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Les quatre régimes de concentration

dilué très concentréconcentrésemi concentré
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Terminologie

Viscosité relative

Viscosité spécifique

Viscosité intrinsèque
(f : concentration)

[h] = 2.5 pour des sphères idéales rigides

ηrel =
η
η0

ηsp =
η −η0
η0

=ηrel −1

ηred =
ηrel −1

φ
Viscosité réduite

η[ ]= lim
!γ→0
φ→0

ηsp
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Viscosité des suspensions de sphères dures

h d

Rôle des particules, en termes de concentration et de forme,
sur la viscosité d’une suspension : au repos, et sous cisaillement

Première approximation, quelques particules

U
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Fluide seul : 𝜏 = 𝜂!"#$%&𝛾̇ = 𝜂!"#$%&
'
(

𝜂!"!#$%!&'%

Avec particule :

𝜏 = 𝜂()"&*$
𝑈

ℎ − 𝑑 = 𝜂()"&*$
𝑈
ℎ

ℎ
ℎ − 𝑑 = 𝜂()"&*$

1
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Viscosité des suspensions de sphères dures

h d

Rôle des particules, en termes de concentration et de forme,
sur la viscosité d’une suspension : au repos, et sous cisaillement

Première approximation, quelques particules

ηsuspension =η fluide
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Viscosité des suspensions de sphères dures
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𝜂)&" = 1 + 𝜙 *++,../
*++/

où µ est la viscosité des particules

Avec µ >> h0 :    𝜂)&" = 1 + 2.5𝜙 = 1 + 𝑘𝑒𝜙

(mais pour une émulsion avec gaz, µ << h0 : 𝜂)&" = 1 + 𝜙)

EINE NEUE BESTIMMUNG
DER MOLEKüLDIMENSIONEN

INAUGURAL-DISSERTATION
ZUR

ERLANGUNG DER PHILOSOPHISCHEN DOKTORWÜRDE
DER

HOHEN PHILOSOPISCHEN FAKULTÄ'r
(MATHEMATISCH-NATURWISSENSUHAFTLICHE SEKTION)

DER

UNIVERSITÄT ZÜRICH

VORGELFJWr
VON

ALBERT EINSTEIN
AUS ZORICH

Begutachtet von den Herren Prof. Dr, A. KLEINER.
und

Prof. Dr. H. BURKHARDT

BERN
BUOHDRUCKEREI K. J. WYSS

1905

7

Viscosité des suspensions de sphères dures

Loi d’Einstein φη erel k+=1
ke: coefficient d’Einstein (2.5 pour des sphères)
f : concentration
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Suspensions monodisperses diluées
solvant Newtonien

Type de particules Valeur de ke Schéma des particules 

 

Sphériques 

 

ke = 2.5 

 
 

Cubiques 

 

ke = 3.1 

 
 

Réseau de fibres  

(flux parallèle) 

 

ke = 2L/d 

 
 

Réseau de fibres  

(flux transversal) 

 

 

ke = 1.5 

 

 

 

L

d

φη erel k+=1
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Suspensions monodisperses semi-concentrées

Loi d’Einstein modifiée hrel = 1 + 2.5f + kHf2 + ... 
kH coefficient de Huggins

f

f 2
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Suspensions monodisperses semi-concentrées

Loi d’Einstein modifiée hrel = 1 + 2.5f + kHf2 + ... 
kH coefficient de Huggins

ηred = 2.5 + kHφ

ηred φ→ 0( ) = ke = η[ ]

Batchelor et Green (1972) kH = 7.6 pour un écoulement élongationnel
5.2 pour un cisaillement simple
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Suspensions monodisperses concentrées
11.4 Viscosité d’une suspension de sphères dures 
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Figure 12.2 

 

 

12.1.3. Suspension concentrée 

D’après les paragraphes précédents, on constate qu’au fur et à mesure que la fraction 

volumique des particules augmente, la loi proposée donne de moins en moins satisfaction. 

L’interaction entre les particules cause une élévation rapide de la viscosité. Si les particules 

sphériques monodispersées de la solution sont concentrées dans le solvant newtonien, il faut 

affiner les relations précédentes.  

Une autre approche souvent utilisée par les rhéologues est l’approche de type milieu 

effectif. Les suspensions sont traitées comme des milieux continus : les particules et le fluide 

sont considérés comme un milieu homogène continu de viscosité !  qui ne dépend que de la 

concentration en particules et de la viscosité du fluide. De là, si on ajoute une faible fraction 

de particules !" <<1, on peut supposer que l’on aura une variation linéaire de la viscosité en 

fonction de la concentration : 

 

( )!"#+!#$!"+!# ][1)()(   

 

avec [η] définie par : 

 

[ ]
!"

!"#!"
="

!$! 0
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1 + 2.5f + kH f2
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Suspensions monodisperses concentrées

13

η φ + dφ( ) ≈η φ( ) 1+ η[ ]dφ( ) η[ ]= lim
φ '→φ

η φ '( )−η φ( )
η0φ

1) Ajout d’une faible fraction df << 1 de particules dans une suspension avec 
une concentration f de particules :

où (1)

η φ + dφ( ) =η φ( ) 1+ η[ ]dφ
1−αφ

⎛
⎝⎜

⎞
⎠⎟

2) Le volume accessible aux particules ajoutées est 1 – af
(a facteur d’encombrement stérique) et donc :

(2)

η =η0 1−αφ( )− η[ ]/α

3) On intègre l’équation (2), ce qui donne finalement (a -1 représente alors la 
concentration maximale de particules) :

(3)

13

Modèle de Krieger-Dougherty (1959)

Paramètres influents

→ Granulométrie (suspensions bidisperse ou polydisperse)

→ Forme des particules (fibres, plaquettes ...)

→ Charges électrostatiques (cas des suspensions colloïdales)

avec [h] = 2.5 pour des sphères monodisperses

ηrel = 1− φ
φmax

⎛
⎝⎜

⎞
⎠⎟

− η[ ]φmax
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dispersions. The low shear regime generally occurs for
^ġ&51023– 1022 s21, and the high shear regime for ^ġ&
51–50 s21. The high and low shear viscosities as a function
of f, determined from our phase diagram and swelling mea-
surements and shifted to include polydispersity effects, are
compared in Figs. 8~a! and 8~b!, respectively, with several
other sets of published data for hard spheres. For f,0.5, the
measurements are highly reproducible, with an uncertainty
of 2.0% for the low shear and 3.0% for the high shear. The
error in weight fraction is 60.003, which translates into
60.003 in core volume fraction. The effective volume frac-
tion, determined by matching the freezing transition, intro-

duces an additional uncertainty of up to 60.007 for decalin
and 60.010, for the index matching mixture.
Since the refractive index of the decalin differs from that

of the particle, van der Waals attractions might increase the
relative low shear viscosities. Estimation of the non retarded
limit of the Hamaker constant from

Aeff~0 !5 3
4 kTS

´̄~0 !2´~0 !

´̄~0 !1´~0 ! D
2

1
3hv

32pA2
~ n̄0
22n0

2!2

~ n̄0
21n0

2!3/2

~29!

requires Planck’s constant h; ´~0!, the dielectric constant at

FIG. 8. ~a! High shear viscosities and ~b! low shear viscosities for 640-nm-diameter PMMA-PHSA spheres, where f is calculated from
suspension density and phase diagram measurements with the freezing transition set to that expected for slightly polydisperse hard spheres,
i.e., f f50.505, compared with other published hard sphere systems. We rescaled Mewis et al.’s @6# volume fractions so that h`/m511.5 at
f50.50.

6642 54SEE-ENG PHAN et al.

Modèle de Krieger-Dougherty (1959)

0.60

Phan et al., Phys. Rev. II (1996) 15

hrel

0.55
fmax

15

Compactions maximales de sphères monodisperses

fmax =  0.524      0.605      0.698    0.605      0.698       0.74       

Réseaux aléatoires

Réseaux cristallins

‘lâche’ fmax =  0.56
‘non-compact’ fmax =  0.60
‘dense’ ou ‘compact’ fmax =  0.64
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Influence de la granulométrie

2 tailles de particules → fmax Ö

(rapport de diamètres des petites et grandes particules)

Suspensions de sphères bidisperses concentrées

(concentration relative des petites particules)

ξ =
Vp

Vp +Vg
=

φp

φp +φg

ηrel φ,λ,ξ( ) = 1− φ
φmax λ,ξ( )

⎛
⎝⎜

⎞
⎠⎟

−β

λ = dp dg

17
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Influence de la granulométrie

2 tailles de particules → fmax Ö

Suspensions de sphères bidisperses concentrées

ηrel = 1− φ1
φmax,1

⎛
⎝⎜

⎞
⎠⎟

− η1[ ]φmax,1
1− φ2

φmax,2

⎛
⎝⎜

⎞
⎠⎟

− η1[ ]φmax,2
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Influence de la granulométrie

Barnes, Hutton & Walters, An introduction to rheology, Elsevier (1989)

122 Rheology of suspensions [Chap. 7 

20 
10 

'oOoro> ,L 0 ;8 d 
Fraction of large particles 

Fig. 7.4 Effect of binary particle-size fraction on suspension viscosity, with total % phase volume as 
parameter. The particle-size ratio is 5 : 1. P -, Q illustrates the fiftyfold reduction in viscosity when a 60% 
v/v suspension is changed from a mono- to a bimodal (50/50) mixture. P -* S illustrates the 15% 
increase in phase volume possible for the same viscosity when a suspension is changed from mono- to 
bimodal. 

intrinsic viscosity for an ideal dilute suspension of spherical particles. Replacing it 
by [q] allows particles of any shape to be accounted for. 

The Krieger-Dougherty equation is 

Equations 7.6 and 7.7 both reduce to the Einstein equation (eqn. (7.2)) when + is 
small. 

The values of +, obtained from the empirical use of eqn. (7.7) are strongly 
dependent on the particle-size distribution. Thus, +, increases with increasing 
polydispersity (i.e. the spread of sizes). This is illustrated by Fig. 7.4 where the 
viscosities of mixtures of large and small particles are plotted as a function of the 
total phase volume. The large reduction in viscosity seen near a fraction of 0.6 of 
large particles is known as the Farris effect. The effect is very large at a total phase 
volume of more than 50%. Mixing particle sizes thus allows the viscosity to be 
reduced whilst maintaining the same phase volume, or alternatively, the phase 
volume to be increased whilst maintaining the same viscosity. Similar effects can 
also be shown for tertiary mixtures (cf. Fig. 7.5). In the example shown in Fig. 7.5 
the minimum relative viscosity is approximately 25 for the optimum tertiary mixture 
and is over 30 for the binary mixture. All these effects can be predicted using eqn. 
(7.7) by assuming, for instance, that the small particles thicken the continuous phase 

Viscosité de suspensions bi-disperses
avec un rapport de taille des 
particules de 5:1

f
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P → Q : réduction de la viscosité 
d’un facteur 50 d’une suspension 
avec 60 %vol de particules en 
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(‘Effet de Farris’)
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Viscosité de suspensions bi-disperses
avec un rapport de taille des 
particules de 5:1

P → S : augmentation de 15 %vol 
possible sans augmentation de la 
viscosité en passant d’une 
suspension monodisperse à une 
suspension bi-disperse (50/50)
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Distance entre particules

h
d
= 1

3πφ
+ 5
6

⎛
⎝⎜

⎞
⎠⎟

1
2
−1

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

h : distance moyenne 
entre 2 particules
d : diamètre des particules

118 Rheologv of suspensions [Chap. 7 

Any of the structures mentioned above can be modified by the adsorbtion of 
surfactant materials onto the surface of the particles. The structures formed by 
electrostatic charges can be modified by the addition of electrolytes. 

The structures discussed so far are formed by near-spherical particles. However, 
if the basic particle is itself anisotropic, very complicated structures can be formed. 
One example is an aqueous suspension of bentonite clay: the basic particle is 
plate-like and it carries charges of opposite sign on the faces and edges. The 
aggregated structure is then like a house of cards with edges attracted to faces. 
Another example is a suspension of soap crystals. Soap can be made to crystallize in 
the form of long ribbons, which then intertwine to form an entangled structure, as 
in lubricating grease. 

A useful method for judging the importance of colloidal forces has been derived 
by Woodcock (1985). It gives the average distance h between first neighbours in 
terms of the particle size d and the volume fraction + as follows: 

This expression is plotted in Fig. 7.3 for four sizes of particle. The diagram also 
shows the range of action of typical colloidal forces. This diagram indicates for 
example that, for a suspension with a @ of 0.2 and particle size 0.05 pm, electro- 
static interactions will be very important. This will not be so if particles are larger or 
if the concentration is lower. 

," 
0.1 0.2 0.3 0.L 0.5 0.6 0.7 

Solids volume fraction 

Fig. 7.3 Average interparticle separation as a function of concentration for monodisperse spheres 
(according to eqn. (7.1)) plotted for four particle sizes. The horizontal lines show twice the distance over 
which various interparticle forces typically operate: (A) Electrostatic forces in aqueous suspensions with 
low salt levels; (B) Steric forces originating from adsorbed macromolecules; (C) Steric forces originating 
from adsorbed nonionic detergents. 

The horizontal lines show twice the distance over which various interparticle
forces typically operate: 

(A) Electrostatic forces in aqueous suspensions with low salt levels
(B) Steric forces originating from adsorbed macromolecules
(C) Steric forces originating from adsorbed nonionic detergents

Barnes, Hu>on & Walters, An introduc?on to rheology, Elsevier (1989) 22
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Appolonius

Figure 1:  The 2-dimensional Apollonian packing. Dotted lines represent the inversion circles.

Figure 2:  Part of the 3-dimensional Apollonian packing. For the meaning of the colors see Sec. 2.

SNF proposal ‘Functionally Graded Polymer Composites’ 12 

 

  
Figure 11. Appolonian PSD (power law scaling [116]). Figure 12. Porosity of bimodal populations of spheres vs. 

proportion of small spheres for various sphere diameter 
ratios [119]. 

The gradient structures will be ‘frozen’ using UV curing and characterized using electron microscopy (a 

focused ion beam is available at CIME-EPFL to prepare surfaces without polishing artifacts often present 

in composite materials with extreme hardness contrast between polymer and inorganic phases). Models of 

gradient morphology will be tested (e.g. [33]), where the influence of field strength, particle magnetization 

and size, interfacial interactions, viscosity of the fluid will be considered. The starting point will be to 

model the behavior of a single particle. Particle-particle interactions will be considered in a second step. 

Modeling and experimental investigations will be combined to optimize process conditions. All relevant 

micro-characterization methods are available at LTC or at EPFL. 

Task 3: Performance and application to optical or magnetic devices 

The objective of task 3 is twofold. Firstly, the surface (surface energy, roughness), mechanical (hardness of 

the inorganic rich layer) and optical and magnetic properties of the graded magnetic nanocomposites 

produced in task 2 will be analyzed. All relevant equipment is available at LTC, EPFL and at CSEM. 

Secondly, a fully integrated, single step process to produce tailored surface structures will be developed as 

sketched in Figure 13. This sketch was already shown in the proposal for the first phase of the project. In 

this example, a homogeneous dispersion of magnetic nanoparticles is suspended in an acrylated HBP liquid 

monomer, placed in a pressurized mold equipped with an electromagnet and a UV-transparent quartz plate 

(Fig. 13a). Upon application of the magnetic field the particles migrate in the viscous fluid (Fig. 13b), and 

the structure is stabilized and rapidly cured upon application of the UV light (Figure 13c). The pressure 

may be used to control the surface quality of the material (e.g., compensate the volume shrinkage upon 

polymerization), or to ensure high replication fidelity of ad-hoc mold patterns in the nanocomposite. 

Heating may also be applied (using infra-red source for instance), or even a temperature gradient may be 

added to tune the viscosity of the polymer fluid.  
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Suspensions concentrées avec formation d’agrégats

fraction volumique des agrégats
Ls
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a VV

V
+

=φ

Vs somme des volumes des sphères 
formant l’agrégat

VL volume du solvant dans l’agrégat
Vs+VL volume total de l’agrégat

ηrel = 1− φ
φmax

⎛
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Suspensions concentrées avec formation d’agrégats

7706 Macromolecules, Vol. 43, No. 18, 2010 Geiser et al.

Materials and Methods

Materials. The monomer was based on a third-generation
hyperbranched polyether polyol, giving a 29-functional hyper-
branched polyether acrylate depicted in Figure 1 (Perstorp AB,
Sweden).34 Several tests were also performed with another
acrylated monomer (dipentaerythritol hexaacrylate, DPHA,
Sigma-Aldrich) also shown in Figure 1. Two amorphous silica
nanoparticles were used, and their surface chemistry is shown in
Figure 1. Highlink NanO G502 (Clariant) is a suspension of
30 wt %monodispersed SiO2 in isopropanol. These organosols
were found to be slightly more hydrophobic than aqueous silica
sols.35 The average particle size according to the supplier was
13 nm (BET measurements gave a size of 12 nm35), which
corresponds to a specific surface area of about 220m2/g. Aerosil
R7200 (Degussa) is a SiO2 powder of aggregated particles with a
specific surface area of about 150 m2/g and a primary particle
size of 12 nm. Aerosil particles were subjected to a surface
treatment with methacrylsilane.

Highlink and Aerosil suspensions containing up to 25 vol %
(38 wt %) SiO2 in the acrylated HBP were prepared by ultra-
sonic mixing of the silica in isopropanol, then mixing of the
suspension with the HBP, and subsequent solvent removal.
Details of sample preparation are given elsewhere.34 As shown
in transmission electron micrographs (TEM, Philips/FEI,
CM12, 120 kV) of cured materials in Figure 2, the composites
containing Highlink particles were true nanocomposites, where
the inorganic phase was monodispersed in the polymer matrix.
In contrast, the Aerosil powder could not be completely dis-
agglomerated during the ultrasound treatment. Image analysis
revealed that the average agglomerate size for the Aerosil
suspensions was 120 nm with a very large size distribution.
The volume fraction of SiO2 in the agglomerates (φagg) was
found to be equal to 55% at 5 vol % SiO2. For higher volume
fractions image analysis was difficult due to overlapping ag-
glomerates, but φagg did not seem to change significantly.

Rheology. Viscosity and shear modulus measurements were
carried out on a strain-controlled rotational rheometer (ARES,
Rheometric Scientific, 2kFRT transducer) equipped with a tem-
perature-controlled oven, using a cone-plate geometry with a
diameter of 25 mm, a cone angle of 0.1 rad, and a gap of 0.051
mm in dynamic mode. Strain was ensured to be in the linear
viscoelastic range at any frequency and temperature, i.e., between
0.1 and 30% depending on the composition.

Results

Figure 3 depicts the viscosity as a function of frequency ω and
SiO2 volume fraction φ for the Highlink and Aerosil suspensions
in the acrylated HBP. The pure HBP showed Newtonian beha-
vior with viscosity independent of frequency in the investigated
range. The viscosity increased with increasing filler fraction with
shear thinning becoming apparent at φ=5%forHighlink and at
φ=10% for Aerosil. Shear thinningwas the result of an increase
in relaxation time with respect to the pure polymer. The increase
in viscosity as well as the shear thinning behavior with increasing
filler fraction was much more pronounced for Highlink than for
Aerosil. At a volume fraction of 10%, well-dispersed Highlink
increased the HBP viscosity at 0.1 rad/s by more than 5 orders of
magnitude. At 25 vol % the increase reached 8 orders of
magnitude, whereas it was 1000 times less for agglomerated
Aerosil. Such huge increases in viscosity far exceeded previously
reported data for concentrated suspensions of hard spheres in
Newtonian fluids,23,36,37 which implies that the present acrylated
HBP presented a very strong affinity with the silica sol (Highlink)
and to a lesser extent with silylated particles (Aerosil). These
results moreover demonstrate the considerable influence of the

Figure 1. Molecular structures of (a) acrylated hyperbranched polymer
(C denotes the core of the molecule and only one of the four branches is
shown), (b) dipentaerythritol hexaacrylate, (c) silylated Aerosil surface
(three methacrylsilane molecules are shown), and (d) silanol Highlink
surface.

Figure 2. Transmission electron micrographs of Highlink and Aerosil
composites at 5 and 20 vol % silica particle fraction.

Figure 3. Viscosity of HBP/silica suspensions as a function of fre-
quency and particle volume fraction from 0 to 25% (as indicated).
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R7200 (Degussa) is a SiO2 powder of aggregated particles with a
specific surface area of about 150 m2/g and a primary particle
size of 12 nm. Aerosil particles were subjected to a surface
treatment with methacrylsilane.

Highlink and Aerosil suspensions containing up to 25 vol %
(38 wt %) SiO2 in the acrylated HBP were prepared by ultra-
sonic mixing of the silica in isopropanol, then mixing of the
suspension with the HBP, and subsequent solvent removal.
Details of sample preparation are given elsewhere.34 As shown
in transmission electron micrographs (TEM, Philips/FEI,
CM12, 120 kV) of cured materials in Figure 2, the composites
containing Highlink particles were true nanocomposites, where
the inorganic phase was monodispersed in the polymer matrix.
In contrast, the Aerosil powder could not be completely dis-
agglomerated during the ultrasound treatment. Image analysis
revealed that the average agglomerate size for the Aerosil
suspensions was 120 nm with a very large size distribution.
The volume fraction of SiO2 in the agglomerates (φagg) was
found to be equal to 55% at 5 vol % SiO2. For higher volume
fractions image analysis was difficult due to overlapping ag-
glomerates, but φagg did not seem to change significantly.

Rheology. Viscosity and shear modulus measurements were
carried out on a strain-controlled rotational rheometer (ARES,
Rheometric Scientific, 2kFRT transducer) equipped with a tem-
perature-controlled oven, using a cone-plate geometry with a
diameter of 25 mm, a cone angle of 0.1 rad, and a gap of 0.051
mm in dynamic mode. Strain was ensured to be in the linear
viscoelastic range at any frequency and temperature, i.e., between
0.1 and 30% depending on the composition.

Results

Figure 3 depicts the viscosity as a function of frequency ω and
SiO2 volume fraction φ for the Highlink and Aerosil suspensions
in the acrylated HBP. The pure HBP showed Newtonian beha-
vior with viscosity independent of frequency in the investigated
range. The viscosity increased with increasing filler fraction with
shear thinning becoming apparent at φ=5%forHighlink and at
φ=10% for Aerosil. Shear thinningwas the result of an increase
in relaxation time with respect to the pure polymer. The increase
in viscosity as well as the shear thinning behavior with increasing
filler fraction was much more pronounced for Highlink than for
Aerosil. At a volume fraction of 10%, well-dispersed Highlink
increased the HBP viscosity at 0.1 rad/s by more than 5 orders of
magnitude. At 25 vol % the increase reached 8 orders of
magnitude, whereas it was 1000 times less for agglomerated
Aerosil. Such huge increases in viscosity far exceeded previously
reported data for concentrated suspensions of hard spheres in
Newtonian fluids,23,36,37 which implies that the present acrylated
HBP presented a very strong affinity with the silica sol (Highlink)
and to a lesser extent with silylated particles (Aerosil). These
results moreover demonstrate the considerable influence of the

Figure 1. Molecular structures of (a) acrylated hyperbranched polymer
(C denotes the core of the molecule and only one of the four branches is
shown), (b) dipentaerythritol hexaacrylate, (c) silylated Aerosil surface
(three methacrylsilane molecules are shown), and (d) silanol Highlink
surface.

Figure 2. Transmission electron micrographs of Highlink and Aerosil
composites at 5 and 20 vol % silica particle fraction.

Figure 3. Viscosity of HBP/silica suspensions as a function of fre-
quency and particle volume fraction from 0 to 25% (as indicated).

Geiser et al., Macromolecules (2010)

Suspensions de nanosilices
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Effet électro-visqueux

Suspensions colloïdales diluées : effet électro-visqueux primaire

Présence de charges → Déformation de la double couche ionique sous cisaillement → h k

Correction de l’expression d’Einstein : 

s conductivité
z potentiel de surface
e permittivité du fluide suspendant

η =η0 1+ 2.5φ 1+ 1
ση0a
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Effet électro-visqueux

Suspensions colloïdales concentrées : effet électro-visqueux secondaire

Prise en compte des interactions inter-particulaires :

→ Répulsion et recouvrement des doubles couches

→ fmax=f(k -1) dans l‘expression de Krieger (où k -1 représente la longueur de Debye)

28
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Particules non-sphériques

Ellipse : - Axe majeur a
- Axe mineur b
- a > b
- Rapport de forme ar= a/b

Coefficient de forme
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Particules non-sphériques

 Rhéologie 12.11 

 

 

 

 

 

 

 

12.6.2. L’orientation des fibres 

La règle de la dynamique d’orientation de fibres en régime dilué, a été établie par Jeffrey 

(1922). Il a fait le bilan des forces et des moments exercés par le fluide sur une particule. Il y a 

deux règles d’orientations: 

 

1) Un écoulement en cisaillement aligne les fibres dans la direction du flux, ceci est décrit 

à la figure 12.10 (a). 

2) Un écoulement en traction aligne les fibres dans la direction de la traction, ceci est 

décrit à la figure 12.10 (b). 

 

 
Figure 12.10 Illustration des deux règles d’orientation: (a) en cisaillement, (b) en extension. 

 

Le centre de gravité de la particule se déplace avec le fluide. Il y a un effet couplé, car si le 

flux influence l’orientation des fibres, l’orientation des fibres influence aussi le flux. Il faut 

retenir que l’orientation des fibres modifie la viscosité de la manière suivante: 
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VISCOSITY OF PARTICLE DISPERSIONS 571

FIG. 1. Isotropically averaged [η] of dilute dispersions of ellipsoids of revolution.
The aspect ratio is defined as Af = (c/a), where c is the length of the ellipsoid along its
axis of symmetry and a = b is the length of the ellipsoid in the normal direction. Af > 1
corresponds to prolate ellipsoids (top right, approximating fibers at large Af), Af = 1 to
spherical particles (top middle), and Af < 1 to oblate ellipsoids (top left, approximating
platelets at large 1/Af). In the bottom figure, squares indicate exact results [8], and the
curve represents a fit to the squares (Eq. 2).

larger than 1). Pe is a dimensionless shear rate defined as the ratio of the time-
scales for rotary Brownian motion and convective motion:

Pe = γ̇
Dr

= 6V?η(dispersing fluid)?F?γ̇
kBT

(3)
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VISCOSITY OF PARTICLE DISPERSIONS 571

FIG. 1. Isotropically averaged [η] of dilute dispersions of ellipsoids of revolution.
The aspect ratio is defined as Af = (c/a), where c is the length of the ellipsoid along its
axis of symmetry and a = b is the length of the ellipsoid in the normal direction. Af > 1
corresponds to prolate ellipsoids (top right, approximating fibers at large Af), Af = 1 to
spherical particles (top middle), and Af < 1 to oblate ellipsoids (top left, approximating
platelets at large 1/Af). In the bottom figure, squares indicate exact results [8], and the
curve represents a fit to the squares (Eq. 2).

larger than 1). Pe is a dimensionless shear rate defined as the ratio of the time-
scales for rotary Brownian motion and convective motion:

Pe = γ̇
Dr

= 6V?η(dispersing fluid)?F?γ̇
kBT

(3)

Bicerano, Douglas, Brune, Polymer Reviews (1999)

sphèresParticules ‘oblates’
(plaquettes)

Particules ‘prolates’
(fibres)

30

30



16

Influence de la forme sur la viscosité

Barnes, Hutton & Walters, An introduction to rheology, Elsevier (1989)

spheres

grains

plaquettes

fibres

Suspensions aqueuses
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Influence de la forme sur la viscosité

7.21 Solid particles in Newtonian liquids 125 

TABLE 7.2 
The values of [q] and @m for a number of suspensions of asymmetric particles, obtained by fitting 
experimental data to eqn. (7.7) 

~p 

System [Ill @m [ l ~ l @ ~  Reference 

Spheres (submicron) 2.7 0.71 1.92 de Kruif et al. (1985) 
Spheres (40 pm) 3.28 0.61 2.00 Giesekus (1983) 
Ground gypsum 3.25 0.69 2.24 Turian and Yuan (1977) 
Titanium dioxide 
Laterite 
Glass rods 

(30 x 700 pm) 
Glass plates 

(100 X 400 pm) 
Quartz grains 

(53-76 pm) 
Glass fibres: 

axial ratio-7 
axial ratio-14 
axial ratio-21 

Turian and Yuan (1977) 
Turian and Yuan (1977) 
Clarke (1967) 

Clarke (1967) 

Clarke (1967) 

Giesekus (1983) 
Giesekus (1983) 
Giesekus (1983) 

7.2.4 Concentrated shear-thinning suspensions 
Although the theory described above (see eqn. (7.6)) was derived for the spheri- 

cally symmetrical radial distribution function, i.e. the very low shear rate case, it has 
been found to work surprisingly well over a range of shear rates for which the 
structure is anistropic. It accommodates these situations by allowing [ q ]  and +, to 
vary with shear rate, thus accounting for shear-thinning by the fact that the flow 
brings about a more favourable arrangement of particles. The tendency to form 
two-dimensional structures rather than three is one such favourable rearrangement. 

Considering first the viscosity/phase volume relationships at very low and very 
high shear rates, it is found that they both fit the Krieger-Dougherty equation. 

Phase volume. @ 
Fig. 7.8 Relative viscosity versus phase volume for monodisperse latices. Data points are those of Krieger 
(1972) and de Kruif et al. (1985) combined. The upper line relates to the zero shear-rate asymptotic 
relative viscosity, and is the best fit to the Krieger-Dougherty eq. (7.7) with = 0.632 and [q] = 3.133. 
The lower line relates to the high shear-rate asymptotic value of relative viscosity and is the best fit to 
eqn. (7.7), with @,,, = 0.708 and [ q ]  = 2.710. 

Barnes, Hutton & Walters, An introduction to rheology, Elsevier (1989) 32
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Suspensions de fibres

- Dilué : N < 1

- Semi-concentré : 1 < N < 60

- Concentré : N > 60
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Influence de la forme sur la viscosité

Barnes, Hutton & Walters, An introduction to rheology, Elsevier (1989)

Spheres
(L/d = 1)

L/d = 7

L/d = 14

L/d = 21
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Influence de la forme sur la viscosité

Fogel et al., Compos. Sci. Technol. (2015)

Suspensions de nanotubes de carbone avec L/d  >> 1’000

CNT concentrations higher or equal to 0.50 wt%,g0 increases while
the temperature increases.

Earlier works [17–21,23] have reported that the viscoelastic
properties observed are strongly dependent on the dispersion state
and interactions of the nanofillers inside the polymer matrix.
Pötschke et al. [17,19] suggested that the rheological behavior
can be of use in order to identify the percolation threshold of
CNT/polycarbonate composites. They observed that the resistivity
threshold occurred in the same concentration range as the increase

in melt viscosity found at low frequencies. Starting from a CNT
loading of 2 wt%, the frequency dependence of the viscosity curves
changed significantly and a step increase in viscosity was observed
at low frequencies. In this study the percolation threshold was
found at 2 wt%. Furthermore, Sumfleth et al. [20] also discussed
the different percolation phenomena found in the electrical behav-
ior of the cured epoxy/CNT nanocomposites as well as in the rheo-
logical properties of the CNT-filled suspensions. This comparison
gave a comprehensive insight in the network forming process.
The electrical percolation threshold of the cured samples was
found to occur at lower CNT content than the percolation for the
storage modulus of the uncured suspension (one order of magni-
tude: 0.025 vs 0.2 wt%). This was linked to the re-agglomeration
process occurring during curing, which is usually promoted by
high-shear forces and elevated temperature.

Based on Fig. 4 and these observations from the relevant litera-
ture, we presume that there might be a relation between the for-
mation of the percolation network and the mechanical behavior
of the CNT/epoxy suspension. In the uncured suspension, polymer
chain interactions might be found (although negligible), the intro-
duced CNT-monomer interaction and especially CNT–CNT interac-
tions dominate and are responsible for the increase of g at low
shear rates [17]. With the increase of nanofiller loading, an inter-
connected network structure is formed above a critical particle
loading, this dense network prevents polymer chain and monomer
mobility which might be the explanation of the increase in zero-
shear viscosity with temperature (Fig. 4). On the other hand, below
this critical particle loading, increasing temperature decreases the
zero-shear viscosity as the thermal agitation promotes monomer

Fig. 3. Logarithmic frequency sweeps for neat and CNT doped epoxy (100 !C).

Fig. 4. Influence of the temperature on the viscosity at low shearing frequencies g0.

duration of the experiment, suggesting that significant changes in nanostructure are
occurring during steady simple shear.

The first normal stress difference growth function, N1
þ(t, _c), initially exhibits some

positive values before turning negative with time (with the sign convention of tensile

FIG. 6. Magnitude of complex viscosity, g*(x), of PEGMA/CNT suspensions following sonication and relaxa-
tion under quiescent conditions (3.7" 10#4$/$ 2.7" 10#3).

FIG. 7. Time dependence of the shear stress, rþðt; _cÞ, and first normal stress difference, N1
þðt; _cÞ, growth func-

tions of PEGMA/CNT suspension under cone-and-plate flow at an apparent shear rate of 1 s#1 (/¼ 2.7" 10#3).

1501RHEOLOGY OF SUSPENSIONS OF CARBON NANOTUBES

 Redistribution subject to SOR license or copyright; see http://scitation.aip.org/content/sor/journal/jor2/info/about. Downloaded to IP:
128.178.140.18 On: Thu, 19 May 2016 09:02:27

APPENDIX: ADDITIONAL DATA

FIG. 14. SEM [(a) and (b)] and TEM [(c) and (d)] micrographs of multiwalled nanotubes, CNTs, used in this
investigation.

FIG. 15. G0(x) of PEGMA/CNT suspensions following sonication and quiescent relaxation (3.7! 10"4

#/# 2.7! 10"3).

1511RHEOLOGY OF SUSPENSIONS OF CARBON NANOTUBES

 Redistribution subject to SOR license or copyright; see http://scitation.aip.org/content/sor/journal/jor2/info/about. Downloaded to IP:
128.178.140.18 On: Thu, 19 May 2016 09:02:27

Kucuk et al., J. Rheol. (2013)
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Orientation des fibres

Orientation dans la 
direction du flux

Orientation dans la 
direction de la traction
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cisaillement extension
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Orientation des fibres

Equations de Jeffery (1923)

- Bilan des forces et des moments sur une particule
- Centre de gravité se déplace avec le fluide

U

j
q

C constante d’orbite varie entre : 

C = 0 (axe de symétrie parallèle à la vorticité non-perturbée)
C = ∞ (axe dans le plan perpendiculaire à la vorticité non-perturbée)

tanϕ = −r tanωt

tanθ = Car ar
2 cos2ϕ + sin2ϕ( )−1 2

ω = ar ar
2 +1( )

37
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Rhéologie des suspensions

Effets d’interaction statiques, 
la viscosité tend à augmenter, 
car les particules introduisent 
une augmentation de la 
dissipation d’énergie.

38

Effets statiques

?

Effets dynamiques

?

U

En dynamique, quand on cisaille la 
suspension que se passe-t-il ?
- effets hydrodynamiques
- frottements des particules, contacts, etc.
- ségrégation, etc.
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Effets dynamiques et seuil d’écoulement
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Effets dynamiques et seuil d’écoulement

• augmentation de la viscosité

• augmentation du temps de 
relaxation (l) 
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Effets dynamiques et seuil d’écoulement

• augmentation de la viscosité

• augmentation du temps de 
relaxation (l) 

• disparition du plateau 
Newtonien à forte 
concentration

• apparition d’une contrainte 
seuil d’écoulement
Il faut appliquer une certaine force 
pour que l’écoulement puisse avoir 
lieu → dentifrice
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Lois de comportement
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Effets dynamiques

7.21 Solid particles in Newtonian liquids 125 

TABLE 7.2 
The values of [q] and @m for a number of suspensions of asymmetric particles, obtained by fitting 
experimental data to eqn. (7.7) 

~p 

System [Ill @m [ l ~ l @ ~  Reference 

Spheres (submicron) 2.7 0.71 1.92 de Kruif et al. (1985) 
Spheres (40 pm) 3.28 0.61 2.00 Giesekus (1983) 
Ground gypsum 3.25 0.69 2.24 Turian and Yuan (1977) 
Titanium dioxide 
Laterite 
Glass rods 

(30 x 700 pm) 
Glass plates 

(100 X 400 pm) 
Quartz grains 

(53-76 pm) 
Glass fibres: 

axial ratio-7 
axial ratio-14 
axial ratio-21 

Turian and Yuan (1977) 
Turian and Yuan (1977) 
Clarke (1967) 

Clarke (1967) 

Clarke (1967) 

Giesekus (1983) 
Giesekus (1983) 
Giesekus (1983) 

7.2.4 Concentrated shear-thinning suspensions 
Although the theory described above (see eqn. (7.6)) was derived for the spheri- 

cally symmetrical radial distribution function, i.e. the very low shear rate case, it has 
been found to work surprisingly well over a range of shear rates for which the 
structure is anistropic. It accommodates these situations by allowing [ q ]  and +, to 
vary with shear rate, thus accounting for shear-thinning by the fact that the flow 
brings about a more favourable arrangement of particles. The tendency to form 
two-dimensional structures rather than three is one such favourable rearrangement. 

Considering first the viscosity/phase volume relationships at very low and very 
high shear rates, it is found that they both fit the Krieger-Dougherty equation. 

Phase volume. @ 
Fig. 7.8 Relative viscosity versus phase volume for monodisperse latices. Data points are those of Krieger 
(1972) and de Kruif et al. (1985) combined. The upper line relates to the zero shear-rate asymptotic 
relative viscosity, and is the best fit to the Krieger-Dougherty eq. (7.7) with = 0.632 and [q] = 3.133. 
The lower line relates to the high shear-rate asymptotic value of relative viscosity and is the best fit to 
eqn. (7.7), with @,,, = 0.708 and [ q ]  = 2.710. 

Barnes, Hutton & Walters, An introduction to rheology, Elsevier (1989)

Relative viscosity versus phase volume for monodisperse latices. Data points are those of Krieger (1972) and de 
Kruif et al. (1985) combined. 

The upper line relates to the zero shear-rate asymptotic relative viscosity, and is the best fit to the Krieger-
Dougherty with fmax = 0.632 and [h] = 3.133. 
The lower line relates to the high shear-rate asymptotic value of relative viscosity and is the best fit to eqn. (7.7), 
with fmax = 0.708 and [h] = 2.710. 
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Suspensions rhéoépaississantes

monodisperse silica particles (d = 500 nm)

Chapter 5. Energy dissipated per cycle as a measure of damping properties of STF
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(a) KE-P50, diameter 500 nm
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(b) KE-P100, diameter 1µm
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(c) KE-P250, diameter 2.5µm
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(d) Flow viscosity of monodisperse spherical silica parti-
cles concentrated suspensions in PEG200 for various par-
ticle size and concentration, and comparison to fumed
silica suspension

Figure 5.2: Flow viscosity of monodisperse spherical silica particles concentrated suspensions
in PEG200 for various particle size and concentration in w/w

only between 67 and 68 % of weight fraction (figure 5.2a). For the colloidal suspensions
(particles KE-P50 and 100), the critical shear rate decreases with the increase of the particle
size (figure 5.2d) as it should be [15, 46].

The increase of viscosity due to shear thickening fluid is higher for monodisperse particles
than for polydisperse (fumed silica) as pictured in figure 5.2d. The order of viscosity increase
are 10 to 100 for polydisperse STF and 100 to 1000 for monodisperse STF. The table 5.1 gives
some indication on the viscosity increase for the samples investigated. The maximum normal
force noticed during the test gives an indication of the dilatancy and of the intensity of the
shear thickening phenomenon.

There is no shear thinning phase observable for the concentrated suspensions with KE-P250
particles (figure 5.2c).

70

3.1. Materials

Figure 3.2: SEM image of KE-P50 silica particles [4]

The use of monodisperse particles in STF presents various advantages, including the possibility
to tune the critical shear rate with particle size [15] and to increase the reproducibility and
predictability of the shear thickening properties [46].

Monodisperse silica particles have been used in STF for damping applications [15, 70] and
ballistic applications [3, 110] despite their high price.

Carrier fluid

Polyethylene glycols are polymers of ethylene oxyde (C2H4O). They can be purchased over
a wide range of molecular weights. In this work, PEG with an average molecular weigth of
200 gmol°1 (PEG 200) has been used as the main medium for the STF. It is a colourless fluid
with a viscosity of 60 mPas and a density of 1.12 at 20 ±C.

PEG 200 has been purchased from different manufacturers: Acros Organics, Sigma Aldrich
and VWR.

Other molecular weights of PEG were investigated during the study of the influence of storage
and processing.

3.1.2 Foam

Basotect®is a flexible, open cell foam manufactured by BASF. It is made from melamine resin,
a thermoset polymer. Its characteristic feature is its three-dimensional network structure
consisting of slender and thus easily shaped webs [136]. This network can be observed in
figure 3.3.
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Suspensions de maïzena

Géométrie cône-plan, 4°, 60 mm diamètre 

Szymanowska-Powałowska et al., Biotechnologia 2012
Steffe, Rheological methods in food process engineering, Freeman Press (1996) 45
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Modes de comportement

Variables augmentées η augmente η baisse 

Vitesse de cisaillement Rhéoépaississant ou Dilatant  

(sable mouillé, suspension céramique) 

Rhéofluidifiant ou Pseudoplastique 

(boues, peinture) 

Temps Rhéopeptique 

(latex, sable) 

Thixotrope 

(sables mouvants, ketchup) 
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Variables augmentées η augmente η baisse 

Vitesse de cisaillement Rhéoépaississant ou Dilatant  

(sable mouillé, suspension céramique) 

Rhéofluidifiant ou Pseudoplastique 

(boues, peinture) 
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(sables mouvants, ketchup) 
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