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Abstract

The shear imposed oscillation technique was employed to probe the shear-induced structural changes of various model associative
polymers in the shear-thinning and shear-thickening regimes. The shear-thickening behavior is related to the transformation from pre-
dominantly intra-molecular to inter-molecular associations. The shear-thinning behavior under moderate shear deformation is caused by the
reorganization of the transient network structure. Under high shear deformation, the shear-thinning behavior is caused solely by the shear-
induced effect that increases the chain-end exit rate, which reduces the mechanical active chains and lifetime of the hydrophobe in the

micellar junctions.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The increasing concerns on the environmental impact
regarding the use of organic solvents has provided strong
impetus for the shift in the development of coating
technology, i.e. such as the replacement of solvent with
water-borne coating systems. One critical parameter defin-
ing the performance of these coatings, particularly paints, is
their rheology. At low shear, it requires high viscosity to
prevent pigment sedimentation during storage as well as
controlling the flow, leveling of the paint and its sag
resistance after application. At the moderate shear con-
dition, a moderate viscosity is required to allow loading of
brush and roller as well as to ensure the optimum pouring
and mixing behavior. Low viscosity is required at high shear
condition to achieve film build property to achieve high
gloss quality [1].

Due to the limitations of non-associative polymers, such
as cellulose ether, associative polymer was introduced in
1973 to confer better overall rheological properties to the
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paints, primarily on improving flow and leveling behavior.
Hydrophobically modified alkali-soluble (HASE) associat-
ive polymer has receive increasing attentions in recent years
[2-21]. Most of these studies focused on describing the
microstructure and the behavior of HASE in the presence of
surfactants. There is, however, few studies that focus on the
rheological behavior of HASE polymer under various
deformation conditions. In order to develop a clearer
understanding on the rheological properties of HASE
polymer under varying deformation, the superposition
oscillation technique described by Tirtaatmadjia et al. [4]
can be utilized to provide qualitative understanding on the
microstructure of the system. Tirtaatmadjia et al. [5] showed
that the relaxation behavior of the HASE polymer shifted to
faster relaxation time upon the application of stress. This
behavior was believed to be dependent on the state of
network disruption and re-organisation of the hydrophobic
junctions. The application of this technique to the HEUR
system [22], showed that the reduction in the relaxation time
is a consequence of lower junction densities and shear-
enhanced exit rate of the hydrophobic groups from the
micellar junctions of the network.

The main motivation of this paper is to incorporate the
superposition oscillation technique with the relaxation
spectrum analysis on the HASE to provide an in-depth
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understanding on the structural behavior of the system under
various shear deformations.

2. Material and experimental methods

The model associative polymers examined in this study
are hydrophobically modified, alkali-soluble (HASE) poly-
mers synthesized by Dow chemicals (formerly Union
Carbide), via the emulsion polymerization process of
methacrylic acid (MAA), ethyl acrylate (EA) and a
macromonomer that had been capped with a hydrophobic
group. The chemical structure of the polymer is shown in
Fig. 1, where R is C,H,, . The polymer characterizes in
this paper are HASE05-20 and HASE40-20. The difference
between the two polymers is the length of the ethylene-
oxide spacer chain of the macromonomer. The ethylene-
oxide spacer chain length of HASE05-20 is 4.2 moles, while
the spacer chain length of HASE40-20 is 41.6 moles. The
hydrophobes of the polymers are identical, consisting of
C,0Hy; alkyl chain.

A brief description of the synthesis methodology of the
model polymer has been previously reported [2,5] and will
not be presented here. The characteristics and chemical
composition of the model polymer are given in Table 1. The
molecular weight of the model associative polymer was
determined to be ~200,000 Daltons [23,24], and the
monomer sequence distribution of these polymers are
believed to be quite similar, since the process used to
produce them was held constant.

The samples were prepared from a stock solution of
3 wt% of total solid polymer solids in 10~* M KCI adjusted
to the required concentration. The alkaline used to
neutralize the polymer to the required pH ~9.0 was
2-amino-methylpropanol (AMP). This is to ensure complete
neutralization of the polymer where maximum enhance-
ment of the rheological properties was observed [7,11]. The
steady shear viscosity of HASE40-20 displays a shear-
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Fig. 1. Chemical Structure of model HASE Polymer.

Table 1

Details on chemical composition of model HASE polymers

Name of Moles of Hydro- Hydro- Molar ratio

HASE EO phobes phobes for-  of MAA/
name mula EA/macro-

monomer
HASE05-20 4.2 Eicosanyl CyoHyy 49/50/1
HASE40-20 41.6 Eicosanyl CyoHyy 49/50/1

thickening regime at moderate shear rates, however, the
viscosity of HASEO05-20 decreases progressively with shear
rates as shown in Fig. 2.

Superposition of oscillation on shear technique was
employed using the Controlled Stress Carri-Med CSL500
rheometer for determining the structural behavior at various
stages of applied stresses. The geometry used with the
CSL500 is a cone and plate system with diameter 40 mm
and 2° cone angle. Characterization of the polymeric
systems was carried out with a circulating water bath to
ensure constant temperature of 25°C throughout the
samples during each experiment.

3. Results and discussion

The structural properties of associative polymers, which
possess shear-thickening and shear-thinning or combination
of both behaviors under shear deformation were investi-
gated. In order to obtain detailed structural information, the
superposition of oscillation on shear technique was
employed [4,5,8,22]. A shear stress was applied for a
fixed time period and once the equilibrium condition was
achieved, a superimposed oscillation was applied to probe
the viscoelastic behavior of the solution. Using this
technique, the viscoelastic response of large network
elements and fast response of the dynamic cluster under
different applied stresses can be determined by computing
the relaxation time spectra.

The dynamic properties of 3 wt% HASE05-20 and
HASE40-20 were plotted in Fig. 3(a) and (b), respectively.
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Fig. 2. Shear dependent viscosity of 3.0 wt% HASE05-20 and HASE04-20.
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Fig. 3. Linear viscoelastic properties of HASE40-20 at 3.0 wt% at applied
stress of (a) 0-100 Pa; (b) 0-250 Pa.

Upon the application of stresses, the terminal region shifts to
higher frequencies. The dynamic data were fitted with the
multiple modes Maxwell model equation as shown in Figs.
4(a—d) and 5(a—d), where the solid lines represents the best
fit for the Maxwell model. The generalised Maxwell model/
Maxwell-Wiechert model, modified from the simple
Maxwell model by connecting a series of spring and dash-
pot in parallel is represented as follows;
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where the subscript i is used to denote the number of
repeated simple Maxwell elements. Usually, N ranges from
1 to 3, signifying that there are 1-3 different relaxation
modes as defined by the fitted relaxation times. Good fits to
the data are observed for conditions of zero or low applied
stresses. However, at higher stresses, where the viscosity
begins to decrease significantly, the Maxwell model is less

able to describe the viscoelastic behavior of the solution. In
order to ensure the dynamic data at different shear stresses
reflect the true material properties, the oscillatory steady
shear viscosity was then compared with the equilibrium
shear viscosity as shown in Figs. 6 and 7 for HASE05-20
and 4020, respectively. This gives us the confidence that the
dynamic frequency sweep data can be used to describe
the structural behavior of the polymer systems using the
transformed relaxation time spectra. It is important to note
that the storage modulus data plotted in Fig. 3(a) and (b)
were obtained from the linear viscoelastic region. Hence,
any changes in the rheological properties are not a
consequence of non-linear deformations.

In order to establish an understanding on the strength of
the network structure, we need to quantify the junction
densities and relaxation behavior of the polymer system.
Based on Green and Tobolsky theory [25] on rubber
elasticity, the G’ at high frequency can be used to represent
the junction densities in the transient network system. Green
and Tobolsky [25] extended the simple theory of rubber
elasticity to transient networks where the magnitude of the
plateau modulus GY, is related to the number of the effective
chains per unit volume v;

Gy = gvRT )

where g is a correction factor whose magnitude is unity [26],
GY, is the plateau modulus, R is the gas constant and T the
temperature in Kelvin.

The terminal relaxation time can be determined from the
expression;

. G'
=t (o) ©

where 7 is the dynamic viscosity, and the plateau in A
versus w curve, which corresponds to the terminal region in
the G’ and G” plot gives an estimate of the average terminal
relaxation time of the material.

The shear-thinning behavior upon the application of
shear stress exhibited by most HASE polymer system,
except HASE40-20, is believed to be related to the
curtailing of the longest relaxation time [5]. In order to
have a better picture on the structural behavior of the
polymeric systems under shear deformation, the 3 wt%
HASEO05-20, was subjected to parallel superposition
oscillation experiments. At the applied stresses of 5—
100 Pa, the storage moduli and the active junction densities
of the polymer system increase with the application of the
shear stress (Fig. 8(a)). However, the strength of the
network structure, based on the activation energy plot,
remains constant over this range of applied stresses. The
activation energy can be used to quantify the strength of the
polymer network, where E, is the total energy contributed
by lifetime of the hydrophobic junction and junction
densities in the network [27,28]. The Arrhenius expression
of the viscosity can be described by the following equation,
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Fig. 4. Fitting of Maxwell model to the dynamic properties of 3.0 wt% HASEO05-20 at (a) O Pa, (b) 10 Pa, (c) 50 Pa, (d) 100 Pa applied stresses.
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reactive group in an isolated state, k the Boltzmann constant
and T the absolute temperature and 7, is the zero shear
viscosity.

The strength of the network is defined as the total
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Fig. 5. Fitting of Maxwell model to the dynamic properties of 3.0 wt% HASE40-20 at (a) 0 Pa, (b) 50 Pa, (c) 100 Pa, (d) 200 Pa applied stresses.



4056 K.C. Tam et al. / Polymer 46 (2005) 4052—4059

10

o)

p

o

> Peee s e,

2 .

5 LT LR PO

it ©

2 ®

> *
'S
.

0.1 1 100 1000

10
Shear Stress (Pa)

Fig. 6. Comparison of viscosity HASE05-20, 3.0 wt%: equilibrium shear
viscosity (closed symbol), oscillatory steady shear viscosity (open symbol).

contribution from the strength of the hydrophobic junctions
and the active junction densities in the network [10].
Therefore, the decrease in the network strength caused by
the reduction in relaxation time (Fig. 8(b)) is compensated
by the increase of junction densities (Fig. 8(a)), leading to a
constant activation enthalpy in this range of applied stresses.
Above the shear stress of 100 Pa, where the viscosity
decreases sharply, the activation energy of the polymer
system exhibits a large drop. The reduction in the strength of
the network is mainly due to the lost of network
connectivity and the reduction in lifetime of the junctions.
Hence, it is expected that the storage modulus and average
terminal relaxation time will decrease accordingly. How-
ever, due to the sensitivity and limitation of the equipment,
the dynamic data above 100 Pa could not be measured.
The shear-thickening behavior in HASE40-20 warrants
further discussion here. This shear thickening property has
been attributed to the transformation of intra- to inter-
molecular association. The dynamic properties of HASE40-
20 at different applied stresses were measured to clarify the
mechanism derived from previous studies. [13,22]. Fig. 9(a)
reveals that when the applied stress was increased from 5 to
175 Pa, the junction densities in the network increase
continuously. However, the strength of the network as
indicated by the activation energy remains constant until an
applied stress of 60 Pa. It then increases significantly over
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Fig. 7. Comparison of viscosity HASE40-20, 3.0 wt% equilibrium shear
viscosity (closed symbol), oscillatory steady shear viscosity (open symbol).
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Fig. 8. (a) Storage modulus at 100 rad/s and activation energy as a function
of shear stress for 3.0 wt% HASE(05-20; (b) average terminal relaxation
time as a function of applied stress for 3.0 wt% HASE05-20.

the shear-thickening region. On the other hand, the overall
relaxation time of the polymer system in Fig. 9(b) displays
the same behavior as HASE05-20, where it decreases with
the applied stresses. What then is the cause for the increase
in the activation energy and shear-thickening behavior
observed in the 3 wt% HASE40-20 which is not present in
the HASEO05-20 system? By comparing the normalized
storage modulus and activation energy determined from
viscosity measurements in Fig. 10(a) and (c), it is evident
that the rate of increase in the junction densities and
enthalpy for HASE40-20 is higher. In addition, the
normalized relaxation time plot (Fig. 10(b)) demonstrates
that HASE40-20 possesses a higher resistant to shear
deformation as depicted by the slower reduction rate of
decrease in the relaxation time compared to HASE(05-20.
The above observations clearly show that the increase in the
strength of the network in the shear-thickening region is
caused by the formation of greater number of active
junctions in the network. One would then ask as to ‘where
do this additional junction densities come from?’ One
probable source of the additional junction densities is the
conversion of intra- to inter-molecular associations. As
HASEA40-20 possesses the longest ethylene-oxide linkage
(41.6 moles) compared to the rest of the model polymeric
systems, the probability of intra-molecular interaction is the
highest since, the hydrophobes can extend to a greater
distant and associate with another hydrophobes on the same
polymer backbone. The formation of larger number of
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Fig. 9. (a) Storage modulus at 100 rad/s and activation energy as a function
of shear stress for 3.0 wt% HASE40-20; (b) Average terminal relaxation
time as a function of applied stress for 3.0 wt% HASE40-20.

intra-molecular association in the network causes the polymer
to coil into a more compact conformation. Upon application of
stress, the polymer backbones unfold, and disrupt the intra-
molecular junctions, making available greater number of
“free’ or unassociated hydrophobes which can then form inter-
molecular junctions with other hydrophobes in the system.
The net result is the apparent increase in the network junction
density, which contributes to the strength of the network
structure. Above 175 Pa of applied stress, the drastic reduction
in the rheological properties observed in Figs. 7 and 9(a) is
mainly due to the lost of network connectivity and the
reduction in lifetime of the structure.

In order to have a better understanding on the relaxation
behavior of the polymeric system, the determination of
relaxation time, spectrum is necessary. The viscoelastic
response of the polymer can be better described by
examining the distribution of the relaxation times
[10,22,29]. Information on the relaxation spectrum H(A)
can be derived by transforming the data obtained in the
frequency domain according to the expressions below:
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Fig. 10. (a) Normalised storage modulus at 100 rad/s, (b) normalised
average terminal relaxation time, (c) normalised activation energy: 3.0 wt%
HASEO05-20 (open symbol), 3.0 wt% HASE40-20 (closed symbol).

computed using commercial software provided by Rheo-
metric Scientific Inc. (Orchestrator software). The spectra
obtained from the storage and loss modulus at different
temperatures were plotted as H(A)A versus A.

In order to have more detailed understanding on the
structural property of the HASE polymeric systems under
shear deformation, the relaxation behaviors were investi-
gated by the examining the relaxation spectra as shown in
Figs. 11 and 12. Upon the application of shear deformation,
the width of the relaxation time spectrum decreases and the
relaxation peaks shift to shorter times. However, due to the
limitation of the equipment, the relaxation time lower than
0.01 s cannot be measured, hence, the spectra at relaxation



4058 K.C. Tam et al. / Polymer 46 (2005) 4052—4059

Lifetime
L) 100 Pa

80 Pa

Weighted Relaxation Spectrum

0.0001 0.01 1 100
Relaxation Time (Seconds)

Fig. 11. Weighted relaxation spectrum for 3 wt% HASEO05-20 at varying
applied stresses.

time lower than 0.01 s and also at higher applied stress
cannot be determined. It is evident that at lower shear
deformation, the lifetime of the polymer system continues to
decrease with increasing deformation as indicated by the
dotted line in Fig. 11. The reduction in the lifetime, as
represented by the fast peak at short times, indicates that the
long relaxation time connected to the junctions with high
aggregation number is disrupted. This disruption leads to
the re-organization of the network structure, which has the
effect of narrowing the distribution of the aggregation
number in the associating junctions. The net result is the
overall reduction in both the lifetime and structural
relaxation time of the polymer network. In addition, free
hydroprobes from the disrupted junctions re-associate to
form junctions with lower aggregation number, which raises
the number of mechanically active junctions in the polymer
network (Figs. 8(a) and 9(a)). Deformation of the HASE
polymer at higher stresses results in the overall
reduction of junction densities, junction strength, life-
time and relaxation time of the system. This behavior
corresponds to the transient network theory proposed by
Tanaka and Edwards [28,30]. They stated that the exit
rate of the hydrophobe depends on the applied stress,
which is enhanced by the application of stress. This
indicates that the applied stress is sufficiently high to
decrease the lifetime of the micellar junction. Hence,
the drastic decline in the viscosity profile observed for
both polymeric systems, is caused by the increase in the
chain-end exit rate due to applied stress.
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Fig. 12. Weighted relaxation spectrum for 3 wt% HASE40-20, at varying
applied stresses.

4. Conclusions

The superposition of oscillation on steady shear exper-
iment provides insights into the state of the network
structure under shear deformation. With increasing applied
stresses, the junction densities increase but the overall
relaxation time of the system decreases. The rate of increase
in the junction densities and the reduction in the relaxation
time defines the onset in the shear-thinning or thickening
behavior. The shear-thickening behavior corresponds to the
transformation of the predominantly intra-molecular associ-
ations to inter-molecular associations. The shear-thinning
behavior under moderate shear deformation is caused by the
re-organization of the transient network structure. At high
shear stresses, it is caused by the enhanced shear-induced
chain-end exit of the hydrophobes from the junction, which
reduces the mechanical active chains and lifetime of the
hydrophobe in a micellar junction.
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