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1 Introduction
A colloidal suspension is the association of a liquid (like water) with particles that have a characteristic

length less than few micrometers (like silica spheres). Such system has the properties to be driven by thermal
agitation and not by gravity. Indeed, kBT = 1.38 ∗ 10−23 ∗ 298 ≈ 4 ∗ 10−21 J and mgh = ρpVpgh = 2 ∗ 4

3 ∗
3.14 ∗ (10−6)3 ∗ 9.8 ∗ 10−5 ≈ 8 ∗ 10−22 J for silica spheres of radius 1 µm, so kBT > mgh. Good examples for
colloidal suspensions are ketchup, skin cream or toothpaste (Figure 2). The presence of small particles confers
really interesting properties to the fluid like:

— shear-thinning,
— yield stress,
— shear-thickening...

For instance a lot of products have been developed around their yield-stress properties. They are interest-
ing because they behave like solids at low shear-stress but they show properties similar to a liquid when the
shear-stress is greater than a critical value. So a cream which is showing yield-stress properties can easily be
applied on the skin (liquid/high shear-stress) and then stays where it has been applied (solid/ low shear-stress).
Such properties are also really interesting for painting. After being applied, the paint will not flow. In general,
colloidal suspensions are non Newtonian fluids which means that there is a dependency between viscosity and
external forces.

Figure 2 – Examples of different industrial products showing yield-stress properties. A- Skin cream B- Bottle of
ketchup C- Toothpaste. The interactions between the particles gives the possibility to create fluids that behave
like solids at rest.

Some experiences are showing the incredible properties of shear-thickening fluids. The most famous one is
"Oobleck" which is a mixture of cornstarch in water. There are videos on Youtube where you can see people run
on it without sinking or videos showing the energy dissipation properties at impact by doing the comparisons
between a normal egg and a egg covered by "Oobleck". At the impact, a normal egg will break if it is drop from
a high enough height when the egg covered by a shear-thickening fluid and dropped from the same height will
remain in one piece. But shear-thickening can also create big problems in industry when the process involves
the transport of concentrated suspensions as it is the case with concrete. The energy required will be higher
than for a Newtonian fluid and can lead to the jamming of a pipe.
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(a) (b)

(c) (d)

Figure 3 – Youtube video screenshots of "Walk on Water" from Mach by Hong Leong Bank. A girl tries to run
on Water but sinks after few steps (a) while she succeeds when she runs fast enough on a blue mixture of water
and cornstarch (b). In this second case, the stress is high enough on the suspension so it shear-thickens which
is reflected by an increase in the viscosity. Youtube video screenshots of "OOBLECK Save the Egg?" from
Giaco Whatever. An egg breaks when it is dropped from a high enough height height (a) but stays intact if it
is covered by Oobleck (b). The Oobleck has been colored in blue. It is a shear-thickening fluid that dissipate
the energy of the impact by increasing its viscosity.

Non-Newtonian fluids and complex fluids are systems which have been studied for a long time. During his
PhD, A. Einstein already developed a model that relates low volume fractions to the measured viscosity. He
proposed the following formula : ηr = 1 + εΦ with ηr the ratio between the viscosity of the suspension and
the viscosity of the liquid involved in the suspension, Φ the volume fraction of particles and ε = 5

2 for diluted
fluids (Φ < 10%) [1]. As the concentration of particles in the suspension raises, the related viscosity will also
increase. Still the formula of Einstein does not represent the evolution of the viscosity with shear-stress and
so does not explain the dynamics of such suspensions. Indeed some of the colloidal suspension are showing
shear-thickening, usually at high volume fraction. Such fluids have been well studied over the last twenty years,
mostly at the beginning for their energy dissipation properties that can be useful in bullet-proof vests [2].
Such fluids are showing a decrease of viscosity at low shear-stress (or shear-rate) and an increase of viscosity
when the shear-stress (or shear-rate) is above a critical value. At the early years of this century, Wagner’s
research group has developed a naive view in order to better understand why the viscosity is evolving. He
proposed the idea that such a system, driven by Brownian motion at rest, will have the particles aligned with
the stream lines at low shear-rate (decrease of viscosity). At high shear-rate, such a system will instead have
particles that are aggregating, forming so called ’hydro-clusters’ and so perturbs the flow of the liquid (Figure
??). The formation of such aggregates should be explained by strong lubrication forces [3]. As the example
of egg impact is showing, the behavior of shear-thickening suspensions is not obvious. When a lot of energy is
transmitted, the system is stiffening (increase of viscosity) when you would in a normal case expect it to deform.

3



Figure 4 – Image adapted from [2]. A- SEM image of spherical silica particles with an average diameter d =
500 nm. B- Rheology curve of a suspension with a volume fraction Φ = 0.57 of particles imaged in (A). At
low shear-rate (< 100 s−1), the viscosity is decreasing which is called shear-thinning and at higher shear-rate,
the viscosity is increasing which is now shear-thickening. C- Model developed by Wagner’s group: at rest the
system is driven by Brownian motion. At low shear-rate the particles are aligned with the stream lines which
explains the shear-thinning. At high shear-rate, the particles are forming aggregates that disturbs the flow
which explains the increase in viscosity.

Even some groups are still considering the influence of such forces, over the last ten years, the main under-
standing of shear-thickening is now involving solid friction between particles ([4], [5], [6]...). The dissipation of
energy and increase in viscosity is now understand by friction between particles that can also lead to jamming.
There is also the distinction made between continuous shear-thickening and discontinuous shear-thickening. In
the second case, the viscosity is almost diverging at a critical shear-rate.

For our study, we are using fumed silica particles in poly (propylen glycol). This system has already been
studied by Raghavan. In 1995, he published his results about the recovery of such system, that is showing
gel-like properties at rest, by looking the evolution of elastic and viscous moduli G’ and G” after pre-shearing
the sample [7]. In 1997, he published his results about shear-thickening by looking at the response to steady
and oscillatory shear and in 2000, he studied the influence of the liquid on his system and he focused on the
ability of the liquid to do strong or weak Hydrogen bonds [8] [9]. In our case, we want to study the influence of
the particles chemistry and geometry on shear-thickening to evaluate the influence of lubrication forces, solid
friction and Hydrogen bonding (Figure 5). So we will use fumed silica particles that have a hydrophilic and
hydrophobic surface and we will use two different kind of shapes (different roughness). However, we do not
study the influence of the liquid, so we will keep the same liquid (PPG 725) to prepare the suspension.
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Figure 5 – Different particles interactions that could be involved in shear-thickening suspension. Lubrication
forces and solid friction are shape and physics related interactions while Hydrogen-bonds are chemistry surface
related interactions.
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2 Protocol

2.1 Preparation of the shear-thickening fluids
The different shear-thickening suspensions are made of fumed silica particles mixed with a polymeric solvent:

poly(propylen glycol). The solvent has an Mn ∼ 725 (PPG 725) and was bought from Sigma-AldrichR©. As the
molecular weight of a monomer is M ≈ 58 g.mol−1, the chain is in average composed of approximately n=12
monomers (Figure 6).

Figure 6 – Chemical formula of Poly(propylen glycol)

To obtain a homogeneous fluid, it was necessary to mix the particles and the solvent with help of a mechanical
high speed mixer. The mixer can rotate to a maximal speed of 2000 rpm and a maximal torque of 400 N.cm
(Figure 40).

2.2 Fumed silica particles
2.2.1 Particle’s chemistry

The particles used to prepare the shear-thickening fluids are fumed silica particles produced by Evonik. For
our study, we are using 4 different particles. Two of them are hydrophilic (AEROSILR© 300 and AEROSILR©

OX50) and the two other are hydrophobic (AEROSILR© R812S and AEROSILR© RX50). The company assured
use that the particle AE R812S and AE RX50 were produced by treating respectively the surface of AE 300 and
AE OX50 in order to transform the particles into hydrophobic one. To do this, they are using silanes, halogen
silanes, silazanes, siloxanes, etc. (Figure 7). For example, the hydroxyl groups -OH at the surface of the AE300
are transformed in -O-Si(CH3)3 groups for the AE R812S particles.

Figure 7 – Diagram of hydrophobic surface treatment of hydrophilic particles from AEROSILR© [12]
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2.2.2 Particle’s geometry

Fumed silica particles are branched aggregates of spherical silica particles (primary particles) as displayed
on Figure 8 . The spherical primary particles are merged together with pyrotechnical methods. This is why it
is quasi-impossible to separate the different unites composing the aggregate (Figure 41).

Figure 8 – Representation of four aggregates (fumed silica). As example, the one in green is highlighted.
The different aggregates are composed by primary particles that were merged by a pyrotechnical process. As
example, four primary particles are highlighted in red. [12]

For each of the four fumed silica aggregates, different SEM images were taken (Figure 9) . To do this, a
very small amount of particles (a tip of spatula) were mixed with 100 mL of isopropanol. Finally, one drop of
the suspension were placed on top of a silica plate and let to dry before imaging with a FEI Helios NanoLab
600 DualBeam (FIB/SEM) at MIT MRSEC thanks to Dr. Shiahn Chen (Figure 42).

The SEM images are confirming that AE 300 and AE R812S have the same geometrical properties (shape
of the aggregates, size of primary particles, ...). This also the case between AE OX50 and AE RX50 fumed
silica particles (Figure 9). The only differences between the pair of particles will be the surface chemistry
(hydrophilic/hydrophobic), so the hability for a particle to create Hydrogen bonds.
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(a) (b)

(c)

(d)

Figure 9 – SEM images of the fumed silica particles of AEROSILR© used in the suspension. (a) AE 300. (b) AE
OX50. (c) AE R812S. (d) AE RX50.
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2.3 Volume fraction measurement
All our suspensions were prepared by varying the mass fraction w = mP

mP +mL
between fumed silica particles

and poly(propylen glycol). Indeed, we were measuring the different weight of particles mP and liquid mL.
However all the interactions between particles are related to the shape of the particles and the compactness in
the suspension. So it is better to compare the volume fraction of particles in the suspension:

Φ =
VP

VL + VP

As the weight m of the system (suspension) is connected to its volume V by the density ρ = m
V , we can find a

relation between the mass fraction w and the volume fraction Φ by measuring the density. Indeed,

1 − Φ =
VL
V

=
mL

ρLV
=

(1 − w)m

ρLV
=

1 − w

ρL
ρ

so
Φ = 1 − (1 − w)

ρ

ρL

The density measurements were made with help of a U-tube density meter from Anton Paar (Figure 43). The
instrument is deducing the density by measuring the resonance frequency of the suspension in the U-tube. The
results are regrouped in the Figure 44a and 44b.

With help of the previous formula, we can deduce the relation between the volume fraction Φ and the mass
fraction w . Figure 10 is showing the dependence of the volume fraction Φ on the weight fraction w for our 4
different fumed silica particles. By looking at the figure, it seems that there is a slight difference between the
hydrophobic and hydrophilic particles as a matter of fact the density measured for the hydrophobic particles
is slightly lower than the one for the hydrophilic particles (Figure 44). An explication could be the creation
of cluster of hydrophobic particles where in the middle there is just air. Indeed, the hydrophobic particles
prefer to interact between them rather than with the liquid (PPG 725) which has hydroxyl groups that gives a
hydrophilic behavior. However, different volume fractions Φ could not be measured because the viscosity were
to high (Φ > 9% for AE 300 ; Φ > 7% for AE R812S ; Φ > 15% for AE OX50 ; Φ > 12% for AE RX50). The
values were extrapolated thanks to a linear fit.

From the density measurements, it is also possible to determine the particle density.
Indeed,

ρ =
mP +mL

V
= ΦρP + (1 − Φ)ρL

so
ρP =

ρ− (1 − Φ)ρL
Φ

From the results plot (Figure 44c and 44d), it seems that the particle density increases until a plateau near ρ
= 2.1 g.cm−1 is reached, whereas the density of quartz silica particle is around 2.6 g.cm−1 and the amorphous
form is around 2.2 g.cm−1. Such a difference can be explained by the remaining of air in the suspensions or the
decrease of density during the pyrotechnical process used to prepare the fumed silica particles.
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(a) (b)

Figure 10 – Volume fraction Φ of the different fumed silica shear thickening suspension as a function of the
weight fraction w. The results where deduced from the density measurements. (a) AE 300 and AE R812S, the
fit function are fHP = 0.53 w + 0.11 and fHB = 0.54 w + 0.20. (b) AE OX50 and AE RX50, the fit function
are fHP = 0.54 w - 0.01 and fHB = 0.56 w + 0.18.
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2.4 Measurement of rheological properties
All the suspensions were tested with a rheometer Discovery HR-3 from Texas InstrumentR© by using a

cone-plane geometry with a 40mm/2◦ cone and a peltier plate to regulate the temperature at 25◦C.

2.4.1 Instrument limits

We can think of two limits who are related to our measurements. The first limit to think of is related to the
torque. Indeed the lowest torque that the instrument can measure is Tmin = 5 nN.m. So

η >
FτTmin

γ̇

with Fτ = 3
2πR3 for cone-plane geometry. R=radius of cone.

The second limit is related to secondary flows. To avoid such phenomena,

η <
β3R2ρ

Recrit
γ̇

with ρ=1000kg.m−3 and Recrit = 4 [10]

Our measurements does not depend of such limits as Figure 11 is showing. They are dependant on the
sampling time for low shear rate. Indeed, we are conditioning and measuring our samples at each applied stress
for 4 seconds (2s+2s). At such frequency, for very low shear rate, the sample does not reach its equilibrium.

(a) (b) (c)

Figure 11 – Measurement of the viscosity with two different cone diameters (40 mm and 60 mm) of PPG 725
by decreasing the applied stress. The sampling period was 4s: 2s for conditioning and 2s for measuring. (a)
Evolution of the measured viscosity regarding the applied stress. A limit for our protocol in this case (PPG 725
pur) seems to be Tmin ∼ 1 µN.m whereas the company specifies a minimum torque of 5 nN.m for steady shear.
(b) Evolution of the measured viscosity regarding to the measured shear rate. The torque limit is specified in
red and the limit due to second flow is showed through the black line. Our measurement are in the limits. (c)
Evolution of the measured viscosity depending of the measured shear rate. The results show an experimental
shear-rate limit 0.1s−1 < γ̇lim < 1s−1.
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2.4.2 Measurements protocol

To study the hysteretic and dynamical effects, we proceed our measurements with different increasing or
decreasing stress ramps (a first increasing ramp followed by a decreasing ramp and two other increasing ramps).
Figure 12 is showing the results for three different suspensions:

— w=4% is shear-thinning,
— w=8% is shear-thickening,
— w=18% is shear-thickening and may have a yield stress if we are waiting long enough.

From the results, we can deduce that at shear-thickening there is no difference between increasing stress
ramp and decreasing stress ramp until a limit which will be discussed later. At low shear stress, the differences
between the ramps have different origins. As figures 12d to 12f are showing, the differences between the ramps
can be explained by the uncertainty of each ramp for w=4% et w=8% whereas for w=8% the difference is
mainly due to the building of a yield stress. Indeed, the curve representing the decreasing ramp (red) is the
one showing the lower viscosity whereas the curve representing the increasing ramp with a sampling time of 10s
(green) is the one showing the highest bump. For all the following results we will focus on the decreasing ramp
because it is where our results are less depending on yield stress (shear-thinning and shear-thickening part).

(a) (b) (c)

(d) (e) (f)

Figure 12 – (a) and (d) w=4%. (b) and (e) w=8%. (c) and (f) w=18%. (a),(b) and (c) are representing the
different increasing of applied shear stress ramps at 2s+2s (blue, yellow and purple), the decreasing of applied
shear stress ramp at 2s+2s (red) and the increasing of applied shear stress ramps at 10s+10s (green). The
different ramps are mainly different at low shear-stress. (d),(e) and (f) are representing the mean viscosity
(blue) and the uncertainty (red). To evaluate the uncertainty, different stresses (blue cross) where applied
for 10 minutes and the viscosity where measured every 0.2s. The uncertainty is represented in this case by
the standard deviation of the viscosity. From this different results we can say that for w=4% and w=8%
the difference between the ramps can be due to the uncertainty of the measurements whereas for w=18% the
uncertainty is not enough to explain. There is most likely a slow yield stress in this case.
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All our viscosity measurements are showing a viscosity that decreases abruptly at high stress. This is also
the case for the w =18% suspension (Figure 13). By looking at the evolution of the viscosity over time at
different shear-stress, we can see that when we increases the shear-stress above the maximum of viscosity, the
viscosity will decrease slowly (σ = 4000 Pa) or even abruptly (few seconds) at higher stress (σ = 8000Pa). In
the first case, the decrease is mostly due to expulsion of sample from the cone plate geometry. By looking at
the shear-rate as function of shear-stress, we can see a changing of curvature (d

2γ̇
dσ ) which is already the case for

σ = 2500 Pa. However we do not see any change of the viscosity overtime at this shear-stress. But when we
look directly to the sample, we can see that it is slipping and oscillating without expelling any material. Usually
it leads to underestimating the viscosity of the sample (less resistance to movement due to slipping) and can
explain the change of curvature d2γ̇

dσ . With help of all this analysis, we decided to stop our measurements before
the change of curvature for reproducibility of the different increasing and decreasing ramps at high shear-stress.

(a) (b)

(c)

Figure 13 – Results for the suspensions at w =18%. (a) Evolution of the viscosity regarding the shear-stress
applied. The viscosity is decreasing after σ= 4000Pa. (b) Evolution of the shear-rate regarding the applied
shear-stress. The curvature ( d

2γ̇
dσ2 ) is changing sign after σ =1000Pa. (c) Evolution of the viscosity over time at

σ =1000 Pa (green), σ =2500 Pa (yellow), σ =4000 Pa (red) and σ =8000 Pa (purple). The viscosity is slowly
decreasing at σ =4000 Pa whereas for σ =8000 Pa the viscosity is almost at zero after few seconds. This is
due to expel of liquid from the rheometer. The change of curvature at (b) is most likely due to slipping of the
samples. There the limit of the measurement at high shear-stress should be put when the curvature is changing
sign.
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3 Rheology of suspensions with hydrophilic or hydrophobic particles
Viscosity measurement have been processed for different volume fraction of hydrophilic and hydrophobic

particles. The results are shown on Figure 14 and in Figure 46 and 47. As expected for all our suspension, the
global viscosity of the suspensions is increasing when the concentration of particles is increasing. The suspen-
sions with φ = 0% (poly (propylenglycol) pur) is as expected showing a viscosity independent of the shear-stress.
It is the characteristic of a Newtonian fluid.

Furthermore the suspensions of hydrophilic fumed silica particles AE300 are showing:
— just shear-thinning for Φ < 3.4%,
— shear-thinning for Φ > 2.4%
— discontinuous shear-thickening for Φ > 8.8%. Indeed, at some critical shear-rate, the viscosity is showing

a vertical slope.

The suspensions of hydrophilic fumed silica particles AE OX50 are showing the same behaviors (shear-
thinning, shear-thickening and discontinuous shear-thickening) but at different volume fraction. This time, they
are showing:

— just shear-thinning for φ < 5.8%
— shear-thickening for φ > 4.4%
— discontinuous shear-thickening for φ > 14.9%.

To compare the influence of particle chemistry, we can also take a look at the evolution of the viscosity for
suspensions with hydrophobic fumed silica particles AE R812S. This suspensions are showing:

— just shear-thinning for Φ < 3.3% and Φ > 7.7%
— shear-thickening for 2.8% < Φ < 7.7%
— strong yield-stress for Φ > 6.6%.

The suspensions of hydrophobic silica particles AE RX50 are showing just shear-thinning for all volume
fraction and some yield-stress like behavior for Φ ≥14.3%.

(a) (b)

(c) (d)

Figure 14 – Evolution of the viscosity regarding the shear-rate for suspensions having hydrophilic particles
AE300 (a) or AEOX50 (b) as well as hydrophobic particles AER812S (c) or AERX50 (d).
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To conclude, hydrophilic suspensions are showing shear-thickening and even discontinuous shear-thickening.
There is just a difference in the volume fraction borders for each behavior. It seems to be dependant of the
roughness of the particles. Hydrophobic particles are showing a different behavior. They are never showing
discontinuous shear-thickening and when they are showing shear-thickening it seems to disappear at higher
volume fraction.

As showed in previous research papers, shear-thickening seems to be an effect of friction between particles.
The creation of hydrogen bonds strengthen the interaction between particles. As the results are showing, having
enough rough particles (AE R812S) can lead to shear-thickening but Hydrogen bonds are enhancing it to even
discontinuous shear-thickening. It is not well known how the yield-stress behavior is influencing the suspensions
in killing shear-thickening at high shear-stress.
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4 Quantification of the shear-thickening
To quantify the different regimes (shear-thinning, continuous shear-thickening or discontinuous shear-thickening),

we can look at the slope of the rheology curves through an adimensional parameter β = γ̇ dηdσ = 1 − η dγ̇dσ . With
such a parameter, we can say that the behavior of the suspension is:

— newtonian if β ≈ 0 (represented by white circles),
— shear-thickening if β > 0 (represented by yellow/orange triangles pointed upwards),
— shear thinning if β < 0 (represented by blue triangles pointed downwards),
— discontinuous shear-thickening if β ≈ 1. Experimentally we will assume that our suspension is discon-

tinuous shear-thickening if β > 0.9 since there is some uncertainty on the measurements (represented by
red stars).

The value measured for some of the suspensions with AE300 particles are shown in Figure 15 (and Figure
49 for all the ramps).

To calculate practically the derivative dη
dσ and so β, at each point of measurement n (applied shear-stress),

a second degree polynomial (y = ax2 + bx + c) has been fitted on the viscosity values of [n-1 n n+1] and so
dη
dσ (n) = an+ b and β(n) = γ̇(n).(an+ b) (Figure 48).

(a) (b) (c)

(d) (e) (f)

Figure 15 – Evolution of the viscosity regarding the shear-stress for suspension of (a) w=4% (b) w=8% (c)
w=18% AE300 particles. (d) to (f) Evolution of the beta parameter β = γ̇ dηdσ corresponding to the upper
viscosity curve.
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5 Phase diagram
To visualize clearly the different behaviors a suspension can show (shear-thinning, shear-thickening, dis-

continuous shear-thickening, yield-stress) and for which shear-stress it plays, we can draw a phase diagram as
shown in Figure 16. The β slope parameter used for the different diagrams were calculated from the measured
viscosity represented in Figure 47.

With this tool it is easy to visualize the differences between the particles. However, as β is dependant of the
viscosity’s slope, if there is a lot of noise on the signal, β can change easily the sign from one measured stress to
another. This will perturb the visualization of the diagram. In our case, this is happening at low shear-stress,
hence the low stress limit drawn on our diagrams.

The diagrams are showing the differences between hydrophilic particles and hydrophobic ones. Whereas the
first one are showing wide region of discontinuous shear-thickening (red), the second one are showing almost no
shear-thickening, just a small region for AE R812S particles. The roughness of the particle seems also to play.
Indeed, AE 300 particles and AE R812S are more rough than AE OX50 and AE RX50 and they are showing a
stronger shear-thickening behavior at lower volume fraction Φ.

Figure 16
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6 Yield stress
To evaluate the yield stress, it was in a first time considered to measure the elasticity and viscosity moduli

G’ and G”. Measurements have been done on suspensions containing AE 300 (hydrophilic) or AE R812S (hy-
drophobic) particles. To study the effectiveness of such protocol, we have looked to the influence of different
parameters such as temperature T, oscillation frequency f or oscillation strain γ.

As Figure 17 is showing, the temperature is important. Indeed, the yield-stress behavior is building faster
when the temperature is higher. An explication could be a higher mobility of the particles since at higher
temperature, the liquid PPG 725 is less viscous. This statement implies that the yield stress behavior needs
reallocation of the particles to create the network and that it is mainly due to the particles. Indeed, for our
suspension, G’(T=15 ◦C) < G’(T=25 ◦C) < G’(T=40 ◦C) while what is expected for our liquid PPG 725 is
that ηPPG(T=15 ◦C) > ηPPG(T=25 ◦C) > ηPPG(T=40 ◦C).

The yield stress value does not seem to be influenced by the temperature, since for a suspension of w = 12%
of AE R812S it is always around 10 Pa and for w = 14% of AE R812S it is always around w = 40 Pa. For a
shear-stress greater than the yield stress, we now have a response of G’ and G” regarding the temperature which
is in agreement with ηPPG(T ). An explanation could be also the mobility of the particles with temperature.
Indeed, with higher mobility, the particles are less able to jam.

(a) (b)

(c) (d)

Figure 17 – Evolution of the storage modulus G’ and loss modulus G” regarding time during oscillation for
different temperatures (T=15◦C, T=25◦C, T=45◦C) (a) and (c) with an oscillantion strain of γ = 1% followed
by the measurement of the same modulus regarding the maximum shear-stress applied during oscillation (b)
and (d). The sampling time for each measurement is 2s for (a) and (c), 20s for (b) and (d). The oscillation
frequency is always f = 1 Hz. The samples were pre-sheared for 600s at 100Pa (a) or 200Pa (c). (a) and (b) are
the results of a suspension with w = 12% of AER812S. (c) and (d) are the results of a suspension with w = 14%
of AER812S. The graphics are showing that for this suspensions, the higher the temperature is, the fastest the
yield-stress behavior is building. And the lower the viscosity is when the shear-stress is greater than the yield
stress. The temperature does not seem to influence the yield-stress value. An explication could be the better
mobility of particles at higher temperature since the liquid PPG 725 is less viscous.
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Figure 18 is showing the dependency G’ and G” regarding the oscillation frequency f or the oscillation strain
γ for a suspension of w = 14% of AE R812S. Figure 18 is showing the results for a suspensions of w = 22%
of AE 300. At high strain, during all the time, the loss modulus is higher than the storage modulus. But by
decreasing the strain, the value of G’ and G” are shifted to higher values and when γ ≤ 6% after some time
G” < G’. The suspension starts to show a yield-stress behavior. As the applied strain is lower, the time where
the suspension behave more like a solid than a liquid (G’ > G”) arrives sooner. An explanation could be the
deformation and destruction of the network build during the yield-stress behavior when the strain is to high.
The measurements of G’ and G” are also dependant of the oscillation frequency f. At low frequency, G’ < G”
during all the time but after f = 0.05 Hz there is a time where G’ > G” which arrives sooner when the frequency
is increased. When f ≥ 5 Hz, G’ < G” during all the time. Since we are sampling during the same time, an
explanation for the extreme low frequencies results could be a bad evaluation of the dephasing angle. We are
sampling over not even half period. At very high frequencies, we are oscillating to fast, giving our suspension
not enough time to reorganize.
While we are increasing the frequency, we are also observing a shift of G’, G” to higher values.

(a) (b)

Figure 18 – Evolution of the storage modulus G’ and loss modulus G” regarding time during oscillation for
different oscillation strains γ (f fixed at 1 Hz) (a) or different oscillation frequencies f (γ fixed at 1%) (b) at
25◦C, for a suspension of w = 14% of AER812S. The samples were pre-sheared for 600s at 200Pa. There
is a high dependency on the shear-frequency and the shear-strain. When the shear-frequency is to high, the
suspension can not build a network. It is also difficult for the instrument to measure the correct dephasing
needed to evaluate the loss and storage modulus. For (a), all the raw phase angles are between 25◦and 60◦. For
(b), all the raw phase angles are between 25◦and 100◦except for f = 50 Hz were the raw phase is higher than
165◦. To avoid pollution of the instrument inertia, the raw phase angle has to be greater than 15◦and lower
than 140◦.

The measurement of the yield stress is also time dependant. By sampling for a long time there is some pro
and cons. Indeed, the longer we are waiting, the bigger are the chances to have a network which is evolving
and which is traduced by an increase of viscosity at low-shear stress. But if we are sampling to fast, we will not
sense correctly the transition since we do not let the suspension enough time to dissemble the network (Figure
19). Also if we are not waiting long enough for the network (yield-stress behavior) to finish to build, we can
measure different yield stresses. For a suspension of w = 20% of AE 300 the yield stress is around 100 Pa if we
wait less than 2 hours (Figure 19) but is more than 1000 Pa if we wait more than 10 hours (Figure 20).

To conclude, it is not easy to find an easy way to create a protocol measuring the yield stress which is
fast enough by looking at the loss modulus G’ and the storage modulus G”. Indeed, the time to wait until
G’ > G” is dependant of the oscillation strain γ, the oscillation frequency f. This parameter can vary from
one suspension to another. The time were G’ and G” are crossing is also dependant on the particle chemistry.
For our hydrophobic suspension it happened in few minutes when for the hydrophobic case we had to wait hours.

So, it was so decided to evaluate the yield stress by looking directly at the different ramps of viscosity
regarding shear-stress. I there was a sharp decreasing slope between low shear-stress and high shear-stress, it
was decided that it was most likely that there was a yield-stress. The value of the yield stress was taken at the
minimum before shear-thickening.
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(a) (b)

Figure 19 – Evolution of the viscosity regarding the sampling time (x + y) and the increasing shear-stress σ
for a suspension of w = 20% of AE 300 (b). x represent the time allocated to conditioning the sample at the
desired shear-stress before performing the measurement during y = 10s. The measurement of (b) were carried
out after the measurement overtime of the storage modulus G’ and loss modulus G” by oscillating at f = 1
Hz at a strain γ = 1% (a). These measurements were themselves precede by a pre-shearing of 300s at 18 Pa.
For measurement at low shear-stress, if the sampling is not fast enough, the viscosity is still increasing since
the network in the fluid is still building. But if the sampling is to fast, the transition at the yield-stress is less
accurate and more time-dependant. Even if the samples were pre-sheared in the same way, the measurement of
G’ and G” are showing some differences during the building of the yield stress behavior. There are not going
all at the same speed.

(a) (b)

Figure 20 – Evolution of the storage modulus G’ and loss modulus G” regarding time during oscillation for a
suspension of w = 20% of AE 300 by applying an oscillation strain of γ = 1%, followed by the measurement
of the same moduli regarding the maximum shear-stress applied during oscillation. The oscillation frequency
is always f = 1 Hz. The sample was pre-sheared for 900s at 90Pa. It is not well understood why there is some
jump at 200 min and 550 min on the curve (a). But we can almost say that after 700 min the sample has
stopped to evolve. The results is that it influences the yield stress measured. If we wait less than 100 min, the
yield stress is around σy = 100 Pa (Figure 19) but if we wait 700 min, the yield stress σy will now be greater
than 1000 Pa.

20



7 Model for the onset of shear thickening
For spherical silica particles, shear-thickening is reported for suspensions having at least a volume fraction

Φ greater than 40%. For our fumed silica particles, the critical volume fraction is just few percent (Figure ??).
It is now assumed that shear-thickening is due to strong interactions between particles. To understand the
difference in onset between spherical particles and fumed silica, we can estimate the volume fraction where the
particles are touching each other.

(a) (b)

Figure 21 – Viscosity curves of our suspensions with (a) hydrophilic AE 300 particles or (b) spherical silica
particles with a diameter d = 1.54 µm [11]. For our fmed silica particles, shear-thickening appears for Φ ≥ 3.4%
whereas for spherical silica particles it appears for a volume fraction at least ten times higher.

For this we can use the following model. We can assume that each aggregate is composed of Np spherical
silica particles of radius Rp so the volume of an aggregate is Va = 4

3πR
3
pNp. We also assume that the aggregate

have a characteristic length 2Ra (Figure 22a). In our suspension system, we can also that in a volume Ω there
is Na aggregates. We can also define a characteristic length L such as in a volume L3 there is in average a
unique aggregate (Figure 22b). This also means Ω = NaL

3. As definition,

Φ =
NaVa

Ω
=

4πNpR
3
p

3L3

Assuming that each particles are touching is the same as assuming that L ∼ 2Ra, so the volume fraction
where shear-thickening should start is:

Φc =
4πNpR

3
p

3(2Ra)3

(a) (b)

Figure 22 – (a) Diagram of a fumed silica particle with Np primary silica particles of radius Rp and forming an
aggregate with a characteristic length 2 Ra. (b) Diagram of our system of fumed silica particles. Each particle
is separated by a distance of L from each other. To each particle is allocated a volume L3.
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By analyzing the different SEM images of our particles, we can estimate the relevant parameters of our
model (Ra, Rp and Np). From the 3 parameters, just Np is difficult to estimate precisely. As the table is
showing in Figure 23, our estimation of the volume fraction Φmodel is conform with the critical volume fraction
Φexp at which the suspension will start to show experimentally a shear-thickening behavior. This model seems
to support the idea that for shear-thickening, the particles have to be close and interact with each other.

Figure 23 – Table of the experimentally or analytically with our model evaluated critical volume fraction (Φexp
or Φmod) at which shear-thickening starts.
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8 Rheology of suspensions with a mix of hydrophilic and hydrophobic
particles

We have previously studied the response of suspensions made of one type of fumed silica per time. We have
demonstrated that hydrogen bonds are playing a key role in shear thickening. Roughness of particles is also
playing a key role. It is also interesting to see how they behave in a mix situation, if we are able to tune the
behavior of the suspension by varying the amount and ratio of hydrophilic and hydrophobic particles. In our
case, we will just use a mix of AE 300 (hydrophilic) and AE R812S (hydrophobic) particles. They have the
same geometrical parameters and differ from each other by the surface chemistry.

The viscosity and the slope parameter β of the suspensions with total volume fraction Φ = 6.4% is shown on
Figure 24. By varying the ratio x of hydrophilic particles, we can see that we progressively change the behavior
of the suspension from something totally hydrophilic and shear-thickening (x = 100%) to something totally
hydrophobic and presenting no discontinuous shear-thickening but a yield-stress (x = 0%).

To evaluate in a fast manner the yield-stress, it is possible to directly look at the evolution of the viscosity
for the different ramps (Figure 53). We assumed that there is a fast yield stress if during the measurement we
can see a bump and a sharp slope a low shear-stress.

However, the evolution from hydrophilic to hydrophobic does not seem to evolve in an linear way. Indeed, if
we look at the maximum of β, we can that the value is not following a line (Figure 25). For Φ = 4.3%, the value
is always under the linear case but also for xHP = 0.2 and 0.4, the value is lower the hydrophobic suspension.
This result is harder to explain. For Φ = 6.4% the value is for x < 0.5 under the linear case (black line) than for
x > 0.5 it is above. The particles which are predominant will be over-represented. For Φ = 8.8%, the measured
values are always above the case. The hydrophilic particles are always over-represented in the final bahavior.

As mentioned before, the behavior of a suspension of mixed hydrophilic and hydrophobic particles does not
show a linear behavior. This also means that the particles interacts in a complex ways which leads to difficulties
for the design of a suspension showing a precise behavior.

(a) (b)

Figure 24 – Evolution of the viscosity (a) and the slope parameter β for different suspensions having the same
total volume fraction Φ = 6.4% of total particles but with a ratio of hydrophilic particles xHP varying from 0%
(hydrophobic suspension) to 100% (hydrophilic suspension).
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Figure 25 – Evolution of normalized βmax (βmax,norm =
βmax−βmax,HB

βmax,HP−βmax,HB
with βmax,HP the maximum of β for

the hydrophilic suspension and βmax,HB the maximum of β for the hydrophobic suspension) regarding the ratio
of hydrophilic particles xHP for suspensions having a total volume fraction of mixed particles AE 300 and AE
R812S Φ = 4.3%, Φ = 6.4% or Φ = 8.8%.

As for suspensions of a single type of particles, it is also possible to draw a phase diagram for mixed sus-
pensions but now with help of the maximum of the beta value as shown in Figure 26. It is a tool that helps to
identify the different behaviors depending on the ratio between hydrophilic and hydrophobic particles as well as
the concentration of particles in the suspension. Other version of the phase diagram can be found in Figure 51
and Figure 52. From these diagrams, we can define if a suspension will show mainly shear-thinning, continuous
shear-thickening or discontinuous shear-thickening at high shear-stress.

As the diagram is showing, if the suspension has almost a concentration of hydrophilic particles ΦHP near 6%,
the suspension will show discontinuous shear-thickening. By adding some hydrophobic particles, the behavior
will slightly be killed. In our case, to have some shear-thickening, the total volume fraction of particles should
be above 4%. On this phase diagram we can also look at the yield-stress. As shown before, it seems that
the yield stress kills the shear-thickening for hydrophobic particles. But for highly concentrated suspensions,
the presence of hydrophilic and hydrophobic particles is not prohibitive and we can have both yield stress and
discontinuous shear-thickening.

Figure 26 – Phase diagram of the mix suspension representing beta as function of the volume fraction of
hydrophilic ΦHP and hydrophobic ΦHB particles.
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9 Normal stress
To analyze shear-thickening, different research groups have looked to the normal force of the sample when

it is sheared ([11], ...) Some of them have shown that the normal forces is positive for shear-thickening. We
tried to do some measurement for our suspensions but we didn’t had a proper signal (Figure 27). The value is
always oscillating a lot and does not give a proper answer.

Figure 27 – Normal stress of a AE 300 hydrophilic particles suspensions with a mass fraction w = 18% regarding
the shear-stress for different increasing and decreasing ramp.

So we decide to look at the evolution of the normal stress over time (Figure 30) by applying a constant flow
on a cone-plate configuration. As our example is showing, at the transition from one shear-stress to another,
the signal of normal forces is oscillating with a higher amplitude than after some time were it is still oscillating
around a stable value but with lower amplitude. By analyzing the frequency of the signal, we have found that
sadly the frequency is the same as the rotation frequency during measurement. Another problem is that after
some hours, the liquid starts to do some fingering on the plate. The influence of this phenomena is not well
known. However, by measuring the normal stress over a long period, we can define a stable value around the
signal is oscillating. The results of this measurements are shown on Figure 29.

Figure 28 – Evolution of the viscosity (A) and normal stress (B) regarding the time for a suspension of w =
18% of AE300.
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The hydrophilic particles as almost all the hydrophobic particles are showing a normal force N close to 0 Pa
for low shear-stress. When the sample is showing some shear-thickening, the normal force become positive and
increases with the shear-stress. In the case of the hydrophobic particles, for the higher volume fraction Φ, the
normal stress also increases when the shear-stress decreases. This is mainly due to the yield-stress behavior.

The measure of the normal forces became tricky for highly concentrated suspensions as Figure 55 is showing.
For this case, the normal forces at shear-thickening are negative. Surprisingly, this phenomena is followed by a
shrinking of the sample, visible to naked eye.

(a) (b)

Figure 29 – Normal stress of different volume fraction Φ for hydrophilic (a) and hydrophobic (b) particles
regarding the applied stress. The error bars are showing the mean value of the amplitude of oscillations.
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10 Viscosity curve fit

10.1 Line fit
When we look at the experimental data of the measured viscosity regarding shear-stress for hydrophilic

suspensions in a graph with logarithm axis, it seems to be possible to fit the data at low shear-stress and high
shear-stress by two distinct lines. This means that we can look for a fit curve y = axb so log(y) = log(a)+b log(x).
The shape of the experimental curves reminds the association of the lines at high shear-stress y1 = axb and
low shear-stress y2 = cxd. So the fit curve we are looking for is y = y1 + y2 = axb + cxd (Figure 30). If
this is confirmed, we could understand the measured viscosity curve as the competition between two different
phenomena. At low shear-stress, shear-thinning would win when at high shear-stress shear-thickening would be
the most important.

Figure 30 – The experimentally measured viscosity curves seems to have the same shape as the sum of two lines
in a graph with logarithm axis.

10.1.1 Suspensions with AE OX50

The analysis has been done for AE OX50 hydrophilic particles because the viscosity is showing shear-thinning
and shear-thickening when Φ ≥ 6% and the curves seems to evolve gradually with the volume fraction Φ. This
is not totally the case with AE 300 where higher volume fraction has been done at different time and seems to
have some overlap. The results for AE OX50 particles are shown in Figure 31. At high volume fraction, the
results of the fitting seems to be quite good but is over evaluated for suspensions with Φ < 12%.

But for the analysis, we have to face different challenges. It is not always easy to select the data at high
or low shear-stress that are used to evaluate the fit curves y1 and y2. As Figure 33 is showing, the choice of
the fitting curve at low shear-stress has a big influence on the global fitting curve (doted line). The choice of
fit curve at high shear-stress can explain the bad data we have for low volume fraction Φ. Indeed it might be
that we do not have enough data at high shear-stress or that the shear-thickening is not strong enough since
following the model developed previously, the particles starts to interact at this low volume fraction.
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(a) Φ = 8% (b) Φ = 10%

(c) Φ = 12% (d) Φ = 14%

(e) Φ = 16% (f) Φ = 18%

(g) Φ = 20% (h) Φ = 22%

Figure 31 – Fit curves of the experimentally measured viscosity regarding the applied shear-stress for suspensions
with a volume fraction φ = of AE OX50 particles. The viscosity has been fitted by y1 = axb at high shear-
stress and y2 = cxd at low shear-stress. The experimental data has also been compared to y3 = y1 + y2. The
parameters a, b, c and of the different fits are shown in Figure 32.
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When we look at the different fitting parameters a, b, c and d, we can see that the parameters a and b of
the fitting y1 = axb at high shear-stress have a stable behavior when Φge 12%. This means that the fitting
seems to be good since there is more and more jamming when Φ increases. It also means that the viscosity is,
as expected in this shear-stress region, linear in a graph with logarithm axis.

However, when we look at the fitting parameters d of y2 = cxd, the fitting curve at low shear-stress, we see
that from one volume fraction to another there is a lot of fluctuation of d (slope) around -0.5. This can be
due to a bad choice of y2 but also to the experimental data. As shown previously, it is not easy to determine
the experimental data and the data at low shear-stress is more dependant on the sampling time, and this more
and more at low volume fraction. It is also in this region that we had some differences between the different
increasing and decreasing ramps of our protocol.

But an expected aspect is the increase of c of y2 = cxd, with the volume fraction. Indeed, the global viscosity
should increase when the concentration of particles is increasing as Einstein already showed.

(a) (b)

(c) (d)

Figure 32 – Different values used for the high shear-stress fit y1 = axb and low-shear-stress fit y2 = cxd shown
in Figure 31 regarding the volume fraction of hydrophilic particles AE OX50 in the suspensions.
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(a) Φ = 6% (b) Φ = 14%

Figure 33 – Fit curves of the experimentally measured viscosity regarding the applied shear-stress for suspensions
with a volume fraction φ = of AE OX50 particles. The viscosity has been fitted by y1 = axb at high shear-stress
and y2 = cxd at low shear-stress. At low shear-stress, it has also been fitted by y4 = exf at other experimental
points. The experimental data has also been compared to y3 = y1 + y2 and y5 = y1 + y4.

As Figure 34 is showing, the lowest viscosity measured experimentally can be fitted by a function y = aebΦ

with a good result. The interception point has been defined as the point (σi,ηi) were the fitting curves of low
shear-stress and high shear-stress are crossing. As expected, ηi is lower than the experimental viscosity since
the curve is convex but does not seem to follow any law. This can be true but also due to the approximation
of the fitting curves as explained previously. The corresponding shear-stress is following strange behavior but
it can be understood by taking a look at the shape of the curves represented in Figure 31.

(a) (b)

Figure 34 – Evolution of the minimal viscosity measured experimentally and the viscosity were the fitting curve
y1 and y2 are crossing (a) and the corresponding shear-stress (b) regarding the volume fraction Φ of a suspension
of AE OX50 particles. The experimental viscosity has been fitted by y = aebx and the fit returns : a = 0.115,
b = 0.160, R2 = 0.994.

10.1.2 Mix suspensions

However, doing the same analysis with the results of the mixed suspensions made of AE 300 (hydrophilic)
and AE R812S (hydrophobic) particles gives us some answers on our model. The results are shown in Figure
35 and Figure 56 to 59. By analyzing the fitting curves for the different suspensions, we can conclude that :

— fitting the curves at low or high shear-stress by y = p1x
p2 gives good results,

— but the fitting of the total viscosity curve by the sum of the previously determined fitting curves (low
and high shear-stress) doesn’t work. When it seems to work, it is due to an artifact. The slope of the
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fitting curves and the distance between them have such values that by some chance it works.

From this analysis, we can think that shear-thinning and shear-thickening are not two complete different
phenomena. The transition from one to another is more complicated than just the sum of both phenomena.

(a) xHP = 0% (b) xHP = 20%

(c) xHP = 40% (d) xHP = 60%

(e) xHP = 80% (f) xHP = 100%

Figure 35 – Fit curves of the experimentally measured viscosity regarding the applied shear-stress for a mixed
suspensions of AE 300 (hydrophlic) and AE R812S (hydrophobic) particles with a volume fraction of total
particles φ = 6.4%. The viscosity has been fitted by y1 = axb at high shear-stress and y2 = cxd at low
shear-stress. The experimental data has also been compared to y3 = y1 + y2.
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Figure 36 is showing the fitting parameter used for the mixed suspensions. The interesting parameter are b
and d which are representing the slope. b has shapes which are close to βmax. For d, we can seen that all the
data which were determined to have a big probability to show a yield stress has a value d < -0.5.

(a) (b)

(c) (d)

Figure 36 – Different values used for the high shear-stress fit y1 = axb and low-shear-stress fit y2 = cxd

shown in the Figures of the mixed suspensions regarding the proportion of hydrophilic AE 300 particles for
different suspensions of total volume fraction Φ. For (d), the data which were supposed to show yield-stress are
highlighted by the black circles.

As for the hydrophilic particles AE OX50, we can look how evolves the lowest measured viscosity regarding
the total volume fraction Φ and the ratio of hydrophilic particles AE 300 xHP of the mixed suspensions. The
results are shown in Figure 37. There is not a lot to say about.

(a) (b)

Figure 37 – Evolution of the minimal viscosity (a) and the corresponding shear-stress (b) regarding the ratio of
hydrophilic particles AE 300 in different suspension of total volume fraction Φ.
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To conclude, fitting the measured data of the viscosity regarding shear-stress by the sum of y = axb + cxd

seems to be good at high volume fraction since our data was also the more stable. However, the analysis shows
some weakness. Indeed, the data at high shear-stress for low volume fraction doesn’t seem to be enough. It is
worse at low shear-stress since we have some uncertainties on the data we have to consider for the analysis since
we don’t know if the data is influenced by the experimental protocol and instruments or if y2 = cxd is the good
fitting type. However, the data at high volume fraction seems to confirm the choice for y2 and that is why I
would favoured the other hypotheses to explain the difference between the fitting curve and experimental data
at low volume fraction.
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10.2 Polynomial fit
For more industrial purpose, it is possible to fit the logarithm viscosity log η of the different suspensions of

AE OX50 showing shear-tickening by a polynome of degree n of the logarithm shear-stress log σ and of degree
m of the volume fraction of particles Φ:

log η =

n∑
i=1

m∑
j=1

aij (log σ)
i
Φj = a00 + a01Φ + a10 log σ+ a11 log σΦ + a02Φ2 + a12 log σΦ2 + ...+ anm (log σ)

n
Φm

By just knowing the response of some suspensions, we can find a good approximation of the response of all
the other suspensions. This is only true in the limits of the extremes (log σmin, log σmax, Φmin and Φmax.)
Some of the results are shown in Figure 38 and 39. From the results we can say that the degree n of the
shear-stress is important when the influence of the degree m of the volume fraction is negligible.

This fitting does not give any information on the physics behind but can be an helpful tool to engineer the
behaviors of the suspensions without doing a lot of tests and with a relative good precision.

Figure 38 – Polynomial fit curve of the viscosity by the shear-stress with a degree n and volume fraction with
a degree m. A- n=1 m=1. B- n=4 m=1.

Figure 39 – Table of the goodness regarding the degrees of shear-stress σ (x) and volume fraction Φ (y) for
different polynomial fit of the viscosity η of suspensions with AE OX50 particles.
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11 Conclusion
In our study we have used hydrophilic and hydrophobic particles and particles with different roughness. The

rheological properties of suspensions prepared with such particles are showing :
— that hydrophilic particles have a strong shear-thickening behavior and even discontinuous shear-thickening

when hydrophobic particles have almost no shear-thickening. This is a proof of the major importance of
Hydrogen bonds for having shear-thickening. An explanation could be the enhancing of the interactions
between particles which plays a key role in jamming.

— that roughness is also playing a big role in shear-thickening. As also showed previously by other authors,
the roughest particles are showing shear-thickening at lower volume fraction Φ than less rough particles.
So, less of this particles are needed to show the same behavior (not the same viscosity) than less rough
ones.

However, even if we showed the rheology curves, the viscosity value was not really studied. Our analysis
was more focused on the slope of the curves through the nondimensionalized parameter β = γ̇ dηdσ . With help of
this parameter and the viscosity measurement of suspensions with volume fraction regularly dispersed, we were
able to draw phase diagram for all the particles showing the different region of shear-thickening, discontinuous
shear-thickening, yield-stres or shear-thinning regarding the shear-stress σ and the volume fraction Φ.

The normal forces happening during the measurements of the rheology properties of our suspensions have
also been studied. But because of really strange results we had when they were measured over a to short time,
we had to proceed the measure over almost one hour. At the end, we had a oscillating signal but with a mean
value positive for shear-stresses related to shear-thickening and near zero for low shear-stresses.

In our study, we also studied suspensions with a mix of hydrophilic and hydrophobic particles. By looking
at the evolution of the rheology regarding the ratio of hydrophilic particles, it was possible to conclude that the
transition is more complicated than just a linear evolution. It also means that it will not be easy to tune the
properties and behaviors of mixed suspensions.
We also draw some phase diagrams using the max(β) regarding the volume fraction of hydrophilic and hydropho-
bic particles or the ratio of hydrophilic particles and the volume fraction of all particles. By using max(β), we
are studying the behavior of the suspension at high shear-stress. From this phase diagram, we showed that for
discontinuous shear-thickening, we need a volume fraction of hydrophilic particles around 6%, a value which is
slightly increasing when more and more hydrophobic particles are added. From the phase diagram, we could
also show that for high concentrated volmue fraction, we could have both yield stresses and discontinuous
shear-thickening. This is interesting because we thought that yield stresses might be killing shear-thickening
for suspensions with hydrophobic particles.

The fitting of the viscosity curves was the last aspect which was studied. We showed that the curve’s part
at low shear rate and at high shear rate can be fitted with a good results by functions y = aebx which is
equivalent to lines on a graph with logarithm scales on the axes. However, by looking to the results on the
mixed suspensions, we could say that the experimental curve is not the sum of the two fitted curves.
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Appendices

Figure 40 – Picture of the mixer used to prepare the different suspensions. The Heidolph RZR 2102 from
Sigma-Aldrich can rotate up to 2000 times per minute and with a maximal torque of 400 N.cm.

Figure 41 – Diagram of the process for fumed silica particles. [12]
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Figure 42 – Image of the FEI Helios Nanolabtm 600 dualbeam FIB/SEM used to obtain the SEM images
from the different particles used during this project. Source: https://cemas.osu.edu/fei-helios-nanolabtm-600-
dualbeam-fibsem

Figure 43 – Density meter from Anton Paar used to measure the density of the suspension in order to evaluate
the volume fraction of particles.
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(a) (b)

(c) (d)

Figure 44 – Density measurements for different mass fraction w of AE300/AER812S in PPG 725 (a) or
AEOX50/AERX50 in PPG725 (b) and the deduced density of the particle (c) and (d). The explanation of
the difference of particle density for different mass fraction is not well understood. It may be due to the mixing
step were at low volume fraction the particles are more difficult to disperse and they may still be forming
agglomerates which are trapping some air.
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(a) (b)

Figure 45 – Evolution of viscosity regarding shear stress for different ramps where the shear stress was decreased
(a) or increased (b) for a suspension of w = 14% of AE300. At different interval of ramps, the sample was
removed and then replaced by a new one. All the results are quite the same except one ramp where the
rheometer has some difficulties at low shear stress (b). The results seams to be reproducible.

(a) (b)

(c) (d)

Figure 46 – Evolution of the viscosity regarding the shear-rate for suspensions with hydrophilic (a) AE 300 and
(b) AE OX50 or hydrophobic (c) AE R812S and (d) AE RX50 particles.
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(a) (b)

(c) (d)

Figure 47 – Evolution of the viscosity regarding the shear-stress for suspensions with hydrophilic (a) AE 300
and (b) AE OX50 or hydrophobic (c) AE R812S and (d) AE RX50 particles.

Figure 48 – Fit example for β calculation with y = ax2 + bx+ c
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(a) (b) (c)

(d) (e) (f)

Figure 49 – Evolution of the viscosity regarding the applied shear-stress and the increasing or decreasing ramp
for (a) w=4% (b) w=8% (c) w=18% and their corresponding slope parameter beta (d), (e) and (f).

Figure 50 – Evolution of the storage modulus G’ and loss modulus G” regarding time during oscillation for
different oscillation strains γ (f fixed at 1 Hz) at 25◦C, for a suspension of w = 22% of AE 300. The samples
were pre-sheared for 600s at 50Pa.
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Figure 51 – Phase diagram of the mix suspension representing beta as function of the volume fraction of
hydrophilic ΦHP and hydrophobic ΦHB particles.
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Figure 52 – Phase diagram of the mix suspension representing beta as function of the total volume fraction of
particles and the ratio of hydrophilic particles in the system xHP .
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 53 – Evolution of the viscosity regarding the applied stress for suspension with a mass fraction w = 12%
and xHP = 0.2 (a) , xHP = 0.4 (e) or xHP = 0.6 (i), a mass fraction w = 16% and xHP = 0.4 (b) , xHP =
0.6 (f) or xHP = 0.8 (j), a mass fraction w = 20% and xHP = 0.4 (c) , xHP = 0.6 (g) or xHP = 0.8 (k) and a
mass fraction w = 25% and xHP = 0.45 (b) , xHP = 0.6 (f) or xHP = 0.8 (j). From this different plots, we can
estimate if the suspension are most likely presenting a yield stress. The suspension represented by (a) to (h)
are presenting a bump and a sharp slope at low shear-stress whereas the suspensions represented by (i) to (l)
have no such characteristic. The first one will most likely present a yield stress whereas the second case won’t.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 54 – Evolution of the viscosity and the slope parameter β regarding the applied stress and the ratio of
hydrophilic particles xHP for mix suspension having a total mass fraction of particles w = 8% (a) and (e), w =
16% (b) and (f), w = 20% (c) and (g) and w = 25% (d) and (h),
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Figure 55 – Evolution of the normal stress regarding the applied stress for a suspension of w = 28% of AE300
in PPG 725. Whereas the other suspension are presenting a positive normal stress at high shear-stress in the
case we have a very concentrated suspension, we now see a negative normal-stress. At this shear-stress, the
sample is also presenting a shrinkage of the volume which can visualized with the eye and which should explain
the negative normal stress. The origin of the shrinkage is unknown.
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(a) xHP = 0% (b) xHP = 20%

(c) xHP = 40% (d) xHP = 60%

(e) xHP = 80% (f) xHP = 100%

Figure 56 – Fit curves of the experimentally measured viscosity regarding the applied shear-stress for a mixed
suspensions of AE 300 (hydrophlic) and AE R812S (hydrophobic) particles with a volume fraction of total
particles φ = 4.3%. The viscosity has been fitted by y1 = axb at high shear-stress and y2 = cxd at low
shear-stress. The experimental data has also been compared to y3 = y1 + y2.
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(a) xHP = 0% (b) xHP = 20%

(c) xHP = 40% (d) xHP = 60%

(e) xHP = 80% (f) xHP = 100%

Figure 57 – Fit curves of the experimentally measured viscosity regarding the applied shear-stress for a mixed
suspensions of AE 300 (hydrophlic) and AE R812S (hydrophobic) particles with a volume fraction of total
particles φ = 8.8%. The viscosity has been fitted by y1 = axb at high shear-stress and y2 = cxd at low
shear-stress. The experimental data has also been compared to y3 = y1 + y2.
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(a) xHP = 40% (b) xHP = 60%

(c) xHP = 80% (d) xHP = 100%

Figure 58 – Fit curves of the experimentally measured viscosity regarding the applied shear-stress for a mixed
suspensions of AE 300 (hydrophlic) and AE R812S (hydrophobic) particles with a volume fraction of total
particles φ = 10.7%. The viscosity has been fitted by y1 = axb at high shear-stress and y2 = cxd at low
shear-stress. The experimental data has also been compared to y3 = y1 + y2.
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(a) xHP = 45% (b) xHP = 60%

(c) xHP = 80% (d) xHP = 100%

Figure 59 – Fit curves of the experimentally measured viscosity regarding the applied shear-stress for a mixed
suspensions of AE 300 (hydrophlic) and AE R812S (hydrophobic) particles with a volume fraction of total
particles φ = 13.3%. The viscosity has been fitted by y1 = axb at high shear-stress and y2 = cxd at low
shear-stress. The experimental data has also been compared to y3 = y1 + y2.
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