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Abstract
Shear thickening (ST) refers to the drastic increment of viscosity that occurs when a high shear force is applied to certain
concentrated colloidal suspensions. The hydrocluster mechanism for ST indicates that inter-particle interaction is important for
ST behavior. Therefore, we prepared polystyrene particles with polyacrylamide particles (PS-PAAm particles) to control inter-
particle interactions. Colloidal suspensions of polystyrene-poly(2-hydroxyethyl methacrylate) (PS-PHEMA) particles in ethylene
glycol were prepared and shown to exhibit strong ST behavior. The effect of PS-PAAm particles on the ST behavior of a PS-
PHEMA particle colloidal suspension was investigated; ST behavior of shear thickening fluids (STFs) was controlled by doping
different amounts of PS-PAAm particles. We suggested inter-particle interaction was enhanced by abundant hydrogen-bonding
donor groups in PS-PAAm particles. Based on this study, the applicability of STF can be increased through the STF fabrication
exhibiting desired ST behavior. Also, this study will help to understand fundamental ST mechanism.
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Introduction

Shear thickening (ST) behavior is a type of non-Newtonian
behavior of a concentrated colloidal suspension. The viscosity
of a shear thickening fluid (STF) abruptly increases under a
high applied shear rate or shear stress, potentially by several
orders of magnitude [1, 2]. Shear thickening behavior is a
reversible phenomenon, i.e., the viscosity returns to the initial
state when the shear stress is removed [3, 4]. Materials
exhibiting ST behavior have been used in body armor [5],

shock absorbers [6, 7], and damping and control devices [8,
9] because they are flexible when there is no applied shear
stress, but rapidly harden at the critical shear rate when the
viscosity sharply increases.

The reason for ST behavior is not fully understood, but the
Bhydrocluster^ theory has been accepted as the most probable
mechanism. The hydrocluster theory asserts that ST behavior
arises from the formation of shear-induced particle clusters by
short-range lubrication hydrodynamic forces [10]. Brady and
Bossis first proposed a hydrocluster mechanism for particle
agglomerates formed by shear using Stokesian dynamics sim-
ulations [11]. Rheo-optical experiments [12, 13], stress-jump
rheological measurements [14], and neutron scattering [15,
16] have also been used to study this mechanism. Recently,
the frictional contact interactions between particles to explain
the shear thickening response are actively introduced. Seto
et al. found that the critical volume fraction for the shear
thickening is a function of the particle friction coefficient
using particle-scale simulation [17]. Hsu et al. demonstrated
the effect of particle roughness on the shear thickening transi-
tion using model silica colloidal suspension. They found that
rougher surfaces of the particle contributed to the enhance-
ment of the shear thickening effect because of interlocking
of asperities [18]. Notably, Cheng et al. confirmed and

* Young Sil Lee
youngsil@kumoh.ac.kr

* Hyun-jong Paik
hpaik@pusan.ac.kr

1 Department of Polymer Science and Engineering, Pusan National
University, Busan 46241, South Korea

2 Center for Chemical Industry Development, Korea Research Institute
of Chemical Technology, Daejeon 44412, South Korea

3 Department of Chemical Engineering, Kumoh National Institute of
Technology, Gumi 39177, South Korea

4 Industry-Academic Cooperation, Kumoh National Institute of
Technology, Gumi 39177, South Korea

Colloid and Polymer Science (2019) 297:95–105
https://doi.org/10.1007/s00396-018-4445-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s00396-018-4445-1&domain=pdf
mailto:youngsil@kumoh.ac.kr
mailto:hpaik@pusan.ac.kr


visualized ST behavior, due to the formation of hydroclusters
via hydrodynamic lubrication forces, by combining fast con-
focal microscopy with simultaneous force measurements [19].
They also demonstrated that the order–disorder transition af-
fects ST behavior but is not dominant.

Shear thickening behavior is influenced by particle pa-
rameters such as volume fraction [20], shape [21], size [22],
size [23] distribution, and inter-particle interactions [24].
Among these, inter-particle interactions can be enhanced
by introducing hydrogen bonds as secondary bonds on the
particle surface. Inter-particle hydrogen bonding has been
used to explain the mechanism of ST behavior [25, 26].
Suspensions of particles having functional groups capable
of hydrogen bonding on their surfaces exhibit stronger ST
behavior than those having no hydrogen-bondable function-
al groups [27]. Zhou et al. did not observe ST behavior for a
suspension of silica particles whose surface hydroxyl
groups were removed by a thermal treatment [28]. These
results indicate that the presence of functional groups capa-
ble of hydrogen bonding on a particle surface has a signif-
icant effect on the ST behavior of the fluid. Jiang et al.
observed high ST behavior at low volume fractions for
polydopamine coated with silica particles having abundant
surface hydroxyl groups [29]. The rheological properties of
STFs can thus be changed using various approaches to con-
trol inter-particle interactions.

We previously reported strong ST behavior for suspensions
of polystyrene-poly(2-hydroxyethyl methacrylate) particles
(PS-PHEMA particles) [30]. The behavior was attributed to
strong inter-particle interactions due to abundant hydrogen-
bondable groups on the surface of the PS-PHEMA particles.
In this work, the rheological properties of a mixed suspension
of polystyrene-polyacrylamide particles (PS-PAAm particles)
and PS-PHEMA particles were studied. The ST behavior was
significantly enhanced compared with that of the suspension
of only PS-PHEMA particles. These results are attributed to
hydrogen bonding between donor groups present on the
PAAm backbone with acceptor groups on the PS-PHEMA
particles.

Experimental section

Materials

2-Hydroxyethyl methacrylate (HEMA) (Sigma, 97.0%), sty-
rene (St; Daejung, > 99%,) and divinylbenzene (DVB; Sigma,
80%) had their inhibitors removed by passing through basic
alumina. Acrylamide (AAm; Sigma, > 99%) was used as-re-
ceived. Potassium persulfate (KPS; Sigma, > 99%) was re-
crystallized from water to remove impurities. Triply-distilled
water was used in this work.

Preparation of the polymer particles

PS-PAAm particles were synthesized via surfactant-free
emulsion polymerization from AAm and St, with DVB as
the cross-linker and KPS as the initiator. The synthesis was
conducted in a 1000-mL round-bottomed flask. Styrene
(48.16 mL, 0.42 mol), AAm (2.99 g, 0.042 mol), DVB
(4.79 mL, 0.034 mol), and triply-distilled water (580 mL)
were added to the flask and deoxygenated by sparging with
N2 for at least 20 min. Polymerization was done under N2

for 24 h, after which the product was obtained by centrifu-
gation. The final product was dried overnight in a vacuum
oven at 30 °C. The PS-PHEMA particles were synthesized
similarly, as described previously [30].

The preparation of PS-PHEMA particles with PS-PAAm
particle suspension

The STFs were prepared as follows. A fixed amount of
particles was added directly to EG. The mixture was ball-
milled to obtain a uniform suspension, with the progress
checked every 12 h. The final particle suspension was
attained when no large aggregates were visually identified
in the suspension; it was then degassed by sonicating for
30 min.

Characterization

Dynamic light scattering (DLS) data were obtained using a
90Plus device (Brookhaven Instruments). Field emission
scanning electron microscope (20 kV) images were ac-
quired with a Supra 25 instrument (Carl Zeiss). Transmission
electron microscopy (TEM) images were obtained using a H-
7600 instrument (Hitachi). Infrared spectra were recorded over
4000–650 cm−1 using a 6700 Fourier transform infrared (FT-
IR) spectrometer (Nicolet) using KBr pellets. X-ray photoelec-
tron spectra (XPS) were obtained using an AR-XPS system
(Theta Probe). Zeta potential data were acquired with a
Zetasizer Nano-ZS (Malvern Panalytical).

Rheological measurements

A rotational rheometer (Discovery HR-2; TA Instruments)
was used to measure the rheological properties of the col-
loidal suspensions. A cone-and-plate geometry (plate diam-
eter 40 mm; cone angle 2°) was used. The steady-state
shear viscosity of samples was measured at 25 °C. Any
loading effect was removed by pre-shearing at 1 s−1 for
5 min. Each experiment was repeated five times for each
condition.
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Results and discussion

Synthesis of the PS-PHEMA particles and PS-PAAm
particles

The PS-PHEMA particles and PS-PAAm particles were syn-
thesized using surfactant-free emulsion polymerization. The
reaction was initiated in two phases because of the solubility
difference between the hydrophobic monomer, i.e., St, and the
hydrophilic monomers, i.e., AAm and HEMA. Because the
water-soluble initiator KPS was used, the monomers dis-
solved in the water phase were preferentially polymerized.
Thereafter, as the concentration of the water-soluble monomer
decreased, St was preferentially polymerized. As polymeriza-
tion proceeded, the more hydrophilic PAAm and PHEMA
were deposited on the particle surfaces depending on their
affinity to water. The hydrophobic PS formed the core.
Particles were synthesized in this manner and characterized
by DLS, SEM, and TEM (Fig. 1). DLS indicated particle
diameters of ca. 390 nm for the PS-PHEMA particles and
ca. 410 nm for the PS-PAAm particles; each had a narrow size
distribution. Both types of particles had rough surfaces char-
acteristic of particles synthesized by surfactant-free emulsion
polymerization [31]. TEM imaging indicated a lower electron
density at the particle surface than at the core and confirmed
particle formation mechanism which we suggested.

The constituents of the particles were confirmed by FT-IR
(Fig. 2). Since both PS-PHEMA particles and PS-PAAm par-
ticles contain PS, they show an aromatic overtone peak at ca.
1900 cm−1 and an aromatic C=C stretching doublet at ca.
1475 cm−1. However, the different shell compositions resulted
in distinct peaks. The PS-PAAm particles exhibited a second-
ary amine group (–NH) stretching peak at ca. 3400 cm−1,
while the PS-HEMA particles exhibited a broad hydroxyl
group (–OH) stretching peak. The stretching peak of the car-
bonyl group (C=O) also appeared at different wavenumbers:
PS-PAAm particles show this at 1690 cm−1 for the amide C=O
peak, while an ester C=O peak appears at 1735 cm−1 for PS-
PHEMA particles. The N–H bending peaks of PS-PAAm par-
ticles appeared at ca. 1600 cm−1, hiding the aromatic double
bond (C=C) stretching peak. For the PS-PHEMA particles,
there was no overlapping peak, and an aromatic C=C
stretching peak was observed. The FT-IR results could readily
differentiate the PS-PHEMA particles and PS-PAAm
particles.

The XPS spectroscopy was used to analyze the surface of
the synthesized particles. Since both particles are composed of
organic materials, strong C1s peaks were clearly observed in
the spectra of PS-PHEMA particles and PS-PAAm particles.
The O1s peaks appearing in both were stronger for PS-
PHEMA particles because of its higher oxygen content
(Fig. 3b). Considering oxygen-containing functional groups,

Fig. 1 Dynamic light scattering, scanning electron microscopy, and transmission electron microscopy images of a PS-PHEMA particles and b PS-
PAAm particles
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PS-PHEMA contains ether (C–O–C) and hydroxyl (–OH)
linkages while PS-PAAm particles contain only carbonyl
groups (C=O). The distinct N1s peak observed for the PS-
PAAm particles is attributed to the polyacrylamide amine (–
NH) group on the surface of the PS-PAAm (Fig. 3a). These
XPS results indicate that PHEMA or PAAm was located on
the particle surfaces.

The surface charge of the PS-PHEMA particles and PS-
PAAm particles was measured in terms of zeta potential

(Fig. 4). Since both particles were synthesized using anionic
initiator KPS, they had a negative charge on the surface. The
zeta potential values of PS-PHEMA and PS-PAAm particles
were − 24.2 mV and − 21.5 mV, respectively. These results
indicate that the sulfate group at the end of the polymer is
present and that the polymer particles have colloidal stability
due to negative charge during the synthesis process. Also, we
checked the zeta potential value of the PS-PAAm particle and
PS-PHEMA particle mixture (PS-PHEMA particles:PS-

Fig. 3 XPS spectra of (a) PS-
PAAm particles and (b) PS-
PHEMA particles

Fig. 2 Fourier transform infrared
spectra of (a) PS-PHEMA parti-
cles and (b) PS-PAAm particles
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PAAm particles = 25:1). We could find lower zeta potential
value of − 2.3 mV than in only PS-PHEMA or PS-PAAm
particles. Based on this result, we suggest that enhancement
of inter-particle interaction by PS-PAAm particle decreased
particle stability.

Rheological properties of PS-PHEMA particle
and PS-PAAm particle suspensions

PS-PHEMA particle and PS-PAAm particle suspensions were
prepared by directly adding the particles to ethylene glycol
(EG) and treating the mixtures in a ball mill. The PS-
PHEMA particle suspension exhibited a low initial viscosity
at low shear rates due to medium–particle interactions be-
tween the abundant hydrogen-bondable groups on the PS-

PHEMA particle surfaces and repulsive forces from the
charged surfaces. However, strong ST behavior was apparent
at high shear rates due to inter-particle interactions between
the hydrogen-bondable groups on the particle surfaces at small
inter-particle distances. For the 50 wt% PS-PHEMA particle
suspension, the critical shear rate and maximum viscosity
were 75.0 s−1 and 35.6 Pa s, respectively, and 7.5 s−1 and
145.3 Pa s for the 52 wt% PS-PHEMA particle suspension.
Figure 5 shows that the ST behavior was strongly influenced
by the particle concentration. The critical shear rate decreased,
and the maximum viscosity increased, with increasing particle
concentration. With increasing particle mass fraction, the
mean distance between particles becomes smaller and particle
cluster formation due to hydrodynamic forces is facilitated
[32].

However, the 50 wt% PS-PAAm particle suspension only
displayed shear thinning, not ST, behavior (Fig. 6). A very
high viscosity of 476.2 Pa s was observed at low shear rate,
and no increment of viscosity was evident with increasing
shear rate until 1000 1/s. This result suggested that particle
clusters were present in the absence of shear loading. Previous
research indicated that ST behavior does not occur when par-
ticle interactions become too strong and there is pronounced
flocculation [33]. Our results are likely due to flocculation
resulting from strong inter-particle interactions between
strongly hydrogen-bonded PS-PAAm particles.

As, the PS-PAAm particles with no ST behavior were
mixed with PS-PHEMA particles displaying well-behaved
ST behavior, the ST behavior was substantially improved.
The weight fraction of the two particles was fixed between
50 and 52 wt%, and the PS-PAAm particles were added at
different compounding ratios (PS-PHEMA/PS-PAAm = 25/
1, 50/1, 100/1). In both cases, as the PS-PAAm particle ratio
increased, there was a decrease in the STcritical shear rate and
increase in the initial viscosity and maximum viscosity. For
example, PS-PHEMA to PS-PAAm ratio at 25/1 with a weight
fraction of 50 wt%, the maximum viscosity increased 2.0-fold
from 35.62 to 71.69 Pa s and the critical shear rate for shear
thickening (ST) decreased from 56.23 to 31.62 s−1. For the
52 wt% case, the maximum viscosity increased 5.0-fold from
145.29 to 729.76 Pa s and the critical shear rate for ST de-
creased from 4.22 to 2.91 s−1 (Fig. 7). Details of the other
particle ratios are shown in Table 1. Notably, stronger ST
behavior was observedwith the higher particle weight fraction
case.

In Fig. 7, the hydrogen-bonding enhancement of PS-
PAAm particles influences the initial viscosity and shear thin-
ning effect. As the content of PS-PAAm particles increases,
the initial viscosity increases and shear thinning behavior also
occurs rapidly. Particularly, when PS-PHEMA particle:PS-
PAAm particle = 25:1 and particle weight percent = 52 wt%
condition, sudden change appeared. This result is due to ag-
glomeration already formed at low shear rate due to inter-

Fig. 4 Surface zeta potential values of a PS-PAAm particles, b PS-
PHEMA particles, and c PS-PAAm particle and PS-PHEMA particle
mixture
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particle hydrogen-bonding enhancement. The viscosity of the
suspension increases as the concentration of the particle in-
creases, and diverges near a maximum particle packing frac-
tion which is 0.64 for random closed packing [34]. So, the
viscosity is dramatically increased at higher concentration by
a small change of concentration of the particle. If the agglom-
eration is already formed, the viscosity is relatively high be-
cause of the increase of the hydrodynamic volume of the par-
ticle agglomerate compare with the one of the individual par-
ticle, and the agglomeration is removed by the shear, resulting
in a rapid shear thinning phenomenon. Enhancement of the

viscosity at low shear rate increases even more as the concen-
tration and number of agglomerate increase.

The ST behavior of the mixed PS-PAAm particle and PS-
PHEMA particle suspension under cyclic loading was inves-
tigated to confirm the reversibility of the ST behavior. Figure 8
shows the change in viscosity of the 50 wt% sample as the
shear rate ascended and descended.With increasing shear rate,
the viscosity decreased slightly at low shear rates but in-
creased steeply at the critical shear rate.With descending shear
rate, the viscosity returned from its high value to the initial one
and showed a similar critical shear rate to that observed with

Fig. 6 Rheological data of PS-
PAAm particle suspension
(50 wt%)

Fig. 5 Rheological data of PS-
PHEMA particle suspension
(black dot line 50 wt%, red dot
line 52 wt%)
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increasing shear rate. This result implies that the hydroclusters
that formed at high shear rates collapsed due to a decrease in
hydrodynamic lubrication forces as the shear rate decreased,
and finally returned to a well-dispersed state of suspension.
The combination of PS-PAAm particles and PS-PHEMA par-
ticles thus provided a colloidal suspension having an

improved and reversible ST behavior. This would be of great
interest for industrial applications such as flexible body armor,
shock absorbers, and damping devices.

Mechanism of enhancing ST behavior

The mixed suspension of PS-PHEMA particles and PS-
PAAm particles showed higher ST behavior than the suspen-
sion containing only PS-PHEMA particles. We suggest a hy-
pothesis for these results: the PS-PAAm particles enhanced
inter-particle interactions via groups other than hydrogen-
bond donor groups of the PS-PHEMA. For HEMA located
on the surface of the PS-PHEMA particles, there is one
hydrogen-bond donor in the hydroxyl group (–OH) but many
hydrogen-bond acceptors among the ester (–COO–) and hy-
droxyl (–O:) groups. Therefore, there are likely residual
hydrogen-bond acceptor groups that cannot hydrogen bond
because there are more hydrogen-bond acceptors than
hydrogen-bond donors in the interactions between PS-
PHEMA particles. On the other hand, concerning AAm on
the surface of the PS-PAAm particles, there are two
hydrogen-bond donors and a relatively strong hydrogen-
bond acceptor (–N:) in the amine group (–NH2). Scheme 1
shows the PS-PHEMA particles and PS-PAAm particles. The
PS-PAAm particles with abundant hydrogen-bond donors are
located between the PS-PHEMA particles, filling the residual
hydrogen-bond acceptors of PS-PHEMA particles and there-
by enhancing inter-particle interactions. This enhancement
improved the ST behavior because particle clusters formed
more easily with the applied shear stress (or shear rate).

According to the hydrocluster mechanism, in the absence
of a shear stress (or shear rate), the equilibrium state of random
collisions due to Brownian motion of well-dispersed particles
is maintained (Scheme 2(a)). When an external shear stress (or
shear rate) is applied, the particles are oriented in the shear
flow direction and the viscosity of the suspension decreases;
this is called shear thinning (Scheme 2(b)). When the shear
rate reaches the critical shear rate, the hydrodynamic

Fig. 7 Rheological data of PS-PHEMA and PS-PAAm particle mixed
suspension. a 50 wt%. b 52 wt%

Table 1 Detailed values of ST
behavior in STFs based on PS-
PHEMA particles and PS-PAAm
particles

Weight fraction
(wt%)

aParticle ratio Initial viscosity
(Pa s)

Critical shear rate
(s−1)

Maximum viscosity
(Pa s)

50 Only PS-PHEMA particle 1.19 56.23 35.62

100/1 1.21 42.17 51.69

50/1 1.47 40.29 57.22

25/1 1.57 31.62 71.69

52 Only PS-PHEMA particle 1.77 4.22 145.29

100/1 2.63 3.92 481.78

50/1 3.03 3.16 697.05

25/1 28.96 2.91 726.76

a PS-PHEMA particles/PS-PAAm particles
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interactions between particles form local clusters. The resul-
tant sharp increase in viscosity is called ST (Scheme 2(c)).
Inter-particle interactions greatly influence ST behavior.
Hence, physical bonding (van der Waals forces, hydrogen
bonds) between particles is generally used to describe the
mechanism of ST behavior. When inter-particle interactions
are strengthened, hydroclusters can be readily formed by hy-
drodynamic forces. Thus, enhancing inter-particle interactions
at the level of good dispersion leads to higher ST behavior.
Enhancement of inter-particle hydrogen bonding by adding
PS-PAAm particles resulted in a lower critical shear rate and
a higher maximum viscosity. Therefore, in the PS-PAAm par-
ticles and PS-PHEMA suspensions, more hydroclusters
formed than in the suspension of only PS-PHEMA particles,
and the formed hydroclusters were likely larger in the mixed
PS-PAAm particles and PS-PHEMA suspension than in the
PS-PHEMA particle–only suspension.

In the prepared colloidal suspension, the forces involved in
inter-particle interaction include secondary attractive interac-
tion (e.g., van der Waals force, hydrogen bonding) and elec-
trostatic repulsive force. Under critical shear rate, the particles

were kept well-dispersed state by making electrostatic repul-
sive force stronger than secondary attractive interaction.
However, when the high shear rate was applied to the colloidal
suspension, the distance between the particles became closer
due to the physical force, and secondary attractive interaction
between the particles greatly affected the rheological proper-
ties of the fluid. At this time, because hydrogen bonding is
stronger than van der Waals force existed between particles,
inter-particle interaction was dominated by hydrogen bond-
ing. A hydrogen bond is the attraction between the lone pair
of an electronegative atom and a hydrogen atom that is bonded
to either nitrogen, oxygen, or fluorine. Hydrogen bond is de-
scribed as a strong electrostatic dipole–dipole interaction. It is
directional and stronger than van der Waals interaction and
produces interatomic distances shorter than van der Waals
bond [35, 36]. Therefore, the enhancement of inter-particle
interaction by the provision of hydrogen-bonding donors of
PS-PAAm particles greatly affects the ST behavior of colloi-
dal suspension. Based on these discussions, our study can help
to understand the influence of inter-particle interaction on ST
behavior and fundamental mechanism.

Fig. 8 Reversible ST behavior of
PS-PHEMA particle and PS-
PAAm particle suspension
(50 wt%, PS-PHEMA particle/
PS-PAAm particle = 50/1)

Scheme 1 Functional groups of
the polystyrene-polyacrylamide
particles (PS-PAAm particles)
and polystyrene-poly(2-
hydroxyethyl methacrylate) parti-
cles (PS-PHEMA particles)
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In this work, the weight fraction of dispersed particles was
fixed between 50 and 52 wt%. As the particle weight fraction
increased, the inter-particle distance diminished, facilitating
hydrocluster formation by inter-particle hydrogen bonding.
Thus, the effect of PS-PAAm particles on inter-particle inter-
actions was stronger at higher weight fractions. The evidence
for this phenomenon is as follows: increment of maximum
viscosity and initial viscosity in the STF of the high-particle
weight fraction was relatively high. In higher particle weight
fractions, the inter-particle interaction by PS-PAAm particles
will be stronger because the inter-particle distances decreased
and come close to each other.

Recently, Hsu et al. also reported the roughness-
dependent tribology effects on discontinuous shear
thickening [18]. They showed increasing the surface
roughness of the particle enhanced the shear thickening
effect and shifted it to both lower the volume fraction
of the particle for the shear thickening and shear vis-
cosity at shear thinning region. Both PS-PHEMA and
PS-PAAm particles synthesized in this research work
have some roughness on the surface as shown in Fig.
1, but PS-PAAm particle is a little bit more rugged than

PS-PHEMA particle. The tendency of the lowering of
the critical shear rate for the shear thickening and
higher maximum viscosity at shear thickening when
the content of PS-PAAm was increased is consistent
with the report of Hsu et al. But the tendency of the
increase of the viscosity at low shear rate as the content
of PS-PAAm particles increases is contradictory to their
result. Surface roughness and friction mechanism play
an important role in the shear thickening behavior of
our system because of the rough surfaces of the PS-
PHEMA and PS-PAAm particles.

Colloidal suspension shows the continuous shear thickening
(CST) at intermediate concentrations of the particles while
showing the discontinuous shear thickening (DST) with much
higher concentration. It is not easy to explain DST mechanism
using only hydrodynamic interaction which includes the order–
disorder transition and hydrocluster mechanisms while hydro-
dynamic interaction is the most important part for CST. In our
system, it is difficult to find CST for intermediate concentration
of the particles; the suspension shows the shear thinning behav-
ior until it switched to DST. This kind of behavior has been
reported by Hsu et al. using different types of the surface of the

Scheme 2 Mechanism of
enhancing ST behavior
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particles [18]. For smooth colloids, they showCST behavior for
intermediate concentration of particle and display DST at 0.58
of particle volume fraction which is very close to the maximum
particle packing fraction. But rough colloids which surface is
similar with our polymer particles only show DST behavior
without CST. It is explained that for rough particles, the forma-
tion of the particle chain occurs as soon as a hydrodynamic
lubrication film breaks which is called Bstick-slip^ frictional
contact, while smooth particles experience normal sliding
friction.

In this study, as the ratio of PS-PAAm particles increases,
the strengthening of the ST behavior increases. These results
suggest that the weight fraction of particles with ST behavior
can be reduced while controlling the ST behavior through the
addition of the other particles. Thus, the combination of PS-
PHEMA and PS-PAAm particles makes it possible to lighten
the STF. The tailored ST behavior of an STF can be achieved
by adjusting the ratio of PS-PHEMA and PS-PAAm particles
for a given application.

Conclusion

Combining PS-PAAm particles with PS-PHEMA particles in a
suspension showed improved ST behavior compared with the
suspension comprising only PS-PHEMA particles. The PS-
PAAm particles and PS-PHEMA particles were synthesized
by a surfactant-free emulsion polymerization method. The syn-
thesized particles were directly added to EG and dispersed
using a ball mill to produce the STF. The ST behavior of PS-
PAAm particles and PS-PHEMA suspensions at low and high
weight fractions was measured; they displayed lower critical
shear rates and higher maximum viscosities than the PS-
PHEMAparticle–only suspension having the sameweight frac-
tion. This result suggests that the abundant hydrogen-bond do-
nor groups of PS-PAAm particles interacted with the remaining
hydrogen-bond acceptor groups that did not hydrogen bond
with the PS-PHEMA particles, thereby enhancing inter-
particle interactions. The enhancement of ST behavior achieved
by enhancing inter-particle interactions, through combing PS-
PAAm particles and PS-PHEMA particles, is of interest for
industrial applications requiring light-weight STFs.
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