation is recorded at high
temperatures, due to lower viscosity of the solu-
tion. The increase in Hencky strain has a benefi-
cial effect on orientation due to the enhanced
draw effect at Hencky 7 as compared with Hencky
6. This interpretation of the orientation effects
takes into account only the flowing throughout
the die channel. After the exit of the “solution
dope” from the die, relaxation phenomena start to
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Figure 16 Entropy of orientation for lyocell solution
at Hencky 6.
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Figure 17 Entropy of orientation for lyocell solution
at Hencky 7.

manifest and certainly they are determined by
the flow history. Pressure relaxation experiments
done on the same solution showed initial times of
relaxation comparable with those for polymer
melts and strongly dependent on the deformation
history.

CONCLUSIONS

Elongational viscosity of concentrated solutions of
cellulose in N-methylmorpholine oxide monohy-
drate shows a strain thinning behavior and the
same temperature influence, irrespective of the
strain rate. Increasing the Hencky strain brings
about an increase of the elongational viscosity. By
introducing appropriate shift factors for the influ-
ence of temperature and Hencky strain, it is pos-
sible to plot a master curve for the elongational
viscosity—strain rate relationship. Shear thinning
behavior is characteristic for dynamic viscosity of
lyocell solutions. Temperature sensitivity of the
dynamic viscosity is higher at reduced shear rates
and vanishes as the deformation rate increases.
Trouton ratio generally increases with the in-
crease of temperature, being almost constant at
moderate to high deformation rates. Body forces,
enthalpy of orientation, and entropy of orienta-
tion are high at low temperature and high defor-
mation rates, all these showing a strong orienta-
tion effect. As expected, the orientation is higher
at higher Hencky strain. At low angular veloci-
ties, the lyocell solution behaves as a viscous lig-
uid, the elastic component in viscoelastic behavior
decreasing as the temperature of the solution is
increased. Temperature, Hencky strain, and de-
formation rates can be used as parameters to
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control the rheological and orientation behavior of
lyocell solutions, and finally the characteristics of
the resultant products.
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