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tent of the linear region decreases
with increasing pigment concentra-
tion, at a higher frequency (10 Hz)
the extent of the linear region in-
creases with increasing pigment
concentration. This increase in the
linear region with increasing pig-

Abstract In this paper we describe
the linear viscoelastic properties of
copper phthalocyanine (CuPCN)
dispersions that are used in the
manufacturing of offset
lithographic printing inks.
Transmission electron microscopy
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shows that the primary pigment
particles are rod-like and have sizes
in the range of 10 to 300 nm.
Steady shear measurements show

ment concentration suggests that at
higher frequencies the dispersion is
less brittle, and that the rheological
behavior is dominated by intra-ag-

that the dispersions are Newtonian
at a pigment volume fraction of
0.073 and become increasingly
shear thinning as the pigment
volume fraction is increased. The
strong shear-thinning nature of
these dispersions can be attributed
to the highly flocculated nature of
the dispersions, which is due to in-
terparticle attractions. The struc-
tural complexity of the dispersions
also results in an unexpected linear
viscoelastic response. While at low
frequencies (0.1 and 1.0 Hz) the ex-

gregate associations. In addition,
frequency sweeps show that the
dispersions behave like a visco-
elastic liquid at low pigment con-
centrations. However, at higher pig-
ment concentrations (yet signifi-
cantly lower than the maximum
packing fraction) the dispersions
behave like a cross-linking polymer
at its gel point.
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stresses. It is consequently important to characterize the
rheological behavior of these dispersions to gain informa-
tion about the interparticle interactions giving rise to such
behavior, and to intelligently design processes and prod-
ucts for the dispersions.

Studies of the rheological properties of colloidal
dispersions in low-molecular-weight polymer solutions
have traditionally concentrated solely on the steady-shear
flow behavior (see, for example, reviews by Metzner, 1985;
Kamal and Mutel, 1985; and Gupta, 1994). More recently,
such rheological studies have included linear viscoelastic

Introduction

The rheological properties of colloidal dispersions in low-
molecular-weight polymer solutions like paints and print-
ing inks can strongly influence their conditions of
manufacturing, handling, and transport as well as their
end-use properties. The observed rheological behavior,
which is related to the interparticle interactions in the
dispersion, can include viscoelastic behavior as well as
their thinning, shear thickening, and apparent yield
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measurements, and the utility of these measurements in
characterizing interparticle interactions in colloidal
dispersions has been demonstrated (Buscall et al., 1982;
Tadros and Hopkinson, 1990; Liang et al., 1993). For ex-
ample, attractive interparticle forces have been shown to
give rise to a viscoelastic solid-like plateau in the storage
modulus G’ at low frequencies, while repulsive interparti-
cle forces give rise to viscoelastic liquid-like behavior as
seen by a decrease in both G’ and the loss modulus G”
with decreasing frequency (Onogi and Matsumoto, 1981).
In addition, it has been shown that rheological measure-
ments probing the interactions between colloidal particles
stabilized by adsorbed polymer chains qualitatively agree
with direct force measurements between mica surfaces
bearing adsorbed polymer chains (Luckham et al., 1991;
Costello et al., 1992 a; Costello et al., 1992b; Tadros et al.,
1993).

Linear viscoelastic measurements can also be used to
gain information about the microstructure formed in
flocculated colloidal dispersions (de Kruif, 1990; Chen
and Russel, 1991). Flocculated colloidal dispersions can
display viscoelastic solid-like behavior through a frequen-
cy-independent G’ (van der Aerschot and Mewis, 1992;
Sonntag and Russel, 1987). In such systems, de Silva et al.
(1990) found that G’ scaled as ¢", where ¢ is the particle
volume fraction. The value of this exponent provides in-
formation about the mechanism of particle aggregation
and the strength of the interparticle forces, with higher
values of n indicating stronger interparticle interactions
(Buscall et al., 1988). Similarly, Grant and Russel (1993)
have shown the elastic modulus to scale with (¢—¢,)’,
where ¢, is the particle volume fraction at which the
dispersion gels and s characterizes the structure. Again,
this relationship is valid for dispersions with ¢>@,.
Similar studies on dispersions of magnetic and non-
magnetic iron oxide particles in mineral oil demonstrated
the presence of two regimes for the scaling of G’ with ¢,
with a threshold value of the volume fraction (¢.)
separating the two regimes (Kanai et al., 1992). The expo-
nent n was significantly larger for dispersions with con-
centrations ¢ > ¢, as compared to dispersions with con-
centrations ¢ <¢.. In addition, linear viscoelastic mea-
surements can provide detailed information about the
characteristic dimension of the microstructure. Shih et al.
(1990) developed a scaling theory for colloidal gels that
are well above the gelation threshold by modeling the gel
network as a collection of flocs (fractal objects) and dem-
onstrated that the fractal dimension of the flocs agreed
well with that measured by static light scattering.

Most of these rheological studies probing interparticle
interactions have concentrated on model systems con-
sisting of spherical, monodisperse particles, a monodis-
perse stabilizing polymer, and a low-molecular-weight
dispersing solvent. What is lacking is a systematic study
of the linear viscoelastic behavior of more complex, in-
dustrially relevant dispersions that typically contain poly-

disperse particles that are irreversible aggregated due to
strong interparticle attractions and a dispersing polymer
matrix that consists of one or more polymers and
solvents.

In this paper, we examine the linear viscoelastic behav-
ior of copper phthalocyanine (CuPCN) particles dis-
persed in a low-molecular-weight polymer solution. These
dispersions of CuPCN particles, the most common blue
pigment, are used in the manufacturing of offset litho-
graphic inks. We use these data to characterize the inter-
particle interactions that affect the flow properties of this
pigment dispersion.

Materials and methods
Materials

The dispersions studied were based on the copper
phthalocyanine (CuPCN) pigment. For more information
about the synthesis, surface properties, and dispersion of
the pigment, the reader is referred to Honigmann and
Horn (1973), Fryer et al. (1981), McKay and Mather
(1987), Smith (1988), and Clayton (1988). The charac-
terization of the CuPCN pigment used in this study is
described later in this section.

Dispersions of CuPCN at volume fractions of 0.073,
0.154, 0.239, and 0.283 were obtained from the Pigments
Laboratory, Flint Ink Corporation. These volume frac-
tions were calculated by measuring the density of the pig-
ment using ASTM D153 and density of the suspending
medium using a weight-per-gallon cup. The suspending
polymer matrix for these dispersions is a mixture of two
polymeric liquids, an alkyd and a varnish whose principal
component was a rosin-based resin, added in a volume
ratio of 1:3, respectively.1 The molecular weight distri-
butions of the two polymeric liquids were determined by
gel permeation chromatography using polystyrene stan-
dards. The alkyd had a number-average molecular weight
M, of 2405 and a weight-average molecular weight M,
of 13286, giving a polydispersity index of 5.5. The rosin-
based resin was characterized by M, =2427 and
M, = 2786, giving a polydispersity index of 1.15. The
polymeric matrices were Newtonian for shear rates from
1 to 100s~!, with an average viscosity of 18.4Pa-s.
Linear viscoelastic measurements on the polymeric Ii-
quids showed that G’ was an order of magnitude lower
than G”, confirming the lack of any network structure in
the absence of added pigment particles. Rothstein (1964)

! For more information about alkyds and varnishes used in
printing inks, the reader is referred to “The Printing Ink Manual’
ed. F.A. Askew, 2nd edition, W. Heffer and Sons Ltd, 1969, pp.
622—664.
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Fig.1 'Transmission electron micrograph of CuPCN particles at
25000

has demonstrated that alkyd resins similar to those used
in this study adsorb onto CuPCN particles.

The CuPCN particles were characterized by transmis-
sion electron microscopy (TEM). Special sample prepara-
tion techniques were required to obtain sections that were
transparent to electrons. Freshly cleaved mica was coated

with carbon, onto which a thin layer of the dispersion was
deposited using a razor blade. The mica sheet was then
submerged in water, causing the carbon film coated with
the dispersion to lift off of the mica. The sections were
then captured on standard carbon grids and observed in
a JEOL 2000 EX transmission electron microscope. An
electron micrograph of the particles is shown in Fig. 1.
The primary particles, many of which are rod-like in
shape, range from 10 to 300 nm in size, and some aggrega-
tion is noted. The large darker regions in the micrograph
are most likely due to the polymer matrix. The matrix is
also found near some of the particles making their
boundaries less distinct.

The particle size was also measured using a Microtrac
UPA-150 (Leeds and Northrup) which employs the princi-
ple of dynamic light scattering in the heterodyne con-
figuration. The dispersions were diluted in toluene to
yield solutions of approximately 1 wt% for analysis. As
shown in Fig.2, the measured sizes range from 0.1 to
4 um, and more than 90% of the particles are less than
1 um in size. The larger particle size measured by this
method reflects aggregation of the particles.

Methods

The rheological measurements were conducted on the
Bohlin VOR (controlled strain rate) rheometer at
30+0.4°C using a cone-and-plate geometry (cone angle
of 5° and plate diameter of 30 mm). Since the samples
were sensitive to their deformation history, a suitable
preshear followed by a relaxation period was required to
obtain reproducible results. Preshearing the dispersions
using large amplitude oscillatory shear (LAOS) at a fre-
quency of 10 Hz and a strain amplitude of 0.207 (100%
on the Bohlin VOR) showed that G’ initially decreased
with time but then settled to a steady value after 100 s. In
contrast, preshearing at a constant shear rate led to alter-
nate increases and decreases in viscosity and a suitable
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steady state was not reached during the 1000 s test period.
This alternate increase and decrease in viscosity is indica-
tive of anisotropic shear-induced structure within the dis-
persion (Hoffman, 1974; Gadala-Maria and Acrivos,
1980), and suggests the presence of strong interparticle
forces between the CuPCN particles. Therefore, all
samples were subjected to LAOS followed by relaxation
for 1800 s prior to conducting any measurements; this
time period was determined to be significantly longer
than the longest relaxation time for any of the disper-
sions.

The viscosities of the dispersions were measured over
a range of shear rates (0.01 to 50s™"); shear fracture and
sample loss did not allow measurements at higher shear
rates. In addition, the linear viscoelastic region was deter-
mined at each volume fraction by conducting strain
sweeps at three different frequencies (0.1, 1.0, and 10 Hz),
where the sample was subjected to increasing strains from
0.1% (2.07x107% to 100% (2.07x10™"). The sample
was considered to be in the linear viscoelastic range for all
strains until G’ decreased to 5% below its initial value.
Dynamic mechanical measurements were then conducted
in the linear viscoelastic region at frequencies ranging
from 0.01 to 10 Hz. Measurements of the moduli were
reproducible to within approximately 10% between
repeat experiments, with the greatest deviations noted at
lower frequencies; representative data are shown in Fig. 3.

Since slip of the dispersion at the plate interface is of
concern, we also conducted small amplitude oscillatory
shear measurements on these dispersions using a parallel
plate geometry (Yoshimura and Prud’homme, 1988). The
values of the moduli were statistically equivalent at plate
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Fig. 3 Reproducibility of the rheological measurements, showing
the storage modulus G’ and the loss modulus G” as a function of
frequency (¢ = 0.283) for two consecutive runs. The closed symbols
are data from the first run and the open symbols are data from the
second run
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Fig. 4 Relative viscosity #, as a function of shear rate y and pig-
ment volume fraction ¢

separations of 0.5 and 1.5 mm, demonstrating that slip
was not significant with these dispersions at the particle
concentrations studied.

Results and discussion

Shown in Fig. 4 are the relative viscosities of the disper-
sions as a function of shear rate, where the relative
viscosity #, is the ratio of the viscosity of the dispersion
71 to the viscosity of the dispersing (Newtonian) polymer
matrix #,. Plotting the relative viscosity against the shear
rate eliminates the effect of the polymer matrix viscosity
when comparing the steady shear behavior at different
particle concentrations. The dispersions are Newtonian at
a CuPCN volume fraction ¢ = 0.073 and are shear thin-
ning at higher volume fractions in the shear rate range
studied, with the degree of shear thinning increasing with
particle concentration as expected.

Apparent yield values for the dispersions were estimat-
ed using the Casson equation (Casson, 1959), developed
to describe the flow of printing inks:

V2 _ 172 172,512
TT=T Y

6]
where T is the stress, 7, is the Casson yield value, #, is the
Casson viscosity, and y is the shear rate. Casson yield
values calculated from the steady shear data are given in
Table 1. The Casson yield value scaled by the polymeric
matrix viscosity exhibits a power-law dependence on par-
ticle volume fraction (z./#y<¢"), with a power-law in-
dex n of 7.2. Power-law indices of 2.5 to 4.4 have been
noted for weakly (reversibly) flocculated dispersions (van
der Aerschot and Mewis, 1992; Boggs et al., 1996). The
existence of an apparent yield value and the shear thin-
ning noted at these relatively low volume fractions and
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Table1 Casson yield values (r.) estimated from steady-shear
viscometry

¢ 7-(Pa)
0.073 0.2
0.154 37.8
0.239 813.3
0.283 3269.0

the relatively high value of the power law index can be at-
tributed to the highly flocculated nature of these disper-
sions (Macosko, 1994). Indeed, it is known that CaPCN
particles experience strong interparticle attraction due to
van der Waals forces, which leads to flocculation and a
loss of color strength if not countered by a repulsive force
(Moser and Thomas, 1963). This structure in the disper-
sions was studied further using dynamic oscillatory mea-
surements.

The linear viscoelastic region of each dispersion was
identified by conducting strain sweeps at different fre-
quencies. Frith et al. (1987) have remarked that the
linearity limit for dispersions is first noticed by a decrease
in G” rather than in G’. For the CuPCN dispersions,
however, both moduli decreased almost simultaneously as
the strain was increased beyond the linear region. These
strain sweeps (Fig. 5a—b) show that the extent of the
linear viscoelastic region is strongly influenced by both
particle concentration and frequency. Figure Sa shows the
values of G’ for all dispersions as a function of strain at
a frequency of 1 Hz. At this frequency, the extent of the
linear region decreases with increasing pigment concen-
tration; the same trend was noted at a frequency of
0.1 Hz. In contrast, the strain sweeps at 10 Hz (Fig. 5b)
unexpectedly show an increase in the extent of the linear
region with increasing pigment concentration.

Little theoretical and experimental work has been re-
ported in the literature that supports the existence of an
increase in the limit of linearity with increasing particle
concentration. Shih et al. (1990) have proposed a scaling
theory to describe the elastic properties of colloidal gels
for particle concentrations well above the gelation thresh-
old. While none of the dispersions described in this paper
are “well above” the gelation threshold (and as will be
noted later, only at the two higher volume fractions can
the CuPCN dispersions be considered to be weakly
gelled), some of the ideas from this scaling theory can be
qualitatively applied to the results. Shih et al. proposes
that when inter-aggregate bonds are stronger than intra-
aggregate bonds the limit of linearity should decrease
with particle volume fraction; conversely, when intra-ag-
gregate bonds are stronger than inter-aggregate bonds the
limit of linearity should increase with particle volume
fraction. This analysis suggests that intra-aggregate
associations may govern the rheological behavior of the
CuPCN dispersions at the frequency of 10 Hz.
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Fig.5A The storage modulus G’ as a function of strain and pig-
ment volume fraction ¢ at a frequency of 1.0 Hz
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Fig. 5B The storage modulus G’ as a function of strain and pig-
ment volume fraction ¢ at a frequency of 10 Hz

With regard to experimental data, Jones et al. (1991,
1992) noted a slight increase in the limit of linearity with
increasing particle concentration above a particularly
high value of ¢ (0.58 for Stober silica stabilized by grafted
octadecanol (“hard spheres”); 0.67 for copolymer par-
ticles stabilized by adsorbed poly(ethylene oxide) (“soft
spheres™)); below this value of ¢, the limit of linearity
decreased with increasing particle concentration. The fre-
quency dependence of the linearity limit was not dis-
cussed in that work, however. The experimental data
showing an increase in the linear region with increasing
concentration at the lower concentrations used in this
study (below the gelation threshold) have not been previ-
ously noted in the literature, and provide an area for
future study.
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In addition, Shih et al. suggests that the limit of
linearity (strain) can be related to particle volume fraction
by a power-law relationship for particle concentrations
above the gelation threshold. While only the higher
volume fraction dispersions are weakly gelled, we found
a power-law dependence of the linearity limit on particle
volume fraction. Based on the data given in Fig. 5a, b, the
power-law index is — 1.0 at a frequency of 1 Hz and +1.2
at a frequency of 10 Hz. While these values of the power-
law index are less than those seen by Shih (and this is to
be expected, given that the dispersions are at best weakly
gelled), the change in sign indicates a change in the
mechanism of energy dissipation by the particle/polymer
fluid networks. The data suggests that there are two dif-
ferent (frequency-dependent) mechanisms with two dif-
ferent length scales, and that at higher frequencies the
length scale characteristic of intra-aggregate associations
is dominant.

The nature of the linear viscoelastic response of these
dispersions also depends on the pigment concentration.
While the polymeric matrix had a Newtonian response
with no inherent structure, adding pigment particles to
the matrix creates a network structure within the disper-
sion leading to a progressively more elastic response at
higher pigment concentrations. These network structures
result from the interparticle forces (van der Waals and
steric forces) that trap the polymeric fluid between the
particles (Hunter, 1982).

At low pigment concentrations (¢ = 0.073), the disper-
sions exhibit a typical viscoelastic liquid-like response
(Fig. 6a): G' and G” have slopes close to 2 and 1 and
tan ¢ is on the order of 90 at low frequencies. At higher
pigment concentrations (Fig. 6b and ¢), G’ and G"” dis-
play a power-law dependence on frequency over two
decades of frequency and tan d is virtually independent of
the frequency (note that we were not able to access the ter-
minal region of these dispersions). At ¢ = 0.154 (Fig. 6b),
G’ and G” are nearly parallel to each other over two
decades of frequency and tan J is approximately constant
at a value of 3. At ¢ =0.239 (Fig. 6¢), G’ and G" are
nearly equal and the tan J is on the order of unity for fre-
quencies less than 0.1 Hz. At frequencies greater than
0.1 Hz, G’ is larger than G” and tan & is less than unity.
The small fluctuation in the data seen at approximately
0.06 Hz is probably due to a much larger-than-average ag-
gregate, which is infrequently found in these commercial-
ly prepared concentrated dispersions; we do not believe
that this fluctuation is indicative of a phase transition or
any other similar phenomenon.

A similar frequency-independent tan J has been ob-
served over five decades of frequency for cross-linking
polymers at their critical extent of reaction or “gel point”
(Chambon and Winter, 1986). Hence, the response of our
dispersions appears to be intermediate to a viscoelastic
liquid and a viscoelastic solid even at very low pigment
volume fractions. Similar findings of gelation at low solid
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Fig.6 A The storage modulus G’ and the loss modulus G” as a
function of frequency for a pigment volume fraction ¢ of 0.073
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Fig. 6B The storage modulus G’ and the loss modulus G” as a
function of frequency for a pigment volume fraction ¢ of 0.154
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volume fractions have been reported by Choi and Krieger
(1986) using dispersions of sterically stabilized poly(me-
thyl methacrylate) particles in siloxane fluids. Dispersions
of larger particles in lower molecular weight siloxane
fluids exhibited fluid-like rheological behavior, while
dispersions of the particles in higher molecular weight
siloxane fluids exhibited gel-like rheological behavior.
The gel-like behavior was attributed to steric-elastic
repulsion, resulting from the compression of the siloxane
chains in the void spaces between the particles. In con-
trast, the transition from viscoelastic liquid-like to visco-
elastic solid-like behavior for the soft spheres studied by
Jones et al. (1992) occurred at much higher volume frac-
tions than seen with the CuPCN dispersions, near the
hard-sphere maximum packing fraction.

The gelation noted in the CuPCN dispersions at lower
volume fractions likely results from strong interparticle
attraction (due to van der Waals forces) relative to the
steric repulsion due to adsorbed macromolecules and
subsequent flocculation, not due to steric-elastic repul-
sion since the polymers in the dispersing media are of
lower molecular weight than those for which Choi and
Krieger noted gel-like behavior. We have attempted to
guantify the thickness of the adsorbed polymeric layer on
the CuPCN particles using a variation of a technique de-
scribed by Reetz et al. (1995), who quantified surfactant
adsorption on palladium clusters using a combination of
high-resolution TEM and scanning tunneling microscopy
(STM). Using atomic force microscopy (AFM) coupled
with TEM, we were not able to determine the thickness of
the adsorbed steric layer primarily due to nonuniformity
of the CuPCN aggregate surfaces. Consequently, further
work with specially synthesized model dispersions, in
which polymer adsorption can be characterized, is needed
to support the hypothesis that the gelation results from
strong interparticle attraction.

In previous work on sterically stabilized silica disper-
sions, we examined the dependence of G’ on ¢ (Grover
and Bike, 1994; Grover, 1995). These strongly flocculated
systems showed a frequency-independent G’ and hence
viscoelastic solid-like behavior. The elastic modulus ex-
hibited a power-law dependence on the particle volume
fraction, and as expected the more strongly flocculated
dispersions gave higher values of the power-law index .
Such an analysis, as suggested by the work of de Silva et
al. (1990) and Grant and Russel (1993), cannot be applied

to the dispersions studied here, however, since none
displayed either a frequency-independent G’ or a limiting
value of G’ at high frequencies within the accessible fre-
quencies. If such values of G’ were available, we would ex-
pect a similar scaling of G’ with volume fraction as seen
with the Casson yield value.

This work has illustrated the utility of rheological
measurements in probing the interparticle interactions in
a technologically complex dispersion. Further work with
these dispersions will involve developing model systems to
mimic the observed behavior, so as to isolate those factors
critical to determining the flow properties of the disper-
sions.

Summary

We have studied the linear viscoelastic response of in-
dustrially relevant copper phthalocyanine dispersions that
are used in the manufacturing of offset lithographic
printing inks. These dispersions present many inherent
complexities: irreversibly aggregated CuPCN particles
that are polydisperse and irregularly shaped, strong inter-
particle attractions and a dispersing varnish that is also
polydisperse. Characterizing the linear viscoelastic
behavior of these dispersions provides an understanding
of the interparticle attractions in such systems.

The extent of the linear viscoelastic region for these
dispersions was dependent on both the pigment concen-
tration and the frequency. At 0.1 and 1 Hz, the extent of
the linear decreased with increasing pigment concentra-
tion, while at 10 Hz it increased with increasing pigment
concentration. In addition, the dynamic behavior showed
that as the pigment concentration was increased, the
response of the dispersion varied from viscoelastic liquid-
like (at ¢ = 0.073) to that of a crosslinking polymer near
its critical extent of reaction.
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