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ABSTRACT: The dynamic viscoelastic properties of
poly(vinyl alcohol) (PVA)/H2O solutions with concentra-
tions of 10 to 25 wt % have been characterized by con-
trolled-stress rheometry at 30�C. Parameters relating to the
linear and nonlinear viscoelasticities include complex vis-
cosity (g*), storage modulus (G0), loss tangent (tan d), relaxa-
tion time (k), thixotropy, and creep. Change curves of g*, G0,
tand, and k with frequency (x) have been obtained for the
PVA/H2O solutions. Creep and recovery testing yielded
compliance (J0) curves with loading and unloading. Shear
stress versus rate profiles of the PVA solutions have been
obtained through thixotropic measurements. The PVA con-
centration has been found to have a profound influence on
the rheological properties of the aqueous solutions. Four
aqueous solutions of 10, 15, 20, and 25 wt % PVA at 30�C
exhibited shear-thinning and showed different transition
behaviors of g* and G0 with frequency, and different
degrees of creep under constant stress to recovery with

time. The 10 wt % PVA solution was viscous and displayed
the lowest g* and G0; the 25 wt % PVA solution was visco-
elastic and displayed the highest g* and G0; the 15 and 20 wt
% PVA solutions showed g* and G0 values and creep
to recovery behaviors intermediate between those of the
10 wt % and 25 wt % PVA solutions. The different rheologi-
cal properties of these PVA/H2O solutions are considered
to correlate with interchain hydrogen bonds and shear-
induced orientation in the solutions. Shearing is able to
break the intrachain and interchain hydrogen bonds, and, at
the same time, the orientation creates new interchain hydro-
gen bonding. The reorganization of hydrogen-bonding
mode contributes to the transitions of the macroscopic vis-
coelasticity with frequency. VC 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 116: 1459–1466, 2010
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INTRODUCTION

Poly(vinyl alcohol) (PVA) was one of the first syn-
thetic polymers to be produced on a large scale com-
mercially and has been developed and utilized in
various applications, including as a hydrogel for bio-
materials, fibers for clothes and industries, films,
membranes, materials for drug delivery systems,
and cancer cell-killing embolic materials.1–4 More-
over, PVA hydrogel has received much attention for
its good biocompatibility and usability in various
biomedical applications.5–8

Because of the large number of hydroxyl groups
in PVA, hydrogen bonding has a pronounced effect
on the bulk properties of PVA materials. Because of
the presence of hydrogen bonding, PVA has a high-
melting temperature, and, depending on the pattern
of hydrogen bonding, it adopts different crystal
structures.9 Although there have been many studies
of hydrogen bonding in the crystal structure of
PVA,10 there have been only a few studies on the

hydrogen bonding of PVA in aqueous solution. In
particular, concentration is a fundamental factor
affecting the physical properties of PVA solutions
and products.
To adopt PVA/water solutions for industrial

applications, it is important to characterize their
rheological properties so as to be able to manufac-
ture various products, such as hydrogels, fibers, and
films, with excellent properties.11 Rheology has also
opened a way to the direct measurement of the
mechanical properties of individual polymers with
sensitivity and accuracy. PVA solutions show vari-
ous rheological behaviors with respect to concentra-
tion, molecular weight, temperature, degree of
saponification, and so on.
Lyoo et al.12 studied the rheological properties of

PVA solutions of 7.5, 10.0, and 12.5 g/dL with
degrees of polymerization of 4000 and 1700 in
dimethyl sulfoxide (DMSO)/H2O mixtures. They
found that PVA solutions with high molecular
weights and high polymer concentrations develop
molecular orientation more easily by shear. Lee
et al.13 found that PVA solutions in DMSO were
rheologically heterogeneous, although they were
optically transparent. A 14 wt % PVA solution was
found to exhibit very unusual rheological behavior,
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with definite double sol–gel phase transitions with
the shear rate. Choi et al.14 studied the rheological
behavior of dilute and semidilute solutions of PVA
of high molecular weight. The gelation process of
this PVA solution could be divided into two types
according to the concentration. The first type was
the gelation that took place directly from the sol
state to gel states with a clear gel point, which was
seen in the concentration regime higher than the crit-
ical concentration. The second type of gelation
occurred gradually, accompanying the evolution of
gel-like properties in the sol state without a definite
gel point, which was seen in the lower concentration
regime. Lee et al.15 investigated the time-dependent
rheological responses of PVA solutions in DMSO.
They found that shear rate had a paramount effect
on the gelation behavior. If a strong gel was first
formed by a strong shear, then no additional gela-
tion or deformation of the gel occurred, even upon
prolonged shearing. However, research about the
rheological properties of aqueous solutions of high
PVA concentrations up to 25 wt % is still lacking, in
spite of the practical importance. Moreover, much
less is known about the creep-recovery and thixo-
tropic behavior of PVA solutions compared with
their linear viscoelasticity. In this study, we have
investigated the dynamic rheological properties of
PVA/H2O solutions of concentrations from 10 to
25 wt %, including both their linear and nonlinear
viscoelasticities.

EXPERIMENTAL

Materials

PVA powder (Beijing East Oil Chemical Company,
Beijing, China) with an average degree of polymer-
ization of 1700 and a degree of saponification of 99%
was used. To obtain reproducible results, the pow-
der was dried in a vacuum oven at 70�C for 24 h
before use. The water used for all procedures was
deionized.

Preparation of solutions

PVA was dissolved in water at 110�C for 3 h with
stirring and the solution was kept for 2 h to ensure
homogenization. As the dissolution conditions may
affect the rheological properties, the temperature
and shear rate were strictly controlled to be constant
for each sample to obtain good reproducibility of
results. The concentrations of the PVA solutions
were set at 10 to 25 wt %. The samples were coded
as PVA-X, where X is the concentration of PVA. For
example, PVA-15 represents a solution of 15 wt %
PVA.

Rheological measurements

The rheological properties of the PVA solutions
were measured by means of an RS300 controlled-
stress rheometer (Thermo Haake) at 30�C. Parallel
plate geometry was adopted, with a diameter of
35 mm and a gap of 1 mm. The rheometer was
equipped with a temperature control unit (TC 501)
that was calibrated to give the required temperature
in the sample chamber. Before testing, the specimens
were held at this temperature for 15 min to eliminate
their thermal and shear histories. Frequency sweep
tests were carried out in an oscillatory mode over
the range from 0.05 to 500 rad/s. The strain level
was determined by a strain sweep test so that all
measurements were carried out within the linear
viscoelastic regime.
The creep and recovery behaviors of the solutions

were investigated. A constant stress of 5 Pa was
applied, maintained for 50 s, and then suddenly
removed. A hysteresis loop test was used to study
the thixotropy of the samples. The shear rate was
uniformly increased from 0.5 to 100 s�1 over 1 min
and was then decreased back to 0.5 s�1 over 1 min.
The thixotropic loop area was calculated with the
aid of the software supplied with the RS300. Each
measurement was repeated at least two or three
times.

RESULTS AND DISCUSSION

In aqueous PVA solutions, there exist strong hydro-
gen-bonding interactions. These include intrachain
and interchain as well as PVA to H2O hydrogen
bonds. Thus, the rheological properties of the solu-
tions are mainly determined by the strength and
number of hydrogen bonds.16

Figure 1 shows the complex viscosities (g*) of the
PVA/water solutions with different concentrations.

Figure 1 g* curves of PVA/H2O solutions at 30�C.
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It can be noted that all of the specimens showed
non-Newtonian flow behavior, that is, a decrease in
g* with increasing x, but three distinct cases may be
distinguished. First, the PVA-10 solution showed
distinct shear thinning at low frequencies, and then
showed a transition to little dependence on the fre-
quency. Second, the PVA-15 and PVA-20 solutions
were insensitive to shear, and these showed an
inconspicuous transition of g* with x. Third, PVA-
25 showed shear thinning over the whole range
from low to high shear. The increase in shear-thin-
ning behavior of PVA-25 also indicates the presence
of stronger polymer chain associations at rest.

Apparent shear viscosities (gap) of the PVA/water
solutions were also measured, and the viscosity
curves are shown in Figure 2. It can be seen that
results similar to those in Figure 1 were obtained
owing to the non-Newtonian character of the solu-
tions. The non-Newtonian behavior might be

explained by the fact that orientation of molecular
segments by the flow field occurs together with
phase separation. However, the shear viscosity for
the PVA-15 and PVA-20 solutions showed stronger
thinning than the complex viscosity, such that the
transitions of gap with shear rate became conspicu-
ous for these solutions. Moreover, it seemed that g*,
rather than gap, could better uncover the differences
in the rheological properties of the respective
solutions. From this viscosity behavior, we could
conclude that the concentration has a significant
influence on the viscoelastic properties of PVA/
water solutions.
Figure 3 shows the changes in the storage moduli

(G0) and the loss moduli (G00) of the PVA/H2O solu-
tions with x. PVA solutions of higher concentration
showed greater G0 and G00 values. This may be due
to the fact that the internal structures in a PVA/
water solution of higher concentration are much
tighter. All of the solutions showed increasing val-
ues of G0 and G00 with x. The absence of G0 values
for PVA-10 at high frequencies in Figure 3(a) is due
to the low viscosity of the solutions, since the slip-
page of the solution from the bottom plate limits the
effective frequency range for obtaining G0. From
Figure 3(a), it can be seen that the 15 and 20 wt %
PVA solutions displayed evident transitions of G0

with x, which are similar to what was observed for
g* and gap in Figures 1 and 2; for the 10 wt % PVA
solution, the logarithmic G0 versus x plot was linear
until 10 rad/s, whereas logG0 of the 25% PVA
solution increased almost linearly with logx from
10�1 to 103 rad/s. In addition, it should be noted
that at the same x, the value of G0 increased with
the concentration; moreover, an abrupt increase
was observed on going from 20 to 25 wt % PVA.
Figure 3(b) shows similar G00 versus x plots for all of

Figure 2 gap curves of PVA/H2O solutions at 30�C.

Figure 3 Storage (a) and loss (b) modulus of PVA solutions at 30�C.
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the solutions. The value of G00 rises proportionally
with concentration at the same x.

According to Figures 1–3, the four PVA/H2O
solutions showed three kinds of rheological charac-
teristics, which we assume to correlate with the
properties of the intrachain and interchain hydrogen
bonding of PVA. For the specimen of PVA-10, it is
likely that there was only a limited number of inter-
chain hydrogen bonds, and so it showed thinning
due to the bonds breaking under low shear. That is,
the hydrogels formed at rest are so soft that they
can be easily destroyed and deformed, even by a
low shear. Hence, the viscosity begins to decrease
from low frequency. Under high shear, the induced
orientation presumably created new interchain
hydrogen bonds, which made the complex viscosity
apparently constant with frequency, and therefore, a
transition of the viscosity with frequency was
observed.

In preparing the concentrated PVA/H2O solution,
it was noted that dissolution of a PVA content
higher than 25 wt % was difficult to achieve because
of macroscopic physical gelling at room temperature.
Therefore, it was considered that in the PVA-25 so-
lution, the neighboring PVA chains formed local
chain associations through a number of interchain
hydrogen bonds, and that these association regimes
served as physical crosslinking points contributing
to the gelling of the system. Such a solution was
microscopically heterogeneous. The shear-thinning
behavior of the PVA-25 solution might be attributed
to breakage of the local association regimes by shear-
ing; moreover, the shear-induced orientation could
not compensate for the decrease in the number of
interchain hydrogen bonds.

The 15 and 20 wt % PVA solutions can be consid-
ered as showing intermediate behavior between the
PVA-10 and PVA-25 solutions. With strengthening
shear, the decrease in their interchain hydrogen
bonds could be nearly equal to the increase in the
orientation-induced H���O bonds. This would
account for the fact that they showed weak shear-
thinning behavior over the wide range of frequen-
cies applied. The change in the mode of the hydro-
gen-bonding interactions was not apparent from the
viscosity curves in Figures 1 and 2, but in Figure
3(a), the transition of the storage modulus (G0) with
frequency clearly indicated that the shear-induced
intermolecular hydrogen bonding became an impor-
tant factor. In other words, as regards the dynamic
viscoelasticity of the PVA solutions, the viscosity
largely correlates with the number of hydrogen
bonds, whereas the storage modulus further
depends on the mode of the hydrogen-bonding
interactions.

According to molecular theories, perfectly
homogeneous and isotropic melts and solutions of

polymers give curves with slopes of 2 and 1 in the
terminal zone in logarithmic plots of G0 and G00,
respectively, against frequency.16 As a rule, the devi-
ation of the slope from the norm established for a
perfectly homogeneous solution is an indication of
the heterogeneity of the solution system. The slope
of a logarithmic plot of G0 against x has been termed
the viscoelastic exponent (n).17–19 The value of n has
been reported to decrease with increasing entangle-
ment density in entangled polymer solution systems;
however, in nonentangled systems, such as incipient
gelatin, the concentration rarely influences n.20,21

As shown in Figure 4, the n values of the PVA sol-
utions at 30�C varied with concentration in the range
0.28 to 0.45 and were not in accordance with the the-
oretically predicted values; moreover, the concentra-
tion had only a minor impact on the value of n. The
low values of n clearly indicated that the PVA
chains were significantly entangled. However, the
low dependence of n on the concentration suggested
that there were also microunentangled structures,
like the liquid–liquid phase-separation structure,
that is, a physically crosslinked hydrogel formed by
interchain hydrogen bonds.
Plots of loss tangent (tan d) against frequency may

give important information for elucidating the phase
change with shear because tan d is a quantitative
measure of the solid-like elastic body or liquid-like
viscous fluid of a system. In principle, fluid charac-
ter is dominant when tan d > 1 and solid character
is dominant when tan d < 1. Hence, a gelling point
at which G0 is equivalent to G00 can be evaluated
from the curve of tan d with respect to x.22 Figure 5
shows plots of tan d of the PVA solutions versus
frequency.
The PVA-10, -15, and -20 solutions showed tan

d > 1, that is, liquid-like viscous fluid characteristics
over the entire frequency range examined. The

Figure 4 Viscoelastic exponent (n) of PVA solutions at
30�C.
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PVA-25 solution showed a smaller tan d value than
the others; when x < 0.18 rad/s, tan d < 1, which
implies a solid-like property.

Figure 5 shows that there are peak values of tan d
versus x for the PVA-15 and -20 solutions. The
peaks correspond to the transitions of G0 with x in
Figure 3. The peak of the PVA-20 solution is shifted
to lower frequency compared with that of the PVA-
15 solution. This means that in a concentrated solu-
tion, low shearing could be sufficient to cause the
local orientation to favor an increase in the hydrogen
bonding through approach of the PVA chains. As a
result, the PVA solution of high concentration
showed early shear-induced gelling.

In addition, for the PVA-25 solution, an inconspic-
uous peak was seen in the plot of tan d versus x, a
kind of transition in the hydrogen-bonding mode.
The results also implied that the local associations
contributing to gelling of the solution at rest differed
from the shear-induced orientation of the whole
chain.

The presence of a pseudostructure due to physical
aggregation in a polymer system affects the relaxa-
tion behavior. If there is some molecular order or
physical structure, a much longer relaxation time is
to be expected. For such polymeric systems, the
relaxation time (k) under dynamic shear can be cal-
culated by eq. (1)23 as follows:

J0 ¼ G0= g�½ �-ð Þ2¼ k=½g�� (1)

where J0 and g* are the complex compliance and
complex viscosity, respectively.

Relaxation times of the PVA solutions at 30�C at
several concentrations are plotted against frequency
in Figure 6. The k values for all of the PVA solutions
decreased with increasing x. At the low and high

ends of the frequency range, the k of the PVA
solutions showed only weak correlation with
concentration.
It is worthy of consideration that transitions of the

relaxation time with frequency are evident in Figure
6. These are similar to what was observed in Figures
1–5. In particular, for the PVA-20 solution at high
frequency, k tended toward that of the PVA-25 solu-
tion, and the PVA-15 solution also seemed to show
such a tendency. These features can be easily under-
stood because the shear-induced hydrogen-bonding
structures are likely to be the same in solutions of
distinct PVA concentrations under high frequency,
and therefore, they have uniform relaxation times.
The PVA solutions of high polymer concentration
develop the reorganized hydrogel structure more
rapidly upon shearing.
Creep and recovery testing is a good test method

for viscoelasticity, since it allows one to differentiate
well between the viscous and elastic responses of a
test specimen. During the creep test of viscoelastic
fluids, the stress applied will cause a transient
response that includes the elastic and viscous contri-
butions. An advantage of the following recovery
phase after the release of the applied stress is that it
separates the percentages of the total strain into the
permanently maintained viscous part and the recov-
ered elastic part.24,25

In a creep test, a constant stress (s) is applied and
the time-related strain (c) is measured. These are
mathematically interrelated by the expression26 as
follows:

cðtÞ ¼ JðtÞ � s (2)

where J(t) is the time-related compliance. It is a
material constant similar to the viscosity in steady-
state flow. The higher the compliance, the more

Figure 5 Tan d with the frequency (x) of PVA solutions
at 30�C.

Figure 6 Variation of relaxation time with frequency for
PVA solutions at 30�C.

RHEOLOGICAL BEHAVIORS OF PVA/H2O SOLUTIONS 1463

Journal of Applied Polymer Science DOI 10.1002/app



easily the sample can be deformed by a given stress.
Figure 7 shows creep and recovery curves for the
PVA solutions. The values of the creep parameters
for the PVA solutions are shown in Table I.

From Figure 7, it can be seen that the PVA-10 so-
lution behaved as a viscous fluid and showed the
highest compliance (29.52 Pa�1); its strain could not
be recovered. The PVA-25 solution showed the low-
est compliance (0.0056 Pa�1) and 100% recovery.
Both the PVA-15 and PVA-20 solutions showed a
permanent deformation of around 40% and an elas-
tic recovery of around 60%.

The creep-recovery behaviors of the aforemen-
tioned PVA solutions evidenced that the PVA-10 so-
lution was fully viscous, the PVA-25 solution was

nearly entirely gelled, whereas the PVA-15 and -20
solutions showed intermediate properties.
The thixotropic profiles of the PVA solutions are

shown in Figure 8. We could not obtain the thixo-
tropic profile of the PVA-25 solution under the pres-
ent experimental conditions, since its high viscosity
precluded accurate testing. The PVA-10, -15, and -20
solutions exhibited Bingham plastic behavior, that is,
thixotropic shear-thinning character. The yield stress
values for the onset of flow were obtained by extrap-
olation of the linear portions of the curves to zero
shear rate, which is the critical stress that must be
exceeded before the material starts flowing.27,28 As
indicated in Table II, both the yield stresses and
thixotropic loop areas of the solutions substantially

Figure 7 Creep and recovery curves of PVA solutions at 30�C.
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increased with increasing PVA concentration. The
results indicated that the more concentrated the
PVA solutions, the denser the physical network
structure.

CONCLUSIONS

The dynamic rheological properties of aqueous solu-
tions of 10, 15, 20, and 25 wt % PVA have been
investigated through controlled-stress rheometry.
The respective solutions showed different shear-thin-
ning behaviors, which were dependent on the PVA
concentration. The 10 wt % PVA solution was found

to be viscous and showed the lowest g* and G0

values; the 25 wt % PVA solution was viscoelastic
and showed the highest g* and G0 values; the 15
and 20 wt % PVA solutions showed intermediate
properties.
As regards complex viscosity (g*), the 10 wt %

PVA solution showed fast shear-thinning at low fre-
quency, and then from x ¼ 1 rad/s, its viscosity
showed a transition to become insensitive to fre-
quency; the 15 and 20 wt % PVA solutions showed
weak shear-thinning and an inconspicuous transition
of viscosity with respect to frequency; the 25 wt %
PVA solution showed fast shear-thinning over the

TABLE I
The Creep Behavior of Aqueous PVA Solutions

Samples

Total compliance
after 50 s of

loading (Pa�1)

Recoverable compliance
after 200 s of

unloading (Pa�1)

Total compliance
after 50 s of loading
followed by 200 s
of unloading (Pa�1)

Compliance recovery
percentage after

200 s of unloading (%)

PVA-10 29.520 0.200 29.320 0.71
PVA-15 0.462 0.268 0.194 58.0
PVA-20 0.157 0.091 0.066 58.0
PVA-25 0.0056 0.0056 0 100

Figure 8 Thixotropy loops of PVA solutions at 30�C.
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tested frequency range. In terms of storage modulus
(G0), the 15 and 20 wt % PVA solutions showed G0

becoming strongly dependent on frequency in the
range x ¼ 4�5 rad/s; G0 of the 25 wt % PVA solu-
tion increased linearly with frequency; for the 10 wt
% PVA solution, G0 could not be determined at high
frequency. In addition, the relaxation times calcu-
lated from g* and G0 for the 15, 20, and 25 wt %
PVA solutions tended to become very similar at
high frequency.

In tests of creep to recovery, the strain of the
10 wt % PVA solution could not be recovered; the
15 and 20 wt % PVA solutions showed 60% recov-
ery, whereas the 25 wt % PVA solution showed
100% elastic recovery. As regards thixotropic behav-
ior, from 10 to 20 wt % PVA, the yield stress rises
sharply. The yield stress of the 25 wt % PVA solu-
tion could not be measured.

The different rheological properties of these PVA/
H2O solutions at 30�C are considered to correlate
with interchain hydrogen bonds and shear-induced
orientation in the solutions. In the 10 wt % PVA
solution, there is only a limited number of interchain
hydrogen bonds, whereas in the 25 wt % PVA solu-
tion, the neighboring PVA chains form local associa-
tion regimes through a large number of interchain
hydrogen bonds. The cases of the 15 and 20 wt %
PVA solutions are intermediate between those of the
PVA-10 and PVA-25 systems.

Shearing is able to break the intrachain and inter-
chain hydrogen bonds, whereas at the same time,
the orientation creates new interchain hydrogen
bonding. The reorganization in hydrogen-bonding
mode contributes to the transitions of the macro-
scopic viscoelasticity with frequency. At high shear-
ing rates, the orientation of the whole chains induces
similar hydrogen-bonding structures in the systems
of different PVA concentrations, and hence, their

dynamic mechanical performances tend to be
uniform.
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