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Abstract:
Shear-thickening fluids are known as excellent energy absorbers due to their remarkable rheology. Indeed, these
liquids exhibit a dramatic increase of viscosity under shear, an observation reported on a broad range of fluids

but not yet fully understood. Different mechanisms have been proposed to account for this phenomenon. On the
one hand, numerical studies suggests that frictional contact forces between particles might be responsible for the
increase in viscosity. On the other hand, recent experiments show that inter-particle hydrogen bonding could
enhance contact friction and thus that particle surface chemistry would play a key role in the shear-thickening

phenomena. Here, we report experimental results on the shear-thickening response of fumed silica suspensions in
polypropylene glycol. We show that varying the surface chemistry of the silica particles provides an efficient way

to tune the magnitude of the shear-thickening transition.
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2 WHAT IS SHEAR-THICKENING?

1 Introduction

A shear-thickening fluid can be defined as a fluid for which the viscosity increases sharply un-
der shear. Such a property potentially leads to a dual behavior between liquid-like behavior at
low shear-rate and solid-like behavior at higher shear. The most-well known example of shear-
thickening fluid is certainly cornstarch suspensions in water, also called "oobleck" [1,2]. These
materials are known to show remarkable and counter-intuitive properties. It is thus possible to
run on an oobleck-pool without sinking, whereas a slow walker sinks as expected on a liquid bath.
However, shear-thickening fluids do not only present entertaining applications. Indeed, since
they also absorb energy very efficiently and that the increase of the viscosity is reversible, these
fluids could be used to make protection for soldiers such as bullet proof vests or shock-absorptive
helmets for rugby players [3]. As regard to their potential applications, it seems primordial to
understand more properly the origin of the shear-thickening phenomenon. Consequently, it has
been a subject of high interest during the last decade [4] . In particular, the interactions between
particles leading to shear-thickening are still not well understood. Indeed, if friction is often said to
be responsible for the apparition of shear-thickening [5], other studies suggest that hydrodynamic
forces, and more particularly lubrication forces, could be enough to explain the shear-thickening
phenomenon [6]. Furthermore, in addition to these two interactions, hydrogen bonds have been
said to enhanced the shear-thickening [7,8].
In this study, we use a model-fluid composed of fumed silica nanoparticles mixed in polypropy-
lene glycol 725 (PPG 725). We focus on the influence of the surface chemistry of fumed silica
particles which could enlighten the role of hydrogen bonds in shear-thickening. Notably, we in-
vestigate the influence of hydrophilic and hydrophobic fumed silica particles on the magnitude
of the shear-thickening transition. This work consequently sheds a new light on the mechanism
leading to the apparition of the shear-thickening.

2 What is shear-thickening?

2.1 How to describe shear-thickening

The study of shear-thickening belongs to a field called rheology. It is the study of the response of
viscoelastic materials under stress or strain. When it comes to a fluid, two parameters are partic-
ularly relevant: the shear-stress σ, which is pictured in Figure 1 and the shear-rate γ̇ which is the
time-derivative of strain γ. These two parameters define a third one, the viscosity η, which is the
ratio η = σ/γ̇.

Figure 1: Scheme presenting the behavior of a fluid under a shear. In red, we represent the shear-rate
profile and in green the shear-stress, σxz. Which will be called σ in the rest of the report.
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2 WHAT IS SHEAR-THICKENING?

Figure 2: A Viscosity as a function of the shear-rate for a different volume fractions of polymethyl methacry-
late (PMMA) particles suspended in an aqueous suspension of NaI. For volume fraction greater than 55 %,
the suspension present shear-thickening since the viscosity increases with the shear-rate. The increase in
viscosity becomes sharper and sharper as the volume fraction increases. The figure has been extracted from
[4]. B Viscosity as a function of the shear-stress for a latex dispersion in water for different volume fractions
in latex. For volume fractions greater than 0.43, shear-thickening appears at high shear-stress (σ >1000Pa).
This suspension also presents a yield stress responsible for the important decrease in the viscosity at low
stresses. The figure has been extracted from [9].

The most common ways to look at shear-thickening are either to impose a constant shear-rate
and measure the shear-stress or to impose shear-stress and measure shear-rate. This measurement
gives access to the viscosity as a function of the shear-rate or the shear-stress. As illustrated in
Figure 2.

These two graphs illustrate the same behavior. At high volume fraction, the viscosity presents a
sharp increase after a given shear-stress or shear-rate. It is interesting to notice that the viscosity at
low shear-rate or shear-stress increases with the volume fraction. These two graphs exhibit the gen-
eral behavior of shear-thickening suspensions. The viscosity seen as a function of the shear-stress
(respectively the shear-rate) is a constant at low values. When σ (respectively γ̇) increases, the
viscosity decreases the behavior of the fluid is then called shear-thinning, finally the viscosity in-
creases with the shear-stress (respectively the shear-rate) corresponding to shear-thickening. These
two graphs also underline the difference between continuous and discontinuous shear-thickening.
Indeed, the Figure 2 A shows that when the volume fraction is higher than 56.5%, the viscosity as
a function of the stress appears discontinuous as it displays a jump. This behavior is called dis-
continuous shear-thickening (DST) and is opposed to continuous shear-thickening (CST) in which
the viscosity as a function of the stress appears continuous. We also observe these two behav-
iors in term of shear-stress (Figure 2 B). The shear-thickening is called discontinuous for a volume
fraction of 50% because the viscosity displays a linear increase with the stress with a slope 1 in a
logarithmic representation.
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2 WHAT IS SHEAR-THICKENING?

2.2 Simple view of shear-thickening

Figure 3: Simplified diagram of viscosity as a function of the shear rate for a general colloidal suspension.
For each regime, the way colloids act in the fluid is represented on the top. The Newtonian behavior is
associated with an homogeneous suspension. Shear-thinning is due to an organization of the colloids, which
allows the fluid to flow "more easily". Shear-thickening come from the formation of clusters, which interact
via force-chains. Figure extracted from [9].

When submitted to an increasing shear-rate, shear-thickening suspensions tend to show 3 differ-
ent kinds of behaviors. Figure 3 presents a simple way to illustrate the general behavior of a
shear-thickening suspension. At low shear-rate, the behavior of the suspension is still driven by
Brownian motion, the fluid is therefore homogeneous and shows a Newtonian-like behavior. For
larger shear-rates, particles have to organize themselves in a structure, which allows the fluid to
flow "more easily". Then, the shear-rate forces the particles to come very close and form clusters,
which leads to a huge dissipation of energy and consequently to a sharp increase in the viscosity.
For large enough shear-rates the viscosity stops increasing and is supposed to reach a constant
value. Note that the fact that colloids form clusters is still questioned and it has also been em-
phasized that they could also form chain forces [10]. Furthermore, the interactions taking place
between particles in that regime are not known. On the one hand, it is said that shear-thickening
is only due to hydrodynamic forces and more particularly lubrication forces [11]. Indeed, when
the particles come closer, the volume of fluid between them decreases, leading to the apparition
of a large repulsive lubrication force that dissipates energy and consequently increases the viscos-
ity. The influence of hydrodynamic forces has been studied and it has been shown that limiting
the hydrodynamic forces suppressed the shear-thickening [6]. On the other hand, it is said that
direct contact between particles is responsible for the dissipation since it leads to a friction force.
To underline this influence, it has been shown that increasing the roughness of the particles in
the suspension leads to an enhanced shear-thickening effect [12]. This is illustrated in Figure 6
presenting different measurements of the viscosity as a function of the shear-rate for an increasing
roughness of particles. It shows that shear-thickening is only observed above a minimum surface
roughness.
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2 WHAT IS SHEAR-THICKENING?

Figure 4: A Viscosity as a function of the shear-rate for suspensions of particles with different ratio h/d,
with h the size of asperities of the particles and d the diameter of particles at the same volume fraction. No
shear-thickening appears for smooth particles, while shear-thickening is observed for particles with surface
roughness larger than 0. The transition appears more and more discontinuous. The Figure is extracted from
[12]. B Viscosity as a function of the stress given by calculations. The symbols are simulation data points
provided to guide the eye. The solid lines are results of calculation based on equation developed in the
article [14]. Calculations are able to reproduce the classical behavior of shear-thickening fluids at different
values of the shear-stress. A Newtonian plateau at lower values of σ. For values of stress higher than 1Pa
the calculations show an increase in the viscosity and for σ >20Pa the viscosity does not increase anymore
with the stress and presents a plateau. Figure extracted from [14].

Finally, it has also been pointed out that hydrogen bonds enhanced the shear-thickening transition
[7]. Indeed, it has been shown that in the case of a suspension composed of fumed silica nanopar-
ticles in polypropylene glycol, the only interaction that explains the apparition of shear-thickening
is the hydrogen bonds between particles [8]. Thus, if experimental work does not provide a clear
explanation for the shear-thickening, it is interesting to tackle this issue from a theoretical point of
view. The main model used to account for shear-thickening ignores the exact interaction between
particles to only considerate a so called "friction" between them [13]. This friction can be either
lubrication or contact. A way to describe shear-thickening is to consider that when the particles
starts interacting, it is as if they were increasing their volume. Furthermore, it is well known that
an increase in the volume fraction leads to an increase in the viscosity [15,16]. Consequently, the
viscosity is supposed to increase with a growing stress or shear-rate. This model has been tested
numerically considering a repulsive force in addition to both contact and hydrodynamic forces.
The results, presented Figure 6, fit well with types of curves presented Figure 2 [14].
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2 WHAT IS SHEAR-THICKENING?

2.3 A tool to understand the interactions: normal forces

Figure 5: A The upper figure presents the viscosity as a function of the shear-stress for different volume
fractions of silica particles in water. The shear thickening goes from continuous to discontinuous. On the
lower graph: N1 as a function of the shear-stress. When the transition is continuous N1 < 0 at high stresses
and when the transition is discontinuous N1 > 0 at high stresses. Figure extracted from [12]. B On the top:
the viscosity in function of the shear-stress for suspension of silica sphere in a water/glycerol (at 92%w/w
in glycerol). The volume fraction increases from blue to red and the transition goes form continuous to
discontinuous. On the bottom: N1 in function of the shear-stress. When the transition is continuous N1 < 0
at high stresses and when the transition is discontinuous N1 > 0 at high stresses. Figure extracted from [17].

To understand deeper the interactions between particles, it is interesting to look at the normal
stress difference N1. For a fluid on which is applied a stress, the normal stress difference is defined
as the difference between the normal stresses in the velocity and velocity gradient directions, using
the notation of the Figure 1 N1 = σzz − σxx. Where σxx (respectively σzz) refers to the normal stress
tensor among x (respectively z). Numerous studies have looked at the evolution of the normal
stresses when applying different stresses or shear-rates[12,17]. As emphasized in Figure 5 A and B
the behavior of the normal force changes depending if the shear thickening transition is continuous
or not. For instance, Figure 5 we observe that for a volume fraction between 51% and 57% the fluid
presents a continuous transition and N1 < 0 for shear-rates bigger than a critical value depending
on the volume fraction. At 58% the transition seems discontinuous and we observe that at after a
critical shear-rate of almost 30s−1, N1 < 0. The same behavior is reported Figure 5 B. Furthermore,
it has been emphasized that positive normal forces are associated to contact forces while negative
ones are linked to lubrication forces [17]. These observations would mean that the nature of the
transition depends on the type of interaction between particles.

POLLY G. page 5



3 METHODS

3 Methods

3.1 Experimental setup

The study of rheological properties of a material are determined by imposing the shear-stress σ
(respectively the shear-rate γ̇) and measuring the shear-rate (respectively the shear-stress). In or-
der to obtain these parameters experimentally we use a stress-controlled rheometer, (DHR-3, TA
Instrument, see Figure 6 A). This instrument is able to impose a torque, T, which allows to know
the shear stress and measure the rotation speed, Ω, of the rotor what gives the shear-rate. This
conversion is based on two relationships σ = FσT and γ̇ = Fγ̇Ω where Fσ and Fγ̇ are two conver-
sion coefficients, which depend on the geometry used. Here we use a cone and plate geometry
pictured in Figure 6 B with a radius R=20mm and an angle β=2◦ and a truncation of 56 µm. With
that geometry, we have Fσ=3/(2πR3) and Fγ̇=1/β.

Figure 6: A Picture of the rheometer DHR-3 (TA instrument) B Scheme of the geometry used for all our
experiments. It is a cone and plate geometry with a 40mm diameter and a 2 degrees angle.

We can use the rheometer in two different ways. First, in what is called continuous shear-experiment,
the rotor turns in order to impose a constant stress and then the rheometer measures the shear-rate.
This kind of measurement gives access to the flow-curves i.e. the relationship between the stress
and the shear-rate. The rheometer can also be used in an oscillatory mode. It consists in imposing
an oscillatory stress or displacement at a given frequency. These experiments give access to the
loss and storage modulus by measuring the phase shift between the parameter imposed by the
rheometer and the response of the system. Finally, the measurements of the rheometer are only re-
liable in a specific range of shear-rates, as underlined in [18]. Indeed, it is first limited by its motor
at low shear-rate because the instrument has a minimum torque that he can apply. Than at high
shear-rate secondary flows take place while it is primordial that the flow under the cone remains
laminar, which gives another limit for high shear rates. To obtain the low torque limit we just have
to look at the way the viscosity is defined.

η =
σ

γ̇
=

FτT
γ̇

(1)
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3 METHODS

Considering that the rheometer has a minimum torque, Tmin, we obtain:

FτTmin

γ̇
= ηmin < η (2)

Because of the this secondary flow, the torque actually depends on the Reynolds number as:

T
T0

= 1 +
3

4.900
Re2 (3)

where T0 is the torque without secondary flow. We are now able to fix an error, which determines
the maximum Reynolds number allowed, Recrit. For instance, if we impose a 1% error we get a
critical Reynolds number equal to 4. Over this Reynolds number, the effect of secondary flow is
not negligible. Furthermore, since Re = ρΩL2

η and γ̇ = ΩR
L we obtain:

η < ηmax =
β3R2

Recrit
ργ̇ (4)

As an illustration, we show in Figure 7 the two limits of the rheometer and the flow curve for
Polypropylene Glycol 725 (PPG 725), which is a polymeric newtonian fluid, which will be the
solvent in the rest of the study.

Figure 7: Viscosity of the Polypropylene Glycol 725 (PPG 725) as a function of the shear-rate presenting
the limits of the rheometer. The blue line corresponds to the secondary flow limit. The red one to the
low torque limit. The cyan triangles are viscosity measurements made on PolyPropylene Glycol 725 (PPG
725). Measurements were made imposing the shear-stress for 10 sec per point going from 0.1 to 500 Pa and
measuring the shear-rate.

These results show that for a suspension of particles in PPG 725, the range of shear rate over which
measurements can be made covers 6 decades in shear rate. In the rest of the study, we are interested
in suspensions of particles into PPG 725. Such suspensions present a larger viscosity than the PPG
725 alone, so the range of shear-rate over which we can perform measurements will get wider.
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3.2 Dispersion of fumed silica particles in PPG 725

The suspension we use is made with fumed silica suspended in PPG 725. These nanoparticles are
highly porous with a specific surface area of a few hundreds m2/g for a size of about 200nm. How-
ever, in PPG725 the exact particle size is unknown. Indeed, fumed silica particles are composed of
various amount of elementary particles of typical size 20nm as illustrated in Figure 8.

Figure 8: Micrograph taken by SEM of gold-coated fumed silica particles from [8]. They form aggregates
of about 200nm composed of units of 20nm.

For each type of particles we know their surface chemistry and their specific surface area, given
by different companies (Sigma-Aldrich, Cabot, Evonik). Their known properties are depicted in
Table 1 :

Chemistry Name of fumed silica particles Specific surface area (m2.g−1) Company and industrial name
Hydrophilic HP 200-1 200 SIGMA-ALDRICH S5505
Hydrophilic HP 200-2 200 CABOT M5
Hydrophilic HP 380 380 CABOT EH5
Hydrophilic HP 300 300 EVONIK AEROSIL 300

Hydrophobic HB 3Met 220 CABOT TS530
Hydrophobic HB PDMS 120 CABOT TS720
Hydrophobic HB HMDS 270 EVONIK R812S

Table 1: Specification of the different fumed silica particles used. Three hydrophilic particles are designated
by HP and a number related to their specific surface area. Three hydrophobic fumed silica particles desig-
nated by HB PDMS, HDMS and 3Met refers to their coating made with respectively polydimethylsiloxane
(PDMS), hexamethyldisilazane (HDMS) and trimethylsilyl.

We will use two types of fumed silica nanoparticles in order to examine the impact of the surface
chemistery of the particles on shear-thickening. The first type of particles is untreated fumed silica.
They are hydrophilic and able to create hydrogen bonds thanks to hydroxides groups on their
surface as illustrated in Figure 9. The other one are treated by the industrial in order to make them
hydrophobic and consequently prevent them to form hydrogen bonds. The treatment consists in
making a reaction between the hydroxides groups at the surface of the particles and carbon based
polymers as shown in Figure 9. The dispersions are prepared imposing the mass ratio in fumed
silica particles. Indeed we cannot have access to the volume fraction because of the high porosity
of our material. We mix the fumed silica in PPG 725 in a glass recipient using a rotor for 5min
increasing progressively the rotational speed (going from about 1 to hundreds of revolutions per
minutes) while the silica is incorporated into the fluid.
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4 STUDY OF A MODEL SHEAR-THICKENING FLUID: A SUSPENSION OF FUMED SILICA
IN PPG 725

Figure 9: Scheme presenting one specific coating (HDMS) by Evonik Industries in order to make fumed
silica particles hydrophobic. Silanes are used to substitute hydroxides groups by carbonated ones. Scheme
extracted from [20].

4 Study of a model shear-thickening fluid: a suspension of fumed silica
in PPG 725

4.1 Rheology of hydrophilic fumed silica particle suspension

Figure 10: A Viscosity of the HP 380 at 15%w/w suspension in function of the applied stress. It has been
obtained by waiting 10 seconds per points and imposing an increasing stress between 10−3 and 1200 Pa. The
black curve corresponds to the mean of the three measurements, the red area corresponds to the maximum
deviation. We observe both shear-thickening for stresses larger than 9 Pa and a good reproducibility. B
Viscosity as a function of the appllied shear-stress for 2%w/w, 10%w/w and 18%w/w mass ratio in particles.
We waited 10 seconds per points and imposed increasing stresses. For a mass ratio of 2%w/w the solution
only shows shear thinning. For 10%w/w and above, we see shear-thickening behavior. The slope of the
curve η(σ) in a logarithmic scale increases for an increasing mass ratio.

Let us first discuss the behavior of hydrophilic fumed silica particles in PPG 725. We prepared a
solution of HP 380 at 15%w/w and we did three measurements of the viscosity in function of the
stress by imposing a ramp of increasing stresses (Figure 10 A). This experiment illustrates both the
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4 STUDY OF A MODEL SHEAR-THICKENING FLUID: A SUSPENSION OF FUMED SILICA
IN PPG 725

reproducibility of the measurements and the evolution of the viscosity as a function of the stress.
Between 10−3 and 5 Pa, we observe on Figure 10 A a shear-thinning behavior, which represents a
30% change in the viscosity and is a signature of the particles ordering themselves and allowing
the fluid to flow "more easily". For a stress of 9 Pa we observe a sharp increase of the viscosity,
which is characteristic of the shear-thickening transition. Finally for stresses larger than 1000Pa,
the viscosity starts decreasing. Many hypothesis have been brought to explain such phenomenon
but in our case it is probably due to secondary flows pushing the fluid out of the rheometer [18].
The shear-thickening behavior depends on the mass ratio. To illustrate this phenomenon we per-
form the same experiment for different solutions of HP 380 particles in PPG 725 and measure the
viscosity as function of the stress by imposing an increasing ramp of stress. We obtain the results
presented in Figure 10 B. The viscosity of the 2%w/w suspension is for all stresses bigger than that
of the solvent, which was expected since we added particles [15,16,19]. Furthermore, this solu-
tion shows a shear-thinning behavior. Then by increasing the mass ration we observe continuous
shear-thickening at 10%w/w and discontinuous at 18%w/w for σ > 100Pa. This result was also
expected and well referenced in the literature. Indeed for various systems, (Silica particles in wa-
ter and glycerol [17], calcium carbonate particles in PolyEthylene Glycol [4], cornstarch in water
[1]...) such experiment have yielded the same behavior, shear-thinning at low mass ratios, then
apparition of continuous and discontiunous shear-thickening when increasing the mass ratio.

4.2 Rheology of hydrophobic fumed silica particle suspensions

Figure 11: Viscosity as function of the stress for different mass ratio of hydrophobic fumed silica particles
HB 3-Met in PPG725. The measurements are made by imposing increasing stress values and taking 10
seconds per point. For a mass ratio of 8%w/w we only observe shear-thinning. For a 10%w/w we see that the
fluid shows shear-thinning but also shear-thickening for stresses between 20 and 100Pa. Finally for 15%w/w
and more the fluid shows a strong shear-thinning behavior, which is characteristic of a yield stress and no
shear-thickening.
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4 STUDY OF A MODEL SHEAR-THICKENING FLUID: A SUSPENSION OF FUMED SILICA
IN PPG 725

Let us now turn to suspensions of hydrophobic fumed silica particles to examine the effect of the
hydrogen bonds. We prepared different solutions of hydrophobic fumed silica particles, HB 3-
Met, at different mass ratios and looked at the viscosity as a function of the shear-stress explored
by increasing shear-stress values (Figure 11). We still observe the global increase in the viscosity
compared to the solvent alone at low stresses due to the fact that we added particles. At 8%w/w we
observe only shear-thinning for stresses larger than 0.5 Pa. Indeed, at 10%w/w we observe shear-
thickening but the global increase in the viscosity is only of 30% (while it is about 500% to 1000%
for hydrophilic particles). Much surprisingly, at higher mass ratios the suspensions made with
hydrophobic fumed silica particles shows a yield stress. It is the case for HB 3-Met at 15%w/w.
The apparition of this yield stress suggests that the particles form a percolated network when
there is no applied stress, but the reason why is not well understood and might be due to Van der
Walls interactions between particles. Overall, the microstructures of the gel network must remain
smaller than the micron scale since the gel is transparent. As a proof that for a 15% mass ratio the
fluid presents a yield stress, we use the rheometer in oscillation mode in order to get the elastic
(G’) and viscous modulus (G"). We first shear the fluid at a given shear rate of 10s−1 during 100s.
Then we impose oscillations with an amplitude of 1% deformation and a frequency of 1Hz to let
the system rebuild (Figure 12 A) and finally we impose increasing ramp stress to find the critical
stress also known as the yield stress for which G” > G′ (Figure 12 B).

Figure 12: A Elastic modulus (G’) and viscous modulus (G") as a function of time, right after a preshear.
After 20s, G’>G", the suspension behaves more like a solid. B G’, G" as a function of the shear stress. At low
shear stress G’ is bigger than G", the suspension behaves as a soft solid. The critical shear stress at which
the suspension recovers a liquid like behavior is 5Pa.
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4 STUDY OF A MODEL SHEAR-THICKENING FLUID: A SUSPENSION OF FUMED SILICA
IN PPG 725

As a conclusion of these first two parts it is important to underline that by changing the chemistry
of the surface of the particles we have observed a huge effect on the rheology of the fluid. Indeed,
a suspension made with hydrophobic particles shows a reduced shear-thickening compared to
suspensions made with hydrophilic particles. Furthermore, shear-thinning is also much more im-
portant for suspensions with hydrophobic particles. Our results suggest that hydrogen bonds are
therefore a key factor in the apparition of the shear-thickening. However, the size of the particles
is not well known. Thus, some changes in the rheological properties of the fluid might be due to
the change in sizes since it impacts the hydrodynamic forces.

4.3 A look on the normal forces: understanding how particles interacts

Figure 13: On the upper part: the viscosity as a function of the shear-stress. On the lower part, the normal
stress difference as function of the shear-stress for HP 380. A B C correspond respectively to an hydrophilic
fumed silica suspension at 2%w/w, 10%w/w and 18%w/w. The measurements are made by imposing in-
creasing stress values and taking 10 seconds per point. A HP 380 at 2%w/w, the fluid has a shear-thinning
behavior. The normal force difference decreases, which corresponds to the fact that the fluid goes out of
the instrument. B N1 as a function of the stress for HP 380 at 10%w/w. The fluid shows continuous shear-
thickening. The normal force is at for stresses between 80Pa and 800Pa less than 0 before being positive,
which might be a manifestation of both lubrication and frictional forces. C HP 380 at 18%w/w. The fluid
shows discontinuous shear-thickening. The normal force is never negative and frictional forces can be re-
sponsible for such an increase.

To understand deeper the way particles interacts, normal forces are a useful tool. We looked at
the normal forces for our different solutions following the same protocol as before, imposing an
increasing ramp of stress.
For a 10%w/w mass ratio, N1 is constant for σ <100Pa and decreases for σ >100Pa, which accounts
for the fact that the fluid starts to go out of the rheometer. For a 10%w/w, at low stresses the normal
stress difference is constant equal to 0. We observe N1 < 0 for σ >80Pa , which can be linked to
lubrication forces. For σ >300Pa N1 increases and is positive for σ >800Pa which would be the
signature of the frictional forces between the particles [17]. Finally, at 18%w/w we observe N1 > 0
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for σ >80Pa and no decrease what could be a signature of frictional forces. This observation would
mean that at high mass ratio, the lubrication forces are overwhelmed by the contacts between
particles. This is not surprising since when we add particles we expect that it is easier for them to
come into contact. Furthermore, the fact that the normal stress difference goes to positive values
also is said to be a signature of discontinuous shear-thickening, what seems to be confirmed by
our measurements since the slope of the viscosity as a function of the stress on a logarithmic scale
is almost 1 for C [17,2].
The normal stress differences could highlight a difference in the behavior in nanoparticles inter-
actions between hydrophilic and hydrophobic suspensions. The normal stress differences exhibit
two different behaviors. The first one for 8%w/w and 15%w/w where N1 remains equal to 0. HB
3-Met in PPG 725 at 10%w/w shows another behavior since N1 decreases after 20Pa and then in-
creases after 200 Pa but |N1| remains small compared to the values reached for hydrophilic fumed
silica. This study of the normal forces illustrates well the differences in the way hydrophilic and
hydrophobic particles interact in the suspensions.

Figure 14: On the upper part: the viscosity as a function of the shear-stress. On the lower part, the normal
stress difference as function of the shear-stress for HB 3-Met, an hydrophobic fumed silica. A B C correspond
respectively to an hydrophobic fumed silica suspension at 2%w/w, 10%w/w and 18%w/w. The measurements
are made by imposing increasing stress values and taking 10 seconds per point. A HB 3-Met at 8%w/w the
normal force is constant and roughly equal to zero. B HB 3-Met at 10%w/w The normal force is in a first time
negative before being positive, which might be a manifestation of both lubrication frictional forces. C HB
3-Met at 15%w/w. The normal force is slightly more than 0 and frictional forces can be responsible for the
increase.
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4.4 A more quantitative view: building a phase diagram

Figure 15: A Viscosity as a function of the stress for a cornstarch suspension in water for a mass ratio 0.51
illustrating the way to build phase diagrams. For each slope is associated a color and a symbol. Figure
extracted from [2]. B Phase diagram for a cornstarch suspension in water. τ is the shear-stress and Φ
the mass ratio. Blue circles corresponds to shear-thinning, blue crosses to Newtionian like behavior, red
crosses to continuous shear-thickening, red triangles to discontinuous shear-thickening, green discs to shear-
jamming and the grey region to jammed system. Figure extracted from [2].

We can look at the viscosity in function of the stress in a different way. Indeed, a classical way
to describe it is to look at the slope of the curve, η(σ). This is interesting since the discontinuous
shear-thickening is define by observing a slope 1 in logarithmic representation. Looking at the
slope has already been done to characterize the discontinuous shear-thickening transition or to
build a phase diagram [2,17]. The Figure 15 extracted from [2] presents the phase diagram for a
cornstarch suspension in water.

In that spirit we chose to look at γ̇
dη
dσ . This parameter can be written in an other way since the

viscosity is η = σ/γ̇. Thus, the derivative of the viscosity over the stress is:

dη

dσ
=

∂η

∂σ

dσ

dσ
+

∂η

∂γ̇

dγ̇

dσ
(5)

dη

dσ
=

1
γ̇
− σ

γ̇2
dγ̇

dσ
(6)

Which allows us to define the shear-thickening coefficient β = γ̇
dη
dσ with the relationship 7.

γ̇
dη

dσ
= 1− dγ̇

dσ
(7)
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Figure 16: For these three figures, on the upper part: viscosity in function of the shear-stress. On the
lower part: shear-thickening coefficient, β in function of the stress. A Figure for 8%w/w: β < 0, which
corresponds to shear-thinning. B Figure for 10%w/w β > 0 and increases with the stress before passing
through a maximum and then decreasing. Such a behavior corresponds to a continuous shear-thickening.
C Figure for 20%w/w: β > 0, increases until it reaches a plateau and then decreases. We will call such a
behavior discontinuous shear-thickening.

When the transition is discontinuous dγ̇
dσ = 0 since the shear-rate is constant during the transi-

tion, thus we expect our parameter to be 1 for a discontinuous transition. The observation of this
parameter for our system gave three different kind of behaviors reported in Figure 16
The different behavior are: shear-thinning for which the coefficient β is less than zero, continuous
shear-thickening for which β is positive and not on a plateau and discontinuous shear-thickening
for which the coefficient β reaches a plateau. For the sake of clarity we will use different symbols
to distinguish the three different regimes. The choices we made are illustrated in Figure 17. For a
given curve η(σ), when β < −0.04 the fluid is considered as shear-thinning. We use blue circle to
designate the stress corresponding to shear-thinning. Moreover, for -0.04< β <0.04 we say that the
fluid has a Newtonian behavior and we note such points with black squares. Finally, for β > 0.04
the fluid is considered as shear-thickening and we use triangle to distinguish those points and
a color gradient going from yellow to red depending on the slope as illustrated on the colorbar
Figure 17. We distinguish continuous and discontinuous shear-thickening by designating points
belonging to the plateau with stars and others with triangles.
This study allows us to build a phase diagram for a given hydrophilic sort of fumed silica. Fig-
ure 18 A presents the phase diagram for HP 380 in PPG 725. The first interest of this construction
is that it emphasizes clearly the different behaviors we observed. Indeed, for an increasing mass
ratio we observe that the fluid is first Newtonian then shear-thinning and then a continuous shear-
thickening appears. A striking phenomenon is that the critical stress at which the suspension goes
from shear-thinning to shear-thickening increases with the mass ratio. For an increasing mass ratio,
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Figure 17: Figure illustrating the different colors and symbols used for building a phase diagram. In
black the Newtonian-like behavior, in blue the shear-thinning and from yellow to red the shear-thickening,
triangles corresponding to continuous shear-thickening and stars to discontinuous shear-thickening.

we observe that the shear-thickening coefficient presents a plateau, we then have discontinuous
shear-thickening and the critical shear-stress seems to remain quite constant, what would support
the theoretical model [13]. Indeed, it claims that the DST transition would be a stress induced tran-
sition between a state dominated by lubrication forces and a state dominated by frictional forces.

Figure 18: A Phase diagram for HP 380, hydrophilic fumed silica particles with a 380m2/g specific surface
area, in PPG 725. B Phase diagram for HP 200-2, hydrophilic fumed silica particles with a specific surface
area of 200m2/g, in the hatched area the properties of the fluid are not measurable since it is not possible to
prepare the solution for these mass ratios.
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In Figure 18, we present the phase diagrams for 2 hydrophilic fumed silica suspension, HP 380 and
HP 200. The particles differs from each other by their specific surface area, which are respectively
of 380 m2/g and 200m2/g. Globally, the two phase diagrams have the same shape. For mass
ratio between 1%w/w and 6%w/w for HP-380 and between 1%w/w and 4%w/w for HP 200-2 the
two suspensions shows only shear-thinning. Then both suspensions exhibit a range of mass ratio,
where the suspension presents continuous shear-thickening. Finally for higher mass ratios, both
suspensions show discontinuous shear-thickening. Furthermore these diagram emphasized that
the areas for which we observe continuous or discontinuous shear-thickening appears at lower
mass ratio for HP200-2 than for HP380. It means that an increase in the specific area leads shear-
thickening to appear at lower mass ratio. Finally, jamming appears at lower mass ratios for HP
200-2 than for HP 380. This property might be linked to the particle sizes that we do not control.

Figure 19 presents the phase diagram for a suspension made with hydrophobic fumed silica. For
a mass ratio smaller than 6%w/w the suspension shows shear-thinning behavior. Then between
6%w/w and 8%w/w we observe a range of shear-stress for which the suspension has a continuous
shear-thickening behavior. For mass ratios larger than 8%w/w the suspensions has a yield stress.
This last phase diagram emphasizes the significant differences between the two sort of suspen-
sions. Indeed, there is no discontinuous shear thickening and the range of stresses where β > 0
covers only one decade for suspensions made with hydrophobic particles while it covers almost
two decades for hydrophilic suspensions.

Figure 19: A Phase diagram presented Figure 18 for HP 380, hydrophilic fumed silica. B Phase diagram
for HB HDMS, hydrophobic fumed silica. In comparision to hydrophilic suspensions, there is no DST but
there is a yield stress for a mass ratio larger than 10%w/w.
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4.5 Mixing hydrophilic and hydrophobic fumed silica:

Figure 20: A Viscosity as a function of the stress for mixes of hydrophilic and hydrophobic fumed silica
particles. We impose the stress by increasing values and wait 10s per point. The total mass ratio in particles
is 8%. We go from shear-thickening to shear thinning as expected during the transition the shear-thickening
is less and less important while the viscosity at low stresses and the shear thinning increases. B Viscosity
as a function of the stress for mixes of hydrophilic and hydrophobic fumed silica particles. The total mass
ratio in particles is 12%. We go from shear thickening to yield stress.

Finally, we prepared mixed suspensions of hydrophilic and hydrophobic fumed silica particles.
For this experiment we used hydrophilic and hydrophobic fumed silica given by EVONIK, HP
300 and HB HDMS. These hydrophobic particles are prepared from HP 300, this is particularly
interesting since it assures us that the unit size of the particles are the same. However, we still do
not know the size of aggregates in solution. For each solution, we impose a global mass ratio in
particles (8 %w/w and 12 %w/w) and we vary the relative proportion of hydrophilic and hydropho-
bic particles. Figure 20 presents the viscosity as a function of the stress for these suspensions.The
curve η(σ) are determined by increasing stress values. Furthermore, in both cases we see that
when the amount of hydrophobic fumed silica particles increases, the shear-thickening is less and
less important. It underlines that by using hydrophobic fumed silica particles we make the inter-
actions between particles at high stresses less important and the fluid dissipates less energy. These
behaviors are emphasized by the phase diagrams of these mixes. In our case the phase diagram
has now the mass ratio in hydrophobic fumed silica. What is underlined in Figure 21 B and what
is particularly interesting is that the yield stress appears for suspensions in which hydrophobic
fumed silica represent about 6%w/w of the total fluid. However, Figure 19 B shows that for a sus-
pension made with only hydrophobic fumed silica particles the yield stress appears for a mass
ratio of about 8 %w/w. This means that the percolated network at zero stress is not only created by
hydrophobic fumed silica but also by hydrophilic fumed silica particles. Furthermore, it is also in-
teresting to notice that the range of stress for which we observe the DST remains quite independent
of the mass ratio in hydrophobic fumed silica particles.
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Figure 21: Phase diagram for a mix of HP 300 and HB 3-Met at 8%w/w in fumed silica particles for A
and 12%w/w for B. The x axis corresponds to the mass of hydrophobic fumed silica over the total mass of
fumed silica particles. A For 0%w/w in hydrophobic fumed silica particles we observe Newtonian behavior,
shear-thinning, CST and DST for an increasing stress. For all the other mass ratio we observe Newtonian
behavior, shear-thinning and CST but no DST. The range of stresses corresponding to a shear-thickening
behavior decreases with the mass ratio in hydrophobic fumed silica particles. B From 0%w/w to 40%w/w in
hydrophobic fumed silica particles we observe the same type of curve : Newtonian behavior, shear-thinning,
CST and DST. For 50%w/w the suspension only shows shear-thinning and Newtonian behavior. For more
than 50%w/w the suspension shows shear-thinning and CST. The suspensions also present a yield stress for
mass ratio larger than 40%w/w

5 Conclusion

This work brings to light the effects of the surface chemistry of the particles on the general be-
havior of a suspension. Indeed, we first show that suspensions of hydrophilic nanoparticles show
pronounced shear-thickening while suspensions of hydrophobic fumed silica particles show mod-
erate shear-thickening. This result support the previous works by underlining the role of hydrogen
bonds between particles [8]. Furthermore, using hydrophobic particles also lead to the apparition
of a yield stress, which shows that changing the surface chemistry lead the particles to create a per-
colated network at zero stress. These differences in the interactions was underlined by the study of
normal forces. The effect of the surface chemistry is much more striking when examining the mixes
between hydrophilic and hydrophobic fumed silica particles. Indeed, it shows that changing the
surface chemistry of even few particles in the suspension leads to changes in the rheology of the
system. The next step in that direction would be to control the particle size. We already performed
a treatment to make hydrophilic fumed silica become hydrophobic with that purpose but we have
too few data to present clear results. Doing such a treatment on mono-disperse non-porous sil-
ica particles would allow to know that different behaviors between hydrophilic and hydrophobic
suspensions are only due to changes in the chemistry. Indeed, one limitation of the system that
we used is that we do not control the sizes of the particles and that they form aggregates, two pa-
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rameters that could affect the rheology. In addition, examining other surface chemistry in order to
add repulsive forces for instance could allow to understand more deeply the interactions between
particles at high stresses. Finally, we developed a useful tool, γ̇

dη
dσ , in order to quantify the effect

of the composition of the suspension on the rheology of a fluid. Using this coefficient for various
systems could be a good tool to have a clearer view on the interaction between particles.
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