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ABSTRACT: Three different modes of rheological proper-
ties were measured on 11 and 13 wt % solutions of cellulose
in N-methyl morpholine N-oxide (NMMO) monohydrate, in
which concentration range lyocell fibers of much reduced
fibrillation are preferably produced. The dynamic rheologi-
cal responses revealed that the Cox–Merz rule did not hold
for these cellulose solutions. Both cellulose solutions showed
a shear thinning behavior over the shear rate measured at
85, 95, 105, and 115°C. However, 13 wt % solution gave rise
to yield behavior at 85ºC. The power law index ranged from
0.36 to 0.58. First normal stress difference (N1) was increased

with lowering temperature and with increasing concentra-
tion as expected. Plotting N1 vs shear stress (��) gave almost
a master curve independent of temperature and concentra-
tion, whose slope was about 0.93 for both cellulose solutions
over the shear rate range observed (�� � 500 Pa). In addition,
the cellulose solutions gave high values of recoverable shear
strain (SR), ranging from 60 to 100. © 2002 Wiley Periodicals,
Inc. J Appl Polym Sci 86: 216–222, 2002
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INTRODUCTION

Cellulose is a semirigid chain polymer with high glass
transition temperature (Tg). Further the hydroxyl
groups make cellulose molecule highly polar, leading
to inter- and intrahydrogen bonding. Consequently,
the solvent that can directly dissolve cellulose requires
formation of a physical complex.1 Lots of attempts
have been made to find out direct solvent systems of
cellulose. Among them N-methyl morpholine N-oxide
(NMMO) proved most versatile and commercially
successful. Franks and Varga2,3 first reported that con-
centrated solutions of cellulose were obtained in the
aqueous NMMO. Several reports on other effective
solvent systems for cellulose were also disclosed.4–6

The lyocell fibers by direct dissolution of cellulose
have been commercialized by some companies.7–11

The cellulose solutions produce different phases
mainly depending on the hydration number (n) of
NMMO hydrate together with cellulose concentration
and temperature.12–14 Recently Kim et al.13 modified
the phase diagram of cellulose solutions in NMMO
hydrates indicating the critical concentration for pro-
ducing mesophase is much lower than the value pre-
viously reported. Chanzy et al.14 reported the physical
properties of mesomorphic phase cellulose solutions

in NMMO hydrates. Up to now, however, most rheo-
logical analyses focus on dynamic rheological proper-
ties because of experimental convenience. The oscilla-
tory shear rheology does not provide practical engi-
neering data applicable to the actual fabrication
processes. Particularly with cellulose solutions of me-
sophase frequently encountered in lyocell spinning,
the rheological data would exhibit poor reproducibil-
ity because of long relaxation spectra. That is, accu-
mulation of residual stresses during dynamic rheo-
logical measurements might give incredible data. This
may hold true even for the rotational-type steady
shear rheometers as well.

Comprehension of steady shear properties of cellu-
lose solutions in NMMO hydrates is essential to de-
termine the optimum spinning conditions of lyocell. In
spite of the commercial success, however, there is little
paper devoted to steady shear rheology of cellulose
solutions in NMMO hydrates. However, little litera-
ture on the steady shear rheological properties for the
cellulose solutions is available, which have practical
importance in lyocell spinning. In addition, it is desir-
able to use a cellulose solution in NMMO monohy-
drate in the fiber spinning process to obtain lyocell
fibers with lower fibrillation and higher flexibility. We
investigated the dynamic and steady shear rheological
properties of 11 and 13 wt % solutions of cellulose in
NMMO monohydrate whose concentration proved ef-
fective in producing lyocell fibers with suppressed
undesirable fibrillation.15
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EXPERIMENTAL

Materials

Cellulose was an ITT Rayonier (U.S.A.) product,
whose weight-average degree of polymerization
(DPw) was 800. It was dried at 80°C for 24 h prior to
use. The NMMO monohydrate was prepared by evap-
orating excess water from dilute aqueous NMMO pur-
chased from Aldrich. The water content in the con-
densed NMMO was confirmed by 200 MHz 1H nu-
clear magnetic resonance (1H-NMR) (Varian). As an
antioxidant n-propyl gallate (PG) was used (0.01 wt %
to cellulose).1 The formulated recipes of cellulose, PG,
and NMMO monohydrate were mixed in the static
rotary mixer at 120°C for 10 minutes to yield 11 and 13
wt % cellulose solutions. The cellulose solutions for
rheological measurements were defoamed by stirring
them at 130°C for 40 min under vacuum. The density
of the solutions was 1.15 g/cm3.

Rheological Measurement

A slit rheometer was specially designed to measure
the rheological properties of melt-like cellulose solu-
tions in NMMO hydrates. The slit rheometer makes it
possible to obtain steady shear viscosity (denoted as
�ss), shear stress (��), and first normal stress difference
(N1) at high shear rate (�̇), which have real significance
in lyocell spinning. The overall apparatus is schemat-
ically illustrated in Figure 1, and the detailed layouts
of die section are given in Figure 2. A tapered hemi-
spherical reservoir was adopted to eliminate the dead
space, in which thermal degradation may be initiated.
The cellulose solutions were fed into the ram-type
extruder equipped with a slit rheometer. After the
extrusion temperature was adjusted, a preliminary
extrusion was carried out to get a steady state. The
steady pressure gradient (�P/�Z) along the slit die for
a given volumetric flow rate (Q) was measured at 85,
95, 105, and 115°C but at 115°C for 13 wt % cellulose
solution because the solution is explosive at that con-
dition. The mass flowed down for 1 min at given
temperature was measured as well.

Temperature was precisely controlled by three in-
dependently operated controllers. Both of the reser-
voir and die section were highly insulated to prevent
heat loss, and temperature was controlled to within
�1°C by a proportional-integral-derivative (PID)-type
heating system. The pressure transducer and amplifier
system were strain gauged type pressure transducer
(Dynisco TPT 432A) and �PR690 (Dynisco), respec-
tively. Pressure transducers were calibrated to give
outputs repeatable to within �1% of the measured
value at operating temperature. A microcomputer sys-
tem was employed for the continuous measurement of
the pressure at the wall through A/D converter. The
pressure at the wall, i.e., the radial normal stress at
wall, was measured with pressure transducers flush-

Figure 1 Specially designed apparatus installed for rheo-
logical measurement of cellulose solutions in NMMO hy-
drates.

Figure 2 Detailed layouts of the reservoir and die sections specially designed for melt-like cellulose solutions in NMMO
hydrates.
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mounted along the die length. The electrical outputs
in millivolts (0–33 mv) were amplified to voltages
(0–10 v) and they were digitized by 12-bit A/D con-
verter. The wall pressure measurement was per-
formed 5 times a second for 40 s and their average was
taken as data to minimize the error by mechanical
fluctuations.

The Advanced Rheometric Expansition System
(ARES) (Rheometric Scientific, Inc.) was also em-
ployed to measure rheological properties; the steady
shear mode gave steady shear viscosity (denoted as
�ps to differentiate it from steady shear viscosity mea-
sured by slit die) over the shear rate range 0.1–50 s�1

and the dynamic shear mode gave complex viscosity
(�*), dynamic loss modulus (G�), and dynamic storage
modulus (G�) over the angular frequency (�) range
0.05–500 rad/s. The parallel plates of diameter 50 mm
were used, whose gap was 1 mm. To avoid water
uptake by the sample while running the experiment,
the edges of the specimen sandwiched between the
plates were covered with a thin layer of silicon oil.

RESULTS AND DISCUSSION

Viscosity behavior

Figure 3 presents logarithmic plots of �* vs � and �ps
vs �̇ measured by parallel plate rheometer for 11 and
13 wt % cellulose solutions. For comparison, logarith-
mic plots of �ss vs �̇ measured by slit rheometer for the
solutions are also shown in Figure 3. The values of �ps
are somewhat lower than those of �* at �̇ � �, while
the values of �ss are much lower than those of �*. For
many polymer solutions, the frequency dependence of
�* measured in oscillatory shear and the steady shear
rate dependence of � are observed to be closely super-
posable, when the same numerical values of � and �̇
are compared. This empirical correlation, often called
the Cox–Merz rule, does not hold for the cellulose
solutions. The 11 wt % cellulose solution gives greater
difference than the 13 wt % solution at low shear rate,
less than 5 s-1. This difference in the values between �*
and �ps seems to result from the rigid chain properties
of cellulose molecule. Researchers also found that
there are also a few exceptions to the Cox–Merz rule
and they ascribed the reason to occurrence of weak gel
system or stiffness of chain profiles.16 The relatively
small differences between �* and �ps seem to suggest
that the morphological state of highly concentrated
cellulose solution might not have changed much at
low shear rate during shear flow.17 In addition, a big
difference between �* and �ss may be caused by the
elongational flow to occur in the slit die during shear
flow. That is, elongational flow-induced orientation
plays a role in reducing the steady shear viscosity at
high shear rate.

Figure 3 Viscosity curves of (a) 11 and (b) 13 wt % solu-
tions of cellulose in NMMO monohydrate: solid (�*) and
crossed (�ps) symbols from a parallel plate rheometer; open
symbols (�ss) from a slit rheometer. (�, µ, �) 85°C; (F, �,
E) 95°C; (Œ, , ‚) 105°C; (�, , ƒ) 115°C.

TABLE I
Power Law Index (n) of 11 and 13 wt % Solutions of

Cellulose in NMMO Monohydrate

n 85°C 95°C 105°C 115°C

11 wt % 0.364 0.394 0.488 0.584
13 wt % 0.367 0.370 0.479 —

218 CHAE, KIM, AND LEE



The viscosity curves of cellulose solutions in Figure
3 show lower Newtonian flow region over the range of
shear rates and temperatures except for 13 wt % solu-
tion at 85°C. This indicates that a phase transition from
heterogeneous to homogeneous takes place in the so-
lution between 85 and 95°C. Disappearance of lower
Newtonian flow region is an indication of heterogene-
ity, which is frequently encountered in the liquid crys-
talline phase of rigid chain polymers. The heterogene-

ity of 13 wt % cellulose solution at 85°C seems to result
from rigidity of cellulose molecules and hydrogen
bonding by hydroxyl groups on the molecules. That is,
cellulose molecules exhibit semirigid chain character-
istics particularly when the cyclic rings of the cellulose
molecule take the chair conformation. Thus the cellu-
lose molecules may produce the mesophase through
physical interactions at the concentration.18,19

The power-law index (n) of the cellulose solutions is
given in Table I. The value of n approximately ranges
from 0.36 to 0.58, indicative of pseudoplasticity. The
value of n is increased with raising temperature and
with lowering concentration, which may offer favor-
able conditions for reduction of the polar intermolec-
ular interactions of hydrogen bonding.

Elastic properties

As shown in Figure 4, dynamic moduli show almost
the same trend at all temperatures measured. At low
deformation rate, both cellulose solutions behave most
likely as a viscose liquid: loss modulus (G�) is larger
than storage modulus (G�). However, at high angular
frequency the elastic properties exceed the viscose
properties. The two domains of viscoelastic behavior
are separated by the so-called crossover point, which
is shifted to higher angular frequency with increasing
testing temperature or with decreasing concentration
as summarized in Table II. This means that at higher
temperature or lower concentration the cellulose solu-
tion behaves as a viscose liquid over the broader range
of the tested angular frequency. In addition, the angu-
lar frequency of the crossover point is very dependent
upon testing temperature in contrast to the moduli of
the crossover.20

It is recognized that yield behavior of heteroge-
neous systems is well characterized by adopting the
Casson plot defined by

G�
1⁄2 � Gy

� 1⁄2 � K�
1⁄2 (1)

in which G�y stands for yield stress and K is constant.
The Casson plot reveals a nonzero positive intercept
only for the 13 wt % cellulose solutions at 85°C, which
corresponds to yield stress, 19.62 Pa, as shown in

Figure 4 Dynamic moduli curves of (a) 11 and (b) 13 wt %
solutions of cellulose in NMMO monohydrate: solid sym-
bols (G�) and open symbols (G�): (�, �) 85°C; (F, E) 95°C;
(Œ, ‚); 105°C (�, ƒ) 115°C.

TABLE II
Crossover Point (Gc) on G� and G� Curves and the

Angular Frequency (�) at the Crossover Point

Concentration

11 wt % 13 wt %

� Gc � Gc

85°C 12.058 3257.7 6.687 4485.6
95°C 22.496 3223.0 12.422 4293.1

105°C 35.950 3064.3 21.449 4257.4
115°C 54.085 2818.6 33.085 3992.4
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Figure 5. This ascertains aforementioned suggestion
that a phase transition from heterogeneous to homo-
geneous takes place in the vicinity of 85°C.

The first normal stress difference (N1) obtained from
the slit rheometer is plotted against shear rate for two
cellulose solutions in NMMO monohydrate in Figure
6. N1 is a quantitative measure of elasticity of a fluid
caused by disentangling–recoiling process of polymer
chains, which has real significance in designing fabri-
cation process. Values of N1 are increased with in-
creasing concentration and with lowering temperature

as expected. Owing to chain rigidity, the cellulose
molecules are predicted to be easily oriented, leading
to ordering of molecules like liquid crystalline poly-
mers. The higher cellulose concentration gives rises to
increase of rigidity of the cellulose molecules and
leads to higher ordering in the solutions due to in-
creased intermolecular interactions.21 As a result, the
13 wt % cellulose solutions give higher value of N1 at
the same temperature.

It is recognized that plotting elastic parameters of
polymeric materials against shear stress gives a master

Figure 6 Plots of first normal stress difference (N1) vs shear
rate (�̇) for (a) 11 and (b) 13 wt % solutions of cellulose in
NMMO monohydrate.

Figure 5 Casson plots of (a) 11 and (b) 13 wt % solutions of
cellulose in NMMO monohydrate.
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curve independent of measured temperature. The so-
called Cole–Cole plot shows a temperature-indepen-
dent master curve whose slope is 2 theoretically if the
polymer system is isotropic and homogeneous.22

Thus, the deviation of slope from 2 indicates the de-
gree of microheterogeneity of the solution system. The
G�of 11 and 13 wt % cellulose solutions in NMMO

monohydrate is plotted against G�and N1 is also plot-
ted against shear stress (�� � 500 Pa) in Figure 7. Least
square fitting of data over the shear rate range gives
respective master curves for 11 and 13 wt % cellulose
solutions. In the case of plotting G�vs G� the slopes of
straight lines for 11 and 13 wt % cellulose solutions are
1.530 and 1.528, respectively. On the other hand, plot-
ting N1 vs �� for the two solutions gives slopes of 0.929
and 0.928, respectively. The slopes obtained from the
slit rheometer are much smaller than those obtained
from the parallel plate rheometer. It is because of a big

Figure 7 Plots of first normal stress difference (N1) vs shear
stress (��) and storage modulus (G�) vs loss modulus (G�) for
(a) 11 and (b) 13 wt % solutions of cellulose in NMMO
monohydrate: solid symbols for plot of log G� vs log G� and
open symbols for log N1 vs log ��: (�, �) 85°C; (F, E)
95°C;(Œ, ‚) 105°C; (�, ƒ) 115°C .

Figure 8 Plots of recoverable shear strain (SR) vs shear
stress (��) for (a) 11 and (b) 13 wt % solutions of cellulose in
NMMO monohydrate.
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difference in shear rate applied in rheological mea-
surements. That is, much higher shear rate was ap-
plied in the steady state rheological measurement by
slit die. Anyway, both cellulose solutions give slopes
smaller than 2, suggesting occurrence of some perma-
nent deformation during rheological measurement re-
sulting from slow relaxation rate of semirigid cellulose
molecules.

Another convenient way of expressing fluid elastic-
ity is to define recoverable shear strain (SR), which is
calculated from the following expression:.

SR �
N1

2��

(2)

The SR is plotted against shear stress for 11 and 13
wt % solutions of cellulose in NMMO monohydrate in
Figure 8(a) and (b), respectively. The SR obtained at
several different temperatures exhibits a good propor-
tionality to the shear stress with little temperature
effect. The cellulose solutions tested give the values of
SR in the range of 60 � 100, which are comparable
with the values 3 �8 for the high-density polyethylene
melt at 200°C and 0.4 � 2 for the polypropylene melt
at 200°C in the corresponding shear stress range.23

Thus, the cellulose solutions have SR values much
higher than the flexible-chain polymer melt by 10
times although the latter has shear viscosity higher
than the former by almost 10 times.

CONCLUSIONS

Dynamic and steady shear rheological properties of 11
and 13 wt % solutions of cellulose in NMMO mono-
hydrate revealed that the solution systems gave a
shear thinning behavior over the whole deformation
rate. Particularly with 13 wt % solutions, yield behav-
ior was observed between 85 and 95°C, indicating a
transition from mesophase to isotropic phase. On the
Cole–Cole plot, two cellulose solutions gave tempera-
ture and concentration-independent master curves.

However, there was a difference in the slope of the
master curves between the slit rheometer and the par-
allel plate rheometer. In addition, the cellulose solu-
tions in NMMO monohydrate exhibited much higher
SR than HDPE and PP melts in spite of much lower
viscosity. This result may be helpful to the spinning
processes of lyocell fibers suggesting that the cellulose
solutions in NMMO hydrates are subject to melt frac-
ture, resulting from high elasticity.
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