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hear thickening behavior of
suspensions by changing the surface properties of
dispersed microspheres

Yi. Chen, *ab Yueyun Zhou,a Hejie Piab and Guangsheng Zeng*bc

To investigate the effect of the surface properties of dispersed particles on the shear thickening behavior of

their corresponding suspensions and further control this characteristic, three kinds of suspensions were

prepared by mixing SiO2, SiO2–NH2, and SiO2–COOH microspheres with a poly(ethylene glycol) fluid

medium, and their rheological behavior was analyzed carefully. Compared to the SiO2 microsphere

suspension, the SiO2–NH2 and SiO2–COOH microsphere suspensions show a weaker thickening

behavior and a greater critical shear rate due to the aggregation tendency caused primarily by the

organic chains. Moreover, the rheological behavior of the three suspensions display different

dependencies on the pH value, which is comprehensively determined by the interaction between the

microspheres and the medium. Moreover, the critical shear stress of suspensions with different pH

values could be predicted by the Wagner model, which basically proves that the interaction between the

particles significantly influences the beginning of thickening. The thickening degree could be interpreted

by friction theory. The critical volume fraction corresponding to the onset of discontinuous shear

thickening is determined by the friction coefficient between the particles, which is greatly affected by

the pH value.
1 Introduction

The rheology of dense suspensions is of signicant theoretical
and technological importance due to its great potential in
energy absorption, physical protection, magnetic damping and
so on.1–3 However, shear rheology of even the simplest case of
a suspension composed of hard spheres and Newtonian uid is
incompletely understood. Based on different particle suspen-
sions, many attempts were made to explain how shear thick-
ening happens, and some important mechanisms were
advanced successively. Typically, the order–disorder transition
theory, linking shear thickening to the breaking of ordered
alignment of the layered structure above a critical shear rate,4,5

the dilatancy theory, regarding the thickening as a tendency of
granular materials to expand underow,6,7 the “hydroclusters”
theory, in which the thickening is ascribed to the formation of
jamming clusters by hydrodynamic lubrication forces,8,9 have
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been proven to be reasonable by experiments and simulations
in special research systems.

In addition to mechanistic exploration, a more pertinent
question is whether this kind of special rheological behavior
can meet the demands of practical applications.

For example, in self-protection and magnetic damping
systems, there are various application demands, including the
kind of impact or shear that needs to be resisted, the intensity of
the magnetic eld leading to the shear thickening, the degree of
thickening for suitable energy absorption and so on.

In a colloidal suspension, the shape, size and surface
structure of the particles and the viscosity and chemical struc-
ture of the media impact the rheological behavior signi-
cantly.10,11 However, alteration of the composition and material
of the suspensions generally leads to an uncontrollable change
of rheological behavior and other properties; thus, adjusting the
thickening behavior in a controllable and simple method
remains a great challenge. In shear thickening behavior, the
most important feature is when the thickening happens and to
what degree the thickening occurs, both of which are consid-
ered as important control objectives.

Focusing on the onset of thickening, analysis of the different
mechanisms and prediction models related to the critical shear
rate or critical shear stress was built up with a focus on different
suspension systems. Based on hard sphere suspensions,
including the mutual repulsion between the particles, Melrose
and Ball established a model to predict the critical shear rate by
RSC Adv., 2019, 9, 3469–3478 | 3469
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Fig. 1 The SEM images and modification scheme of the microsphere.
(a)–(c) is the images of the prepared SiO2, SiO2–NH2 and SiO2–COOH
microspheres. (d) and (e) is the modification scheme of the SiO2–NH2

and SiO2–COOH microspheres.
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hypothesizing that the time required for the conservative forces
to separate a particle pair is equal to the time scale of the ow
when shear thickening occurs.12 By modifying the model,
Wagner and Maranzano established a new model to predict the
critical shear stress of hard sphere suspensions by considering
the particles size, concentration, surface potential and ionic
strength.13,14 Based on the electrically-stabilized colloidal
suspensions in which themicro-interactions such as the van der
Waals attraction is non-negligible. Kaldasch et al. established
themodel for predicting the critical stress by using DLVO theory
to analyze the two-particle interaction. Moreover, they proved
that sterically stabilized colloidal suspensions such as poly-
meric brush coating colloidal particles could also adopt this
activation model.15,16 Obviously, in these models, the balance
between the applied stress and the interaction of the particles
determines the onset of shear thickening.

For the degree of thickening, in contrast to continuous
shear-thickening (CST) which is a continuous viscosity increase
at any applied rate, discontinuous shear-thickening (DST) is an
order of magnitude jump in the stationary stress when the
strain rate crosses some threshold value. This CST to DST
transition is observed when the volume fraction of the owing
suspension increases above a critical value near the random
close packing, which depends on the system properties, e.g.
polydispersity or shape, and on the ow geometry. DST is a kind
of thickening form which could show a better effect for energy
absorption and physical protection. Some theoretical
approaches have attempted to understand this abrupt viscosity
increase. Holmes et al. suggested that DST could be interpreted
as a shear-induced glass transition based on an ad hoc mode-
coupling theory.17–19 Brown gave the mechanism explanation
that DST is related to the existence of an underlying jamming
transition due to the frustration of the granular-like dilatancy by
the conning stress.20–22 More recently, friction leading to the
DST became the mainstream explanation of this phenomenon,
that is, at low shear stress, the neighbouring particles are
separated by a gap lled with solvent and interacts via hydro-
dynamic forces, which leads to a CST. While, at high shear
stress, the repulsive force between the particles is overcome and
thereby results in a frictional contact network and shear thick-
ening behavior.23–26 Many other theoretical and experimental
attempts were carried out to understand this effect. For
example, new granular-like models where the additional fric-
tional forces act between particles have been established to
reproduce DST; frictional contact dynamics are expected to
dominate especially at large volume fractions, close to the
jamming transition, and is responsible for DST.27,28 Seto et al.
introduced a numerical scheme including both relevant
hydrodynamic interactions and granular-like contact, a critical
shear stress associated with a critical shear rate where DST
occurs, which separated the frictionless state and the frictional
shear jammed state.29 Fernandez et al. identify a local Som-
merfeld number that determines the transition fromNewtonian
to shear-thickening ows, and then showed that the suspen-
sion's volume fraction and the boundary lubrication friction
coefficient controls the CST or DST transition.30 Wyart's
assumptions about the contact proliferation predict two
3470 | RSC Adv., 2019, 9, 3469–3478
distinct types of DST in the absence of inertia.31 Comprehen-
sively, the CST and DST behavior could be adjusted by altering
the friction character of the particles.

Based on the foundation of previous research, it could be
concluded that altering the short-range interactions can adjust
the characteristics of shear thickening signicantly. Though
there have been many methods to change the shear thickening
behavior of the suspensions, altering the interaction between
components is considered as a simple and controllable
approach. Applying an extra electric or magnetic eld as an
exogenous force to change the particle surface interactions has
proved effective to control the rheological behavior of suspen-
sions.32,33 Similarly, the endogenous force appearing inside the
systems should also work to cause the same effect. In this
research, we tried to introduce different groups into the surface
of the SiO2 microsphere so as to alter the surface characteristics
of the microspheres and adjust the interaction inside the
systems. Taking into account the electron donor and electron
acceptor characteristic of the introduced groups, an aqueous
solution with different pH values were added into the suspen-
sions to modulate the interaction further due to the inductive
and ionization effects. All these changes should relate to the
onset and the degree of thickening. By doing this, it is hoped
that shear thickening behavior could be controlled more effec-
tively, and the effects of particle interactions on the thickening
process could be understood in depth.
2 Experimental
2.1 Materials

The SiO2 microsphere used here was prepared by the stöber sol–
gel method in our lab,34 the radius of the microsphere is about
120 � 10 nm, as shown in Fig. 1a, the density is 2.24 g cm�3. g-
aminopropyl-triethoxysilane, methylbenzene, butanedioic
anhydride, dimethylformamide was supplied by Aladdin Co.,
Ltd, China, polyethylene glycol with molecular weights of 200 g
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The schematic representation for measuring the frictional
properties of different microspheres.
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mol�1 (PEG200) on average was supplied by Sigma-Aldrich
Chemical GmbH, Düsseldorf, Germany, and is a low viscosity
Newtonian media having, under 25 �C, a viscosity of 25 mPa s�1

and a density of 1.13 g cm�3.

2.2 The synthesis of SiO2–NH2 microspheres

The SiO2–NH2 microspheres were prepared by surface modi-
cation of the SiO2 microspheres, the scheme is shown in Fig. 1d.
To describe it briey, the prepared SiO2 particles were vacuum
dried at 110 �C for 5 h as an activation process, the activated
SiO2 particles and methylbenzene solution with 5% wt g-
aminopropyl-triethoxysilane were added into a three-necked
ask, the suspensions were heated to 110 �C and kept 8 h
with magnetic stirring and reux for reaction. Throughout the
experiments, oxygen was eliminated from the system. Aer the
reaction, the suspensions were extraction ltrated with a buch-
ner funnel, the nal modied SiO2 particles product was
vacuum dried at 110 �C for 5 h and preserved in the vacuum
drying oven. The graing ratio of –NH2 could be adjusted by
controlling the mass ratio of g-aminopropyltriethoxysilane and
the SiO2 particles. In this research, the content of NH2 in the
surface of the SiO2 microsphere is 0.416 mmol g�1, which is
measured by chemical titration. The size of the modied
microsphere is basically equal to that of the unmodied
microsphere, as shown in Fig. 1b.

2.3 The synthesis of SiO2–COOH microspheres

The scheme of SiO2–COOH microspheres preparation is shown
in Fig. 1e. To briey describe, equimolar g-aminopropyl-
triethoxysilane and butanedioic anhydride were dispersed into
dimethylformamide in a ask to form a 20 wt% solution, the
solution was heated to 80 �C for 3 h with magnetic stirring and
reacted under reux. Then, the homogeneous dispersed SiO2/
dimethylformamide suspension and a small quantity of
deionized water were added into the system and stirred
sequentially at 80 �C for 5 h. The solid modied SiO2 particles
were separated using ultracentrifugation, the nal SiO2–COOH
microspheres were obtained by washing several times with
ethanol and centrifugation. In this research, the content of
COOH in the surface of SiO2 microsphere is 0.402 mmol g�1,
which is measured by chemical titration. The size of the
modied microsphere is equal to that of the unmodied
microsphere basically, as shown in Fig. 1c.

2.4 Preparation of suspension samples

The suspensions were prepared by adding fully dried SiO2 and
modied SiO2 microspheres into the liquid medium in
a blender and mixing for 2 h in order to obtain a uniform
distribution of particles within the suspension. The samples
were sonicated for an hour and then placed in a vacuum
chamber for 30 min to remove air bubbles and ensure that the
particles were not aggregated. Aerwards, the suspensions
were dispersed for 40 min by a superne homogenizer (F6/10,
Fluko Equipment Germany) at high speed (10 000 rpm). The
suspensions were allowed to rest for 12 h in an air tight plastic
bottle, the nal high concentration suspensions of SiO2 and
This journal is © The Royal Society of Chemistry 2019
modied SiO2 microspheres in PEG200 with various volume
fractions were prepared. In this research, the volume fraction
was calculated by the mass and density of the dispersed
particles and the media, the density of the modied SiO2

microspheres is considered the same as the unmodied SiO2

microspheres. When the effect of the pH value on the rheo-
logical behavior was investigated, a small amount of aqueous
solution (diluted solutions of HCl or NaOH) with various pH
values was added into the suspensions by a ratio of 1 : 15 to
1 : 25 in weight to that of the media.
2.5 Friction measurements

The friction between the microspheres cannot be directly and
accurately measured due to their size and complex shape,
a similar system was designed and measured by an universal
micro-tribotester to simulate the actual situation. In test,
a quartz sphere with a radius of 6 mm slides on a quartz disk in
rotational mode was used to investigate the frictional properties
between the microsphere surface. The rotational speed of the
quartz disk was 100 rpm, and the radius of the track was 15mm.
Throughout the tests, the load was kept constant at 1 N. For
simulating the real microspheres in suspensions, the special
treatment was carried out in all test materials. For simulating
the SiO2 microsphere, both the sphere and disk were treated
using a piranha solution (7 : 3 concentrated H2SO4/30% H2O2)
for 20 min to form –OH groups on the surface as that of the SiO2

microsphere. In order to simulate the SiO2–NH2 and SiO2–

COOH microspheres further, the mixed solution A (methyl-
benzene solution with 5 wt% g-aminopropyl-triethoxysilane)
and mixed solution B (dimethylformamide solution with
20 wt% equimolar g-aminopropyl-triethoxysilane and butane-
dioic anhydride, reacting at 80 �C for 5 h), as the reaction
solutions used in surface modication of the microsphere, was
coated on the surface of the piranha solution treated sphere and
disk respectively. Aer that, the coated sphere and disk were
kept at 80 �C for 5 h and then vacuum dried for 2 h. Through the
treatment, the thickness of the surface covering layer of the
sphere and disk reached 0.2–0.5 mm (the scheme is shown in
Fig. 2). When testing the friction of the microspheres in q
special medium, the corresponding medium was dropped on
the surface of the disk and spheres to wrap the test interface for
a better simulation of the real situation.
RSC Adv., 2019, 9, 3469–3478 | 3471
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Fig. 4 The rheological behavior and micrograph of suspensions with
mixed microspheres. (a) is the shear rate versus viscosity curves of
suspensions with mixed microspheres. (b) and (c) is the SEM photo of
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2.6 Rheological tests

Steady-shear rheological experiments on the suspensions were
conducted using a rheometer TA Instruments ARES-G2
rheometer (supplied by TA. Instruments, USA). To prevent
adhesive slip between the sample and the rheometer plates,
parallel plates with a 25 mm diameter were covered with emery
cloth (NORTON, K224) using double sided tape. The gaps
explored were xed at 0.8 mm. Before the rheological test,
a steady pre-shear was applied in the sample at a shear rate of
0.1 s�1 for 60 s in order to erase the shear history and an
equilibrium time of 120 s was given at each shear rate to allow
the system to reach a steady state. All the experiments were
repeated at least three times.
pure SiO2–NH2 microspheres and mixed microspheres with 20%mass
of SiO2–NH2 microspheres and 80% mass of SiO2–COOH
microspheres.
3 Results and discussion
3.1 The effect of surface property of microspheres on the
shear thickening behavior

In colloidal suspensions, the properties of the dispersed parti-
cles including size, shape, and soness have a signicant effect
on their rheological behavior. Especially, in some systems with
small colloidal particles, the surface chemical structure of the
particles is also important for the shear thickening due to the
relatively stronger interaction between the particles. Based on
this, the nano-sized SiO2 microsphere and its surface modied
products, the SiO2–NH2 and SiO2–COOH microspheres were
used to investigate the effect of the surface properties on shear
thickening by comparing their rheological behavior.

Fig. 3 shows the shear rate versus the apparent viscosity
curves of the suspensions. As shown in gure, for the different
suspensions with the same volume fraction (f), although the
curves are approximately similar, the important features
including the critical shear rate ( _g) dened as the shear rate at
which the viscosity starts to increase signicantly from the
original decreasing or unchanged status, and the maximum
viscosity still exhibits obvious differences, revealing the non-
negligible effects of the surface groups. The detailed _g data is
listed in Fig. 3b, from which it could be seen that, the rule _gSiO2

< _gSiO2–NH2 < _gSiO2–COOH is tenable for suspensions with the
same f, the gap between them becomes greater at high f. It
could be concluded that the graed surface chains lead to
a stronger occurrence of shear thickening, especially for
suspensions with a high f.
Fig. 3 The shear rate versus viscosity curves of three different
suspensions with various volume fractions and the corresponding
critical shear rate.

3472 | RSC Adv., 2019, 9, 3469–3478
Furthermore, the suspensions with mixed SiO2–NH2 and
SiO2–COOH particles were prepared and their rheological
curves are shown in Fig. 4. As shown in the gure, with an
increased ratio of SiO2–COOH particles to the mixed particles,
the _g of the suspensions increases signicantly, and the rst
shear thinning becomes stronger, when the ratio of the SiO2–

COOH particles passes 50% of the total mass, the _g is greater
than that of the pure SiO2–COOH particle suspensions, and the
maximum viscosity decreases considerably, revealing a weaker
shear thickening behavior.

Obviously, the surface graed groups inuence _g of the
suspensions and leads to the signicantly harder jamming. This
change caused by the surface modication was analyzed. First,
according to previous research, due to the amount of hydroxyls
between the SiO2 particles and the dispersion media, a special
solvation layer formed by hydrogen bonding appears near the
surface, where the density of the oligomeric chains is higher than
that of the bulk. This high density solvation layer is helpful to
prevent the media uid from owing through the gap between
the two spheres and acts as a “barrier”, which promotes an earlier
onset of shear thickening.35 Moreover, the thickness of this
“strongly anchored” solvation layer could be approximately esti-
mated. For SiO2 suspensions with a water and ethylene glycol
(EG) media, the formed solvation layer thickness is 4.4 nm and
1.5 nm, respectively.36,37 Taking account the similarity, the
solvation layer of SiO2 microsphere in PEG is on the order of
1 nm.While, aer modication, the macromolecule chains cover
the surface of the sphere and inhibit the formation of a solvation
layer due to the destruction of the hydrogen bonding combina-
tion. However, this effect may be not large in this system due to
the relatively small thickness of the solvation layer to the radius
of the sphere (120 nm). Moreover, in the modied microspheres,
the introduced groups both include low polarity organic chains,
the similar polarity should lead to the slight aggregation of the
microspheres and thereby result in a higher critical shear rate.
This reason was proved further by the rheological behavior of the
suspensions with the mixed particles.

In details, it was found that _gSiO2–COOH is always higher
than _gSiO2–NH2, and is not a coincidence. Though both surface
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The shear rate versus viscosity curves of three kind of
suspensions with different pH values and their corresponding critical
shear rate. (a) SiO2 suspensions; (b) SiO2–COOH suspensions; (c)
SiO2–NH2 suspensions; (d) the critical shear rate of suspensions.
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graed chains have organic groups, the graed chains in the
SiO2–COOH microsphere is longer than that of the SiO2–NH2

microsphere, leading to a denser surface layer. Moreover, the
interaction between the graed chains themselves and between
the graed chains and media also has a signicant effect on the
shear thickening behavior, which will be discussed in the
following section.

Another signicant difference is the initial rheological
behavior under a low shear rate. An obvious shear thinning was
observed in the mixed particles suspensions, meaning a kind of
relaxation or disentanglement behavior. In the modied
microsphere, the introduced groups include a low polarity
chain and a polar end group with an electron donor or electron
acceptor, the aggregation should be intensied by charge
attraction, and could be observed in the SEM images of the
freeze dried (�80 �C) suspensions, by which the original status
of the particles was basically maintained. As shown in Fig. 4, in
comparison to the pure SiO2–NH2 particles, the mixed particles
show micro-aggregation, the uniformity of the dispersion
decreases. Moreover, the mixing ratio of the particles corre-
sponding to the greatest _g and strongest shear thinning is
consistent, which is SiO2–COOH : SiO2–NH2 ¼ 8 : 2, instead of
1-to-1. This special ratio may be related to the highest aggre-
gation degree, which is determined by the ratio and the nature
of the introduced groups.
3.2 The effects of pH value on the shear thickening behavior
of suspensions

The introduced graed chains have a tendency for ionization in
aqueous solutions due to their NH2 and COOH end groups, and
therefore their interaction could be adjusted by altering the pH
value. For this goal, a small amount of aqueous solution (5%
mass of suspensions) with different pH values were added into
the suspensions. It is noteworthy that the actual pH of the
suspensions is not consistent with that of the added solution,
the measured pH value of the dilute silica microspheres
aqueous dispersion without any addition is about 5.84, the
neutralization effect decreases the acidity and alkalinity of the
solution in a small range. For a convenient comparison, the
discussed pH value in the following analysis is that of the added
aqueous solution instead of the actual value of the suspensions.
The viscosity of the media changes from 25mPa to 21.6 mPa s�1

aer adding solution to whatever the pH value of the solution.
The shear rate versus viscosity curves of the suspensions with
different pH values are shown in Fig. 5. As shown in the gure,
when the pH value changes, the rheological character of the
suspensions including the _g, the maximum viscosity, the thin-
ning and thickening degree exhibits different changes.

A similar tendency was found in curves for the SiO2 and
SiO2–NH2 suspensions, that is, with the increase of pH, the _g

and maximum viscosity increases considerably and the initial
thinning and followed thickening becomes stronger. While, for
the SiO2–COOH suspensions, the effect is reversed.

The reason for the diverse effects could be attributed to
which one in the added solution is inclined to combine, the
medium or the microsphere. This is determined by the
This journal is © The Royal Society of Chemistry 2019
interaction comparison. When the added solution is inclined to
combine with the media, the thinning becomes more signi-
cant, which is ascribed to the added aqueous solution working
as a lubricant, the _g shis to higher rate due to the decreased
total viscosity, the thickening becomes more abrupt because of
the lower effect of the added solution. When the added solution
is inclined to combine with themicrosphere, the result reverses.

The selective combination of the added solution may also be
explained by the alkalinity or acidity of the materials in the
system. In the SiO2 and SiO2–NH2 suspensions, SiO2 and PEG
show weak acidity due to the –OH groups, the SiO2–NH2 parti-
cles exhibit a weak alkalinity due to the dissociation of the –NH2

groups in aqueous solution. When an alkali solution was added
into the suspensions, it was easier for it to combine with PEG
than the microspheres. As well, the microspheres adsorbed less
solution which leads to a slight effect on the degree of shear
thickening. When adding an acid solution, more solution is
combined with the alkaline microspheres which brings about
a weaker shear thickening and nearly unchanged shear thin-
ning behavior. In the SiO2–COOH suspensions, the particles
show a relatively stronger acidity in the aqueous solution than
that of the SiO2 microsphere, the rule with regards to the
selective combination becomes reversed to that of the SiO2 and
SiO2–NH2 suspensions and thereby results in a different rheo-
logical behavior.

Based on the above results, it was found that the rheological
behavior of the suspensions could be adjusted by changing
their pH value. The key point we considered is the combined
ability of the aqueous solution with the microspheres. For
proving this point further, the mass of the added aqueous
solution was adjusted in order to observe the change of the
rheological behavior in detail. A signicant distinction was
found in the degree of thinning and thickening.

Taking a typical example, three masses of alkali solution(1/
25, 1/20 and 1/15 mass of suspensions) were added into the
SiO2–C OOH suspensions, respectively, the viscosity of the pure
RSC Adv., 2019, 9, 3469–3478 | 3473
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Fig. 6 The influence of adding aqueous solution with different pH
value on the rheological behavior of suspensions. (a) The shear rate
versus shear stress of SiO2–COOH suspensions with different added
mass of aqueous solution (pH ¼ 4). (i)–(iii) corresponds to that the
mass of added aqueous solution is 1/25, 1/20 and 1/15 of suspensions.
The volume fraction of suspensions is 47%. (b) and (c) is the slope of
suspensions (shear stress/shear rate) in the shear thinning region and
shear thickening region of the suspensions with different adding mass
of aqueous solution. In image (b) and (c), (i): adding acidic aqueous
solution into (pH ¼ 4) SiO2–COOH suspensions; (ii): adding alkali
aqueous solution (pH ¼ 11) into SiO2–COOH suspensions; (iii): adding
acidic aqueous solution (pH ¼ 4) into SiO2–NH2 suspensions; (iv):
adding alkali aqueous solution (pH ¼ 11) into SiO2–NH2 suspensions,
the abscissa 1, 2, 3 represents that themass of addition solution is 1/25,
1/20 and 1/15 of that of suspensions respectively.
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media changes to 23.2, 21.6, and 20.2 mPa s�1, respectively,
regardless of what the pH value of the solution is. The shear rate
versus shear stress curves is exhibited in Fig. 6a for a more direct
observation. As shown in the gure, the effect of added solution
mass on the line slope (shear stress/shear rate) was different in
the shear thinning and shear thickening region, the slope in the
shear thinning region is basically unchanged with the change of
the solution mass, while the slope in shear thickening region
increases with the decreasing mass of added solution. The
greater effect occurring in the shear thickening region proves
that the alkali solution tends to combine more with the SiO2–

COOH microspheres than the media. Moreover, the same test
was carried out in other kinds of suspensions, the slope in the
shear thinning and thickening regions is shown in Fig. 6b and
c, When the solution is easier to combine with media (such as
adding an acidic solution into the SiO2–COOH suspensions or
adding an alkali solution into SiO2–NH2 suspensions), the shear
thinning becomes stronger and the shear thickening degree
becomes weaker, when the solution is easier to combine with
the microspheres (such as adding alkali solution into the SiO2–

COOH suspensions or adding acidic solution into SiO2–NH2

suspensions), the phenomenon is the inverse. From the slope
3474 | RSC Adv., 2019, 9, 3469–3478
change, the analysis above with respect to the selective combi-
nation could be demonstrated further.

We also note that, for the SiO2 suspensions, increasing the
added aqueous solution always brings about a considerable
decrease of the slope in the shear thickening region regardless
of what the pH value of the added solution is, meaning that the
SiO2 microspheres have a good ability to combine with the
aqueous solution due to the existence of hydroxyls. By contrast,
the surface graed chains play the role of a hydrophobe to some
degree.
3.3 The mechanism analysis of the rheological behavior
affected by pH value

In the above analysis, it was found that the rheological behavior
of the suspensions, especially its two main features, the
beginning and the degree of thickening, could be inuenced
signicantly by the changing the conditions due to the altered
interaction between the particles. To gure out its mechanism,
we tried to use the Wagner model which is suitable in hard
sphere systems to predict the start of shear thickening. In this
model, the critical shear stress (sc) could be calculated by the
surface potential and the radius of the particles, which is
expressed by the following equation:

sc ¼ 0:024
kBTðkaÞJ2

a2lb

where lb is the Bjerrum length dened by lbh e2/(4p330kBT), a is
the radius of the particle, andJ ¼ jse/kBT is the dimensionless
surface potential, (ka) is the relative double layer thickness. k�1

is the Debye length, which could be calculated by hm ¼ 1.453/
k.38 hm is the characteristic separation distance in the incipient
hydrocluster state.

In this research, themedia, the size of the particles and other
conditions of the three suspensions is similar, the main impact
on sc could be ascribed to the changed interaction between the
particles. As we know, the zeta potential of the particles could
represent the dimensionless surface potential to some degree.
Using this substitution, the sc and zeta potential of the particles
in different pH condition were measured and is shown in Fig. 7.
It was found that the absolute value of the zeta potential
exhibits a similar changing tendency as that of sc. For the SiO2

and SiO2–COOH suspensions, the sc increases with the increase
of pH value. For the SiO2–NH2 suspensions, the sc decreases
monotonously. Moreover, for the suspensions with the mixed
particles, the same correlation between them was also found,
which proves that the sc closely links with the zeta potential of
particles. The zeta potential could represent the stability of the
particles in the system, regardless of whether it is the SiO2 or
modied SiO2 microsphere, higher stability between the parti-
cles brings about higher sc.

Moreover, the actual value and predicted value of sc calcu-
lated by using theWagner equation are listed in Table 1, though
the change tendency between the actual value and the predicted
value is consistent, a discrepancy in the value still exists. Basi-
cally, the actual value is lower than the predicted value. For SiO2

microspheres, the effect of the solvation layer on the surface of
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 The measured zeta potential of the particles in aqueous solu-
tion and their corresponding suspensions' critical shear stress. (a) the
zeta potential of three kind particles in aqueous solution; (b) the critical
shear stress of SiO2, SiO2–NH2 and SiO2–COOH suspensions; (c) the
zeta potential of mixed particles with SiO2–NH2 and SiO2–COOH; (d)
the critical shear stress of mixed particles suspensions.
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the microspheres may be ignored in theoretical calculation, the
existence of a solvation layer leads to the decreased separation
distance between microspheres, which makes the thickening
happen more easily under lower stress. For the modied
microspheres, there exist low-polarity surface organic groups,
these groups interact with each other or interact with the
molecular chains of the media, this kind of extra force is not
included in the theoretical model.

CST and DST, linked to the different viscosity increase
degree, both appear in this research system. The intrinsic factor
determining the kind of shear thickening is a meaningful
problem. Here, we tried to analyze it by using theory based on
the friction coefficient between the particles.

Until now, it has been commonly accepted that the lubrica-
tion status between the particles was separated into two typical
regimes which are determined by a characteristic number, the
Sommerfeld number s (s ¼ hfvRp/N), where hf is the uid
viscosity, n is the sliding speed between the two solid surfaces,
Rp is the radius of the spheres and N is the normal load. For
high s, corresponding to the rheological status called the
“hydrodynamic lubrication” regime (HD regime), the two
sliding surfaces are fully separated by a uid lm and the
Table 1 The actual and predicted critical stress of suspensions with diff

pH
SiO2 SiO2–COOH SiO

A-v P-v A-v P-v A-v

2 20.2 1.1 24.5 6.5 102
4 52.5 131.8 20.4 17.3 73
7 104.1 296.8 36.1 77.2 46
9 157.8 340.3 52.1 125.6 34
11 192.8 405.4 76.3 140.5 17

a A-v is actual measured value, P-v is the predicted value, MR is the mass

This journal is © The Royal Society of Chemistry 2019
friction coefficient (m) depends on s. For low s, a “boundary
lubrication” regime (BL regime) appears, in which the lubrica-
tion lm breaks down and contacts between the microscopic
asperities on each surface support most of the load, and m

exhibits only very weak dependency on s. The boundary of s is
about the order of 10�5. In some ow status, the “mixed regime”
with both HD and BL also exists.

In the HD regime, the jamming volume fraction (fHDmax) is
at a random close packing fRCP, regardless of the boundary
friction coefficient. Conversely, the jamming volume fraction in
the BL regime (fBLmax) changes with changed m. When f #

fBLmax, the suspension exhibits CST, and when fBLmax < f#

fHDmax, the system undergoes DST. As a consequence, fBLmax

is the critical volume fraction for DST and therefore it can be
tuned by changing the particle friction coefficient.

In this research, the shear thickening behavior of suspen-
sions undergoes a transition from CST to DST with an increase
of the volume fraction. This corresponding “s” calculated by
using the physical parameter of the materials and the rheo-
logical character (Rp ¼ 120 nm, hf ¼ 25 mPa s�1, n could be
substituted by the shear rate, which is between 0.1–100 s�1

corresponding to the shear thickening region, the
corresponding N measured by rheometer is 0.01–1 N) is in the
range of 10�7 to 10�8. We could reasonably consider that the
systems are in boundary lubrication. Accordingly, the boundary
lubrication between two rough particles could be described
using the Amontons–Coulomb friction, the friction coefficient
m0 being independent of the load, speed and apparent contact
area, corresponds to a special critical volume fraction that
happens in DST. Here, the m0 of the particles under different pH
conditions was measured by using a special method, the value
is shown in Fig. 8a. As shown in the gure, the pH value has
a signicant inuence on the m0 of the particles. The m0 of the
SiO2 and SiO2–COOHmicrospheres increases considerably with
an increase of the pH value, while the m0 of the SiO2–NH2

decreases. Obviously, the increased dissociation degree of the
end groups advances m0 between the particles. Fig. 8b–
d provides several actual examples with regard to how suspen-
sions with the special particle m0 changes from CST to DST (n$

2, n is Oswald-De Waele power law: s ¼ Kgn, when n is higher
than 2, the thickening is discontinuous) with the increased
volume fraction and the critical volume fraction (fBLmax).

It is worth noting that the measured m0 exhibits some
correlation with the test load and speed. The test load affects m0
erent pH solution and the mixed particles suspensionsa

2–NH2 Mixed particles

P-v MR (COOH : OH) A-v P-v

.2 219.8 80 : 20 36.6 85.5

.4 123.8 60 : 40 27.7 26.7

.4 85.5 50 : 50 24.4 5.4

.8 6.7 40 : 60 25.4 6.6

.4 3.1 20 : 80 24.3 19.4

ratio.
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Fig. 8 The measured m0 of particles under the different pH condition
and the shear rate versus viscosity curve of three suspensions with
special m0. (a) The m0 of particles under the different pH condition and
its typical measured curves; (b) SiO2–COOH suspensions at pH ¼ 9,
the measured m0 ¼ 0.63; (c) SiO2–NH2 suspensions at pH ¼ 2, the
measured m0 ¼ 0.83; (d) SiO2 suspensions at pH ¼ 11, the measured m0
¼ 0.81, n is Oswald-De Waele power law: s ¼ Kgn.
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more signicantly, the test with the higher load could get
a higher m0. The test speed only has a slight effect on it.
However, under the same test conditions, the relative magni-
tude of m0 belonging to different suspensions is unchanged.
Therefore, the test value could be used in qualitative analysis.
Fig. 9 The measured m0 of three kinds of suspensions (f ¼ 53%) at
various pH conditions and their fBLmax corresponding to the happen
of DST.

3476 | RSC Adv., 2019, 9, 3469–3478
The m0 and corresponding fBLmax for all suspensions with
different pH value is shown in Fig. 9. Obviously, the fBLmax

decreases gradually with the increase of m0, the fBLmax for the
same m0 is similar even for different suspensions regardless of
the surface chemical structure of themicrosphere. It was proved
further that the thickening behavior could be adjusted by
changing the friction character of the particles, changing the
pH value is a possible method for particles with polar or
ionizable groups.

In order to quantify fBLmax, the viscosity versus shear rate
curves in the thickening regime for different suspensions were
tted by the Oswald-De Waele power law: s f gn. It was found
that the relationship of n and f is nonlinear. A uniform
expression obtained using fmax corresponds to a strong thick-
ening (n ¼ 4) for three kinds of suspensions (pH ¼ 7) as
a standard, the deviation of f from the standard was normal-
ized using (fmax � f)/fmax. As shown in Fig. 10a, the n of the
different suspensions collapse onto a single master curve as
Fig. 10 The measured m0 of three kinds of suspensions (f ¼ 53%) at
various pH conditions and their fBLmax corresponding to the onset of
DST. The volume fraction effect on the flow index n. (a) Oswald-De
Waele exponent n as a function of the reduced volume fraction (the
fmax was set at 64%, when passing this f, the suspension is hard to
flow); (b) the same data in a log–log plot. The solid line is a power-law
fit for (n � 1) versus reduced volume fraction.

This journal is © The Royal Society of Chemistry 2019
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a function of a reduced volume fraction which does not depend
on the surface chemical property. Furthermore, the exponential
form of the same data was tted in Fig. 10b, all the data disperse
around the tted line well, meaning an exponential relation of n
with the volume fraction change. This understanding is helpful
to predict and adjust the thickening degree by controlling the
volume fraction of the suspensions.

4 Conclusion

To investigate the inuence of the surface properties of the
dispersed particles on the shear thickening behavior of the
suspensions and nd a convenient method to adjust the char-
acter of shear thickening, organic chains with COOH and NH2

end groups were graed into the surface of SiO2 microspheres.
The suspensions were prepared by matching prepared SiO2,
SiO2–NH2 and SiO2–COOH microspheres with a PEG medium,
respectively, their rheological behavior was measured and
compared in detail.

Obvious differences in the rheological behavior were
observed for the three types of suspensions. By contrast, for the
same f, _gSiO2 < _gSiO2–NH2 < _gSiO2–COOH is always valid, and
their gap becomes larger with increased f, while the maximum
viscosity displays the reverse, all of which reveals the large
effects caused by the changed surface character of the micro-
spheres. Though the graed NH2 and COOH groups could
strongly interact with the PEG medium by the hydroxyl groups,
the introduced organic chains still destroy the solvation layer on
the surface of the SiO2 microsphere formed by hydrogen bond
interactions between the OH groups, and the particles slight
aggregation more easily occurs due to the interaction of the
macromolecular chains, both factors are against the occurrence
of shear thickening. Moreover, the suspensions with mixed
SiO2–NH2 and SiO2–COOH particles show higher _g, lower
maximum viscosity and stronger shear thinning than that of
suspensions with the single particle. This intensied weakening
of thickening is attributed to the stronger aggregation tendency
between the particles due to electron acceptor and donor
characteristics the of –NH2 and –COOH groups, respectively.

For controlling the rheological behavior more effectively,
a certain amount of aqueous solution with various pH values
was added to the suspensions to adjust the interactions in the
system. For the three kinds of suspensions, the effect of the pH
value on their rheological behavior is different. For the SiO2 and
SiO2–NH2 suspensions, the increased pH leads to a higher _g

and larger maximum viscosity, the initial shear thinning
becomes weaker and the shear thickening behavior is more
abrupt. While the inuence of the pH value on the SiO2–COOH
suspensions is inverse. It fully proves that the rheological
behavior of the suspensions could be adjusted by changing the
micro-environment of the microspheres. The rule is summa-
rized as follows: when the aqueous solution tends to combine
with the microspheres, the shear thickening exhibits a greater
weakening, whereas when the aqueous solution combines with
the media more easily, the shear thinning exhibits a more
obvious change, all of which is determined by the competing
interaction between the components in the suspension.
This journal is © The Royal Society of Chemistry 2019
Changing the mass of the added aqueous solution should only
change the degree of the effect but not the original trend.

Based on the above test results, two theory models were used
to analyze the related mechanism. Focusing on the start of
shear thickening, the sc was analyzed by using the Wagner
model, in which, the measured zeta potential was used to stand
for the surface potential of particles. It was found that the
measured sc and predicted sc both maintain a similar tendency
as that of the absolute value of the zeta potential which directly
depends on the pH value, indicating that the interaction
between the particles affects the onset of shear thickening
signicantly. Though the value of the measured and predicted
sc is similar, a gap between them still exists due to the more
complex interactions in the actual system. Furthermore, friction
theory was used to analyze the degree of shear thickening.
Based on the calculated Sommerfeld number s of this
researched system, it could be inferred that the suspensions are
in the “boundary lubrication” regime, in which the xed coef-
cient of friction m0 is independent of the load, speed and
apparent contact area. Here, the independent friction coeffi-
cients m0 of each particle at different pH was estimated using
a designed similar friction test system. For each suspension
with a special m0, there exists a critical volume fraction (fBLmax)
corresponding to the onset of DST. With the increase of m0, the
fBLmax decreases signicantly, the rule is independent of the
kind of particle in the suspension. This phenomenon reveals
that m0 is the key factor to determine the degree of shear
thickening. Moreover, an exponential relationship between the
decreased f and n � 1 (n is index s f gn) was found, indicating
that the effect of f on the thickening degree is reduced gradu-
ally with the decrease of f.
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