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HIGHLIGHTS GRAPHICAL ABSTRACT

Molecular to macro-scale adhesive be-
havior of the ceramic microparticles is
studied. Single grain
Colloid probe atomic force microscopy W \ i
(CP-AFM) reveals two time scales in ad- f
hesion. ] 4
Rheology measurements suggest that ad- . GO \
hesion affects flow behavior.
Changing pH affects adhesive properties
of ceramic particles.
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ARTICLE INFO ABSTRACT

Keywords: Particle—fluid mixtures are known for displaying a wide variety of interesting flow mechanisms, such as
Adhesive properties thickening and thinning under shear. It is now becoming increasingly evident that even molecular scale effects
Colloidal probe atomic force microscopy are relevant for this macroscopic flow behavior of suspensions. Here we show that even 50 pm ceramic beads in
CP-AFM

a non-density matched solvent are affected by the pH of the solvent. We trace the origin of the pH dependence
to the contact mechanics using colloidal probe atomic force microscopy (CP-AFM). The gel-like structure of the
pH 3 samples suggests that adhesion effects play a major role, but which adhesion timescale competes with
shear rate to affect the rheology is not obvious. We test here two time scales in the contact mechanics: total
contact time 7, and contact retraction speed v,. We observe that contact time is the most important variable
to correlate with rheology. The ceramic particle suspension so serves as a model system to help understand
which adhesive mechanism affects flow behavior in the suspension.
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Z. Farmani and J.A. Dijksman
1. Introduction

Particle-fluid mixtures are of great importance in many areas of
industrial processing, e.g. in the food industry, oil recovery, and the
ceramics industry [1]. Particle suspensions are a class of complex fluids
that exhibit a wide range of flow behavior depending on
the applied shear rate and particle concentration. Experimental stu-
dies have demonstrated the unique behavior of fluid suspensions
including shear-thinning, shear-thickening, and yield stresses [2-4].
Shear thinning is the non-Newtonian behavior of fluids whose viscosity
decreases under shear rate, attributed to interactions between particles
and between particles and fluid, and to changes in microstructure
under shear [5,6]. The origin of shear thinning suspensions could
be the restructuring of particles under shear, frictional and adhesive
interactions between particles. Gadala-Maria and Acrivos have already
studied the mechanisms of particle structuring that induce the shear
thinning response [7]. The important role of interparticle interactions
in determining shear thinning behavior is also addressed in many
studies that have appeared since then. For example, Chatte et al.
showed that the frictional contacts between particles are the primary
mechanism responsible for the shear thinning behavior of the suspen-
sion [2]. Vazquez-Quesada et al. studied causes of shear-thinning in
non-colloidal suspensions at a 40% volume fraction. Using silicone oil
and glycerine/water mixtures with particles, they found that hidden
high shear rates between particles contribute to shear-thinning in non-
Newtonian matrices. The glycerine/water system implies a separate
mechanism involving variable interparticle friction. This observation
confirms their previous findings [3]. Another study that discussed
the shear-thinning in non-Brownian suspension by particle frictions is
Lobry et al. [6]. Simulations, incorporating a load-dependent friction
coefficient, align well with viscosity measurements in silicon oil with
polystyrene particles. The proposed model suggests that as shear stress
increases, friction decreases, leading to viscosity reduction. Addition-
ally, the model provides a means to calculate microscopic friction
coefficients from rheometric measurements. Tanner et al. have also
examined the role of friction in non-colloidal suspensions using a
model [8]. They presented a model for non-colloidal suspensions, divid-
ing viscosity into frictionless and frictional components. It demonstrates
how friction feedback increases viscosity, applies to volume fractions
up to 0.5, and proves useful for deducing friction coefficients from
experimental data, for spheres in silicone oil. On the other hand, Amiri
et al. changed the properties of the solvent in which the particles are
suspended, and found that the adhesive contacts can dominate the
rheology of the suspension [9], as demonstrated in biological fluids
such as blood [10] as well as silica particle suspensions [11].

Dense suspensions usually age due to structural dynamics. Re-
cent studies on aging in dense suspensions unveil two processes:
structural dynamics-driven aging and contact-controlled aging, where
stiffening solid-solid contacts impact shear modulus. This is significant
when Coulombic interactions are screened out, challenging existing
views on aging dynamics across various materials. Bonnaci et al.
introduced contact-controlled aging, where solid-solid contacts pro-
gressively stiffen, affecting shear modulus aging in materials like silica
and polymer latex suspensions [12]. This process becomes relevant
with moderate ion concentrations. In another study, these authors
investigated the yield stress aging in suspensions with irreversible
interparticle contacts. Through optical tweezer tests, they identified a
time-dependent rolling threshold that governs yield stress and aging
kinetics, establishing a constitutive relation applicable to diverse col-
loidal systems [13]. In addition, several studies addressed the behavior
of non-brownian dense suspensions under the oscillatory rheology.
Martone et al. discovered that the apparent complex viscosity de-
pends not only on the amplitude of applied strain but also on the
angular frequency, challenging conventional expectations for such sus-
pensions [14]. The study identifies two regimes based on the applied
strain: one with frequency-dependent viscosity driven by shear-induced
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Fig. 1. The powder of interest. Several length scales are indicated. The ceramic
microparticles are hollow spheres with size distribution between few pm to 600 pm.

Fig. 2. Microscopy images of ceramic micro-particles with size of < 64 pm. (a) SEM
image with 100 pm magnification showing irregular shaped powders, (b) zoom in to the
image a with 10 pm magnification showing the surface structure of one tiny particle,
(c) FIB-SEM image showing a cut through one single particle showing the internal
structure of the particle, and (d) zoom in to the right side of image ¢ showing the
layered/porous structure of the particle with nm thickness.

diffusion and another with rate-independent viscosity. This finding
holds across concentrations, revealing concentration-independent
physics underlying the rate dependence. Park et al. also studied the
oscillatory rheology in suspensions. They found out that even at small
strain amplitudes, the stress response deviates from linear behavior.
Particularly, the stress component in phase with the strain experi-
ences a significant decay. Additionally, the apparent complex viscosity
demonstrates a nonmonotonic dependence on strain amplitude for
volume fractions exceeding 0.2.

Despite the enormous research efforts to decipher certain mecha-
nisms that determine the flow behavior of particle suspensions [15-18],
it is still unclear how exactly the morphology of the particle surface,
the surface functional groups, as well as the physical properties of
the suspending media influence the particle interactions and thus the
rheology. To unravel the effects of the surface morphology of the
particles and the physical properties of the suspending media, effects
at the molecular level are relevant to the macroscopic flow behavior
of suspensions. Atomic force microscopy is a useful technique to study
such molecular scale effects [19] and hence link the microscopic to the
macroscopic flow behavior. Surface characterization techniques have
made a significant contribution to our understanding of the mechanics
and rheology of suspensions. Indeed, the applicability and usefulness
of atomic force microscopy as an essential surface characterization
technique is evident in several areas [20,21]. In the last 20 years,
numerous studies have been conducted on the use of various techniques
including atomic force microscopy (AFM) [22], colloidal probe atomic
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Fig. 3. EDX (elemental analysis) of the ceramic micro-particles.

force microscopy (CP-AFM) [23], local force spectroscopy (LFS) [24],
chemical force microscopy (CFM) [25], etc.

We focus here on CP-AFM which is very popular for studying
adhesion forces between two particles or a particle and a surface. In
CP-AFM, a cantilever tip can be functionalized by glueing a pm-sized
particle on top of it [26,27]. Functionalizing the cantilever is useful in
the sense that one can use any desired material as a probe material;
Using CP-AFM it is possible to determine the magnitudes and time-
dependence of rupture forces, the estimation of the point of tip-sample
contact, and the elastic modulus and plasticity of the material [28].
A huge amount of research related to CP-AFM has been conducted
using well-defined surfaces, such as silica, mica, etc. For example,
Bowen et al. [29], used CP-AFM to quantify the adhesion interaction
between a silica sphere and a planar silica surface. The authors found
that the experimentally measured adhesion forces depended on sample
preparation and solution pH.

In addition to the works done on well-defined silica surfaces [29,
30], some studies have focused on investigating the adhesion force
on natural mineral surfaces. In 2012, Filby et al. [31], studied the
interaction of carboxylated latex colloids with several mineral surfaces
(quartz, muscovite, biotite, K-feldspar, apatite and titanite) in aqueous
sample solutions with pH ranging from 2 to 10 at constant ionic
strength. The adsorption of charged colloids on natural mineral surfaces
is still poorly understood. Therefore further studies are needed to
reveal some phenomena that occur when a colloid interacts with a
mineral surface. It is also important to understand and characterize the
fundamental interactions between different tips and sample surfaces
under different environmental conditions. For instance, the adhesion
force is sensitive to the surface energies of the materials with which
the tips are coated, e.g., the adhesion force between a gold-coated tip
and a mica surface is much greater than that between a paraffin-coated
tip and a mica surface [32].

Here we emphasize that the molecular scale effects in silica particles
studied by CP-AFM is the key to understanding the fluid mechanics
and rheology of suspensions of silica particles. The microscopic effects
revealed by CP-AFM not only offer the possibility to explain the obser-
vations in the flow curves, but are also crucial for the understanding of
pH-dependent adhesive contacts. We use colloidal probe atomic force
microscopy CP-AFM to trace the origin of pH dependence to contact
mechanics. We measure the pH-induced adhesion force by tuning
the interparticle interactions in systems of ceramic microparticles and
commercial silica particles. Our findings in contact mechanics and bulk
rheology should provide a fundamental understanding of how ceramic
particles with complex surface morphology and chemistry behave in
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Fig. 4. Height maps showing the scale of surface roughness of ceramic microparticles
at pH3, (a) 2d map with x50 magnification, (b) surface profile with x50 magnification,
(c) 2d map with x5 magnification, and (d) surface profile with x5 magnification. The
scale in the x-y plane is not calibrated; the numbers are in pixels.

slurries, which may provide new insights to the ceramic industry, for
example.

2. Materials and methods
2.1. Particle suspensions

We used commercial silica particles and ceramic microparticles
(Fig. 1) supplied by SACMI company based in Imola, Italy. The particle
size distribution of the ceramic micro-particles is between few pm to
600 pm. We used the smallest fraction (<63 pm) in both rheology and
AFM measurements. The surface and bulk morphology was evaluated
through Scanning Electron Microscopy (SEM) (Fig. 2a,b) and Focused
Ion Beam etching (FIB-SEM) (Fig. 2c,d), whereas the average elemental
composition of the minerals was obtained from Energy Dispersive X-
ray Analysis (EDX) (Fig. 3). Fig. 2 shows that the ceramic particles
have a complex surface structure which might show plasticity and
deformation when in contact. Fig. 2a,b are images from chromium-
coated powders of size <63 pm. Fig. 2¢,d is the same chromium-coated
powder. However we did platinum deposition on a single spot and
then focused an 30 kV and 93 pA ion beam to make a cut through the
particle. It shows that the particle has a layered or porous structure
with pores of nm in size. The ceramic particles consist of almost 70%
SiO, and 30% Al,O;, estimated by the EDX measurements (Fig. 3). The
error of the EDX measurements is estimated as 0.5-1.1%, depending on
the sample matrix and acceleration voltage. We dispersed the required
amount of particle mass to achieve a given volume fraction (¢ = 0.4)
in milli-Q water with different pH=3,7,11. We thereafter mixed them
using a high shear mixer. The pH is tuned using a pH-meter (Schott)
before and after mixing. Further increase of the particle concentration
in water led to inhomogeneities and the inability of evenly dispersing
the solids into the solvent. We performed rheology measurements
immediately after preparing the suspensions.

The presence of (sub) surface roughness on the ceramic particles can
influence the interactions. Therefore, we have also performed surface
profilometry to measure the scale of roughness on ceramic substrate.
Fig. 4 shows the height map for one sample with pH=3. The surface
roughness is approximately in the range of 120 pm.

2.2. Macro-scale measurements: rheology

For the macro-scale suspension rheology measurements, we used
an Anton-Paar 301 rheometer with a vane-cup geometry (Fig. 5). We
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Fig. 5. Schematic of the geometry for rheological measurements, (a) cup-vane with
inner diameter D,, = 28 mm, outer diameter D,, = 47 mm, and cup height of
H, = 31 mm, (b) zoom into the vane of D,, = 4 mm, D,, = 7 mm with 4 blades

oo
of height H, = 12 mm, and (c) schematic of the performed rheological measurements:
rotational measurements including steady shear which gives shear stress r and viscosity
n as a function of shear rate y, and oscillation measurements including amplitude sweep
(constant frequency f, ramp in strain y) and frequency sweep (constant y (y,), ramp

in f).

used a pH meter next to the rheometer to verify and tune the pH of
the suspension. The procedure of the measurements is as follows: (1)
interval 1: Pre-shear (shear rate (y)=10 1/s), wait for sedimentation
(120 s, y=0), shear stress ramp (r=0.01-10 Pa), (2) interval 2: Pre-
shear (=10 1/s), wait for sedimentation (120 s, y=0), amplitude
sweep (y=100-0.01%, frequency(f)=1 Hz), and (3) interval 3: Pre-
shear (7=10 1/s), wait for sedimentation (120 s, y=0), frequency sweep
(angular frequency (w)=10-0.1rad/s, y=0.01%).

We performed the rotational shear experiments to extract the viscos-
ity n response of the suspension as we increase the shear rate y. From
viscosity plot we can understand the resistance of the suspension to
flow/deformation, which can then be correlated to the adhesive prop-
erties of the suspension; the more cohesive, the higher the viscosity.
This resistance to flow can be due to the internal friction or cohesion.
To study the visco-elastic behavior of the suspension, we performed
oscillation tests. First we kept the frequency constant (f = 1 Hz) and
swept the strain. The vane oscillates back and forth while recording the
storage (G’) and loss modulus (G”) [33]. Storage modulus G’ (elastic
portion) represents the stored deformation energy and loss modulus G
(viscous portion) characterizes the deformation energy lost (dissipated)
when flowing. Solid-like viscoelastic materials have a higher storage
modulus than loss modulus G’ > G”. Viscoelastic liquids then have
a higher loss modulus than storage modulus G” > G’ [34,35]. All
measurements were done at room temperature (20 °C).

In amplitude sweep measurements, the length of the linear visco-
elastic region (plateau at low strain y) indicates the range in which the
test can be performed without destroying the structure of the sample.
The frequency sweep shows the time-dependent behavior of a sample
in the non-destructive deformation range.

2.3. Micro-scale measurements: Colloidal probe atomic force microscopy,
CP-AFM

We performed all microscopic measurements on a ForceRobot 300
(JPK), a type of atomic force microscope designed for force spec-
troscopy (Fig. 6) [36]. We used tipless cantilevers (MLCT-O10, Au
reflective coating) with a nominal spring constant of k = 0. N m™'
and a nominal resonance frequency of 67 kHz. We functionalized the
AFM cantilevers by gluing a spherical silica microparticle (R ~ 4 pm).
Fig. 7 shows the procedure for functionalizing the cantilevers with
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Fig. 6. The colloidal probe atomic force microscopy CP-AFM. (a) sketch of the CP-
AFM designed for force spectroscopy, (b) typical force-distance F-d plots obtained from
CP-AFM, 1-adhesive system, 2-non-adhesive system, (c) approach and retract of the
functionalized cantilever with colloidal particle with respect to a substrate covered
by ceramic microparticles. Here we can measure the distance d with respect to the
substrate, and force F with deflection of the beam, and (d) functionalized cantilever
and ceramic microparticle are submersed in water.

a silica particle and the colloidal probe used in this work Fig. 7d.
Cantilevers with excess glue were not used. Although the manufacturer
describes spring constants for the cantilevers, the actual spring constant
may deviate from this value by an order of magnitude. It is, therefore,
necessary to determine the spring constant experimentally. Thus, we
calibrated the spring constant (k = 0.1 N m~!) of each cantilever
with the thermal noise method using a correction factor of 0.251. We
choosed cantilevers with low spring constant values to be sufficiently
sensitive to forces in liquid. The maximum force applied by the can-
tilever reaches 30-35 nN. We also used < 63 pm ceramic microparticles
on a glass substrate. We used a rubber ring to create a chamber between
the probe holder and substrate to perform measurements in water. We
first treated the AFM probes and substrates using a plasma cleaner to
remove contaminants. We then rinsed the probe and substrate with
water to deactivate their surfaces.

In a typical measurement, after setting up the probe, substrate and
the rubber ring, we inject water with a certain pH to the system.
At the beginning, the probe is far from the substrate hence we do
not see any interaction. We then bring the probe in contact with the
substrate. While in contact one can change the duration that the probe
and substrate are in contact, which we call the contact time 7.. The
force-distance F —d curves can also be affected by the speed by which
the probe retracts, retraction speed v,. These last two variables are
our main experimental probes. Upon approaching and retracting of
the probe to the substrate, we determine the spatial variation of the
probe—substrate interaction by recording the F-d curves at a large
number of sample surface locations. We observed a typical F—d curve
obtained from one of our measurements in Fig. 8 that schematically
shows different regions of a F—d curve. Approach and retract curves can
be divided roughly into three regions: the contact line, the non-contact
region and the zero line. The zero line is obtained when the probe is
far from the substrate and the cantilever deflection is close to zero.
When the substrate is pressed against the probe, the corresponding
cantilever deflection plot is called the contact line and this line can
provide information on sample stiffness. The most interesting regions of
the F-d curve are two regions, containing the jump-to-contact and the
jump-off-contact. The non-contact region in the approach curve gives
information about attractive (van der Waals or Coulombic forces) or
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Fig. 7. The steps of gluing a silica microparticle on a cantilever: (a) 8 pm silica
particles under the microscope, (b) deposition of the silica microparticle to the top
of the cantilever E using a sharp needle made of a tungsten wire, and (c) the steps
of transferring UV curable epoxy to cantilever and depositing the silica microparticle,
and (d) the UV-cured functionalized cantilever which is ready to be used for the force
spectroscopy measurements.

repulsive forces (van der Waals in some liquids, double-layer, hydration
and steric force) before contact; this discontinuity occurs when the
gradient of the probe-substrate force exceeds the spring constant of
the cantilever. The non-contact region in the retract curve contains
the jump-off-contact, a discontinuity that occurs when the cantilever’s
spring constant is greater than the gradient of the probe—substrate
(adhesion force F,;;,) (Fig. 8). We determine the work of adhesion W,
by integrating the area under the F—d curve and can be expressed by
several continuum contact mechanics theories, or modern molecular
dynamics calculations that have been the source of many important
insights into nano-scale mechanics. Such theoretical comparisons are
beyond the scope of the current work.

Adhesion is governed by short-range intermolecular forces which
in many cases can be controlled by appropriate surface modification.
This provides a specific chemical functionality on the probe surface.
The functionalized tips can then be used in F-d curve measurements.
The general idea, in this case, is to probe the adhesion forces between
the probe and the substrate. We measure at least 20 force curves on
two areas on the sample surfaces. Here as controlling parameters, we
change the pH of the solvent (pH=3,7,11), contact time (1,=0-40 s),
and retraction speed (v,=0.2-5 pm s71). In the next sections we will
describe to what extent these parameters affect the interaction between
the particles and hence the adhesion force.

3. Results and discussion
3.1. Bulk interaction of ceramic suspension

We study adhesive dynamics of the ceramic particles suspension by
changing pH of the suspension. The dramatic impact of fluid chemistry
on modifying suspension rheology and adhesive interactions has previ-
ously been demonstrated in the case of a shear-thickening cornstarch
suspension [37]. Le et al. have identified several particle-level mecha-
nisms responsible for alterations in rheology and microscopic friction
as the fluid or solvent undergoes changes. One primary mechanism
involves the swelling of particles within the solvent, where the solvent
penetrates and induces particle size increase. This results in the creation
of a swollen polymer layer, forming a polymer brush that extends over
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Fig. 8. A typical F-d curve. Three regions of no contact, contact point and pull-off are
shown with the schematics from right to left. The approach and retraction
curves are both shown. We can extract different properties from this plot, such as the
minimum point which is defined as the adhesion force F,,, @, the area under the
curve which is work of adhesion W,,;, ', and rupture distance d, which is the distance
from the last rupture to the peak adhesion point.

the particle’s surface. Consequently, this polymer brush leads to the
emergence of long-range steric repulsion forces [38]. The presence of
a surfactant can also modify the interplay between adhesion and load-
dependent friction properties, affecting the shear-thinning behavior of
non-Brownian suspensions [39].

Through flow curves we investigate the pH and rate dependency
in the bulk. We perform rheology measurements in three intervals:
shear stress ramp, amplitude sweep and frequency sweep tests. Using
the shear stress ramp measurements we can specify the cohesiveness
of the suspension at different pH values. Fig. 9 shows the viscosity 7
as a function of the shear rate y obtained from the shear stress ramp
measurements for three acidic, neutral and basic environments. At all
pH values viscosity # decreases with the shear rate y. The slope of the
flow curve at low 7 is approximately —1, suggesting that the suspension
is sedimented and with predominantly long-lasting, frictional contacts.
At pH=3 viscosity 7 is higher by approximately an order of magnitude
so that the suspension is more paste-like due to the likely adhesive
contacts. The pH=7 and 11 shows almost the same but lower viscosity
through all rates. At increasing y, the flow curves for various pH
suspensions begin to coincide, suggesting a transition to flow without
enduring contacts, but rather a viscous or inertial flow regime [40].

Indeed, the reduction in apparent viscosity can stem from vari-
ous sources. It may result from resuspension or even intrinsic shear-
thinning at a constant ¢ (volume fraction) of the suspension. In order
to gain deeper insights into the shear-thinning characteristics of the
suspension, we conducted a series of rheology experiments using a
plate-plate geometry (Fig. 10). We used a plate with a diameter of
50 mm for our experiments. To prevent evaporation in the suspension,
a solvent trap was employed. Additionally, we affixed sandpaper to
the plates to establish no-slip boundary conditions. Our experimental
procedure involved conducting a steady shear rate ramp, involving
both decreasing and increasing shear rates. As depicted in Fig. 10,
we observed a consistent decreasing trend in viscosity as the shear
rate increased. This behavior aligns with our previous observations
using the vane-cup geometry, confirming the shear-thinning behavior
exhibited by our suspension.

We study the visco-elasticity of the suspension through oscillation
measurements. We describe the deformation behavior of the suspension
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Fig. 10. Steady shear rheology in rough plate-plate geometry, (a)viscosity n and (b) shear stress z as a function of the shear rate y at pH=3 **++@-+++, pH=7 **++O-+++ ,pH=11
«+@:- . The solid circles represent forward curves with a decreasing 7 ranging from 100 to 0.1 1/s, while the hollow circles represent backward curves with an increasing 7

ranging from 0.1 to 100 1/s.

by performing amplitude sweep measurement at constant frequency of
f = 1 Hz. (G') is shown as a function of the strain y for different
pH (Fig. 11a). We observe higher stored deformation energy G’ at
pH=3. The length of the linear visco-elastic region (plateau at low
strain) indicates the range in which the test can be carried out without
destroying the structure of the sample. Here, we do not observe a
plateau at the lowest strain (y = 0.01%), so that no real observed linear
visco-elastic region. We then choose the lowest strain of y = 0.01% from
Fig. 11a and perform frequency sweep measurement (Fig. 11b). The
frequency sweep shows the time-dependent behavior of a sample in the
non-destructive deformation range. High frequencies are used to probe
fast motion on short timescales, whereas low frequencies probe slow
motion on long timescales or at rest. In Fig. 11b, we see a higher G’ at
pH=3; however, there is not that much of dependency of the (G’) on
the frequency. We therefore observe that decrease in the pH, leads to
an increase in the adhesive properties of the ceramic suspension which
is shown in terms of higher viscosity # and higher G’.

3.2. Molecular scale effects: ceramic-silica interaction in aqueous solution

We obtained the F — d plots from the CP-AFM at different contact
times ¢, (Fig. 12) and retraction speeds v, (Fig. 13) at pH=3. We mainly
show here pH=3 plots as we only see adhesion at pH=3. In both Figs. 12
and 13, there is an increasing trend in the force as a function of ¢,
and v,. We determine the peak forces (F,;,) from Figs. 12 and 13

and plot it as a function of contact time ¢, (Fig. 14a) and retraction
speed v, (Fig. 14c). The isoelectric point for ceramic suspension is
approximately in the range of pH=2-4; we assume in the same limit as
for the silica particle (ceramic particles contain 70% silica). Therefore,
we consider suspension at pH=3 to be below isoelectric point and
positively charged. The AFM measurements supports such perspective
as they reveal that approaching a single silica bead to a ceramic
suspension at pH=3 results in an attractive interaction, probably due
to the (likely) electrostatic attraction.

The adhesion force plots reveal different behaviors with the increase
of the time of contact ¢, (Fig. 14a) and retraction speed v, Fig. 14c in
solution at pH=3. We observe this by increasing 7, from 0 s to 40 s. This
presumably means when the particles stay in contact for a longer time,
certain (unknown) chemical reactions between the charges of silica and
ceramic particles becomes more pronounced and causes the adhesion
to increase. For the neutral environment, there is almost no interaction,
hence no significant adhesion between the particles. Changing the
charge densities by lowering the pH, causes the adhesion to appear
between particles. We believe that this is mainly due to reactive silanol
groups (Si-OH) and H* in water. The formation of adhesive contacts
in a specific fluid environment, e.g. where polymer solubility is at its
peak, has also been demonstrated to be linked to the macroscopic yield
stress [37]. In addition, when two particles are in contact, there is an
interface between them with a certain interfacial energy. When the two
particles are separated, this interface will disappear but two new are
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formed. A rise in the interfacial attraction results in an increase in the
work of adhesion W,;;,. Fig. 14b shows an increasing trend of the work
of adhesion W,;, with contact time 7.. Note that the F-d curves are
highly reproducible for a single contact at a given location on a ceramic
particle, which rules out significant contact plasticity.

We can estimate the hydrodynamic lubrication forces in both smooth
and rough particle—particle interactions. These forces occur when a
lubricating fluid separates two surfaces as they move relative to each
other. We can use the Reynolds equation to predict the thin film
lubrication force (~ 6znV R/h). Given the viscosity of water at 25°
n = 8.9-107* Pas, the speed of retraction ¥ = 1 ym s~!, the radius
of the contacting spheres R = 4 um and the scale of roughness based
on the surface profilometry data (Fig. 4) with 2 ~ 120 pm, we can
estimate the lubrication force F,,;, ~ 0.6 nN, while noting that also the
thin film approximation of 4 < R breaks down. We conclude that these
forces were relatively insignificant and did not play a major role in the
interactions between the particle surfaces.
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Even though hydrodynamic effects may be neglected at these length
and time scales, another timescale that can influence the adhesion force
and compete with the shear rate in a flowing suspension is the speed by
which the contacting particles retract to snaps away from the surface —
we call this v,. We observe that when the cantilever retracts faster, the
energy that is required to pull-off the cantilever from the substrate is
higher, and therefore the energy dissipation is higher (Fig. 14c). This
is all valid for the acidic environment. At acidic environment pH=3,
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when we increase the v, to 1 pm s~! there is a jump in F,;, to 5 nN
and adhesion remains almost constant up to the 5 pm s~!. However,
if we look at the work of adhesion W,;,, we observe that the work
of adhesion is increasing with retraction speed (Fig. 14d). The specific
mechanism behind a retraction speed dependence is not obvious in this
context.

4. Discussion

We have demonstrated the effect of cohesiveness of the ceramic
particle suspension on the micro and macro-scale flow curves. At the
macro level, we performed rheology measurements and specified the
cohesiveness of the suspension at different pH values. We observed a
shear thinning fluid behavior in ceramic suspension. When we lower
the pH of the suspension, we observed an increase in the viscosity #.
We believe at pH=3 there is an adhesive contacts forming between
the particles which forces the suspension to become more sticky by
increasing H*. However pH=7 and 11 shows almost the same but lower
viscosity through all rates, and hence only frictional dissipation can be
seen there.

The adhesion force plots reveal different behaviors with the increase
of the time of contact 7, and retraction speed v, in an acidic solution.
Changing the charge densities by lowering the pH, causes the adhesion
to appear between particles. We believe that this is mainly due to the
chemical reactions at the surface of silica and ceramic particles between
reactive silanol groups (Si-OH) and H* in water. When two particles
are in contact, there is an interface between them with a certain
interfacial energy. JKR theory would suggest that F,;, x W,,,. We do
not see such a clear trend, but close inspection of pull-off data reveals
multiple separate detachment events, which can cause a breakdown of
this proportionality: multiple (slowly grown) bonded surfaces appear
to rupture during these pull-off process. While these fluctuations can
be seen in the adhesion force data, the work of adhesion always shows
an increasing trend with ¢, and v,. We conclude that W, is a better
parameter to quantify the adhesion behavior than the peak force.
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5. Conclusions

We link molecular-scale to macro-scale adhesive behavior of the
ceramic microparticles. We used colloidal-probe atomic force microsc-
opy CP-AFM and rheometric measurements to study the effect of pH,
contact time 7., and rate dependency v, of the adhesion forces between
the particles. We conclude that the adhesion force is strongly dependent
on the surface chemistry of the tested particles. Based on the surface
chemistry and the chemical reactions that occur between the particles,
different adhesive response can be measured through force-distance
curves. In all cases we see the dependency of the adhesion force to
pH, contact time ¢, and retraction speed v,. We showed that acidic
environment plays an important role in increasing the stickiness of the
particles and that the adhesion timescales compete with the shear rate
to affect rheology. This interesting behavior of the ceramic particles
may bring further insights to help to compare how their adhesive
particle-level properties affect macroscopic flow behavior, e.g. to use
this feature for further applications in the industrial processing such as
tile production in ceramic industry.
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