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We attempt to identify the impact of particle stiffness on the shear-thinning behavior ex-

hibited by frictional and adhesive non-Brownian suspensions. To this aim, we compare the

rheological behavior of three suspensions whose particles have different Young’s moduli.

The stiffest particles are Soda-lime glass beads with a Young modulus of 70 GPa. The two

other kinds of particles are made of polydimethylsiloxane and have been manufactured

using a homemade millifluidic device that allowed us to produce batches of sparsely poly-

disperse particles with tunable Young modulus: 1.8 MPa for the softest ones and 15 MPa

for the stiffest. We show that the observed shear-thinning is mainly caused by the presence

of adhesive forces between particles. For each of the three suspensions, the shear-thinning

behavior is described by the variation of the jamming volume fraction, ¢,,, with stress, o,

and the results are interpreted in the light of the model proposed by [Richards et al., J.
Rheol. 64(2), 405-412 (2020)]. We show that the magnitude of variation of ¢,, with ¢ is

greater the lower the particle stiffness. More precisely, in the adhesive regime, decreasing

the particle stiffness leads to a significant decrease in the value of the jamming fraction

while, as predicted by the JKR theory, the characteristic adhesion stress, 6, does not vary

with stiffness. We finally show that, for stresses much higher than o,, the suspensions

behave like usual frictional suspensions with a viscosity controlled by both the particle

volume fraction and the value of the interparticle friction coefficient.

PACS numbers: 82.70.Kj; 62.20.Qp; 47.15.G
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I. INTRODUCTION

Understanding non-Newtonian behaviors of concentrated suspensions has been a long stand-
ing problem since particulate flows are involved in many natural or industrial processes. Among
them, shear-thinning observed in Brownian colloidal suspensions has retained much interest and
the concept of effective volume fraction!? has proved to be a very efficient approach to capture
shear-thinning observed in many systems (b100d3, food rheology4, nanofluids?, to cite but a few).
Shear-thinning is also sometimes observed in non-Brownian suspensions that are also deemed to
be non-colloidal. These observations have raised many questions especially because, for a long
time, it was thought that the flow of hard particle suspensions (with no colloidal interactions) was
governed only by hydrodynamic interactions between particles. In this framework, as argued by
several authors, dimensional analysis results in a Newtonian behavior of a suspension of hard
spherical particles dispersed in a Newtonian fluid. This apparent paradox has motivated a num-
ber of studies during the last decades. Acrivos et al.® showed that apparent shear-thinning could
originate from a density mismatch between the particles and the suspending liquid. As pointed
out by the authors themselves, this explanation can be relevant to account for shear-thinning in
a Couette flow but cannot provide any explanation of the shear-thinning that is also sometimes
observed in other flow geometries (parallel plate or cone plate geometry)’'°. Vazquez-Quesada
et al.”® proposed that, in some cases, the suspension shear-thinning was caused by the non New-
tonian behavior of the suspending liquid itself. Even though the suspending liquid is deemed to
be Newtonian for moderate shear rates, it may exhibit non-Newtonian characteristics in the range
of the very high shear rates within inter-particle gap, which results in an overall shear-thinning of
the suspension. Shear rate dependent slip of solvent molecules on particle surfaces has also been
invoked to explain shear thinning!'!. Adhesion between particles, which can be accompanied by
particle clustering, has also been identified as a possible cause of shear-thinning. Adhesion can act
as a rolling constraint that hinders relative particle motion and, as the shear stress increases, the
number of adhesive contacts decreases causing a viscosity drop!2. Adhesion can also be responsi-
ble for particle clustering which leads to an effective solid fraction higher than the particle volume
fraction because of immobilized liquid trapped inside the aggregates!>. A last possible cause of
shear-thinning recently pointed out, is the decrease of the interparticle friction coefficient when
the stress increases. For some years now, experimental evidence was produced to show that solid

contacts do exist in sheared NBS!415 and several numerical studies showed that these contacts,
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16-18

especially frictional contacts, have a significant impact on the rheology (viscosity values non

19-22 normal stress differences®?, shear-induced diffusion®*...) of concen-

Newtonian behaviors
trated non-Brownian suspensions. In the shear-thinning scenario proposed by Lobry et al.?!, the
contact between one or a few asperities is considered. For such a contact, the value of the friction
coefficient is expected to decrease with normal force?>2% and thus with shear stress. By introduc-
ing such a tangential contact law in numerical simulations, the authors showed a decrease of the
viscosity with shear stress that is in the same range as that observed experimentally. Recently, Pa-
padopoulou ef al.”’ showed that depending on the interactions between the suspending fluid and
the particles, either of the two last mechanisms (adhesion or load variable friction) can explain
shear-thinning.

All the studies mentioned above deal with rigid particles. The rheology of non-Brownian
suspensions of deformable particles is much less well documented (see?® for a review). Two
studies?**Y have investigated the influence of particle rigidity on the rheology of aqueous suspen-
sions of agarose particles. By manufacturing particles with different agar concentrations (com-
prised between 0.5 and Swt%), the authors changed the elastic modulus of the particles in the
range 2.4 — 185kPa. A shear-thinning for the suspensions composed of the softest particles is
observed while the suspensions of stiffer particles exhibit an almost Newtonian behavior. The
viscosity is shown to decrease with decreasing elastic modulus of the particles, especially under
high shear stress. This result is in agreement with the model proposed by Snabre & Mills®! and is
explained by the increased deformability of the softer particles allowing greater rearrangement to

be achieved.

Here, we will study the impact of particle stiffness on the suspension rheology in a different
range of elastic moduli. We chose particles whose elastic modulus is of the order of 10 M Pa, thus
about 1000 times softer than the usual rigid particles (PMMA, PS, glass...) but stiff enough not
to be deformed by the flow. The deformability of the particles can be quantified by the capillary
number Ca = 6 /E where o is the shear stress and E the elastic modulus of the particles, low Ca
values meaning that particles are hardly deformed by the flow. In the current study, the maximum
capillary number will be of the order of 10~%, so that no significant deformation at the particle
scale is expected. However we will show that, even for such small capillary number values, the
contact properties (adhesion and friction) vary with particle stiffness, resulting in a significant
alteration of the rheological behavior of the suspensions. To this aim, we will compare the rhe-

ological behavior of three non-Brownian suspensions, one consisting of silica particles of 90 um
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diameter dispersed in a sodium polytungstate aqueous solution (TC-Tungsten Coumpounds), the
two others of polydimethylsiloxane (PDMS) particles of 110 um in diameter and Young’s mod-
ulus of 1.8 MPa for the softest ones and of 15MPa for the stiffest ones, dispersed in Span 80
(Sorbitan monooleate, Alfa Aesar). In Sec. II, we discuss the possible causes of shear-thinning
in non-Brownian suspensions and present the different models of the literature that allow linking
shear-thinning to interparticle contact properties and suspension microstructure. In the following
section (Sec. 1), we describe and characterize the device that makes it possible to manufacture
the PDMS particles and we try to extensively characterize them. Section IV is devoted to the

description of the rheometry experiments whose results are reported and discussed in Sec. V.

II. SHEAR-THINNING IN NON-BROWNIAN SUSPENSIONS

In this section, we examine two of the mechanisms proposed to explain the shear-thinning
behavior of non-Brownian suspensions: the presence of adhesive forces between particles and the
existence of a stress-dependent inter-particle friction coefficient. As proposed by many authors,
it is possible to capture the non-Newtonian behavior observed in non-Brownian suspensions by
introducing a jamming fraction, ¢, that is a function of the shear stress. Thus, in the case of shear-

17.32.33 while in the

thickening suspensions, the jamming fraction decreases as the stress increases
case of shear-thinning suspensions, ¢,, increases as the stress grows 3213433 In the following, we
will adopt this approach and characterize shear-thinning observed in several types of suspensions
by the variation of ¢,, with 6. We will see in the following that this choice makes it possible to
present the rheology results in a compact form which facilitates the comparison of the behavior

of different systems but also enables, in a certain number of cases, to rule on the cause of shear-

thinning.

A. Role of adhesive forces

As early as 1995, Zhou et al.'® proposed to capture the shear-thinning observed in micronic

non-Brownian sphere suspensions by introducing a jamming fraction that varies with shear stress:

| (1] 0m
Ns = <l—¢> (1)
 Om
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where Mg = 11/MNo is the viscosity of the suspension normalized by the suspending fluid viscos-
ity. [n] is the intrinsic viscosity and ¢, = ¢,,(0) is the jamming fraction that is assumed to vary
with shear stress. The relation between ¢, and o is deduced from a microstructural model where
the aggregation state of a concentrated suspension is controlled by the balance between adhe-
sive forces that lead particles to form aggregates and flow-induced forces that tend to break the

microstructure:

1 1 1 1
ot e @
where ¢0 and ¢ are the limiting jamming fractions that correspond respectively to the low-shear
regime where particles are form clusters and to the high-shear regime where flow-induced forces
are dominant. A = (1 + c%) o is a structural parameter that defines the proportion of particles
belonging to aggregates. o, is the characteristic stress of adhesive contact rupture and p a fitting
parameter of the order of 1 that represents the sensitivity of the microstructure to the shear stress.

This model enabled to represent the shear-thinning observed in a variety of suspensions com-
posed of particles of different nature (Silica, several metallic oxides, cocoa powder) and size (rang-
ing from typically 1 to 10 um), suspended in different media (glycerol, water, cocoa fat) and for
particle volume fractions covering the range from a few percent to more than 60%'>. Depending
on the suspension composition, o, can take values between a few Pascals and a few tens of Pascals.
These values are of the same order of magnitude as the stress used to characterize the rheology of
suspensions, so that adhesion between particles has a significant influence on the flow properties
of the suspensions.

More recently, Guy et al.>® proposed another phenomenological model based on the idea that
particle interactions —whether adhesive or frictional— act as constraints that hinder relative particle
motion. Richards et al.'? used this model to study the effect of adhesion in frictional suspensions
and proposed that the jamming volume fraction (and therefore the viscosity) is controlled by the

proportion of adhesive contacts in the suspension, which itself depends on the shear stress value:

(pm = ¢u+ (¢alp_¢u)a(c) 3)

®a1p 1s the jamming fraction at o — O for a suspension where all contacts are adhesive. Its value
is not well known but Richards et al. proposed to take as an order of magnitude the value of loose
packing for adhesive suspensions, hence its name, for which some numerical studies have given

an estimate between 0.15 and 0.5137-3. @y 1s the jamming volume fraction for a non-adhesive

5



frictional suspension whose value depends on the friction coefficient between particles and is now
well documented 618202140
Finally, Richards et al. proposed the following expression for the variation of the fraction of

adhesive contacts with shear stress!2:

a(6) = 1 — exp {_ (%) ] 4)

Oy 1s, as in the model of Zhou et al., the characteristic adhesive stress and x a parameter that

describes how rapidly adhesive contacts break under the action of shear stress.

B. Shear-thinning explained by a stress-dependent interparticle friction coefficient

Quite recently, Chatté er al.*' showed that the shear-thinning which takes place for higher
stresses than the DST characteristic stress, i.e. when the contacts have become frictional, was
correlated to the decrease of the friction coefficient of the particles as the contact normal force
between particles increases. This decrease of the friction coefficient is shown to be correlated to
the decrease in the viscosity of the suspension. Besides this first experimental evidence, Tanner et
al.*? proposed a model based on a bootstrap mechanism of friction where the friction coefficient is

1.%! showed that it was

a decreasing function of the sliding speed between particles and Lobry et a
possible to quantitatively capture the shear-thinning behavior of a non-adhesive non-Brownian
suspension of polystyrene particles by properly modeling the contact between particles. This
model is based on the description of an interparticle contact which involves only one or a few
asperities present on the surface of the particles. In this case, the contact cannot be modeled by
Coulomb’s law —which involves a constant coefficient— but it is necessary to take into account the
variation of the contact area when the normal force varies. Lobry et al. use the elastoplastic contact
model proposed by Brizmer ef al.?® to describe the contact between a sphere and a plane, both
perfectly smooth. As long as the contact is elastic, the contact area obeys Hertz’s law according
to which the contact area varies as the normal force to the power 2/3. Since the tangential force
in sliding contact is proportional to the contact area, the friction coefficient that is given by the
ratio of the tangential force to the normal force varies as the normal force to the power of (—1/3).

For higher loads, the contact enters the plastic regime, and the friction coefficient levels off at a

constant value. The force experienced by particles in a shear flow is of the order of:
F, ~ 61a’C )
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a being the particle radius. Thus it is expected that for "small" shear stresses, U o< o~ '/3 and
levels off at "high" shear stress. Moreover, it has been well-established that the viscosity of
non-Brownian suspensions increases with increasing inter-particle friction coefficient!6-1821 Tt
follows that viscosity decreases in the elastic regime and tends towards a limit value when the
plastic contact regime is reached. The transition from the elastic to the plastic regime occurs at a

characteristic stress given by>!-%6:

Yo [ (1—v))Yo\’
0. = m}(1.234+ 1.25v)'6, (z(E—V)O) ©6)

where 6, = 8.88v — 10.13(v? +0.089), v being the Poisson’s ratio, ¥y and E, the yield strength
and the Young’s modulus of the material constituting the particles and A,, the radius of curvature

of the contacting zone.

C. Some features of shear-thinning caused either by adhesive forces or by variable friction

coefficient

The scenario according to which shear-thinning comes from the existence of a friction coef-
ficient that varies with shear stress leads to a variation of ¢, in a rather small range of values.
Singh et al.'” and Lobry et al.?! have proposed empirical relationships between ¢, and u deduced
from numerical simulations. The variation of viscosity with particle volume fraction is fitted with
a Maron-Pierce like law: 7g o (1 — ¢ /¢,,) > which results in values of ¢,,(u) that are slightly
different in the two studies but give about the same range of variation of ¢, when u varies from
0 to 10: ¢y, € [0.564;0.646] for Singh et al. and ¢, € [0.551;0.700] for Lobry et al. Note that

Chévremont ef al.'8

also proposed a relationship between ¢,, and p which gives results roughly
equivalent to those of Singh et al. and Lobry et al. while using a different constitutive law to
relate viscosity to particle volume fraction. All these numerical results show that, in the case of
non-adhesive and non-Brownian suspensions, the jamming volume fraction decreases with u but
can never be lower than typically 0.5. Thus, if lower values of ¢,, are observed at low stresses,
it would suggest that shear-thinning stems from another mechanism than the reduction of friction
coefficient when increasing shear stress. Moreover, in the model of shear-thinning caused by vari-
able friction, the characteristic stress 6, which sets the stress scale can be directly evaluated from

the material characteristics of the particles. As a consequence, if shear-thinning is observed for

o >> O, again, the scenario proposed by Lobry et al. is not appropriate and shear thinning should
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result from adhesive forces.
In the following, we will present the shear-thinning behavior displayed by the three kinds of
suspensions and, for each of them, we will use the above criteria to the assess the origin of shear-

thinning.

III. MATERIALS
A. Manufacturing of soft particles
1. PDMS particles

Since to the best of our knowledge, there are no commercially available PDMS particles, we
decided to manufacture them. PDMS droplets are produced in a co-flow milli-fluidic device in the
jetting regime which ensures a larger production rate than the dripping regime. Our device is quite
similar to the one proposed by Carneiro et al. to fabricate PDMS particles of a few tens of microns
in diameter*’. The choice of PDMS as soft material has been guided by several factors. First,
PDMS properties are well known due to its widespread use in microfluidics and biotechnology
to cite but a few examples. Second, PDMS offers a broad choice of elastic moduli and is easy
to shape since it becomes solid by adding a curing agent. At last, PDMS is quite a perfectly
elastic material over a large deformation range which ensures mechanical reversibility. We opted
for Sylgard 184 (Dowfax 184, DOWCorning) that is commonly used in microfluidics and whose
properties are well known. Sylgard 184 has the advantage of having a rather low viscosity (about
3 Pa.s) and a fairly low modulus of rigidity, of the order of 2MPa, after curing. Sylgard 184 is
supplied as a two-part liquid component kit: a prepolymer (part A) and a cross-linking curing
agent (part B). When the two parts are mixed at a mixing ratio of (10 : 1), the cure reaction begins
but the pot life is rather long (about 48 / at room temperature), which offers the possibility to keep
the PDMS in liquid form for a long enough time and to manufacture particles. The curing time
can be shortened by heating the mixture and, for instance, decreases to 35min at T = 100°C. As a
matter of fact, we will use this property to produce microparticles.

We manufactured two kinds of particles with two different elastic moduli. The first ones are
made exclusively of Sylgard 184 with a 10 : 1 mixing ratio, hereafter referred to as "soft particles".
The viscosity of the PDMS mixture has been measured to be 3 Pa.s at room temperature and the

elastic modulus of the cross-linked PDMS to be 1.8 MPa. To obtain the second kind of particles,
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hereafter named "stiff particles", toluene was added to Sylgard 184 (10:1 mixing ratio). Toluene
is a good solvent for PDMS and allows the chains to swell making the cross-linking points more
easily accessible, which increases the cross-linking density and therefore the elastic modulus of the
cross-linked PDMS. By adding 5% toluene, the viscosity of the mixture PDMS/toluene decreases
to 1.2 Pa.s while particle stiffness increases to 15 M Pa. The whole characterization of the particles

will be given in Sec III C.

2. Manufacturing device

The microparticles are manufactured using a very simple millifluidic device (see Fig. 1) that
is designed to create PDMS droplets that are then cured to form spherical elastic particles. To
this aim, a co-flow geometry is used where the liquid PDMS is injected through a thin fused
silica capillary (Molex, LLC, inner diameter 650 um) into a larger channel where a mixture of
95% glycerin (Droguerie JARY) and 5% deionized water is flowing under a controlled pressure
gradient. The viscosity of the water/glycerin mixture is 0.5 Pa.s. The PDMS flow rate is controlled
by using a syringe pump (Harvard Apparatus PHD2000) and is set to a value comprised between
0.25 and 2mL/h. The outer channel is machined in a PMMA block and has a diameter of 1mm
and a length of 70mm. The pressure drop across the channel is set to 1 Bar, which corresponds to
a flow rate of about 130mL/h.

The glycerin flow stretches the PDMS jet that destabilizes a few centimeters after the exit of the
thin capillary into droplets that are conveyed through a circular channel (5 mm in diameter, 60 cm
in length) up to the bottom of a heated beaker that contains an aqueous solution of sodium dodecyl
sulfate (SDS) with a concentration of 2 g/L. The temperature of the beaker is kept at 80°C, which
allows a rapid curing of the droplets.

When the jet containing the droplets reaches the bottom of the beaker, the particles that are less
dense than the surrounding glycerin begin to rise up to the diffuse water/glycerin interface. This
may appear to be an insignificant detail but is yet crucial for obtaining particles. Indeed, if the
particles reach the air/liquid interface, they coalesce under the effect of interfacial tension forces
that deform the interface. On the contrary, their residence at the diffuse water/glycerin interface
and the presence of SDS in solution enable them to remain spherical and well dispersed throughout
their curing. The beaker containing the particles is kept at 7 = 80°C for 12 /. Then the particles

are filtered, washed with deionized water, and dried at 60°C for 24 in a vacuum drying oven.
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ycerine
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FIG. 1. Schematic view of the device used for the production of controlled-size PDMS particles.

The size of the droplets is directly related to the jet diameter which itself is fixed by the ratio
of the flow rates of PDMS, Q; and glycerin, Q.. A lower bound estimate of the jet diameter, d can
be obtained by assuming that the jet velocity is the same as that which glycerin would have had in

the absence of PDMS:

0; D
d* = 5 — (7
e
where D is the diameter of the external capillary.
Then the droplet diameter is given by:
32 1/3

where A is the wavelength of the varicosity of the jet. A /d is of the order of 5 and weakly depends
on the viscosity ratio of the fluids inside and outside the jet. For a viscosity ratio of 6, an estimate
of A/d ~ 6.7 is found in**.

The variation of the particle size with the square root of the flow rate ratio is displayed in Fig. 2
where is also represented the droplet size estimated from Egs. (7-8). As can be observed, the
droplets produced with the millifluidic device are slightly larger than expected from Eqgs.(7-8).
This difference is likely to be explained by the probable misalignment of the inner capillary which
reduces the effective stretching velocity of the jet. Despite this difference, a linear variation of the
particle size with the square root of the flow rate ratio is observed and particles with reproducible
and predictable size can be produced with this simple device.

Fig. 3 shows the size distributions measured from image analysis for four flow rate ratios. For
low PDMS flow rates, the particle size distribution is narrow and the average diameter matches
our target that is to manufacture particles of a hundred micron in diameter. By increasing the
flow rate of PDMS, the mean particle size increases and the size distribution becomes broader.

Note that we did not notice any shrinkage of the particles during curing which is consistent with
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the observation of Carneiro et al.*> who measured both size distributions of either the droplets or
the PDMS particles and obtained quite similar distributions but contrasts with the very significant

shrinkage reported in*.

B. Suspensions
1. Suspensions of PDMS particles

To remove the uncrosslinked oligomers on the surface of PDMS, the particles are washed with
acetone. Then, after drying, they are dispersed in Span 80 that is usually used as a W/O surfactant
but is used here as the suspending liquid. We made this choice because of the good wetting
properties of Span 80 on PDMS surfaces*®.

The contact angle of Span 80 on a PDMS smooth surface has been measured using a DSA30
goniometer (Bruker) and has been found to be 6, = 45 4 1.5° for both "soft" and "stiff" PDMS.
The superficial tension of Span 80 has been measured to be ¥, = 29.2 +£0.8mJ/ m?, using both
the Wilhelmy plate method and the drop pending method. Furthermore, the density of Span 80
has been measured to be 0.985 g/cm?, which is close to PDMS density and enables to obtain non-
buoyant suspensions. At last, the viscosity of Span 80 has been measured to be independent of the

shear rate and to be equal to 1.46 +0.03 Pa.s at T = 22°C.

2. Suspensions of Silica particles

In order to investigate the influence of Young modulus of the particles on suspension rheology,
we will compare the rheological behavior of the two types of suspensions composed of PDMS
particles dispersed in Span 80 to that of suspensions composed of glass beads of equivalent di-
ameter dispersed in a Newtonian fluid. The glass beads (Soda-lime glass beads, Potters Industries
Soda-Lime Silica Technical Quality Solid Glass Spheres, 45-90um F95) were first sieved to obtain
particle size in the range of 80 um to 100 um. The difficulty of making glass bead suspensions with
a particle diameter close to 100 um lies in the very high density of glass (~ 2.3 g/cm?), which is
much larger than that of usual liquids. We have chosen to disperse them in a solution of 49.7 wt%
Sodium polytungstate (STP-1, TC-Tungsten Compounds in a mixture of 31.1wt% deionized wa-
ter and 19.2wt% Ucon oil (75-H-90,000, Dow). This solution is a Newtonian fluid of viscosity
0.19 Pa.s at T = 10°C and density 2.0g/ cm?. Note that we chose to work at 7 = 10°C rather than
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at room temperature in order to limit water evaporation. The effects of gravity can most of the
time be neglected. For this to be the case, it is necessary that the Shields number, constructed as

the ratio between the viscous force exerted on a particle to its apparent weight, is larger than one:

9 o
—- 2% > 9
2Apga ©)

Therefore, this condition requires the shear stress to be greater than 3.10~2 Pa.

C. PDMS particle characterization
1. Size and density

We aim at studying the rheological behavior of non-Brownian suspensions. Thus, particles
have to be large enough so that Péclet number is much greater than unity, including for low shear

rates:

_6nneya’

P
¢ kT

(10)

where 1 is the viscosity of the suspending fluid, 7y, the shear rate, a, the particle radius and kp =
1.34.10723 mzkg s 2K~! the Boltzman constant. On the other hand, it is difficult to make reliable
viscosity measurements of suspensions with particle sizes larger than a few hundred microns.
Indeed, for viscosity measurement to be independent of the typical scale of the shear flow size,
h, it is necessary that h/a 2 30 —40%7. Therefore, particles of a hundred microns are a good
compromise. An illustration of the particles produced by the method depicted in Sec. IIT A 2 is
given in Fig. 4 where the presence of very small particles (with typical diameters smaller or of the
order of 10 im) is observed. They come from the jet destabilization that generates satellite drops*®
that are very difficult to avoid. Nevertheless, they represent a very small volume and would not

affect the rheological behavior of the suspensions.

The size distribution histograms for "soft" and "stiff" PDMS particles are shown in Fig. 5. The

mean particle diameters are respectively 104 =8 um and 115 £+ 10 um.

The particle density is measured with a liquid picnometer filled with Span 80 and is found to

be 1.055g/ cm? and 1.090 g/ cm? for "soft" and "stiff" PDMS particles, respectively.
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FIG. 4. Electron micrograph of manufactured stiff PDMS particles.
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FIG. 5. Number size distribution measured for soft (blue) and stiff (orange) PDMS particles.
2. Elastic modulus

It is important to remember that the PDMS mechanical properties depend on the processing

conditions, including curing temperature*® and washing procedure>%-3!

. Therefore, we measured
the Young modulus of both kinds of particles by using a nano-indenter (nano-indenter Chiaro,
Opticsl life, radius of the indenting sphere: 9 um ). We obtained E| = 1.8 0.2 M Pa for the softer

particles and Ey = 15 42 M Pa for the stiffer ones.
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3. Evaluation of the inter-particle contact properties

The purpose of this section is not to present an exhaustive characterization of the contact prop-
erties (adhesion, friction) of the particles but only to show that the knowledge of the mechanical
and physicochemical properties of the particles makes it possible to propose an order of magnitude
for the adhesive force and a scaling law for the inter-particle friction involved in the suspensions
of PDMS particles.

5256 who all found a

The adhesion properties of PDMS have been studied by many authors
value between 40 and 50 mJ /m? for the work of adhesion in air. In this range, the most commonly
accepted value seems to be w, = 44 mJ /m?, as pointed out by Olah & Vancso®’. This is in partic-
ular the value given by Chaudhury & Whitesides>® who measured the adhesion energy using two
different methods, one based on the study of the deformation resulting from the contact between a
hemispherical lens and a flat sheet of PDMS and the second based on detailed contact angle mea-
surements with various liquids. For the latter measurements, Chaudhury & Whitesides>® used the

59-61

Good-Girifalco-Fowkes equation that relates the surface free energy of a solid, ¥, = w,/2, to

the interfacial tension, 7}, and the contact angle, 6., of non polar fluids:

(1+ cosb.)*

) (11)

Ysv = Vv

This equation is valid if the surface free energy of the solid results mainly from dispersive
forces which is the case of PDMS surfaces and thus provides a way to evaluate w,. Taking ¥, =
29.2 +0.8 mJ /m? for the interfacial tension of Span 80 and 6. = 45 4 1.5° for the contact angle
between Span 80 and PDMS, we obtain w, ~42.6 +2 mJ/ m?2, a value in the range of the values
found in literature. Then, to have an estimate of the value of the work of adhesion for PDMS in

Span 80, wg, the Young-Dupré relation can be used:
ws = wg — 2Y,c086, (12)

which gives wg ~ 1.25+0.2mJ /m?

This value is probably underestimated because the use of the Good-Girifalco-Fowkes (Eq. 11)
supposes that the adhesive forces are purely dispersive and that the contacting liquid is nonpolar>®
whereas Span 80 is known to be weakly polar. As a consequence, other interactions than purely
dispersive forces may contribute (weakly) to the adhesion energy of PDMS in Span 80. This
estimate obtain for the "soft" PDMS should also be valid for the "hard" PDMS since it has been

15



shown, in particular by varying the mixing ratio from 10:1 to 50:1 in Sylgard 184, that the surface
energy hardly varies with cross-linking density>*. Moreover, we did not notice any significant
difference in the value of the contact angles between the two types of PDMS (see Sec. III B). We
can therefore reasonably take the same estimate of wg for both kinds of particles.

According to JKR theory, the adhesion force, defined as the minimum force required to separate

two contacting spheres, is given by®?:
3
F.an = ZWSTCG (13)

Thus, as per JKR theory, the adhesive force does not depend upon the elastic modulus of the
particles but only on the surface energy from which we deduce F,;;, ~ 160nN for both kinds of

PDMS particle suspensions, which gives a characteristic adhesive stress 0, = ;‘;‘2’5 ~ 3 Pa.

It is anticipated that the frictional properties of the PDMS particles would be quite unusual.
Indeed, the PDMS particles that compose the suspensions we study have several untypical char-
acteristics: they are smooth, soft and fully elastic while archetypical particles (PMMA, PS, glass
particles...) that usually compose non-Brownian suspensions are rough and hard and become plas-
tic for rather low stress levels. The smoothness of the PDMS particles is ensured by the manufac-
turing process that minimizes the surface energy and is favored by intrinsic properties of PDMS
Sylgard 184 for which several atomic force microscopy studies have shown that the roughness

of a free PDMS surface is of the order of a few nanometers>293.64

. Moreover, the particles are
between 107 and 10* times softer than the particles that usually constitute non-Brownian suspen-
sions (mainly PS, PMMA or glass particles). As a consequence the force necessary to flatten a
roughness is very small compared to the force induced by the flow in a typical rheometric experi-
ment. The magnitude of the force required to flatten an asperity of radius of curvature &, S 10nm
can be estimated using Hertz theory: F =~ 4/3E*h? with E* = E/(1 —v?) and v ~ 0.5, which
results in F S 1nN for the hardest PDMS particles and F ~ 0.1nN for the softest ones. These
forces are much lower than those involved in the rheology experiments presented below where
F =~ 6ma’c ~ 60nN for ¢ = 1 Pa that is the lower limit of the shear stresses we will explore. As a
result, the roughness would not play any role and the interparticle contacts are expected to be soft.
Moreover, PDMS is fully elastic over an extremely wide range of deformation and stress values*.
From the mechanical properties of Sylgard 184 reported by Johnston et al.*® (E = 2.05MPa,
v =0.5and Yy = 6.25MPa at Toyying = 100°C), the critical stress for plastic yield inception can

be calculated from Eq. (6) with A, = a (since the contact is smooth) and a value of o, as high as
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10® Pa is obtained! For the sake of comparison, Lobry ef al.?! found o, ~ 10 Pa for a suspension
of 40 um diameter polystyrene beads (roughness of ~ 100nm). This huge difference comes from
the difference in Young modulus and yield strength values (respectively 1000 and 10 times lower
for PDMS than for polystyrene) but, over all, from the difference in radius of curvature of the
contact. In the case of rigid and rough particles, it is the radius of curvature of the asperities which
intervenes while for PDMS particles that are soft and smooth, the radius of curvature to be taken
into account to deduce the contact properties is the particle radius. As a consequence, in the shear
stress range that will be explored in the present study [1 — 150 Pa], the contact is fully elastic and

described by JKR theory that relates the contact radius, r. to the applied load, F:

1/3

31-v2 (3 3
ro = ( a) F+§7rwsa+ 37rwSaF—|—(§7rwsa)2 (14)

4 E
For applied loads much higher than F4;, this expression reduces to Hertz formula according to

which the radius of the contact area varies as the normal load to the power (1/3):

W2 1/3
ro = (%1 Ev aF) (15)

The friction coefficient is defined by the ratio of the normal force to the tangential force (1 = %)

which is given by the product of frictional stress, X and the contact area: F; = Xy nr?

As aresult, in the limit ' >> F_ 4, the friction coefficient is expected to decrease as F -1/3,
2/3
31-v? |
—nxp (= F~13 16
H f < 1 E a) (16)

Furthermore, this expression shows that, at given normal load, the friction coefficient is pro-
portional to the elastic modulus to the power of (—2/3).

An order of magnitude of the frictional stress, Xy for PDMS surfaces in air can be found in
literature and is of the order of 0.2 — 0.3 MPa® %7, In addition, it has been shown that friction is
influenced by the physicochemical properties of the surrounding medium. In particular, Bogaerts
et al.%8 investigated the influence of wettability and surface roughness on the tribological properties
of Sylgard 184 in the presence of a lubricant. In the boundary regime —where the lubricant is
almost fully absent from the contact zone—, the authors showed that, in the presence of a non-
wetting liquid, the friction coefficient is approximately the same as in dry contact while the friction
coefficient decreases with decreasing contact angle. For a contact angle of about 35, obtained

with Sun Flower oil, they measured a boundary friction coefficient 3 times lower than the dry
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coefficient. Thus, since the wetting properties of PDMS by sun flower and Span 80 are nearly the
same, X s =~ 0.1 MPa can be taken as an order of magnitude for the frictional stress of the PDMS
particles immersed in Span 80.

The frictional behavior of the glass beads is expected to be much different. Again, an order
of magnitude of o, can be calculated from the material properties of soda-lime glass®!: E ~
70GPa, Yy ~ 50 MPa and v =~ 0.22 with h, ~ 5nm, which give 10~ Pa for the estimation of o,.
Thus, in the rheometric experiments presented below, the shear stress will always be much higher
than o,.. The friction coefficient is thus expected to be constant and no shear-thinning stemming

from variable friction should be observed.

D. Summary

The particles that constitute the three suspensions that are studied here have very different
mechanical properties with stiffness that varies over more than 4 decades and friction coefficient
over almost one order of magnitude. By contrast, the adhesive properties of the two PDMS particle
suspensions are essentially the same since, according to the JKR theory, the characteristic adhesive
force does not vary with the elastic modulus of the particles®>. The main characteristics of the

suspensions are summarized in Table I.

IV. RHEOMETRIC EXPERIMENTS

The measurements are carried out with a controlled-stress rheometer (Mars II, Thermofisher)
equipped with a Pelletier temperature controller that sets the temperature within a precision of
+0.1°C. A parallel-plate geometry (radius R = 30mm, gap width h = 2.2mm) was employed in
order to minimize shear-induced particle migration’>7%. Moreover, using a parallel-plate geometry
makes it possible to work with large enough gaps so that particle layering in the wall region does

41.771-19 - Zarraga et al.®0 showed that for a

not significantly affect the viscosity measurements
concentrated suspension (¢ = 0.5), viscosity approaches the continuum value as the gap width
exceeds a value of about 40a, a being the particle radius. Here the gap is set to & = 2.3 mm which
corresponds to / 2, 40a so that no confinement effect is expected.

The drawback of using a parallel plate geometry is the radial variation of the shear rate from

0 at the center to Jg = QR/h at the rim. To circumvent this difficulty, a correction is calculated
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TABLE I. caption
Particles Soft PDMS Stiff PDMS Glass
Suspending fluid Span 80 Span 80 polytungstanate
solution
Mo (Pa.s) 1.46 1.46 0.19
2a (um) 108+ 18 115+13 90+£5
C.an (Pa) ~3 ~3 not evaluated
E (MPa) 1.8+0.2 15+2 ~70.10°
o, (Pa) ~ 108 ~ 108 ~107°
I 540713 1.3071/3 ~0.252
volume fraction 0.21-0.42 0.33-0.525 0.34-0.54

2 This value is taken from’? for contaminated particles in pure water but some authors report a decrease by a factor
of up to 4 of the friction coefficient when silica particles are immersed in an electrolyte solution rather than in pure

water’>-74

according to the Mooney-Rabinovitch formula:

r dinl’
o= 3 17
2R3 ( +dln}'/R) (17
where I' is the torque applied by the rheometer.
The viscosity is then obtained :

c
= (18)

1 TR

Viscosity is measured by imposing stress steps whose duration varies, depending on the inten-
sity of the stress. Indeed, the steady viscosity of a suspension is only reached when its microstruc-
ture is at equilibrium, which requires that the shear deformation is of the order of several units'?.
Each measuring step is separated by a preshear at ¢ = 50 Pa for 20 s to prevent possible memory
effects and to rehomogenize the suspension if necessary.

First, the effect of wall roughness on the viscosity measurement is tested on a suspension of
soft PDMS particles (E = 1.8 MPa) at an intermediate concentration of 0.31 (as a reminder, the
volume fraction of these particles is varied from 0.21 to 0.42). The rough surfaces are obtained

by covering the nominally smooth surfaces of the lower and upper disks of the rheometer with a
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FIG. 6. Variation of shear stress as a function of shear rate measured either with smooth (triangles) or rough

(squares) surfaces. The suspension is made of soft PDMS particles at a particle volume fraction of 0.31.

thin layer of PDMS (approximately 100 um in width) which is seeded before curing with 80um
diameter glass. Fig.6 displays the variation of shear stress as a function of shear rate measured
either with smooth or rough surfaces. Since no difference is observed, in the following, unless
specified otherwise, viscosity will be measured with smooth surfaces whose use ensures a better

parallelism of the rheometer disks and a more accurate evaluation of the gap width.

Figure 7 shows the shear stress-shear rate curves obtained for the three systems at different
particle volume fractions. Whereas the glass bead suspension is essentially Newtonian (only a
slight deviation of the linear relation between ¢ and 7 is observed for the highest concentrations),
the PDMS particle suspensions exhibit shear-thinning behaviors that are more pronounced the
higher the particle concentration and the smaller the Young modulus of the particles. Moreover,
we notice that for a given volume fraction, the viscosity of the suspension of soft PDMS particles
is greater than that of the suspension of stiff PDMS particles, which is itself somewhat greater than

the viscosity of the glass bead suspension.
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FIG. 7. Shear stress versus shear rate for the three kinds of suspensions at several particle volume fractions.
It is observed that the glass bead suspensions exhibit a Newtonian behavior, whatever the volume fraction.
On the contrary, suspensions of PDMS particles show a non-Newtonian behavior which is more pronounced

the higher the particle volume fraction and the lower the stiffness of PDMS.
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V. RESULTS AND DISCUSSION
A. Jamming fraction as a function of the shear stress

In order to provide a synthetic presentation of the large number of results shown in Fig. 7 and to
be able to compare quantitatively the behaviors observed for the three types of suspensions, we will
follow the approach of several authors that consists in considering that the jamming fraction,@,, is
dependent on the stress magnitude!3-20-22323541 The varjation of viscosity with particle volume

fraction and shear stress is depicted using a modified Maron-Pierce law®!:

_n a(o) (19)

where o is a fitting parameter of the order of 1 without any clear physical meaning. In the orig-
inal Maron-Pierce relation o = 1 while almost all the numerical or experimental studies that use
Eq. (19) to represent the viscosity as a function of the volume fraction report values of ¢ that
deviate from 172!,

Fig. 8 shows the variation of 1/ ng's as a function of particle volume fraction for a few different
stress magnitude. For the three types of suspensions a linear behavior with ¢ is observed. For the
glass bead suspensions, almost no variation of the jamming fraction (¢-axis intercept) with stress
is observed, which is consistent with the Newtonian behavior shown in Fig. 7. In contrast, for both
PDMS particle suspensions, the jamming volume fraction noticeably decreases with decreasing
shear stress.

Fig. 9 displays the variation of o with o for the three suspensions. As expected, & is of
the order of unity. For the glass bead suspension, & is remarkably constant while it somewhat
increases with increasing ¢ for both suspensions of PDMS particles. This moderate increase of o
has already been observed in both experimental®> and numerical®! studies.

The variation of ¢, with ¢ is much more interesting and meaningful; it is shown in Fig 10.
First, we note the low values of the jamming volume fraction obtained for PDMS suspensions
when the shear stress decreases towards zero. These values, typically ranging from 0.4 to 0.5, are
of the same order of magnitude as the values of random loose packing®? or of jamming fraction®
in cohesive granular materials. Second, the variation of ¢,, with o is very significant for PDMS
particle suspensions and is greater for the soft PDMS particle suspension than for the stiff PDMS

particle suspension while, as already mentioned, the jamming fraction of the glass particle sus-
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FIG. 10. Jamming volume fraction versus shear stress. Hollow symbols correspond to the determination of
¢, from the variation of 1/ nSI/ * as a function of ¢ (see Eq. (19)). Red stars represent the variation of the
yield stress, og, with particle volume fraction (see Sec. V B for the determination of the yield stress). The
solid lines are obtained by fitting the whole set of experimental results (¢,,(c) and og(¢)) by the model

proposed by Richards et al.'?. The fitting parameters are given in Tab. II. The dashed line has only been

added to guide eye.

pension barely varies with shear stress, which is consistent with the quasi-Newtonian behavior
displayed in Fig 7. We also note that the differences recorded in the values of ¢, for the three
types of suspensions are much more marked at low stresses than at high stresses. Indeed, for

0 = 150 Pa, the glass particle suspension and the stiff PDMS particle suspension have approxi-
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mately the same jamming fraction (= 0.63). The jamming fraction of the soft PDMS suspension
is smaller (= 0.57) but the experimental data of Fig. 10 show that ¢,, has not reached a constant

value and would probably continue to increase if higher stresses were applied.

B. Yield stress

The very important variation of ¢,, with ¢ should result in the emergence of a yield stress in
suspensions whose particle volume fraction is comprised between the minimum jamming fraction,
®a1p> and the maximum one, ¢;,. Indeed, in this concentration range, the suspension will only flow
if the stress magnitude is large enough for the jamming fraction to be larger than its volume
fraction. We wanted to test this idea and for this purpose we made new suspensions of both kinds
of PDMS particles with volume fractions between ¢, and ¢, and measured the yield stress,
os. To measure as precisely as possible the yield stress, a sequence of steps of decreasing shear
stresses is applied to the suspension. When changing from a given stress to a smaller stress, the
elastic particles relax part of their contact forces and induce a reverse of the flow of the suspension.
After a lapse of time, if the shear stress is larger than the yield stress, the suspension flows again
in the direction of the applied stress. On the contrary, if the applied stress is lower than the yield
stress, the suspension stops, once the contact forces between particles have been relaxed and never
flows again. Thus, to measure oy, we record the minimum value of the shear stress which induces
forward flow. An example of such a test is given in Fig.11 and the recorded values of o for various
particle volume fractions are represented in Fig 10 by the red stars.

An important feature on this figure is the very good correspondence between the curves og(¢)
ans ¢,,,(o) which confirms the suggestion we made that a variation of ¢, with ¢ should give rise

to the emergence of a yield stress.

C. Interpretation of the results

The very low values of ¢,, (as low as 0.43 for the softer PDMS particles) recorded at small
applied shear stresses show that the framework of purely frictional suspensions is not appropriate
to describe our results. Indeed, for frictional suspensions, the jamming volume fraction can only
vary in a range typically between ¢= ~ 0.55 (for yt — o) and ¢° ~0.65—0.7 (for u — 0)!6:18:20.21.

Recent papers!??7 focused on the role of adhesive forces in rheology of non-Brownian suspensions
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FIG. 11. Shear strain versus time for different shear stress values. When the stress is switched from a
given value to a lower one, part of the interparticle elastic forces relax, which leads to a strain recovery.
Afterwards, if the applied stress is greater than the yield stress, the strain increases again. Otherwise, the
deformation levels off. This test example was performed with a suspension of soft PDMS particles at
a volume fraction of 0.479. The curves indicate that the yield stress is between 11 and 12 Pa. Smaller
stress intervals between these two values allow us to evaluate with accuracy the value of the yield stress at

11.2+£0.1Pa

and showed that adhesion is responsible for shear-thinning and may give rise to jamming fraction
values as low as 0.3. In the phenomenological model proposed by Richards et al.'? (see Sec II),
®a1p corresponds to the jamming fraction at o — O for a suspension where all contacts are adhesive
and ¢ is the jamming volume fraction for a non-adhesive frictional suspension whose value only
depends on the friction coefficient between particles'®18-20-21.40 The suspension transits from the
adhesive behavior to the frictional one for a characteristic stress o, associated with the force that
is necessary to break an adhesive contact. In the following, we will analyze our data using this
constraint-based rheology model and, to limit the number of parameters, we will set the value of
the parameter x that appears in Eq. (4) to 1. The solid lines in Fig. 10 show the results of the fitting
of the experimental data with the model of Richards er al. Note that all the values ¢,,(c), as well
as 0s(¢), are used to perform the fits. Table II displays the fitting parameters for both kinds of

PDMS particle suspensions.

The characteristic adhesive stress is almost the same for both suspensions. This finding is
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TABLE II. caption

Suspensions Dulp ou Oy
PDMS Sylgard 184 (E = 1.8 MPa) 0.391£0.005 0.576 £0.008 8.1+1.0
PDMS Sylgard 184 + Toluene (E = 15MPa) 0.502 £0.005 0.639£0.007 75+£1.5

TABLE III. Comparison of the ¢, values obtained either experimentally or predicted by Eq. (16) together

with constitutive laws proposed by Singh ez al.!” and by Lobry et al.?!
Glass beads Stiff PDMS Soft PDMS
(o =150Pa) 0.25 0.25 1.0
o, experimental 0.636 0.633 0.570
¢, (Singh et al.'”) 0.614 0.614 0.580
O, (Lobry et al.?") 0.631 0.631 0.569

consistent with JKR theory that predicts that the force necessary to break an adhesive contact
between two spheres does not depend upon the elastic modulus of the materials (see Eq.(13)).
Furthermore, the characteristic adhesion force can be evaluated from Egs. (5) and (13): 0,4, = %.
Taking wg ~ 1.25 mJ/ m? (see Sec. III C 3), we obtain 0,4, ~ 3 Pa which is of the same order of
magnitude as the value of ¢, deduced from rheometric experiments together with the model of
Richards'? (o, ~ 8 Pa).

For stresses well above o, the suspensions is expected to behave like a "standard" frictional
suspension with a jamming fraction controlled by the magnitude of the inter-particle friction co-
efficient, . As explained in Sec. II, since the contact is smooth and the PDMS is an almost
ideally elastic material, i is expected to decrease with the normal force to the power (—1/3) (see
Eq. (16)). Eq. (5), together with Eq. (16) and Xy ~ 0.1 MPa, give  ~ 1 for the softer particles and
u ~ 0.25 for the stiffer ones at a shear stress ¢ = 150 Pa. For the latter, the friction coefficient is of
the same order as that of glass beads. It is thus consistent that, at high shear stresses, the jamming
fraction is almost the same for both kinds of suspensions. In addition, the ¢, values obtained for
the three systems can be compared to the results of numerical simulations from Singh et al.!” or
from Lobry et al.?!

Tab. TII).

who obtained values of ¢, that are very close to that we have measured (see

The values of ¢, are somewhat more difficult to interpret. On the one hand, according to JKR
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theory, the characteristic adhesion force which is the force necessary to separate two spheres does
not depend on the sphere stiffness, which, as stressed before, is consistent with the observation
that the characteristic stress deduced from rheometric measurements is the same for both kinds
of PDMS particle suspensions. But, on the other hand, as long as the particles are in contact,
the contact area varies with the stiffness. Eq. (14) shows that, at zero applied external force,
the radius of the contact area varies as E~!/3. Thus, when the sphere stiffness decreases, the
attractive adhesion force between the particles, which is proportional to the contact area, increases
as E~2/3. This variation of contact area with particle stiffness provides an explanation for the
smaller value of ¢,;, measured for soft PDMS spheres than for stiff PDMS spheres. Note that,
in the absence of adhesion, the difference in stiffness should have led to a slightly larger value
of ¢, for the suspension of softer spheres since they are more deformable and can arrange in a
more compact structure. This has been shown by Martin & Bordia® who studied the influence
of stiffness, adhesion and friction on random close packing fraction of spherical particles. Other
authors>’—3? have also studied the role of adhesion and friction on the maximum packing fraction.
In these numerical studies, particles settle under gravity and the packing fraction is characterized
as a function of the friction coefficient and of the ratio of the adhesion force to the buoyant force.
The main result of these studies is that the packing fraction decreases with the force ratio up to
a limit value that depends on the value of the friction coefficient. Liu et al.>® showed that Dulp
typically decreases from 0.5 to 0.2 when u increases from O to 1. These orders of magnitude are
consistent with the values of ¢, that we measured. However, according to Liu ef al. the strong
decay of ¢, occurs for friction coefficients of the order of 1073 — 102 while, for higher values
of U, ¢4 hardly decreases. Therefore, since the values of the friction coefficient of both kinds of
PDMS particles are much larger than the typical values at which the variation of ¢, is significant,
sliding friction alone could not explain either the very low values of ¢, or the difference in ¢,
values measured for each of the two suspensions. Yang et al.>® showed the same kind of variation
in ¢, with u but also that the rolling friction coefficient, u,, has a significant influence on ¢,

when it varies between 0.001 and 0.1.

The rolling friction force involved in a JKR contact between two spherical particles has been

derived by Dominik & Tielens®’:

F, = 3mwg&Yeld (20)

where £ i a critical rolling displacement for the onset of rolling. We thus obtain the rolling
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friction coefficient:
F yield
‘ur = r —= 4 g (2 1)
Faan a

Krijt et al.8% proposed a relation between £ and the amount of adhesion hysteresis, Awg, and
the radius of the contact area by considering the changes of contact area and pressure distribution

at the front and rear sides of the contact region:

yield _ iAWS 22
3 12 ws (22)

2\ 13 . .
where r. & 1,y = <97TW5(41—EV)6’> is the radius of the contact area when no external force is

applied (see Eq. (14) with F=0). Here, we obtain r. ~ 2 um for the softer PDMS particles and
re. = 1.1 um for the stiffer ones. Several studies have measured the adhesion hysteresis of PDMS
in air. The value of the adhesion hysteresis depends on many parameters, including free chain

54,88

extraction (or not)3”-88, mixing ratio , molecular weight®>°, formation of hydrogen bonds

across the interface8”-89-90,

.. Nevertheless, the compilation of the results of the literature shows
that for extracted Sylgard 184 Awg/ws ~ 1. This order of magnitude together with the contact
radius value that is much larger than for usually much stiffer particles (PMMA, PS, silica...) lead
to a quite unusual large value of the critical rolling displacement which is of several hundred
nanometers, resulting in rolling friction coefficients of about 0.012 for the softer particles and
0.007 for the stiffer ones.

The effect of rolling friction on suspension rheology has been seldom studied, probably be-
cause, for stiffer spherical particle suspensions, friction is dominated by sliding friction. However,
a recent paper addressed, through numerical simulations, the influence of rolling friction on the
DST transition and more generally on the rheology of suspensions in the thickened frictional
regime’!. The authors show that rolling friction results in a decrease of the jamming fraction in
a range qualitatively comparable to what we observe here. For u = 10 (here for the softest par-
ticles 1 ~ 12 is obtained by introducing the value of the adhesion force in Eq. (16), they obtain
a jamming fraction of 0.4 for u, ~ 1, a value 50 times larger than the one we estimated from the
adhesion hysteresis. This discrepancy probably means that adhesion cannot be taken into account
only through rolling friction. In other words, adhesion, in addition to constraining the tangential
motion of particles, prevents particles from separating and this effect, which is not accounted for
by rolling friction, is likely to have an important impact on the suspension rheology. However, this

negative result must be taken with caution because it is not excluded that we have underestimated
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the rolling friction coefficient. On the one hand, the theory that links g, to the adhesion hysteresis
has not yet received much experimental confirmation. On the other hand, the order of magnitude
that we used for Awg/wyg is derived from the literature which shows that the value of this hystere-
sis depends very much on the precise characteristics of the PDMS studied. In order to make a
final decision on the possibility to account for the effect of adhesion on rheology by introducing
a rolling friction, we believe that it would be necessary, even though it is quite challenging, to

measure directly the rolling friction coefficient of the particles.

VI. CONCLUDING REMARKS

We designed a simple millifluidic device to manufacture PDMS particles with a diameter of
~ 100 um and with two different elastic moduli: 1.8 MPa for the softer PDMS particles and
15 M Pa for the stiffer ones. Due to the low values of capillary number investigated (lower than
10~%), particles are not expected to be significantly deformed by the flow. However, the impact
of particle rigidity on suspension rheology is evidenced. The rheological behavior of suspensions
of stiff and soft PDMS particles dispersed in Span 80 is compared to the rheological behavior
of suspensions of glass beads immersed in a Newtonian liquid. The glass suspensions exhibit a
quasi Newtonian behavior while the PDMS particle suspensions display a marked shear-thinning
behavior. As the modulus decreases, the viscosity increases, especially at low shear stress, and the
shear-thinning behavior becomes more pronounced. In the three cases, shear-thinning is quantified
by the variation of the jamming fraction with shear stress. The experimental results are interpreted
on the basis of the constraint based model proposed by Guy et al.® and Richards et al.'?> which
involves three parameters: the characteristic adhesion stress, 6,, the jamming volume fraction in
the adhesive regime (0 << 0,), @4, and the jamming volume fraction in the frictional regime
(0 >> 0y), Pu.

The adhesion stress is found to be equal for both PDMS particle suspensions, in agreement
with the JKR theory that predicts that the pull-off force required to separate two adhesive spheres
is independent of the sphere stiffness. Moreover the magnitude of the adhesion stress is fully com-
patible with the magnitude of the adhesion energy, estimated from the physicochemical properties
of PDMS and span 80. In the future, it would be interesting to change the suspending liquid to
vary the adhesion energy and observe the effects on the rheology and more particularly on the

value of the characteristic adhesion stress.
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The values of ¢, for both kinds of PDMS particle suspensions are consistent with the evaluated
values of the friction coefficient together with the results of numerical simulations from Singh et
al.'” or Lobry et al.>'. The value of the jamming fraction measured for the glass bead suspension
is almost independent of o since the suspensions exhibit a quasi Newtonian behavior, and is also
in agreement with the numerical simulation results mentioned above. It should also be stressed
that the lack of shear-thinning in the glass beads suspensions is consistent with the predictions of
the model proposed by Lobry et al.?! which shows that non adhesive frictional suspensions are
expected to display shear-thinning behavior in a range of shear stress values lower or the order of
magnitude of the critical shear stress that corresponds the plastification of the interparticle contacts
where particle contact is expected to be plastic.

The values found for ¢, are within the expected range for adhesive suspensions!> 1327 The
comparison of these values (¢,;, = 0.39 and 0.50 for the soft and stiff PDMS particle suspensions
respectively) with the values deduced from numerical simulations’! that take into account both
sliding and rolling friction, suggests that it is unlikely that the effect of adhesion can be described
by only a rolling constraint of the particles.

The significant variation of ¢, (from ¢, to ¢,) with shear stress leads to the emergence of
a yield stress, oy, for suspensions with volume fractions between ¢, and ¢,. We showed that,

1.12

in agreement with the findings of Richards et al.'=, the relations ¢,,(0) and og(¢) are closely

equivalent.
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