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Abstract: Mixtures of powder and liquid are ubiquitous in nature as well as industries and exhibit
complex flowing and deforming behaviors, including sol to gel transition under shear stress. In order
to better understand the characteristic features of this type of mixture, we observed the behavior
of a mixture of colloidal silica particles and water as a model system under vibration. The mixture
showed different states, from powder-like to viscous fluid-like, with increasing content of water. At
certain concentrations of silica particles (around 70 wt. %) and under relatively faster vibration (over
17 Hz), we observed that the colloidal suspension of silica particles and water climbed up the wall
of a container against gravity. The main purpose of this paper is to report how we can observe the
climbing suspension of colloidal silica. The rheological measurements of the climbing suspension
demonstrated that the climbing suspension showed shear-thickening behavior, where force chain
networks and normal stress differences are considered to develop. Therefore, we speculate that the
transient formation and breaking of force networks and normal stress differences under vibration
contribute to the occurrence of the climbing suspension. The tunable nature of colloidal suspensions
may help to elucidate the climbing mechanism in the future.
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1. Introduction

In many industrial and environmental processes, it is of great importance to under-
stand and control the flowing properties of powder, liquids, and their mixtures [1-7]. The
states of mixtures of liquid and particles can be flowing liquid-like, elastoplastic solid or
gel-like, granule-like, or powder-like depending on liquid content, particle shape, surface
properties, solution chemistry, applied stress, etc. [8-14]. Rheological measurements using
well-defined flow and deformation fields with theoretical considerations can allow us a
mechanistic understanding of fluidic and elastoplastic behaviors of the mixtures of particles
and liquid [2,15-18]. Meanwhile, primitive tests such as direct observations of the behavior
of mixtures of particles and liquid under repeated impacts, the vibration of fresh concrete,
and rolling clay by hand are still useful methods to characterize the behavior and states of
the mixtures and particles [8,19]. Therefore, direct observations of fluid, powder, and their
mixture under mechanical stimulation could somehow give us important information.

It has been imperative to understand the transition of the states of mixtures composed
of particles and liquid from powder-like to liquid-like from scientific and engineering
points of view [8,14,19]. To obtain better insight into the transition of states, the authors
have observed the behavior of a mixture of water and spherical colloidal silica particles
as a model system in a container vibrated by a test tube mixer. On a certain occasion,
rather surprisingly and interestingly, the authors could observe that the liquid-like colloidal
suspension climbed along the wall of the container against gravity at least in centimeter-
scale flow (Movies S1 and S2 in Supplementary Materials). This strange phenomenon
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was easily and repeatedly reproducible from the preparation of the suspension to direct
observation of climbing by each of the authors.

At the moment, it has been known that polymer solutions, powders, and colloids show
peculiar and interesting phenomena, and such phenomena are introduced in textbooks and
research papers as fascinating examples of these fields for beginners and researchers. For
example, polymeric liquids climb along a spinning rod, known as the Weissenberg effect,
where it is considered that normal stress differences play a significant role in climbing [7,20].
Dry powder can be solid-like and liquid-like and make various patterns under vibration,
and the physics behind it has been discussed [6]. Rheological behaviors of concentrated sus-
pensions such as jamming and solidification at high shear have attracted attention [21,22].
Such concentrated suspensions show dancing-like behavior under vibration, and control-
ling suspension viscosity by vibration was successfully demonstrated [23,24]. Recently,
soft active matter has been reported to climb a wall, and theoretical consideration for
this climbing using a constitutive model was made [25,26]. Very similar phenomena of
the climbing of suspension droplets, Faraday wave, holes, and fingers were observed for
granular cornstarch-water suspension under vertical vibration by Hou and Peterson [27],
who introduce the concept of effective negative viscosity of discontinuous shear-thickening
fluid to explain the climbing qualitatively. A new concept of viscosity metamaterial for
dense suspensions was introduced [28]. All these phenomena are very intriguing examples
of liquids, powder, and suspensions. Nevertheless, to the best of the authors” knowledge,
the phenomenon of simple and typical colloidal suspensions discernibly climbing against
gravity under simple horizontal or vertical vibration in an easy manner as introduced in
this paper has not been reported so far. Properties of colloidal suspensions can be tuned
with the particle shape, the particle size, the particle size distribution, the surface chemistry
of particles, the wettability, the medium type, and the ionic composition of the medium.
Due to this tuning possibility and stability, the climbing colloidal silica suspensions could
be good model systems to deepen the understanding of the climbing phenomenon. Thus,
we have investigated the conditions for the climbing suspension of colloidal silica to appear.

Here, in this paper, we report the climbing colloidal suspension of a mixture composed
of spherical colloidal silica particles and deionized water. The effect of water content and
particle size on the occurrence of the climbing suspension are shown below. Furthermore,
the rheological properties, non-Newtonian viscosity, and storage modulus and loss modu-
lus of the climbing suspension are given and discussed. While a lot of things are not known
about the mechanism of the climbing suspension at this moment, we believe that these
experiments on the climbing of mixtures of colloidal silica particles and water by simple
horizontal and vertical vibration can offer a better example for the climbing phenomenon
than granular cornstarch suspension and stimulate the research communities that have
been dealing with liquids and suspensions.

2. Materials and Method
2.1. Materials

Commercially available silica particles in a dried powder state (Seahoster KE-P series,
Nippon Shokubai, Japan) were used as received. Three different diameters adopted in this
study were 0.5, 1, and 2.5 um. The manufacturer has been providing nearly monodispersed
and spherical silica particles, which are well dispersed in water at low salt concentrations
and at neutral to high pH because of the negative surface charge of silica particles [13,29-32].
About 10 g of total mixtures of silica and water was prepared by placing the silica powder
and deionized water produced by the Elix 5 system (Millipore, Tokyo, Japan) in a sealed
A-6 polypropylene ointment container with a container size of 48 mm for the inner diameter
and 66 mm for the height (MI Chemical, Itami, Japan). The mixture in the container was
mixed by using the compact planetary mixer AR-100 (Thinky, Tokyo, Japan) for at least
5 min. The planetary mixer can apply a revolution speed of 2000 rpm and a rotation speed
of 800 rpm to the container, which ensure the sufficient mixing of viscous samples. After the
mixing, we noted that powder-like states remained at lower water contents, while rather
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viscous flowing suspensions were visually confirmed at higher water contents. Any further
treatments of the suspensions were not carried out without the vibration described below.

2.2. Vibration Experiments

The silica suspensions in the containers were subjected to vibration by using a test
tube mixer (TTM-1, Sibata, Tokyo, Japan), which provides eccentric rotational motion
of a cylindrical disc head. Horizontal vibration was applied to the mixture of the silica
particles and the deionized water in the container by attaching the container bottom to
the head surface of the test tube mixer. This attaching of the container bottom to the disc
head was executed by using a piece of double-sided adhesive tape. Vertical vibration was
also tested by laying down the test tube mixer and tapping the container bottom by the
side of the disc head of the test tube mixer under different frequencies with a vibration
amplitude of 1.7 mm. The container was supported by a hand during the vibration applied
by the laid test tube mixer. The amplitude and frequency of vibration were determined
from the video images taken by a high-speed video camera (EXLIM PRO EX-F1, Casio,
Tokyo, Japan). We have observed that viscous liquid-like suspensions at proper water
contents were able to climb up along the wall inside the container at higher frequencies (see
Figure 1 and Movies S1 and S2 in Supplementary Materials). This state was categorized
as “climbing suspension”. In some cases, whole suspensions could reach the lid. We
did not vary the height of the container. Therefore, the maximum height was equal to
the container height. Examining the maximum reachable height would be a future work.
At lower water content, the mixtures of silica particles and water were dry-powder-like,
wet-powder-like, or solid-like, and thus, this state was judged as an undispersed state.
Undispersed ones did not climb along the wall. The suspensions with higher water contents
were flowing liquid-like, but the mixture showed an agitated surface and did not climb
up when subjected to vibration. This state was simply classified as dispersed suspension.
The dispersed one was liquid-like and less viscous than the climbing suspension and did
not climb. Our preliminary test results confirmed that the vertical vibration was more
effective in inducing the climbing suspension. Therefore, we report the results of the states
diagram obtained by vertical vibration below. We judged the “climbing suspension” state
at different diameters of particles and frequencies when the entire suspension left the
bottom. The jumping of particles seen for dry powder was not found for the suspensions
in this study due to the confinement of particles by water [22]. Typically, in the case of the
climbing suspension, this climbing happened in 30 s at the maximum frequency. Some
suspensions showed a symptom of climbing, but a part of the suspension remained on
the bottom. Such suspensions were nonclimbing and classified as dispersed suspensions.
There would be a possibility that some nonclimbing suspensions would climb after a very
long time of vibration. The vibration experiment was started just after the sample mixing.

-

Figure 1. Pictures of the climbing colloidal suspension of 70 wt. % silica particles of 1.0 um diameter
with water under horizontal vibration. The corresponding movie is given in Supplementary Materials.
The left picture shows the suspension at rest, and the middle (~8 s in the movie) and right (~12 s in
the movie) ones are under vibration.
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2.3. Rheological Experiments

A rheological experiment was carried out for the suspension, showing the behavior of
the climbing suspension. Measurements of shear-rate-dependent steady shear viscosity
and dynamic viscoelastic properties as a function of frequency at 1 Hz and as a function
of strain amplitude at 1% [32] were carried out by using a theometer equipped with two
concentric cylinders (ONRH-1, Ohna Tech, Tsukuba, Japan). The choice of the frequency
of 1 Hz and the strain amplitude of 1% was to follow a previous research study on the
rheology of silica suspension [32]. The diameters of the inner and outer cylinders were
19.36 mm and 21.00 mm, respectively. The suspension set in the gap between the two
cylinders was sheared by rotating the outer glass cylinder. The rheological measurement
was started just after the sample mixing. The pH of suspensions was around pH = 6, which
was measured by using a compact pH meter (Laqua twin pH-22B, Horiba, Kyoto, Japan).
All the experiments were carried out at room temperature around 20 °C.

3. Results and Discussion

After the sufficient mixing of the silica powder and deionized water, the mixture
state in the container was observed under the highest vibration frequency around 42 Hz.
This observation was carried out for the mixtures with different particle concentrations
and diameters of silica particles. The obtained diagram of the states is shown in Figure 2,
where the vertical and horizontal axes are the diameter of silica particles and the solid
concentration of silica particles, respectively. In this figure, the red-filled circles, the black
crosses, and the green open triangles stand for the climbing suspension state, the undis-
persed state, and the dispersed suspension, respectively. As shown in Figure 2, our results
demonstrated that the climbing suspension appeared for all the examined particles with
different diameters in a very limited range of particle concentrations; that is, 70 weight (wt.)
% for silica particles with 0.5 and 1.0 um diameters and 72.5 wt. % for silica particles with a
diameter of 2.5 pm were observed. With the density of silica particles by the manufacture
of 1.9 Mg/m? and the density of water of 1.0 Mg/m?, the corresponding volume fractions
of the climbing suspensions are 0.55 and 0.58 for 70 wt. % and 72.5 wt. %, respectively. At
these concentrations, the climbing suspensions were found to occur at vibration frequencies
higher than 17 Hz. We also confirmed that the climbing suspensions, which climbed up
to the upper part of the container during the vibration, flowed down due to gravity once
the vibration was stopped (see Movie S2 in Supplementary Materials). These results based
on direct observation demonstrated that precisely controlling the content of water and
applying a reasonably high vibration frequency are necessary for the climbing colloidal
suspension to be observable by the naked eye.
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Figure 2. States diagram of the mixtures of silica particles with different diameters of 0.5,
1.0, and 2.5 pm and deionized water: dispersed suspension (A), climbing suspension (e), and
undispersed (x).
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It should be mentioned here that the climbing suspension was found for a freshly
prepared concentrated mixture (61 wt. %) of cornstarch powder (Starch, Corn, Guaranteed
Reagent, Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) and deionized water
as well. The concentrated mixture of cornstarch and water is a widely known example
of shear thickening or, in other words, dilatant fluid. Thus, the climbing suspension is a
potentially universally observable phenomenon for concentrated suspensions showing
shear thickening at appropriate particle concentrations and vibration speeds.

In order to obtain further insight into the climbing suspension phenomenon, we have
carried out rheological measurements. The results of the rheological measurements for
the climbing suspension of water and silica particles with 1.0 um diameter are shown
in Figure 3, where the viscosity of the suspension against the shear rate (a), the storage
modulus and the loss modulus against frequency (b), and the storage modulus and the
loss modulus against strain amplitude (c) are plotted. Figure 3a shows that the climbing
suspension was a non-Newtonian fluid. We measured the viscosity from low shear rates to
higher shear rates twice successively. The first and second relationships between viscosity
and shear rate differed probably due to sedimentation. In the figure, we see shear thinning
at low shear rates and shear thickening at shear rates higher than 20 s~!. Shear thickening
was also observed for the climbing suspensions of water and silica particles with 0.5
and 2.5 um diameters. Figure 3b,c indicate that the storage modulus is smaller than the
loss modulus in the whole range, but the storage modulus becomes higher than the loss
modulus at high frequencies. While gelled suspensions generally show a trend that storage
moduli at low frequencies are almost constant within small strain amplitudes, the present
silica suspension did not show such a trend, indicating that the present silica suspension
is liquid-like or weak-gel-like. These results imply that the present silica suspension is
liquid-like at low shear rates or low frequencies and can become more elastic and gel-like
at high shear rates or high frequencies.
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Figure 3. Viscosity, storage modulus (G’), and loss modulus (G”) of climbing colloidal suspension
of 70 wt. % silica particles of 1.0 um diameter and water: (a) viscosity against shear rate, (b) G’ and
G" against frequency at a strain amplitude of 0.01, and (c) G’ and G” against strain amplitude at a
frequency of 1 Hz.

The viscosity of the climbing suspension was much higher than the medium viscosity
of water of 1 mPa-s. For this suspension, the volumetric concentration of solid particles
was 55 vol. % and was significantly high, and moreover, the concentration of ions was
expected to be low because of the absence of additional electrolytes except ions released
from the particles. In such a case, the viscosity at a low shear rate is high because of the
high effective volume fraction due to the overlapped electric double layer in addition to
the volume of silica particles themselves. The resulting colloid crystal-like structure and
electroviscous effects are possible reasons for higher viscosity at a low shear rate and shear
thinning because the addition of salt reduces the viscosity of silica suspensions [13,15,18,32].
Increasing the shear rate reorganizes such structure and reduces viscosity, and thus, we
see shear thinning. At shear rates higher than 20 s™!, the viscosity increased, that is,
shear thickening clearly happened. Dense suspensions of solid particles with a volumetric
concentration of particles higher than around 50 vol. % often show such a shear-thickening
behavior, and many studies have been carried out on this topic. While there are several
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debates on the mechanisms of shear thickening, shear thickening in the case of charge-
stabilized colloidal suspensions is mainly considered to be initiated by hydroclustering,
which is determined by the balance between the force by shear stress working on particles
and the force by the overlapped electric double layer [19,33]. Then, a further increase in the
viscosity of shear-thickened suspensions is influenced by the friction between contacting
particles and the development of force chain networks [17,21]. Additionally, Brownian
motion and particle softness are key factors in shear thickening [34].

The climbing suspension is a concentrated suspension of solid particles and shows
shear thickening, which is often observed for concentrated suspensions. In such shear-
thickening concentrated suspensions, normal stress differences and force chain networks
could appear in general [21,33]. It is also known that normal stress differences are key
parameters to explain the Weissenberg effect, that is, polymer solutions can climb along
a rotating rod against gravity [20]. On the basis of these considerations, normal stress
differences and the transient appearance and disappearance of force chain networks under
vibration can probably contribute to the occurrence of the climbing suspension. To make
suspensions climb up the wall against gravity, the upward force during climbing and the
elastic and adhesive forces for staying on a wall are considered necessary to develop in the
climbing suspension during the vibration. We would have to somehow make a connection
between these upward forces as well as the staying force, normal stress differences, and
the transient force chain network to deepen our understanding of the climbing suspension.
At the moment, however, the distinct mechanism explaining the climbing suspension
is not clear, and numerical modeling of the climbing suspension is not successful. The
arrangement of constitutive models for the climbing active matter in references [26] and
applying the concept of negative viscosity used for the qualitative explanation of the
climbing suspension droplet [27] could be useful starting points to model the climbing
phenomena of suspensions in the future.

Future studies under well-defined fields and detailed observation might help to eluci-
date the mechanism of the climbing suspension phenomena. Characterizing elongational
viscosities might be useful. These challenging points remain for future works. Additionally,
it could be a similarly interesting topic to find climbing suspensions for different systems
in different fields such as food technology, concrete engineering, soil engineering, and so
on, where mixtures of particles, powder, and liquids are often handled in many situations.
The main contribution of this work is the fact that colloidal suspensions can climb with a
centimeter unit of scale and motion. The rheological behaviors of suspensions of colloidal
particles strongly depend on particle shape, medium types, ion types and concentration,
and surface charge of the particles through the electric double-layer interaction between
suspended particles. The shear jamming of dense suspensions is elicited by hydrogen
bonding [35]. Our preliminary results showed that the rheological properties of aqueous
colloidal silica suspension were affected by pH and salt concentration, and the climbing
speed was slowed down by the addition of salt. Therefore, under different solutions
and surface chemistry, the climbing behavior of colloidal suspensions can probably be
much richer. This possibility of tuning the rheology of colloidal suspensions can also be
important in the quantitative verification of proposed models for climbing suspensions.
Examining the effect of colloidal and surface properties on the climbing suspension might
provide intriguing outcomes. The effect of possible sedimentation on the occurrence of the
climbing suspension should be further examined by using density-matching fluids with
consideration for the changes in colloidal interaction, solvent viscosity, etc.

4. Conclusions

We report climbing of colloidal silica suspensions. That is, concentrated aqueous
suspensions of colloidal silica particles with different diameters of 0.5, 1.0, and 2.5 pm at
70, 70, and 72.5 wt. %, respectively, climbed up the wall of a container against gravity
under vibrations higher than 17 Hz. The climbing colloidal silica suspension showed
shear-thickening behavior. Therefore, we presume that normal stress differences and the
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appearance and disappearance of force networks under vibration can explain the occurrence
of the climbing suspension, while a quantitative discussion has not been attained. Future
studies are needed to quantify the climbing suspension behavior and to find climbing
suspensions for different systems. To this end, the climbing colloidal suspension reported
in this paper can be a good candidate because the rheology of colloidal suspensions is
tunable with particle shape, solution chemistry, surface chemistry, and so on.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1iquids3010004/s1, Movie S1: Climbing suspension under hori-
zontal vibration, Movie S2: Climbing suspension under vertical vibration.
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