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Abstract:
For developing a new composite material owning shear-thickening characteristic, the rheological behaviors of nano-sized
precipitated calcium carbonate (PCC) particles with irregular sharp in glycerine were investigated systematically by means
of steady and dynamic rheometry. The results showed that the concentrated PCC suspensions exhibit a strong shear-thickening behavior under both steady and dynamic oscillatory shear when the volume fraction of PCC above the threshold (about
41 %). In steady shear tests, the critical shear rate decreases and the maximum viscosity in shear thickening region increases
dynamically with the increase of volume fraction. While, for suspensions with different volume fractions, the similar critical
stress for the onset of shear thickening is found. In dynamic strain sweep at different fixed frequencies, with the increase
of fixed frequency, the complex viscosity of suspensions decreases slightly, while the critical strain for shear-thickening shifts
to lower value. The dynamic oscillatory rheological behavior of suspensions at low frequency (ω < 100 rad/s) could be reasonably interpreted in terms of the steady shear behavior. For the suspensions with same volume fraction, it was interestingly
found that the critical dynamic shear rate equaled to the product of critical strain and frequency could agree well with the
critical shear rate in steady shear. Moreover, the rheological behavior of PCC suspensions shows excellent reversibility and
reproducibility.
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INTRODUCTION

In recent decades, the rheological behavior of suspensions was researched deeply [1 – 4]. Among all of researches, a special rheological phenomenon, shear
thickening behavior, as a significant, continuous or discontinuous steep increase in viscosity, is found to exist
in concentrated colloidal suspensions. Most of shear
thickening fluids (STFs) with nano size particles undergo a weak shear thinning at a low shear rate, but once
a critical shear rate, or a critical strain is reached, the
viscosity increases sharply.
In parallel to the analysis regarding the shearthickening behavior, the mechanism is also under debate and two main models were developed to explain
it. Firstly, Hoffman, in his pioneering studies, used a
combination of rheology with in situ light diffraction
to elucidate microstructural changes that occur during
shear-thickening. He concluded that the incipience of

shear-thickening at a critical shear rate corresponds to
a transition from an easy flowing state where the particles are ordered into layers to a disordered state
where this ordering is absent. This mechanism is generally called an order-disorder transition [5]. After that,
Bender and Wagner noted that although order-disorder transitions may accompany the shear thickening
transition, the underlying order-disorder transition is
neither necessary nor sufficient to trigger shear thickening. They have shown that reversible shear thickening results from the formation of hydroclusters, or transient stress bearing particle aggregates that form as a
consequence of short range hydrodynamic lubrication
forces overcoming the interparticle repulsive forces
during flow. Percolation of these hydroclusters with
increasing shear results in the formation of larger
aggregates that can jam the flow, leading to discontinuous shear thickening behavior. The formation of jamming clusters bound together by hydrodynamic lubri-
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Figure 8: Critical strain versus frequency under dynamic strain
sweep for suspensions of PCC with different volume fractions.

that the dynamic oscillatory behavior under low frequency for this PCC suspensions could be approximatively
interpreted in terms of the steady shear behavior. The
error may be due to the irregular shape of PCC particles
in this work. Moreover, it was found that the critical
steady shear rate is well agreed to the critical dynamic
shear rate calculated by critical strain*frequency.
In order to figure out the validity of this found (critical steady shear rate = critical dynamic shear rate = critical strain times frequency) to all PCC suspensions with
volume fraction which is big enough for shear thickening, the dynamic oscillatory tests were conducted on
PCC suspensions with different volume fractions. Figure 8 showed the critical strains for shear-thickening at
different fixed frequencies. The suspensions with higher volume fraction exhibit a lower critical strain, and the
critical strain decreases with the increase of frequency.
Critical dynamic shear rate in dynamic oscillatory tests
calculated by the product of critical strain and frequency as a function of frequency were all shown in Figure 9,
and the critical steady shear rate in steady sweep was
also noted by line. Obviously, for the suspensions with
same volume fraction, the value of critical dynamic
shear rates is closed with the critical steady shear rate.
The result further reveals that the dynamic rheological
behavior of the PCC suspensions in low frequency could
be interpreted in terms of the steady shear behavior.

4

CONCLUSIONS

In this work, the rheological behavior of suspensions
consisting of glycerine and nano-sized PCC with irregular sharp was investigated by a stress controlled rheometer under both steady shear and dynamic oscillatory
shear for developing a new material applied in protection region and enrich the practice and theory of STFs,
three main conclusions have been obtained.
Firstly, the rheological behavior of PCC/glycerine
suspensions exhibit obvious dependency on the volume
fraction of PCC in suspensions. In steady shear, a discontinuous jump of viscosity, corresponding to shear -thick-

Figure 9: Critical dynamic shear rate (noted by point) under
dynamic sweep tests fitted by the product of critical strain
and frequency as a function of frequency and the critical
steady shear rate (noted by line) under steady sweep for suspensions with different volume fractions. (Csr in figure is the
short of Critical shear rate).

ening behavior happens when the volume fraction of
PCC is higher than 41 %. The critical shear rate decreases
with the increase of volume fraction. However, it was
also found that the onset of shear thickening happen
under the similar stress, which meets the model developed by Maranzano and Wagner for hard square systems well. It indicates that the model is also suitable to
the particles with irregular shape. Meantime, the maximum viscosity increase drastically with the increase of
volume fraction due to the formation of bigger “hydroclusters” jamming the flow.
Secondly, in dynamic oscillatory shear tests including strain sweep and frequency sweep, the volume fraction of PCC also affects the rheological behavior significantly. The critical frequency and critical strain decreases
and the discontinuous jump of complex viscosity becomes more drastic with the increase of volume fraction.
More importantly, it was found that the suspensions
corresponds to the Cox-Merz rule, the critical steady
shear rate is equal to the critical dynamic shear rate defined as critical strain*frequency basically. Meantime,
the modified Cox-Merz rule, the dynamic oscillatory rheological behavior of suspensions at low frequency (ω <
100 rad/s) could be reasonably interpreted in terms of
the steady shear behavior, is also effective in this suspensions. Finally, the rheological behaviors of the PCC suspensions are reversible and reproducible, the viscosity of
suspensions is only dependent on the shear rate, but
independent of the shear process, which is conducive to
the application.
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