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Abstract 
 
 The work in this thesis concerned with the experimental study of structural 
morphologies and rheological properties of chains and/or- column like-structures 
of electrorheological (ER) fluids of 2:1 synthetic nano-layered silicate clay 
minerals, whose particles are polydisperse (lateral size~ few nm to a few μm and 
longitudinal size~ 1 nm to 0.1 μm). The structural morphology of chains and/-or 
column like structures were mapped out by two different types of Synchrotron X-
ray scattering experiments namely, Wide Angle X-ray Scattering (WAXS) and 
Small Angle X-ray scattering (SAXS). The rheological properties of ER fluids are 
measured using a Physica MCR 300 rotational rheometer equipped with co-axial 
cylindrical geometry. 
 Novel synchrotron wide angle X-ray scattering (WAXS) experiments presented 
here, show that individual clay particle (stack of nano-layered clay platelets) 
polarize along its lateral direction indicating that intercalated or attached ions or 
water molecules play a role in its electric polarization. The preferred orientational 
distribution of polarized clay particles along the direction of applied electric field 
and characteristic shape of their orientational distribution functions is found to 
depend on the nature of intercalated cations and are well described by a Gaussian 
function and more accurately by means of a Mayer-Saupe function of the type that 
is generally used to described nematic liquid crystalline ordering. Further, a small 
increases (~0.05 Å) in distance between the nano-layered clay platelets were 
observed in an applied electric field (~1 kV/mm).  
 Small Angle X-Ray scattering (SAXS) experiments show the porous nature of 
the clay particles assembly inside the chains and/-or column like-structures. The 
anisotropic SAXS patterns were analyzed in terms of their iso-intensity lines and 
one dimensional profiles have been computed along their principal directions. 
Along the principal directions, power law behaviors are observed with crossovers 
corresponding to the average particle thickness and to typical pore sizes. The 
exponents of power laws indicated the dominating role of surface scattering of clay 
particles and provides pictures of their assembly inside the chains and/-or columns 
like-structures, consistent with configurations inferred from WAXS experiments. 
 Rheological measurements on ER fluids of dehydrated polydisperse smectites 
particles show that the induced polarizations of smectites clay particles in applied 
electric fields (dc) are controlled by their conductivity mismatch to that of 
suspending liquid (silicone oil), thus confirming that migration of surface charge 
on the clay particles surface and possible movement of intercalated cations play a 
major role in their polarizations in external electric fields, consistent with the 
results of the WAXS experiments. In absence of external electric fields, the steady 
state shear behaviors of ER fluids are Newtonian-fluid and in presence of external 
electric fields (~kV/mm) the behavior becomes Bingham-like solid. The dynamic 
yield stresses of these ER fluids (Bingham-like solids) and static yield stress of 
undisrupted ER fluids are drastically affected by the magnitude of applied electric 
field and the volume fraction of the investigated clay particles.     
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1. Overview   
           
 Soft matter systems [1-2] have complex structural and dynamic properties 
intermediate between those of crystals and fluids. Examples of soft matter systems 
are liquid crystals, with their well-known orientational order; colloids; polymer 
solutions; foams and gels etc. Among these, colloids play a prominent role as they 
can be both prepared and characterized in a controlled way and moreover they can 
be regarded as the simplest prototype of soft matter systems: the length scale 
separation between the molecular solvent and the mesoscopic particles is unique 
and complete. 
 The effective interactions between the colloidal particles can be tailored and 
controlled in presence of external stimuli such as by changing the salt 
concentration in the solvent, or applying external fields [1-2]. Such fields can be a 
shear flow, electric- and magnetic- as well as laser optical- fields and topographical 
fields such as confining geometry. Many physical aspects of colloidal soft matter 
systems are currently well mapped out and well understood [1-2] but important 
questions in external fields and additional confining geometries remain to be 
understood. Exciting questions concern collective many-body effects induced by 
cooperation and self-organization of many particles. A striking advantage of 
colloidal dispersions lies in the fact that these questions can be studied 
simultaneously by using different complementary methods: experiment, 
simulation, and theory.  
 The motivation of present thesis is to study Electro Rheological (ER) fluids of 
nano-layered clay particles in an external dc electric field that can induce 
qualitatively novel effects into their structural and dynamic properties. ER fluids 
[42-49] are colloidal suspensions consisting high dielectric or conductive particles in 
a non-conducting liquid, whose flow can be completely jammed and the 
suspensions can become solid-like in presence of dc or ac external electric fields. 
This jamming occurs due to fast aggregation of electrically polarized particles into 
chains-or-columns like structures in the suspension.  
 In this thesis work, an experimental study has been carried out on the 
structural- and rheological- behavior of ER fluids of synthetic 2:1 phyllosilicates 
(smectites) clay mineral particles in an applied dc external electric field (~kV/mm). 
Direct observations of the dynamics of structural formation in ER fluids have been 
observed in an optical microscope. The structural morphology of chains-or-
columns like structures have been mapped out by using synchrotron X-ray 
scattering experiments, directly providing  information about size and shape 
distributions, orientational and spatial ordering, and dynamics of the population of 
smectite particles. In addition, rheological properties i.e. viscosity, shear stress, 
yield stress etc. of various concentrations of ER fluids were investigated by shear-
rheological experiments. 
 
 
 1.1. Organization of the introductory section 
         
 The first part of the thesis gives a very brief introduction to the field. The 
necessary scientific background is presented in Sec.2. The physical and chemical 
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characteristic of the crystal structure of most relevant clay minerals used to prepare 
ER fluids are given. A general background of X-ray scattering theories is 
introduced, and the valuable information obtained from these techniques is 
described. The rheological behavior of clay mineral suspensions is introduced, and 
possible theoretical models are summarized. A general introduction to the 
electrorheological fluids is presented, and some of the most relevant theories and 
models of particle polarization and particle-particle interactions in external electric 
field are introduced.  
 In Sec.3 experiments are summarized, the materials used to prepare the ER 
fluids and experimental techniques X-ray scattering and rheology are described. 
Finally, Sec.4 contains an introduction to the papers included in this thesis.  
 
 
2. Scientific Background 
 
 We are very much familiar with the name “clay” and in common terms it is a 
group of fine-grained silicate minerals i.e. with a particle size (smaller than 2 μm). 
In the simplest terms, the silicate minerals can be considered made of two basic 
structural units which are the tetrahedral and the octahedral layers respectively. 
Many of the silicate minerals can be pictured as the configurations made by joining 
such tetrahedral and octahedral layers to themselves and to each other in three 
dimensions [3-4].  
 Clay minerals [3-9] are phyllosilicates or sheet silicates or layered silicates, 
whose primary particles are platelet shape. Each clay platelet is ~1 nm thick (c-
direction) and its lateral size (a- and- b direction) can vary from few tenths of nm 
up to ~ a few μm. Thus clay platelets are in general highly anisotropic in their 
shape and polydisperse in their size. The “unit cell” structure of a single clay 
platelet is made of tetrahedral sheets and octahedral sheets joining face-to-face 
configuration in three dimensions respectively. The ratio of tetrahedral sheets to 
octahedral sheets in the structural representation of unit cell divide clay minerals 
into group [6-9] of 1:1 clay minerals such as kaolinite, serpentine, halloysite etc. and 
2:1 clay minerals such as montmorillonite, vermiculite, illite, laponite, hectorite 
etc. In this thesis mostly 2:1 clay minerals have been studied.  
 The crystal structure of a 2:1 clay platelet consists of an octahedral sheet 
sandwiched between two inverted silicate tetrahedral sheets as illustrated in Figure 
1. A 2:1 clay mineral is classified as di-octahedral when two thirds of the 
octahedral sites are occupied by cations in its unit cell, whereas if all the octahedral 
sites are filled with cations it is classified as tri-octahedral [6-9]. The isomorphic 
substitution by low charge cations species, primary in the octahedral sheet and too 
a less extent into the tetrahedral sheet, creates a permanent negative surface or 
layer charge on a clay platelet structure which is why clay particles form stacks 
with charge balancing cations between their interlayer space, thus clay particles are 
often called “nano-layered silicates”. The longitudinal distance between two 
adjacent clay platelets in a “crystalline grain” is known as the basal spacing (d001), 
a characteristic property of each type of clay mineral [7-9]. Also, a clay platelet 
always carries a small positive charge on their edges due to "unsatisfied" broken 
bonds due to finite growth of the clay platelet crystal structure. The edge charge of 
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platelets is pH dependent of a solvent in which they are dispersed. The overall 
magnitude of platelets surface charge divides 2:1 clay minerals into groups of talc-
pyrophillite, smectite, vermiculite, mica and brittle mica [6-9]. The members of each 
group are distinguished by the type and location, of cations in the tetrahedral- and 
octahedral- sheets respectively [8-9].  
 Particles of smectites are “crystalline grains” which are stacks of several clay 
platelets residing on top of each other with intercalated charge balancing cations. 
Smectite clay platelets have a moderate charge density varying from 0.4 e- to 1.2 e- 
per unit cell [6-10] compared to other 2.1 clay minerals. The moderate surface charge 
on the smectite clay platelets allows the exchange of intercalated cation with other 
cations, and this exchange is measured with quantity called cation exchange 
capacity (CEC) which is define as a quantity of positively charged ions (cations) 
that can accommodate on its negatively charged surface and expressed as 
milliequivalent (meq) per 100 g of clay [4, 7, 25]. Further, such a moderate surface 
charge also allow the penetration of water- or other polar- molecules in the 
interlayer space between platelet, thus causing smectites grains to swell. In the dry 
state, smectite clay particles are aggregates of several “crystalline grains” joined 
edge-to-face-edge configurations as illustrated in Figure 1.2, but when grains are 
exposed to humid conditions or also in vapors of ethylene glycol (EG), the basal 
spacing (d001) increases between the adjacent platelets. The EG swelling is a 
standard test to identify the smectites in a mixture of clay minerals [7-9, 11]. 
 
 

                  
    
                      (a)                                                                            (b) 
 
Figure 1.1:- Three dimensional crystal Structure of a 2:1 Phyllosilicate clay. (a): 
Platelets (thickness ~1 nm) are formed by an octahedral sheet sandwiched between 
two tetrahedral sheets with intercalated charge-balancing cations. (b): Structural 
units of smectites (platelets of thickness ~1 nm) are held together in longitudinal 
direction (c-direction). In smectites the amount of water or other polar molecules 
changes the c-dimension (d001 i.e., the basal spacing) which can vary from ~1 nm 
(dry state) to infinite [8-9]. 
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 The natural clay montmorillonite is the most familiar and common member of 
the smectite group. It is a di-octahedral smectite with general chemical formula, 
My

+ .nH2O (Al4 – y Mgy) Si8O20 (OH)4, where M (M = Na+, Ca2+, Mg2+, etc) is the 
charge balancing interlayer cation. Besides the interlayer cations, the interlayer 
space of montmorillonite can absorb large amounts of water vapor  0- up to ~ 4 
water layers in successive steps, thus changing the basal spacing (c-direction) from 
~1 nm to 2.14 nm [12]. In the tri-octahedral smectite group, hectorite with a general 
chemical formula My

+ .nH2O (Li y Mg6-y) Si8O20(OH)4, is the most common clay 
mineral, in which some fraction of Mg2+ has been replaced by Li+ in the octahedral 
sheet only. The fraction y of Li+ determines the overall layer charge of hectorite. 
Laponite is a synthetic tri-octahedric smectite with well- defined “crystalline 
grains”, stacks of relatively monodisperse platelets (a single laponite platelet is a 
disc of thickness~1 nm, diameter~30 nm) with intercalated Na+ as a charge 
balancing cation [10]. If all the OH- groups of synthetic hectorite clay are replaced 
by Fluorine (F-) ions the clay is called Fluorohectorite [10, 13-14]. This clay represents 
an extreme in layer charge (1.2 e- /unit cell) within the smectite group and can 
absorb 0-to-3 water layer in successive steps, in its interlayer space depending on 
the environmental temperature or humidity conditions [13-14]. Due to this very high 
surface charge “crystalline grains” of fluorohectorite contains on average about 
80~100 platelets [13]. In general the size of smectites clay minerals grains range 
from few nm upto a few μm, depending upon how their platelets structures are 
chemically synthesized.  
 Depending on the surface charge density of platelets, crystalline grain of 
smectites suspended in a good solvent liquid (i.e., distilled water) can take a large 
amount of solvent molecules between the interlayer spaces of platelets or even the 
platelets can be fully separate i.e. basal spacing goes to infinite for example in 
laponite clay that represents the lowest layer charge density (0.4 e- per unit cell) in 
smectite group [4, 10]. On the other hand the fluorohectorite clay that represents the 
highest layer charge density (1.2 e- per unit cell) its platelets remains staked in its 
crystalline grains even if this clay is fully suspended in a good solvent like distilled 
water [12-13]  
 Thus smectite suspensions can shows different structural and dynamical 
properties depending on the length scale of observation. Depending on the 
characteristic features and desired resolution of the structural study, different 
characterization techniques [4, 7-9, 25] such as HRTEM, SEM, DTA, WAXS, IRS and 
EXAFS may be used to obtain structural information at an atomic resolution. If the 
relevant structural features are at a subatomic level from a few tenths up to about 
100 nm, SAXS and SANS are the most widely used techniques [15-17]. These 
techniques provide statistical and overall information averaged in a volume of the 
order of 1 mm3. Very local structural analysis can in many cases be performed by 
TEM technique which is a useful complement for scattering investigations. 
 
 
2.1. X-Ray Scattering Technique:-  
  
 The Bragg law of X-ray diffraction or scattering [8-9, 19] provides information 
about the crystalline nature (periodic arrangement of atoms or ions) and amorphous 
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or disordered nature (non-periodic arrangement of atoms or ions), of materials. In 
the case of elastic scattering, the scattered intensity, I(q), from a material is 
experimentally often described in terms of the scattering vector, q, whose 
magnitude is given by 

 ( )4 2sin 2q
π θ
λ

=                                                         (1.1) 

where λ is the wavelength of incident radiation, 2θ is the scattering angle (angle 
between the directions of the scattered and transmitted beams). For the constructive 
interference of scattered X-rays, the well known Bragg’s law of scattering (as 
illustrated in Figure 1.3) is given as 

 ( )22 sin 2hkld θ nλ=  (1.2) 

where “dhkl” is the spacing between any two [hkl] planes of the crystal. Bragg 
reflections can occur only for wavelengths λ≤ 2dhkl. It is important to notice that the 
Bragg law is the consequence of the periodicity of the atoms of ions in a lattice. 
The Bragg law does not refer to the composition of the basis associated with every 
lattice points. This is purely geometrical law. However, the composition of the 
basis determines the relative intensity of the various order of diffraction (denoted 
by n in equation (1.2)) from the given set of parallel planes. The “dhkl” values of 
any crystalline material are related to physical configuration of its entities i.e. 
atoms, ions or molecules that has made its physical structure. The various sets of 
planes [hkl] in three dimensions will have various spacing values “dhkl”.  
 For a three dimensional interplanar spacing “dhkl”, measured perpendicular to 
the planes is a function both of the plane indices [hkl] and the lattice constants [8-9]. 
The exact relation depends on the crystal system involved. 
Comparing equations (1.1) and (1.2) one gets  

 
2

hklq
dhkl

π
=  (1.3) 

 Through combined use of above equations, quickly and rapidly, it is possible to 
determine the spacing “dhkl” between any two of the crystalline plane. The Bragg 
law is derived for certain ideal conditions and diffraction is only a special kind of 
scattering. A more precise definition used in optics distinguishes between 
scattering and diffraction: scattering generally implies interaction of waves (or 
photons) with spatially uncoordinated (unordered) atoms; diffraction on the other 
hand occurs when the object or part of the object is made up of ordered atoms. 
These atoms, being neatly arranged, "scatter" the waves or photons in a 
coordinated way (i.e., in specific direction(s)). A single atom scatters an incident 
beam of X-rays in all direction in space but a large number of atoms or ions 
arranged in a perfectly periodic lattice scatter (diffracts) X-ray in relatively few 



 

 6

directions. It is so precisely because the periodic arrangement of atoms or ions 
causes destructive interference of the scattered rays in all directions except those 
predicted by Bragg law, where constructive interference (reinforcement) occurs.  
 
 

 
 
Figure 1.3:- Schematic representations of Bragg scattering from a particular family 
of lattice planes separated by distance d. ki and ks are the wave vector of incident 
and scattered rays and are shown only for neighboring planes. The path difference 
is 2d sin (θ). 
 
 
 If the crystal contains some imperfections, the measurable diffraction can 
occur at non-Bragg angles (i.e. the Bragg peaks are not delta-functions anymore) 
because the crystal imperfection results in the partial absence of one or more 
conditions necessary for perfect destructive interference at these angles. These 
imperfection are generally slight compared to the over-all regularity of the lattice 
which cause that the diffracted beams are confined to very narrow angular ranges 
centered on the angles predicted by the Bragg law for ideal condition resulting in 
line broadening.   
 The relation between constructive interference and structural periodicity can 
be well illustrated by a comparison of X-ray scattering by crystalline solids, liquids 
and gases (Figure 1.4). The curve of scattered intensity I(q) vs. 2θ for crystalline 
solid is nearly zero everywhere except at certain angle where sharp maxima occur - 
diffracted beams. Both amorphous solids and liquids have structures characterized 
by an almost complete lack of periodicity and tendency to order in the sense that 
the atoms or ions are fairly tightly packed together. The atoms in amorphous 
structure show just statistical preference for a particular interatomic distance; 
resulting X-ray diffractogram exhibits only one or two broad maxima. But in gases 
there is no periodicity and the atoms are arranged perfectly random and their 
relative positions change all the time. The corresponding scattering curve shows no 
maxima just a regular decrease of intensity with increasing scattering angle. 
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2.1.1. X-ray Powder Diffraction:- 
  
 The powder diffraction method of X-ray diffraction [8-9, 19] is one of the most 
useful of all diffraction methods, which can yield a great deal of structural 
information about the material under investigation. Essentially the method employs 
the diffraction of monochromatic X-rays by a powder specimen. "Powder" can 
mean either real powder bound together or any specimen in polycrystalline form. 
This is a great advantage as the polycrystalline materials can be examined without 
special preparation. In powder sample or fine polycrystalline sample, there are 
many small crystallites randomly oriented so there are always some crystals with 
planes favorably oriented to yield the diffraction in particular angle determined by 
the Bragg condition (equation 1.2). By scanning the sample in wide angle different 
planes of different crystals will satisfy the reflection condition and the diffraction 
pattern or lines (peaks) will occurs and can be recorded.  
 
 

 
 
Figure 1.4: Comparison of X-ray scattering curve for crystalline, amorphous 
structure and gas (schematic). The vertical scales are different and such curves are 
called diffractogram. 
 
 
 The diffracted intensity as a function of the measuring angle 2θ is called a 
diffractogram as illustrated Figure 1.4. The method assumes that the amount of the 
crystallites is large and truly randomly oriented. If not, i.e. the sample has some 
kind of preferred orientation or the crystalline grains are large, the observed 
intensity of the diffraction lines may radically differ from the calculated one. It is 
relatively easy to prepare powder specimens where ideal perfect randomness is 
closely approached but virtually all solid polycrystalline materials either produced 
or natural will exhibit some preferred orientation of the grains. The shape and size 
of the unit cell determines the angular position of the diffraction lines [8-9]. The 
arrangement of the atoms within the unit cell determines the relative intensity of 
the lines (via structural factor, f). Since the structure determines the diffraction 
pattern, it should be possible to go in the other direction and deduce the structure 
from the diffraction pattern. However, there is not any direct way to achieve this. 
Given a structure, the diffraction pattern can be calculated, but the reverse problem, 
directly calculating the structure from the experimental diffraction pattern is in 
general impossible because the phase transformation factor is not precisely known.  
 Any calculation of the intensity of diffraction must begin with the structure 
factor |f|2 that is proportional to the square of the number of electrons ne

2 in an atom 
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at low scattering angles i.e. q→0. The rest of the calculation varies with the 
diffraction method involved. There are six factors affecting the relative intensity of 
the diffraction lines in a powder pattern: The (1) Structure factor, (2) Lorenz 
Polarization factor, (3) Absorption factor, (4) Temperature factor, and (5) 
Multiplicity factor.  
 The Lorenz Polarization factor is combination of two geometrical factors: 1) 
the polarization factor connected with the elastic scattering of X-ray by a single 
electron and the polarization of the incident X-ray radiation and 2) the Lorenz 
factor, a particular trigonometric factor influencing the intensity of the reflected 
beam for various diffraction angles. This factor accounts for the fact that 
crystallites can still diffract strongly at angles that diverge from the Bragg angle [8-

9]. 
The diffracted intensity is also affected by the absorption factor i.e., absorption 

in the specimen itself. The temperature factor is due to fact that the atoms are not 
fixed in particular points but undergo the thermal vibration about that points. This 
is true even for absolute zero temperature, and the amplitude of the vibration 
increases as the temperature increases. This leads to decrease of the amplitude of 
the diffraction lines with increasing temperature. This factor also depends on the 
diffraction angle. The multiplicity factor is connected with the fact that there are 
different planes with the same spacing. Since all the planes have the same spacing, 
the beams diffracted by all of them form the part of the same line. This relative 
proportion of planes contributing to the same reflection enters the intensity 
calculation. The multiplicity factor m can be defined as the number of different 
planes having the same spacing. 

Taking into account all above-mentioned factors the relative intensity I(θ) of the 
powder pattern line in diffractogram is given by  

 ( )
2

2
2

1 cos 2 exp( 2 )
sin cos

I f m Mθθ
θ θ

⎛ ⎞−
≈ −⎜ ⎟

⎝ ⎠
                 (1.4) 

where the term in brackets is the combined Lorenz-polarization term, and exp(-2M) 
is lattice vibration factor also known as the “Debye-Waller factor”. The absorption 
factor has not been included in this equation. For the comparison of the intensity of 
the adjacent (neighboring) lines on the pattern at the same temperature, the 
scattering angle dependence of the temperature factor can be neglected due to weak 
q dependence.  
 The most common use of Bragg X-ray diffraction is to measure crystalline and 
amorphous structures on the atomic scale, but clearly, many morphologies are of 
importance that has characteristic sizes much larger than the atomic scale. The 
Bragg's law predicts that information pertaining to such nano- to colloidal-scale 
structures would be seen below scattering angle 2θ<6° in the diffractogram. 
Depending upon the length scale of observation that corresponds to regimes of 
scattering angle 2θ, two kind of X-ray scattering can be distinguished as illustrated 
in Figure 1.5. A wide angle X-ray scattering (WAXS) corresponds to the scattering 
angle 2θ>60 i.e. diffraction at small-scale structures and a small angle X-ray 
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scattering (SAXS) corresponds to the scattering angle 2θ <60 i.e. diffraction at 
large-scale structures.  
 Atomic scale structures are often characterized either by high degree of order, 
i.e. crystals, or disorder as in molecular liquids or molecular glasses, and relatively 
simple and uniform building blocks, i.e. atoms or molecules. On the nano-scale, the 
building blocks of matter are rarely well organized and are composed of rather 
complex and non-uniform building blocks. Resulting feature in X-ray scattering or 
diffraction are thus sharp diffraction peaks from crystals in the XRD or WAXS 
range, and comparatively nondescript diffuse broad patterns in the SAXS q-range. 
 

 
 
Figure 1.5:- Schematic representation of an X-ray scattering experiment. Based on 
scattering angle 2θ, two types of Bragg scattering can be define namely WAXS 
(scattering of small structures) and SAXS (scattering of large structures).    
 
 
2.1.2. Wide Angle X-ray Scattering (WAXS):- 
  
 Wide angle X-ray scattering (2θ>60) is the most important tool for qualitative 
(individual clay minerals) and quantitative (mixed clay minerals) analysis of clay 
minerals (1:1 or 2:1). Due to the unique chemical composition of phyllosilicate 
minerals the qualitative analysis can be quickly done by checking the position of 
the Bragg peaks i.e. [hkl] reflections [7-9]. In the limit of zero q, the widths of Bragg 
peaks are inversely proportional to the number of unit cells which is a finite 
number for a clay size particle and hence the finite width of Bragg peaks (see 
Figure 1.4) will corresponds roughly to the average crystalline size [7-9]. The 
broadening of the peaks can be considered mainly to be due to the size or thickness 
of entire clay particle [8-9], and possible lattice strain or disorder of its interplanar 
lattice spacing (d), that generally lead to a q-dependence to the width of Bragg 
peaks [14]. 
  Expanding clay minerals like smectites can easily be identified from a mixture 
of several clay minerals by solvation/adsorption of test of EG [7-11]. The shift in the 
Bragg peaks under dry/humid environment can be used to identify the coexistence 
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of a single type (integral 0, 1 and 2 etc.) of water layer [7-9, 12-14] and or random 
intercalation of water layers [18] in smectites. Further the position of Bragg peaks 
(030 and 060) can be used to distinguish di-octahedral or tri-octahedral nature of 
smectites [7-9]. 
    Quantitative analysis of clay minerals through WAXS is more difficult to 
carry out than qualitative analysis as a very good sample preparation is needed [6-9, 

17]. The reflections of mixed-layer clay minerals are usually found between those of 
the pure clay minerals. The location of the reflections reveals the ratio of the 
components [8-9]. For example ethylene glycol (EG) solvated illite/smectite 
interstratified minerals, the (001/002) reflection is located between the 1 nm 
reflection of illite and the ~1.6 nm reflection of the EG-smectite [8-9]. The location 
of the reflection of the mixed layer mineral permits an estimation of the 
illite/smectite ratio. An even more precise estimation is based on the difference in 
20, 2θ between the (001)/(002) and (002)/(003) reflections, since the difference 
increases with increasing illite content.  
 
 
2.1.3. Small Angle X-ray Scattering (SAXS):- 
 
 For small angle X-ray scattering (2θ<60) the Lorenz-polarization factor (see 
equation 1.4) is ~1. For disordered systems the multiplicity factor is 1 and the 
structure factor often does not reflect any periodic order of atoms or ions in 
systems, so only a form factor P(q) that depends on the size and shape of involving 
nano-scale structure contribute to the scattering, i.e. regions of differing electron 
density. For X-ray diffraction the atomic scattering factor |f|2 is proportional to the 
square of the number of electrons in an atom at low scattering angles i.e. q→0. 
Additionally, the intensity of the scattering is proportional to the number of 
scattering elements in the scattering volume. In general, a scattered intensity in 
SAXS is controlled by the size and shape of nano-scale structures, their tendency to 
aggregate, the porosity of correlated aggregated nano-scale structures, the 
magnitude of their specific surface area, and more generally by the inhomogeneties 
characterizing the nano-scale structures of the systems [15-16, 21-25, 31-41]. 
 The SAXS regime describes two main features that are observed in a log-log 
plot of scattered intensity I(q) versus q (see equation 1.5). First, typical scattering 
patterns display power-law decays in intensity reflecting power-law scaling 
features of many materials. Secondly, power-law decays begin and end at 
exponential regimes that appear as knees in a log-log plot. These exponential 
“knees” reflect a preferred Bragg condition resulting from a characteristics size of 
particles for the knee regime. 
 Many scattering patterns in the small-angle regime show a decay of intensity 
I(q) versus q. For a correlated system that might have some structure factor i.e. 
positional or orientational correlation between its nano-scale structures, the 
scattered intensity also given by the expression [15-16, 31-41]  

 ( ) ( ) ( ) DI q P q S q q−∝ ≈  (1.5) 
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where q is given by equation (1.1); the exponent D reflects the physical nature of 
structures for example their porous nature [31, 34, 37] or surface roughness [36, 40-41]; 
P(q) is the form (or scattering) factor of particles which depends upon their size 
and shape and describes the scattered intensity function from a single primary 
particle; and S(q) is the structure factor which account for the interaction between 
the particles i.e. spatial correlation between them. At very high q-values, for a very 
dilute systems of particles that only have short-range spatial correlation, S(q) 
becomes unity over the whole q-range and the scattering intensity I(q) (equation 
1.5) then only depends on the quantity P(q) which is known for many shapes such 
as spheres, thin platelet, rigid-rod etc.[20].  
 For porous media, the scattering profiles i.e. I(q) versus q, often exhibit power 
laws on a wide q-range (equation 1.5) and have been observed in particular for 
aggregates of colloids [32-34] and various types of rocks [39-41]. Such power law 
scattering curves have been explained in terms of fractal properties of the scattering 
medium, from models in which aggregated particles (for example, ruguous 
spheres) form a porous medium with geometrical properties that relate to the 
concept of fractals.  
 Two kinds of fractals, mass fractals and surface fractals can be distinguished 
[21]. If we consider mass fractals, or more generally systems in which the 
aggregated particles are positioned at a distance R, with respect to one another, so 
that their two-point correlation function has the form  

 3( ) mDg r R −∝  (1.6) 

where Dm is a fractal dimension. For such correlation function a power law 
scattering profile (equation 1.5) with an exponent D=Dm is observed for q-values in 
the range 1/l≤ q≤1/a, here a is the typical size of an aggregated particle, and l is the 
size of the whole system, i.e., the largest length accessible length scale [35 40]. Since 
by definition Dm is in the range [1; 3], the exponent observed in the scattering data 
is in the range [−3; −1]. 
 If we probe length scales smaller than the particle size a, the scattering 
becomes sensitive to the roughness of the aggregated particles. If this roughness 
qualifies the particle for being considered a surface fractal with a dimension Ds, or 
more generally if the area is a power law of the horizontal size with an exponent Ds 
on a given range of scales, then the scattering profiles exhibit a power law behavior 
with an exponent -(6 − Ds) on that range of scales [21-22]. Here by definition Ds is in 
the range [2; 3], and the scattering curve exponent is in the range [− 4; −3], with 
the well-known Porod law limit −4 being reached for smooth particles [41]. 
 So in conclusion, in systems of aggregated rough particles, two power law 
behaviors can be observed, one with an exponent between −4 and −3 at large q- 
values, and one with an exponent between −3 and −2 at intermediate q- values 
corresponding to length scales larger than the particle size. The scattering 
properties of porous media possessing long range correlations in their mass 
geometry or in the roughness of their pores are generally more difficult in the case 
of polydispersity of the aggregated particles, or, equivalently, a wide distribution 
for the pore sizes. In this case, an exponent D < −3 can arise both from surface 
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scattering form rough pore walls, or from bulk scattering from a porous medium 
with a wide pore size distribution [40]. 
 
 
2.2. Rheology:- 
  
 In many applications, clay minerals are suspended in an aqueous or a non-
aqueous liquid [24-27]. These clay suspensions are very much sensitive to mechanical 
perturbations (such as shear) and shows a large number of internal degrees of 
freedom, weak interactions between the clay particles and a delicate balance 
between entropic and enthalpic contributions to equilibrium structures, that are 
sensitive to external boundary conditions [24-25]. Different descriptive modes of clay 
particle associations can occur in a good solvent (for example in distilled water, 
pH=7) such as face-to-face (F-F), edge-to-edge (EE), and edge-to-face (E-F) [4, 7, 25]. 
 Rheological parameters (viscosity, shear stress, viscoelastic modulii etc.) of 
clay suspensions [26-27] measured under different equilibrium conditions may exhibit 
a variety of behaviors (Figure 1.6). Newtonian (constant viscosity) or Non-
Newtonian (Shear-thickening [26-27] and Shear-thinning of viscosity) behavior is 
common to clay suspensions which may or may not have a yield stress (τy) i.e. a 
stress which must be exceeded to start the flow of that clay suspension [25-27].  
 To characterize the flow curves (shear stress vs. shear rate) of suspensions or 
fluids under equilibrium conditions, many phenomenological and empirical models 
can be used to fit the data [28-29]. There are several models explaining the flow 
behavior of suspensions or fluids over a certain limited value of shear rate. A 
power law model can be used to describe the flow behavior (shear thinning or shear 
thickening) of very dilute aqueous clay suspensions. Aqueous clay suspensions 
possessing relatively high clay concentration have been described traditionally in 
accordance to the Bingham theory of plastic flow. In an ideal Bingham model [28-29] 
the shear stress (τ) expression is given by equation 

 
. .

y;     0 for <y plτ τ η γ γ τ τ= + =  (1.7) 

where (τy) is the Bingham dynamics yield stress and ηpl is the plastic viscosity 
approaches to solvent viscosity at very high shear rate value. The Bingham model 
assumes that a fluid is an elastic solid at low shear stress and a Newtonian fluid 
above τy. Other models have been considered in describing the rheological behavior 
of clay suspensions, such as the Casson model and the Herschel-Bulkley model [27-

28]. In all these cases the suspension has an initial yield stress at low shear rates, and 
afterwards presents pseudoplastic or ‘shear-thinning’ type behavior at higher shear 
rates. 
 Various factors affect the flow behavior of clay suspensions. Naturally, the 
volume fraction of clay particles (Φ) will bring about an increase of all rheological 
properties. The rheological behavior of multiphase systems within the linear dilute 
region (Φ<0.05) is relatively well described [27]. For dilute suspensions of spherical 
particles or clay particles in Newtonian liquids, the Einstein model for relative 
viscosity can be used. Within the higher concentration range, where the particle 
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interaction must be taken into account, the Einstein’s model can not be used, and 
higher order terms of particle volume fraction (Φ) must be taken into accounted. 
The theoretical relation for viscosity, η, of concentrated suspensions of 
monodisperse spherical particles in a Newtonian-liquid of viscosity 0η  are often 
approximated by the Batchelor [26-28] or Krieger-Dougherty [26-28] relations, which 
are  

                                                       
max2.5 

0
max

  1
 

η η
− Φ

⎛ ⎞Φ
= −⎜ ⎟Φ⎝ ⎠

 (1.8) 

                and  
                 
                 ( )2

0 1 2.5 6.2 η η= + Φ + Φ             (1.9) 

             
respectively. Here Φmax is the maximum volume packing fraction of particles. 
These relations account for the interactions between the particles themselves and 
between particles and the surrounding liquid. This result from the observation that 
the source of the viscosity in a fluid is the energy dissipation and when colloidal 
particles in a shear field begin to rotate, further energy dissipation occurs and the 
viscosity increase, thus a colloidal suspension of rod-like or plate-like particles will 
have higher viscosity compared to the same volume fraction of spherical particles 
[28]. Due to the polydispersity in size, high anisotropy in shape and heterogeneous 
charge distribution of clay particles, the coefficients of expression (1.8) will have 
significantly different values for different regime of Φ, if used for aqueous or non-
aqueous concentrated clay suspensions. Because of high surface charge and 
anisotropic particle shape, dispersions of clay show a very strong non-Newtonian 
rheological behavior [24-25].     

One empirical equation which has been found to account for the viscosity of 
monodisperse and polydisperse sphere suspensions [68-69], in a range of particle 
fraction up to 50% is: 

 

2

0
max

0.75 1
1

η η

⎛ ⎞
⎜ ⎟

= +⎜ Φ⎜ ⎟−
⎝ Φ ⎠

⎟  (1.10) 

The relations (1.8-1.10) can in general be used to describe the viscosity of 
moderately-concentrated colloidal suspensions of isotropic, monodisperse, and 
non-charged particles [23-25], although relation (1.10) has been found to be an 
appropriate description for concentrated suspensions of kaolinite clay (a 1:1 clay) 

[69], whose particles are anisotropic and polydisperse [4, 6-7]. 
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Figure 1.6:-- Identification of flow curves of fluids. The shear stress versus shear 
rate curves of fluids is the representation of their microstructures i.e. interactions 
between the particles. τy

 is the yield stress of fluids that’s depends on its 
microstructure. 
 
 
 Some of the aqueous clay suspensions show thixotropy effects which means 
that their rheological properties depend on the time of shearing [24-27]. Furthermore, 
concentrated aqueous clay suspensions show a yield stress, i.e. below this stress 
they show infinite viscosities and beyond this stress they start to flow again. 
Recently the physical interpretation of the concept of yield stress was elaborated by 
Bonn et.al. [30].  Weakly flocculated aqueous suspensions of a bentonite (i.e. a 
natural clay) with particle concentration ~4%, and colloidal glasses of laponite clay 
at above 3% of particles concentration in distilled water, have been studied [30]. It 
has been shown that above a certain critical stress, these flocculated aqueous 
suspensions and gels (i.e. colloidal glasses) start flowing abruptly and subsequently 
accelerate leading to avalanches that are associated with a bifurcation in their 
rheological behavior. For small stresses below the yield stress, the viscosity of such 
flocculated aqueous suspensions and gels increases in time and they eventually 
stops flowing. For larger stresses slightly above the yield stress, the viscosity of 
flocculated aqueous suspensions and gels decreases continuously in time; the flow 
accelerates. Thus the viscosity jumps discontinuously to infinity at the critical yield 
stress. A simple physical model [30] was proposed to explain this avalanche effect 
based on the competition between the aging of particle microstructure 
(restructuring to its initial configurations) in flocculated aqueous suspensions or 
gels and a shear force (destruction of this microstructure), thus successfully 
explaining the experimental rheological results i.e. the viscosity bifurcation.  
 We have attempted the same experimental approach [30], to observe whether our 
ER fluids can show such a bifurcation behavior, with or without an applied electric 
field. We have found that it’s not possible to observe such bifurcation phenomena 
[30] in our ER fluids due to experimental limitations: There may be several possible 
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causes for this, either related to the experimental geometry (see Sec.1.11), or 
related to the behavior of polarized particles (i.e., their orientations (see paper 1)) 
that form the chain or- column like-structures in few seconds (see paper 1 and 
paper 4). Experimental geometry: A slip of attached particles to the rotating 
cylinder may occur [30], as there is always an optimum value for matching the 
roughness of particles surfaces to that of rotating geometry. Polarized particles: 
structural "repair"-time is possibly much faster than the shear stress time-resolution 
of our instrument. 
 
 
2.3. Electrorheology:- 
  
 The rheological properties (viscosity, shear stress, shear modulus etc.) of 
colloidal suspensions (high dielectric or conductive particles dispersed in low 
conductivity fluid) can be drastically modified in the presence of an external 
electric field of sufficient magnitude (~kV/mm). This kind of effect is known as the 
“ElectroRheological (ER) effect” and has been observed for several colloidal 
dispersions [42-49]. In a sufficient magnitude of applied electric field (~kV/mm), the 
colloidal particles acquire induced polarization and the interactions between 
polarized particles lead them to form chains-or-columns like structures between the 
two confining electrodes as illustrated in Figure 1.7. To maintain the flow, a 
shearing force (yield stress) is needed whose magnitude is roughly proportional to 
the square of the magnitude of applied field. This structuring occurs only when a 
sufficient electric field is applied, so this phenomenon is associated to the 
electrically induced forces between the dispersed particles.  
 In general, ER fluids are colloidal dispersions of polarizable (or conductive) 
particulate material in insulating liquids. The most attracting features of ER fluids 
are that their rheological properties (viscosity, yield stress, shear modulus, etc.) 
which can be reversibly altered by several orders of magnitude in presence of a 
moderate external electric field (~kV/mm). The rheological properties of ER fluids 
depend upon several experimental parameters such as the volume fraction of 
particles, the nature of the applied electric field (i.e. frequency (AC) and 
magnitude), the nature of the suspended particle (i.e. dielectric constant or 
conductivity, size and shape) and nature of liquid medium (viscosity, dielectric 
constant and conductivity). The other parameters which can make a significant 
contribution to ER effect are considerable amounts of additives absorbed by 
particles like surfactants or water or moisture. [50-53, 55-56]. Viscous and conductive 
heating of the ER fluid cause the eventual loss of water and result in a loss of ER 
activity on the electric fields [55]. Additionally, the presence of water leads to 
dielectric breakdown, corrosion and high power consumption for ER systems 
containing a substantial quantity of water [56]. 
 As mechanical properties (yield stress) of ER fluids can be easily controlled 
within a wide range, almost from a pure liquid to a solid-like behavior, so an ER 
fluid could be used as an electric and mechanical interface. This property of ER 
fluids has stimulated a great deal of scientific interests both in academic and 
industrial areas. Based on the ER effect several possible industrial applications 
have been proposed. Examples includes clutches, brakes, damping devices, 
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actuators, fuel injection valves, hydraulic valves, bearing dampers, seismic 
damping frame structures etc. In addition, an ER fluid could also be used for a 
photonic crystal, light shutter, mechanical polisher, display, ink jet printer etc. [43-

46]. 
 In a shearing force, and at zero applied fields; ER Fluids usually behave like 
Newtonian fluids (constant viscosity and no preyield stress); whereas with in an 
applied field it is described by a well defined yield stress which must be exceed in 
order to start the flow. Beyond this yield stress ER Fluids tends to be shear thinning 
(i.e. the viscosity decreases) as the shear rate increases [58]. The typical behavior of 
an ER fluid under the influence of external electric field (E) is that of a  Bingham-
like fluid (equation (1.7)) for which the plastic viscosity plη  now depends on 
magnitude of the applied electric field and the shear rate 

[58]. 
 
 

 
Figure 1.7:- Schematic illustration of an electrorheological effect between the 
electrodes (two parallel dark lines) (a): randomly dispersed particles, E ~ 0 (b): 
Chains-or-columns like structures of particles, E ~ kV/mm. 
 
 
 When increasing the magnitude of an external electric field the yield stress of 
ER Fluids increases dramatically while the plastic viscosity remains essentially 
unchanged. Experimentally and theoretically it is found that the values of yield 
stresses are critically dependent on volume fraction of particles (Φ) and the 
magnitude of the applied electric field (E0), and generally obey the following 
relation    
 
                         ( )0 0E Eατ Δ∝ Φ       (1.11) 
 
where exponent 1≤α≤ 2 commonly observed.  
 The polarization theory [44, 48-49] based on mismatch of dielectric permittivity 
between the particles to the suspending liquid predict the exponents as α=2; Δ=1. 
In this theory the response of particles and the suspending liquids are assumed to 
be linear with the applied electric field. For ideal dielectric particles, the attractive 
dipolar force F between the two particles is given by 

 ( )2
0fF kEε∝  (1.12) 
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where k=(εp-εf)/(εp-2εf) is the dielectric mismatch parameter, and εp and εf the real 
components of the dielectric permittivities of the particles and suspending liquid 
respectively, and E0 is the applied electric field. The shear modulus would increase 
linearly with the dielectric constant ratio εp/εf [44], indicating that a high particle 
dielectric constant would give a strong ER effect. A material with an extremely 
high dielectric constant mismatch, like barium titanate suspensions (εp = 2000, 
depending on its crystallization state), has however been found to be inactive under 
application of a dc field, and active after adsorbing a small amount of water or 
being stimulated by an ac field, thus suggesting that the polarization model is not 
appropriate to describe this system [45-46].  In general, an important drawback of the 
polarization model is that it can not describe important ER experimental 
observations, such as the dependence on the electric field frequency or the 
dependence on the particle conductivity. Multipole- and many body- effects are 
usually added to the simplest polarization model (in equation 1.10) in order to 
account for interactions at relatively high particle volume fractions, i.e. when 
highly polarizable particles are close to one another [42, 48-49, 55]  
 The conductivity σ of the particles and the fluid has subsequently been included 
in the polarization model by replacing ε with the complex permittivity. The 
conduction model [54, 57, 60-61] considers that the ER effect with a dc electric field and 
a low frequency ac is induced by the mismatch of the conductivity of the particles 
σp(E0) and suspending liquid σf(0), and given by the ratio Γ=σp(E0)/σf(0). In case of 
particle conductivity much greater than the conductivity of suspending liquid, a 
voltage drop occurs in the regions between two neighboring particles and hence 
produces very strong field strength there. The conductivity of the suspending 
medium σf(E0) is non-linear field dependent. Accounting for this non-linear 
conductivity effect of the suspending liquid, a non-linear conduction theory [59] has 
been proposed for the polarization of conductive particles. Both the conduction 
theory σf(0), and the non-linear conduction theories, σf(E0), are based on the 
mismatch of conductivity of particles to the suspending liquid, and predict 
exponent-values [48,58] 1≤α< 2 for high-to-low-to-moderate electric fields, Δ<1 at 
both low- and high- volume fractions of particles, and Δ>1 at intermediate volume 
fractions of particles [48, 58-63]. 
 The conduction- and non linear- conduction models successfully may explain 
some ER phenomena that can not be explain by using the polarization model. The 
conduction models may predict the current density, the yield stress and the 
temperature dependence of ER fluids. However conduction models can only be 
used for the situation, where the suspension microstructure has been fully formed. 
The conduction models only consider the particle-particle interactions in a static 
microstructure after an electric field has been applied. Therefore these can not give 
an explanation of dynamic phenomena, such as the response time of an ER fluid. 
More important, some experimental results provide evidence against these 
mechanisms [45-46, 64]. The shortcoming of the polarization and conduction models is 
that all of them are static and do not take dynamic process occurring in ER fluids. 
 In order to explain and model dynamic events in ER fluids, as well as the 
effects of the conductivity on both the electric field induced particle aggregation 
process and the interfacial polarization process, a qualitative theory was derived by 
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Khusid and Acrivos [62], and it is much more powerful than the polarization and the 
conduction models. In this theory [62] some discrepancies with experimental results 
still exist. This is because two presumptions made, firstly no intrinsic dielectric 
dispersion of particles and suspending liquid is assumed, and secondly the variation 
of the applied electric field is assumed to be very slow compared with the 
polarization rate. These two assumptions are not always valid in ER fluids. There 
are other models available [45-49], however, none of them, including the polarization 
and conduction models, can explain all the current ER findings. They all suffer 
from a severe limitation: They cannot predict the yield stress based on the physical 
properties of ER fluids components and on the operating conditions of field 
strength, temperature, frequency, etc. They thus can not provide a clear clue or 
implication on how to formulate good ER fluids.  
 The dielectric loss model based on interfacial polarization of particle has been 
proposed [45-46] in order to understand the ER mechanism on the basis of all 
experimental findings [45-46]. Two dynamic processes are emphasized in this model. 
The first step is the particle polarization process, in which the particle dielectric 
permittivity is dominant. The second step is particle rotation, i.e. the polarized 
particles have the capability to align along the direction of the electric field. The 
second step is determined by the particle dielectric loss [45-46] that re-orientate the 
ER particle along the direction of an electric field, causing the formation of chains-
or-columns like structures between two electrodes.  The possible reason is that the 
ER particle has a comparatively high dielectric loss tangent [45-46, 64], ~0.1 at 1000 
Hz, which can generate a large amount of bounded surface charge. The ER particle 
can even rotate under a weak electric field [64]. The ER particle turning under an 
electric field has ever been detected by using X-ray diffraction [65-67].  
 
 
3. Experimental Techniques 
  
 In the present thesis work, structural and rheological properties of 
electrorheological fluids of synthetic smectites clay were studied. The types of clay 
were fluorohectorites, laponite, and a natural quick clay from the Trondheim Tiller 
area (Norway). Two types of silicone oils were used as suspending liquids.  
 
3.1. Synthetic Fluorohectorite Clay: - 
 
 Synthetic smectite clay Na-fluorohectorite was purchased form Corning Inc. 
(New York) in powder form. This clay have the chemical formula Na-0.6 (Mg-2.4 Li-

0.6) Si4O10F2 per half unit cell, where Na is an interlayer exchangeable cation [13-14]. 
Three fluorohectorite clay powders, with different interlayer cations sodium (Na+), 
nickel (Ni2+) and iron (Fe3+) are prepared through an ion exchange method. The 
corresponding cations salts (chlorides) of interlayer cations were dissolved in 
distilled water (pH=7) and added in an amount approximately five times the cation 
exchange capacity (122 milliequivalent per 100 gram of clay) [10] to promote 
saturation. After thorough mixing, the corresponding fluorohectorite clays were 
dialyzed against distilled water until a negative chloride test {mixing Cl- with 1M 
AgNO3 will results a white color precipitate AgCl} was obtained. After dialysis the 
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Na-fluorohectorite, Ni-fluorohectorite and Fe-fluorohectorite clay were first dried 
at 100 0C for ~10 hours and then grinded in powder form with the help of a mortar 
and spatula. 
 

  

 
 
Figure 1.8:- A two-dimensional WAXS pattern of natural quick clay from Tiller 
area in Trondheim (Norway). 
 
 
3.2. Natural Quick Clay: -  
 
 This clay was collected from 10 meter depth at the Tiller area in Trondheim 
(Norway). The clay was grinded in fine powder form with a mortar and spatula. 
Some amount of this powder was placed in distilled water containing vessel and a 
size fraction less than ~10 μm was separated according to Stokes Law of particle 
settling under gravity [1-2]. The obtained amount was heated at 100 0C for ~10 hours 
and again finely grinded in powder form. Thus the natural quick clay particles are 
polydisperse and particles size range from few nm to ~10 μm. A qualitative WAXS 
analysis (2θ<320), shows that this natural quick clay mineral contains smectites 
with other considerable amounts of impurities such as quartz, mica/illite etc. [67] as 
illustrated in Figure 1.8. 
 
3.3. Synthetic Laponite Clay: - 
 
 The synthetic clay Laponite RD was purchased from Laporte, Ltd., in powder 
from. According to supplier, this clay have the chemical formula Na-0.7 (Mg-2.4 Li-

0.7) Si8O20 (OH)4 per half unit cell, where Na is an interlayer exchangeable cation 
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The clay was washed to remove any excess water soluble impurities and then dried 
at 130 0C and grinded in powder form with the help of a mortar and spatula.  
 
3.4. Silicone Oil: -  
 
 The silicone oils used in the present study were Rotitherm M150 (specific 
density 0.976 and viscosity 100 mPa-s at 25 0C) silicone oil and Dow Corning 200 
Fluid (specific density 0.976 and viscosity 100 mPa-s at 25 0C). The dielectric 
constant of silicone oil is 2.5 and it is a relatively non-conducting liquid with a dc 
conductivity of an order of ~10-12 Siemen per meter [60].  
 
3.5. Preparation of Clays in Oil: - 
 
Two types of ER fluids were prepared: 
 

(1) For studying the structural morphology (X-ray scattering) only ER fluids of 
fluorohectorite and natural quick clay were prepared. The appropriate amounts of 
finely grounded clay powder (fluorohectorites and natural quick clay) were directly 
mixed with silicone oil in separate glass tubes at ambient temperature. Thereafter 
each of the glass tube was sealed and vigorously hand shaken for about 5 minute. 
Under these conditions fluorohectorite and natural quick clay particles were well 
dispersed in silicone oil.  

 
(2) For the rheological investigations completely dried fluorohectorites and 

laponite clay were used to prepare the ER fluids. To remove any trace of water 
contents that was structurally attached to clay particles, the appropriate amounts of 
finely grounded fluorohectorite and laponite powder were heated at a fixed high 
temperature (~130 OC) and then mixed immediately with silicone oil in separate 
glass tubes. These glass tubes were sealed and let cooled down to room 
temperature. Thereafter each glass tube was vigorously hand shaken for about 5 
minutes and then placed in an ultrasonic bath for 30 minutes at 25 OC. Under these 
conditions, the fluorohectorite and laponite clay particles were dispersed in silicone 
oil. 
 
3.6. Microscopy and Microscopy cell: -  
 
 The experimental setup for microscopic observation is shown in Figure 1.9. 
The ER samples were placed between two copper electrodes. Voltages on copper 
electrodes were applied through combination of power supplies. The applied high 
voltages on copper electrodes were read on a multi-meter. The microscopic sample 
cell is rectangular made from two parallel copper electrodes of equal thickness of 1 
mm, and separated by uniform gap of 1 mm. The copper electrodes are glued on to 
a transparent quartz glass slide which makes the bottom part of the cell. The top 
part of the cell is open. The two other wall of the sample cell is made from a non-
conducting plastic material, which also serve as 1 mm spacers in between the 
copper electrodes.  
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Figure 1.9:- Systematic illustration of microscopy. The samples were placed 
between two copper electrodes.  
 
 
 The sample cell is horizontally mounted on a Zeiss Stemi 2000C 
stereomicroscope attached to a Digital Microscope Camera connected to a desktop 
computer. A small volume (<1 ml) of ER fluids can be placed between the copper 
electrode from the open part of the cell. The bottom part of the cell is illuminated 
by visible light and the dynamics/changes in ER fluids on the top part while 
applying the electric field on copper electrodes can be recorded by a Digital 
Microscope Camera connected to a computer. 
 
3.7. X-ray Scattering Techniques and Scattering Cell: -  
  
 Synchrotron wide angle X-ray scattering (WAXS) were carried out at the 
Swiss-Norwegian Beamline (SNBL) beamline (BM01A), and the synchrotron 
small angle X-ray scattering (SAXS) experiments were carried out at the  Dutch-
Belgian beamline (BM-26) at European Synchrotron Radiation Facility (ESRF, 
Grenoble, France) in ambient temperature. After and during applying electric fields 
scattered X-rays were collected from a two-dimensional detector placed behind the 
sample with respect to the incident horizontal X-ray beam, and data can be 
analyzed with respect to scattering vector q.  Figure 1.10 shows the experimental 
setup of X-ray scattering experiments and ER scattering cell used. The angle φ is 
the azimuthal angle. 
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                                (a)                                                              (b) 
 
Figure 1.10:- (a): X-ray Scattering geometry and (b): the ER scattering Cell. The 
ER fluids were placed between the electrodes and X-ray was incident 
perpendicular to the applied electric field.  
 
 
 The ER scattering cell is made form two parts: The upper part (detachable) is 
made of a non-conducting plastic material on which two copper electrodes 
(50×5×1 mm) were fixed with a uniform spacing (2 mm) between them. The lower 
part of cell is also made from a non-conducting plastic material, a thin kapton film 
(thickness 0.08 mm) and an easily removable paste preventing the leakage of ER 
fluids. The top part was open, bottom part was closed and both (front and back) 
sides were sealed by gluing a standard thin kapton film (thickness 0.08 mm).  
 The upper part of cell contain two parallel and identical 1 mm thick copper 
electrodes separated by a gap of 2 mm was inserted from the top and attached to 
the sample cell. M4 is the whole for a screw that help to mount the sample cell on 
X-ray setup. ER fluids (< 2 ml) can be poured (between the electrodes) from the 
top part. 
 
3.8. Rheology Setup and Rheological Measurements: - 
 
 Rheological experiments were carried out at the Laboratory for Soft and 
Complex Matter Studies at Department of Physics NTNU Trondheim, Norway 
using a controlled shear stress (CSS) Physica Rheometer (MCR 300). The 
rheological setup is illustrated in Figure 1.11. This rheometer equipped with a 
coaxial cylinder cell (CC ERD/27), the outer cylinder was fixed and has a diameter 
(2Ro) 14.46 mm and the inner is rotating (Ω, steady state angular velocity) and has 
a diameter (2Ri) 13.33 mm respectively. The immersion length (h) was 40 mm and 
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sample volume was 19.35 ml.  The rheological parameters (shear rate etc.) were set 
through the software US200. The dc voltages (kV) were supplied through a high 
voltage power supply (HCN -7E 12500) capable of delivering the voltage from 0-
12.5 kV. 
 

  
 
                  (a)                                                            (b) 
 
Figure 1.11:- (a) Geometry of coaxial rotational rheometer and, (b) the measured 
flow- and viscosity- curve of a Brookfield Standard Fluid (η=500 mPa.s at 25°C).  
 
 
 The temperature of sample was controlled by a water circulating bath 
(Viscotherm VT2). Before performing rheological measurement on ER fluids, the 
rheometer was first adjusted for low viscosity measurement (~1.0 mPas) i.e., 
torque measurement below ~10-6 Newton-meter, by adjusting the motor speed (Ω) 
of at three constant rotations: 0.03, 0.06 and 0.09 per minute. Further more, the 
inner cylinder of rheometer is grounded for high voltage by two metallic brushes 
touching it. These two metallic brushes affect the measurement, so their overall 
contribution must be subtracted for measurement i.e., viscosity less than 500 mPas 
and shear stress ~5 Pa. The effect of the brushes is illustrated in Fig 1.12. It is 
clearly seen that the grounding brushes affect the viscosity curve of distilled water 
(viscosity~1mPas at 25 0C). 
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Figure 1.12 Measured viscosity-curve of distilled water (viscosity = 1.0 mPa.s at 
25°C). The measurements are at 25°C, with and without the metallic brushes (see 
Figure 1.11 (a)).  
 
 
 The rheometer was calibrated using standard Newtonian fluids of known 
viscosities. Brookfield Viscosity Standards (viscosity = 100, 200, 500 mPa.s at 
25°C) fluids were used for calibration. One of the calibration tests is illustrated in 
Figure 1.11 (b), where the measured viscosity is 498±4 mPa-s. 
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4. Brief introduction to the papers and contribution of author (Kanak P.S. 
Pamar) 
 
 First six papers (1-6) are presented in this thesis. The first five papers are 
devoted to experimental study of structural morphologies and rheological 
properties of electrorheological (ER) suspensions (or fluids) of synthetic nano-
layered silicates i.e. smectites. Papers 1-3 exclusively deals with structural 
morphologies i.e. chains-or-columns like structures of three different types of X-
fluorohectorite clay particles, distinguished by intercalated interlayer cation X, 
where X = Na+, Ni2+ and Fe3+. The papers 4 and 5 separately deal with the 
rheological properties of laponite clay- and fluorohectorite clay- oil suspensions 
respectively.  
 Paper 6 deals with structural morphologies in a related system of Na-
fluorohectorite clay particles suspended in saline solutions. In paper 7, which is not 
included in the thesis, a theory accounting for the orientational distribution function 
(ODF) of fluorohectorites clay particles in the ER structures, based on the 
competition between homogeneizing entropic effects and aligning dipolar 
interaction, is presented and successfully compared to the data.    
 In papers 1, 2, 3, 6 and 7 all authors contributed to the synchrotron experiments 
as a team. In paper 1 and 7, the present author was responsible for making the 
experimental cell and for preparing the samples; he also contributed to the 
discussions of paper 1's results. In papers 2 and 3, the present author was 
responsible for making the experimental cell and preparing the samples, and 
contributed to the data analysis and discussions; he wrote the first version of paper 
3, and contributed actively during the revision discussions that followed. In papers 
4 and 5 the author was responsible for preparing the samples, performing the 
experiments, and contributed to the data analysis; and discussions; he wrote the 
first version of papers 4 and 5, and took active part in all revision discussions that 
followed. The present author took active part in the synchrotron experiments and 
discussions of paper 6.  
 The focus of paper 1 to use synchrotron WAXS to study chains-or-columns 
like structures (ER structures) of three different fluorohectorite (Na+, Ni2+ and Fe3+) 
in order to investigate the direction of induced polarization of nano-layered clay 
particles and the width of their orientation distribution function inside their ER 
structures. Further the goal was to study finite time effects of particle orientations 
(induced dipoles) as well as possible changes in interlayer spacing in applied 
electric fields. 
      Paper 2 and paper 3 exclusively deal with the positional nature of particle 
assemblies in ER structures investigated by synchrotron SAXS experiments. The 
nature of internal arrangements of nano-layered fluorohectorite particles in their 
ER structures were investigated by computing one-dimensional profiles of 
scattered intensity I(q) versus scattering vector q  along the direction of applied 
field, and perpendicular to it. The observed power law exponents and 
corresponding crossover q-values were used to determine the porous nature i.e. 
bulk pore sizes of assembled nano-layered fluorohectorite particles in their ER 
structures. The effects of particles thickness on pore sizes were investigated.  
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 The focus of paper 4 and paper 5 is exclusively to study the effect of external 
electric fields (~kV/mm) on flow behavior of ER suspensions of laponite- and 
fluorohectorite- particles respectively. Rheological properties i.e. viscosity, shear 
stress and yield stress were mapped out as a function of particle concentration and 
the magnitude of applied electric field. The obtained yield stress results indicate 
that the conductivity (i.e. possible movement of surface charge and interlayer 
cations) of these nano-layered particles may play a major role for their polarization 
in external electric fields.  
 Paper 6 is a separate study dealing with structural morphologies in related 
systems of Na-fluorohectorite clay particles suspended in saline solutions. The 
SAXS patterns observed from these aqueous suspensions are highly anisotropic 
and show both similarities and differences compared to the patterns obtained from 
the fluorohectorite ER- case studied. These aqueous suspensions are under detailed 
study within the PhD of D. M. Fonseca, who is the main contributor to paper 6 and 
its first author. Paper 6 will be included in his PhD thesis as a main paper. 
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Abstract. – Microscopy observations show that suspensions of synthetic and natural nano-
layered smectite clay particles submitted to a strong external electric field undergo a fast and
extended structuring. This structuring results from the interaction between induced electric
dipoles, and is only possible for particles with suitable polarization properties. Smectite clay
colloids are observed to be particularly suitable, in contrast to similar suspensions of a non-
swelling clay. Synchrotron X-ray scattering experiments provide the orientation distributions
for the particles. These distributions are understood in terms of competing i) homogenizing
entropy and ii) interaction between the particles and the local electric field; they show that clay
particles polarize along their silica sheet. Furthermore, a change in the platelet separation inside
nano-layered particles occurs under application of the electric field, indicating that intercalated
ions and water molecules play a role in their electric polarization. The resulting induced
dipole is structurally attached to the particle, and this causes particles to reorient and interact,
resulting in the observed macroscopic structuring. The macroscopic properties of these electro-
rheological smectite suspensions may be tuned by controlling the nature and quantity of the
intercalated species, at the nanoscale.

In this letter we study colloidal suspensions of electrically polarizable particles in insulating
fluids. When such suspensions are subjected to an external electric field, usually of the order of
1 kV/mm, the particles become polarized, and subsequent dipolar interactions are responsible
for aggregating a series of interlinked particles that form chains and columns parallel to the
applied field. This structuring occurs within seconds, and disappears almost instantly when
the field is removed [1–5]. It coincides with a drastic change in rheological properties (viscosity,
yield stress, shear modulus, etc.) of the suspensions [6], which is why they are sometimes called
electrorheological fluids (ERFs). This makes the mechanical behavior readily controllable by
using an external electric field [1–7]. Particle size has a quite diverse impact on the behavior
of ERFs [8]. The nature of the insulating fluid and of the colloidal particles determines the
electrorheological behavior of the suspensions. The mechanism is not fully understood yet, but
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it is mainly triggered by the so-called interfacial polarization, and requires electric anisotropy
of the particles [9]. Consequently, particle shape [10] and surface properties [11] can also be
critically important, as dielectric properties largely depend on them.

Clays as traditional material have played an important role throughout human history.
Their common modern uses include nano-composites, rheology modification, catalysis, paper
filling, oil well-drilling and -stability, etc. [12]. The basic structural unit of so-called 2 : 1 clays
is a 1 nm-thick platelet consisting of two tetrahedral silica sheets sandwiching one octahedral
silica sheet. Smectites are 2 : 1 clays for which platelets carry a moderate negative surface
charge on their plane surfaces. This charge is sufficiently large so that individual platelets are
able to stack by sharing cations, and moderate enough so as to allow further intercalation of
water molecules into the resulting “decks of cards”-like smectite particles. Natural smectite
clay particles dispersed in salt solutions have been studied for decades [12], and recently there
has been a growing activity in the study of complex physical phenomena in synthetic smec-
tites [13]. Much effort has gone into relating the lamellar microstructure of smectite clay-salt
water suspensions to their collective interaction and to resulting macroscopic physical proper-
ties, such as phase behavior and rheological properties [13–21]. Nematic liquid crystalline-like
ordering in smectite systems has been characterized by the observation of birefringent domains
with defect textures [14,16,18,19] or by Small-Angle X-Ray Scattering [16,18].

Wide Angle X-Ray Scattering (WAXS) studies of the well-characterized synthetic smec-
tite clay fluorohectorite, in water suspensions [17], show that fluorohectorite particles con-
tain about 80 1 nm thick platelets. Due to their large structural surface charge (1.2 e−/unit
cell [22]), fluorohectorite stacks remain intact when suspended in water, in contrast to those
of laponite (0.4 e−/unit cell) or of the natural clay montmorillonite. The natural smectite
illite (0.9 e−/unit cell [23]) on the other hand, behaves much like fluorohectorite in this re-
spect [24]. For fluorohectorite, the number of mono-layers of water that can be intercalated
into the stacks, depending on temperature and relative humidity, has been mapped for hydra-
tion and dehydration by means of synchrotron X-ray scattering techniques [25]. However, the
spatial configuration for the intercalated water molecules, with respect to the silica sheets and
to the intercalated cations, is not precisely known yet. We show in this letter that the strong
electro-rheological behavior exhibited by suspensions of smectite clay particles in silicon oil
can be attributed to the intercalated species.

We studied four types of smectite suspensions in oil: Firstly, three suspensions based on
fluorohectorite (see [17] for its origin and chemical formula), and secondly, a mixed natural
quick clay from the Trondheim region in Norway. The three types of fluorohectorite samples
differ by the nature of the exchangeable cation, which is either mono- (Na+), di- (Ni2+) or
tri-valent (Fe3+). These synthetic samples are polydisperse with wide distributions of sizes
(diameter up to a few micrometers, stack thicknesses around 100 nm) and aspect ratios. The
quick clay is far less well characterized than the synthetic clays, although from preliminary
X-ray diffraction analysis we know that this mixed natural clay contains considerable amounts
of illite and other natural smectite particles, in addition to the non-smectite clay kaolinite.
The samples were initially prepared at ambient temperature by adding 1.5% by weight of
clay particles to the silicon oil Rotitherm M150 (viscosity 100cSt at 25 ◦C) , and subsequently
removing the heavier particles (� 10μm) by sedimentation, which modified only marginally
the suspensions’ particle density.

When placed between copper electrodes between which a sufficiently strong electric field is
applied, the four types of samples exhibit the dipolar chain formation characteristic of ERFs
(see fig. 1). The sample cell used for these observations consisted of two parallel and identical
1/2mm thick copper electrodes separated by a gap of 2mm and glued onto a transparent
quartz glass microscope slide. The gap between the electrodes was closed at its ends by
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Fig. 1 – Microscope images of electrorheological chain formation in oil suspensions of smectite clays.
(a) Na-fluorohectorite. (b) Ni-fluorohectorite. (c) Fe-fluorohectorite. (d) Natural quick clay.

a non-conducting plastic material. The top part of the cell was open, and the sample cell
was mounted horizontally, with the microscope slide flat down. A small volume (< 1ml)
of the prepared sample was added and studied at ambient temperatures. The sample was
illuminated from below, and observed from above in a stereomicroscope. An electric field
E ∼ 500V/mm was applied between the copper electrodes, and the changes in the sample
were recorded by means of a digital camera connected to a PC. The process resulted in all clay
particles being part of the electrorheological chain bundles after 10 to 20 s, and no motion
being visible within the sample in less than 1min. The critical electric field necessary to
trigger the electrorheological behavior was found to be Ec � 400V/mm.

The procedure was then repeated using a suspension of kaolinite, a 1 : 1 natural clay
which, in contrast to smectite clays, does not spontaneously intercalate cations and water
molecules in between its silica sheets. Kaolinite particles in their natural state have been
reported in the literature to exhibit a weak electrorheological behavior when suspended in a
silicon oil [26]. Microscopy observations of kaolinite suspensions with the same density as the
smectite suspensions exhibited electrorheology, but only for E � 2 kV/mm. They formed with
characteristic time 10 to 100 times larger than that of the smectite suspensions. Furthermore,
the bundle structure formed by the kaolinite suspensions appeared much less ordered than
those observed with the smectites.

Relative orientations of the smectite particles inside the electrorheological chains were
determined using synchrotron X-ray scattering experiments: chain and column formations
were observed by means of a video camera, while simultaneously recording X-rays scattered

Synchrotron X Ray beam

Electric field

Fig. 2 – Sketch of the X-Ray scattering experiments. Corresponding diffractograms are shown in
figs. 3(b) and (c). The magnified area shows a single nano-layered clay particle inside a dipolar chain;
the arrow indicates the direction of the dipole moment induced by the external electric field.
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Fig. 3 – Central regions of two-dimensional WAXS images of the electrorheological samples. (a) Sus-
pension of Na-fluorohectorite at E ∼ 0. (b) Suspension of Na-fluorohectorite for E ∼ 500 V/mm > Ec.
(c) Natural quick clay for E ∼ 500 V/mm > Ec.

by the clay crystallites. These experiments were performed at the Swiss-Norwegian Beamlines
(SNBL) at ESRF (Grenoble, France), using the WAXS setup with a 2D mar345 detector at
beamline BM01A. The sample cells used for these experiments differ from those described
above in that the electrodes were placed vertically, the cells being closed at the bottom and
with their top open, which allowed to partly fill the cell with sample from above. A sketch of
the experiment is shown in fig. 2.

Figure 3 shows three different two-dimensional diffractograms. Figure 3(a) is obtained from
a suspension of Na-fluorohectorite prior to the application of an electric field. Each lamellar
clay particle may be regarded as a single crystallite, and the particles are randomly oriented
inside the sample, so the image is isotropic. The broad outermost ring is due to scattering
from the silicon oil (characteristic length d ∼ 6.9–7.9 Å), whereas the narrow symmetric ring at
lower scattering angles is the (001) Bragg peak from the lamellar clay stacks with 1 water layer
intercalated (d ∼ 12.3 Å). In the presence of an electric field (fig. 3(b)), in contrast, the (001)
Bragg peak has become anisotropic due to particle orientation in the field. In addition, the
number of water layers intercalated was determined directly from the positions of the Bragg
peaks in reciprocal space (as in [27]). Figure 3(c) shows the diffractogram of a suspension of
natural quick clay, for E > Ec. Three anisotropic scattering rings are visible: the 1st order
of illite (d ∼ 10.1 Å), and the 1st (d ∼ 14.28 Å) and 2nd order of an another smectite clay.
The whole diffractogram (not shown here) also reveals the 3rd-order ring of illite, and the
3rd- and 4th-order rings of the other smectite clay. All the visible diffraction rings correspond
to diffraction by smectite clays and are anisotropic. Figure 4(a) shows how the intensity of
circular scattering rings such as those presented in fig. 3 evolve as a function of the azimuthal
angle, between 0 and 360◦. In the case of fluorohectorite, we have considered the ring at
a radial position corresponding to the first-order Bragg peak for the clay stack [27], which
is characteristic of 1 mono-layer of intercalated water at ambient temperatures (d ∼ 12.4 Å
for the Na-fluorohectorite). For the natural sample, we have considered the lowest-order
Bragg peak of illite (see fig. 3(c)). The scattered intensity at a given azimuthal angle is
proportional to the number of particles that meet the Bragg condition for that angle, so the
shapes of the scattered intensities in fig. 4(a) provide the orientation distributions of clay
particle orientations inside the chains and columnar structures. For E ∼ 0, the intensities are
independent of φ (except for the experimental noise). For E > Ec, the azimuthal positions
of the maxima along the plots in fig. 4(a) demonstrate that the preferred orientation of the
clay particles is with the lamellar stacking plane parallel to the direction of the electric field.
Since the collective dipolar interactions between particles align their dipole moments with the
electric field, the preferred direction of polarization for each stacked particle could also be
inferred, as indicated in the insert of fig. 2: it is parallel to the silica sheets.
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Fig. 4 – (a) Dependence of the intensity of circular scattering rings on the azimuthal angle φ:
data and corresponding theoretical fits. (b) Scattering lines along the q direction for the Na- and
Ni-fluorohectorite samples in the 1WL hydration state (corresponding, respectively, to d = 2π/q =
12.26 Å and d = 14.41 Å for E ∼ 0): a systematic increase of the platelet separation inside the clay
particles occurs under application of the electric field, and results in a shift of the corresponding
diffraction peak. In (a) and (b), the plots have been imposed a different vertical offset, for clarity.

Colloids that make “good” electrorheological particles are known to possess two important
properties, which allow them to not only polarize, but also to rotate under the effect of
the electric field: i) their interfacial polarizability is important, and ii) they are electrically
anisotropic [9, 28]. In the case of our platelet-shaped nano-layered smectite clay particles,
particle polarization occurs along their silica sheet. A fine monitoring of the scattering line
along q shows that the application of the electric field results in a subtle increase in the
characteristic separation between adjacent platelets inside clay particles (see fig. 4(b)), of
about 0.05 Å. This is consistent with polarization occurring mainly by movement of charges
along the quasi-2D inter-layer space, perpendicular to the stacking direction, for example by
movement of ions out of preferred sites on inter-layer surfaces. We believe that the intercalated
cations and possibly water molecules dominate the interfacial polarization process for smectite
particles, which explains the low critical field and fast response observed for the smectite
suspensions as compared to the kaolinite suspensions.

Considering that the induced dipole is structurally forced to remain in the plane of the
silica sheets, we can explain why the particles rotate under application of the field, and we can
further describe the distribution of particle orientations around the mean orientation in terms
of a competition between i) the homogenizing entropy and ii) the aligning effect of the strong
external electric field. Indeed, the Gibbs energy of the colloid population can be written as the
sum of an entropic term and of the interaction energy of the clay particles with a local mean
electric field aligned with the external field. These two terms are dependent on the functional
form of the orientation distribution probability (ODP) function, f , of the particles. Minimizing
the Gibbs energy with respect to that functional form yields the orientation distribution at
equilibrium. This calculation is presented in detail in a separate manuscript [29]; it follows the
line of the well-known theory developed by Maier and Saupe to describe a different geometry,
namely nematic ordering [30, 31]. In our system, the interaction energy is different from
that of Maier and Saupe, but the final functional form obtained for f is identical: f(α) ∝
exp[m cos2 α], where the angle α denotes the deviation from the mean orientation, while
the physical parameters characteristic of the system are contained in the expression of the
parameter m [29]. Obviously, the expression for m is different in our system from what it is
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Fig. 5 – Anisotropy of the ODP function as a function of time during the buildup of the electrorheolog-
ical structure. The anisotropy is computed as the amplitude of the oscillations in fig. 4(a), normalized
by its asymptotic value at large times. The characteristic time τ is obtained by fitting an exponential
profile to the data.

in the Maier-Saupe theory. For each type of clay in fig. 4, we have fitted the proper profiles
to the data in order to infer the Maier-Saupe ODP function f of the particles within the
bundles (see [32] for a detailled description of the method). The RMS values for the half
width of f are: 25.1± 0.3◦ for Na-fluorohectorite, 24.7± 0.4◦ for Ni-fluorohectorite, 20± 0.7◦

for Fe-fluorohectorite, and 17.2±0.06◦ for the natural quick clay, which corresponds to values
of the corresponding order parameter, S = 〈3 sin2 α−2〉f [29], of 0.53, 0.54, 0.68 (Ni-, Na-, Fe-
fluorohectorite, respectively) and 0.76 (natural clay) [29]. This difference in order parameter
magnitude may be related to differences in particle size and polydispersity.

What exactly occurs in the between-platelets space under the application of the electric
field remains unclear. We have monitored the transient buildup of the orientation distributions
(as represented in fig. 4(a)) following the sudden switch-on of the electric field above Ec.
Figure 5 shows the amplitude of the azimuthal profiles (such as those shown in fig. 4(a)) as a
function of time; the plots have been rescaled so that the amplitude at infinite time be equal to
1. Characteristic time scales τ were obtained from fits in the form 1−exp[−t/τ ]; the time scales
obtained are of the same order as or a bit larger than the durations after which no particle
movement is visible in the microscope. As shown by fig. 5, those dynamical experiments did
resolve clear differences in characteristic time scales for chain ordering depending on the type
of intercalated ion; for example, a factor of 2 (faster dynamics) was observed in the buildup
velocity for Ni-, as compared to Fe-, fluorohectorite samples. In contrast, when preparing
fluorohectorite samples in different hydration states, we were not able to resolve a dependency
of the transient dynamics on the number of intercalated water layers, although we cannot
exclude the possibility of such effects existing within our experimental uncertainty. Yet, our
present data clearly indicates that the role of ions in the polarization process dominates that
of water molecules. Understanding the mechanisms underlying the particle polarization shall
require experiments utilizing other experimental techniques. An EXAFS study of the vicinity
of the intercalated nickel cations during particle polarization, which can show how their spatial
configuration inside the interlayer space is modified by the electric field, is planned. Note that
for these suspensions, one may be able to control the characteristic time for dipolar chain
formation on the macro-scale by manipulating, on the nano-scale, the nature of the intercalated
ions as well as the number of intercalated water layers. Among foreseeable applications are
the ones common to electrorheological fluids [33]. Another potential application is a method
for separating smectite from non-smectite components, in natural clays.
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When submitted to a strong electric field, crystallites of Na-
fluorohectorite clay suspended in a silicon oil acquire an induced
electric dipole. Their subsequent interactions lead to aggregation into
chain-like structures parallel to the applied electric field. We have
used Small Angle X-Ray scattering to get insight into the geome-
try of the porous medium in these structures. The 2D SAXS images
exhibit a marked anisotropy, which is analyzed by fitting ellipses to
iso-intensity lines. This also provides principal directions along which
one-dimensionl spectra are computed. They display several power law
behaviors, typical of porous media, separated by crossovers. The values
for the power law exponents indicate that surface scattering is dom-
inant, while the crossovers provide typical length scales for the clay
particle bundles. The corresponding ”picture” of the particle assembly
inside the bundles complements that inferred from WAXS data in a
previous study.

1. Introduction

Colloidal suspensions consisting of small particles of dielectric con-
stant and/or conductivity higher than that of the surrounding liquid
undergo a dramatic meso-structural change when submitted to a strong
external electric field (of the order of kV/mm): the dielectric particles
polarize, and the resulting induced electric dipoles interact with each
other, leading to an aggregation of the particles into chain/bundle-like
structures parallel to the direction of the external electric field. (Gast
& Zukowski, 1989; Halsey, 1992). Consequently, application of the
electric field leads to an important change in the suspensions’ rheol-
ogy (Tao, 1992; Davis, 1992; Anderson, 1994), which is why they are
called electro-rheological (ER) fluids (Hao, 2001). The potential appli-
cations of this property are numerous (Halsey, 1992; Hao, 2001).

The formation of the ER structures and the subsequent rheological
properties (in particular the yield shear stress) are controlled by several
factors, including concentrations (Martin et al., 1998), size distribu-
tions of particles (Ota & Miyamoto, 1994), field frequency (Wu & Con-
rad, 1998; Wen et al., 2000), and dielectric mismatch between the par-
ticles and the surrounding fluid. Among the fluids that have been shown
to be electro-rheological, suspensions of clay particles in an insulating
fluid have only been addressed recently (Wang & Zhao, 2002; Fossum
et al., 2006). In particular, suspensions of fluorohectorite clay crystal-
lites in a low conductivity silicon oil have exhibited a strong electro-
rheological behavior (Fossum et al., 2006). A wide-angle X- ray scat-
tering (WAXS) study of the ER bundles has demonstrated the clay par-
ticles’ preferred orientations inside the bundles, and shown that they
polarize along their silica sheets (Fossum et al., 2006).

Fluorohectorite is a synthetic 2:1 clay whose crystallites consist of
a stack of ∼ 100 one-nm-thick clay platelets (da Silva et al., 2002).

This nano-layered nature makes WAXS a very convenient tool to study
any type of poly-crystalline sample of this material, either in a dry- or
in a suspended form. For the purpose of the present article, however,
it is sufficient to know that these stacks remain quasi-two-dimensional
in nature, as the lateral dimensions may be as much as 200 times the
particle thickness. The particular way these very anistropic crystallites
organize with respect to one another, i.e., their positional and orien-
tational order, determines the morphology of the porous medium in
the ER structures. In the present study, we use SAXS to investigate
the geometry of this porous medium. In the particular case of Na-
fluorohectorite samples, we discuss what type of information we can
obtain from SAXS data on such systems.

The paper is structured as follows: section 2 addresses the features of
small-angle scattering spectra expected from a meso-porous medium;
section 3 contains a description of the experiments and their results;
section 4 is the discussion; we conclude in section 5.

2. Small-angle scattering in a porous medium

Small angle scattering profiles recorded from meso-porous media often
exhibit power laws over a wide q range. This has been observed in
particular for aggregates of colloids (Dietler et al., 1986; Schaefer &
Keefer, 1986; Vacher et al., 1988), carbons (Calo & Hall, 2004) and
various types of rocks (Bale & Schmidt, 1984; Wong & Lin, 1986;
Mildner et al., 1986; Lucido et al., 1988; Radlinski et al., 1996). Such
power law scattering curves have been explained in terms of fractal
properties of the diffracting medium, from models in which aggregated
particles (for example, ruguous spheres) form a porous medium with
geometrical properties that relate to the concept of fractals. Except
for the anisotropy of the clay particles, the porous medium consist-
ing of aggregated clay particles that we consider here certainly bears
similarities to those models, and will be studied in this framework.
Here, it is important to distinguish betwen mass and surface fractals
(Schmidt, 1989):

If we consider systems in which the aggregated particles are posi-
tioned with respect to one another so that their two-point correlation
function is a power law function in the form

g(r) ∝ rDm−3 , (1)

where Dm is a fractal dimension, a power law scattering curve with an
exponent −Dm is observed for q values in the range 1/l � q � 1/a.
Here a is the typical size of an aggregated particle, and l is the size
of the whole system, i.e., the largest accessible length scale (Sinha
et al., 1984; Schmidt, 1989). Since by definition Dm is in the range
]1; 3], the exponent observed in the scattering data is in the range
[−3;−1[

If we now probe length scales smaller than the particle size, the scat-
tering becomes sensitive to the roughness of the aggregates particles. If
this roughness qualifies the particle for being considered a surface frac-
tal with a dimension Ds, or more generally if the area of the surface is
a power law of its linear size with an exponent Ds on a given range of
length scales, then the scattering profiles exhibit a power law behavior
with an exponent −(6 − Ds) on that range of length scales (Bale &
Schmidt, 1984; Schmidt, 1989). Here by definition Ds is in the range
[2; 3[, and the scattering curve exponent is in the range [−4;−3[, with
the well-known Porod law limit (−4) being that observed for smooth
particles (Porod, 1951).

Therefore, in such systems of aggregated rough particles, two power
law behaviors are observed, one with an exponent between −4 and
−3 at large q values, and one with an exponent between −3 and −1
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at intermediate q values corresponding to length scales larger than the
particle size. The scattering properties of porous media possessing long
range correlations in their mass geometry or in the roughness of their
pores are generally investigated in this framework as well, and fitted to
a power law model in the form

I(q) = A q−D + B , (2)

in which B is the incoherent background scattering. However, the
understanding of such data is more difficult in the presence of a poly-
dispersity of the aggregated particles, or, equivalently, of a wide dis-
tribution for the pore sizes. In this case, an exponent D > 3 can arise
both from surface scattering form rough pore walls, or from bulk scat-
tering from a porous media with a wide pore size distribution (Pfeifer
& Avnir, 1983).

In the case of the anisotropic clay particles, which have two charac-
teristic length scales instead of one, experiments are often carried out
in an intermediate q range corresponding to length scales intermediate
between the typical particle thickness and the typical particle width. It
is the case in the experiments presented here.

3. Experiments

3.1. Experimental method
Synthetic sodium fluorohectorite, with chemical formula

Na0.6(Mg2.6 Li0.6) Si4 O10 F2 per unit cell (where Na is an interlayer
exchangeable cation) was purchased form Corning Inc.(New York) in
powder form. The powder was further cation-exchanged in order to
saturate the crystallites’ nano-pores with Na+ cations: NaCl salt was
dissolved in distilled water and added in an amount approximately five
times the cation exchange capacity (Kaviratna et al., 1996), to promote
saturation. After thorough mixing, the clay was dialyzed against dis-
tilled water until a negative chloride test was obtained. After dialysis,
the samples were dried out and grinded into powder form. A suspen-
sion of 3 % (w/w) was then prepared by directly mixing the chosen
amount of clay powder with Rothiterm silicone oil in sealed glass tubes
at ambient temperature. Finally, the mixture was shaken vigorously for
15 min, and subsequently left to rest.

The synchrotron SAXS experiments were performed using the
supernatant of the suspension in a custom-made scattering cell. The
scattering cell consists of an insulating plastic material, whose top part
was open, while both the (front and back) sides and the bottom part
were closed by gluing a standard kapton film. Two parallel and identi-
cal 1/2 mm thick copper electrodes separated by a gap of 2 mm were
inserted from the top of the sample cell. The sample to be studied (< 2
ml) was placed between the electrodes from the top part. After appli-
cation of an electric potential difference (2 kV) between these cop-
per electrodes, the clay particles were first observed to form chain-like
structures parallel to the applied electric field. The chains were subse-
quently observed to collapse, forming stable chain bundles in about 10
sec. Fig. 1(a) shows one such structure.

SAXS experiments were carried out under ambient temperature
at beamline BM-26B of the European Synchrotron Radiation Facil-
ity (ESRF), in Grenoble (France), using a wavelength λ = 1.24 Å.
Scattered X-rays were recorded on a 2-dimensional detector (a square
matrix of 512 × 512 elements) positioned ∼ 8000 mm away from
the sample; the exposure time was 600 s. The experimental geome-
try is shown in Fig. 2; the ER bundles were lying on average hori-
zontally. In what follows, we shall refer to the corresponding axis of
the SAXS images as the horizontal direction, while the perpendicular
one shall be denoted as the vertical direction. This experimental setup

allowed obtention of SAXS data on a range of momentum transfer val-
ues between qmin = 0.001 nm−1 and qmax = 0.15 nm−1.

3.2. Data analysis

3.2.1. Method The raw 2-dimensional SAXS patterns obtained
from the bundle structures are clearly anisotropic. The iso-intensity
lines are roughly homothetic and resemble ellipses that have their
major axis lying approximately vertical, and their minor axis lying
approximately horizontal (see the white elliptic ring in Fig. 3). We
first analyzed the 2-dimensional SAXS images using a custom-made
image analysis software. Ellipses were fitted to iso-intensity lines for
each SAXS pattern; the principal axes (direction and length) were com-
puted, and an eccentricity e =

p
1 − (b/a)2, where a and b are the

long and short axes of the fitted ellipse, respectively, was determined.
This eccentricity accounts for the anisotropy of the image. An average
eccentricity value for the Na-FH system was computed from images
recorded from identical samples; this allowed us to reduce the varia-
tions arising from the noise in the data (see Table 1).

For further analysis, each SAXS pattern was corrected for detec-
tor sensitivity and background by subtracting from the image data an
image of the empty cell. Besides, the sample to detector distance was
calibrated using the fiber diffraction of wet rat-tail collagen, which has
strong characteristic peaks at q = 2π n/67.2 nm−1 (n = 1, 3, 5).

We then computed one-dimensional profiles of X-ray intensity I(q)
versus scattering vector q along the principal axes of the ellipses, as
obtained previously. Those directions are respectively nearly parallel
to the horizontal (i.e, the direction of the applied electric field) and
the vertical directions. The profiles were obtained by averaging the 2-
dimensional images over azimuthal angles, in ±5°-wide sectors around
those two directions. Log-log plots of those profiles appear to consist
of linear segments, which means that different power laws in the form
of Eq. (2) are observed on different q-ranges. Fig. 4 illustrates this
behavior, for profiles recorded both along the minor axis and along the
major axis. The length scales corresponding to the crossover q-values
are characteristic of the system, but since no peak is observed at these
q-values, they do not correspond to a regular periodicity within the clay
assembly.

For intensity profiles recorded along the horizontal direction (plot
denoted (1) in Fig. 4), three different q-ranges are clearly visible, on
which three power laws can be fitted. The crossover q values were first
estimated visually, with an uncertainty; they are listed as q‖i(i = 1, 2)
in Table 1, the index i being incremented as one moves from larger to
lower q-values. Straight lines were fitted to the linear segments in the
log-log plots; they are shown in Fig. 4 while the corresponding power
law exponents D‖i(i = 1, 2, 3) (same convention on the index i as for
the qis) are listed together in Table 1.

For intensity profiles recorded along the vertical direction (plot
denoted (2) in Fig. 4), we also distinguish three regimes. The
crossovers q⊥1 is determined visually. It is somewhat more difficult to
determine than along the horizontal axis. The crossovers q⊥2 is cho-
sen equal to q‖2 (see section 3.2.2). The fitted values of the expo-
nents D differ enough from each other on the adjacent ranges (see
D⊥i(i = 1, 2, 3) values in Table 1) to confirm the existence of two
crossovers. As explained above for the ellipse eccentricity values, the
values for the exponents D listed in Table 1 are obtained from averag-
ing over 7 images recorded on identical samples.

3.2.2. Results and discussion The minor axes of the ellipses fit-
ted to the 2D SAXS images are close to horizontal. This shows that
the apparent size of the clay particles along that direction, as probed
by X-rays, is larger along that horizontal direction – also the direction
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of the electric field – than along the vertical direction. Since the clay
particles are platelets with a thickness much smaller than their lateral
dimension, this suggests that they are lying in the ER bundles with one
of their lateral dimensions parallel to the field; i. e., on average, the
clay particles have their directors aligned perpendicular to the direc-
tion of applied field. Whether the directors are aligned with each other
along a particular direction perpendicular to that of the applied field,
or whether they are distributed in the vertical plane that contains the
incoming beam, cannot be inferred directly from the SAXS data alone.

In a recent study, we investigated the same electro-rheological bun-
dles using X-ray diffraction (i.e., wide angle X-ray scattering, or
WAXS) (Fossum et al., 2006). Taking advantage of the nano-layered
nature of the clay crystallites, we were able to infer particle orientations
inside the particle bundles from the anisotropy of two-dimensional
WAXS images (see (Méheust et al., 2006) for a description of the
method). This study suggested that the particles polarize along their
silica sheets (see Fig. 1(c)), and hence, that their directors were, on
average, perpendicular to the direction of the electric field. Our SAXS
data is consistent with these previous findings (see second paragraph
of section 3.2.2). In Figure 1(b), we present a 2D sketch of an aggre-
gate inside the particle assembly, as inferred from the study in (Fossum
et al., 2006) and from the current SAXS study. In such an aggregate,
due to the particles’ quasi-2D nature, they are on average all parallel
to a mean planar orientation. The total 3D assembly has to be under-
stood as a combination of such aggregates, in which the possible mean
planar orientations for the aggregates contain the direction of the elec-
tric field (i.e., the direction of the red arrow in Fig. 3(c)) and are ran-
dom otherwise. Consequently, the whole structure remains statistically
unchanged by rotations around the direction of the electric field.

In terms of intensity profiles along the principal axes of the 2D
SAXS images, the results can be understood as follows:

1. Along the minor axis (horizontal direction), the two crossover
q values denote characteristic scales for the system: the larger
one, l‖2, (see Fig. 4, plot (1), and Table 1) is a typical parti-
cle extension/width, while the smaller one, l‖1, can be under-
stood as a typical pore size between aggregated clay particles,
along the direction of the external electric field. Therefore, l‖1

is controlled by the particles’ sizes and their relative orienta-
tions/positioning, while l‖2 is less dependent on the particular
arrangement of the particles with respect to each other (pro-
vided they are aligned with the electric field). Those two typ-
ical length scales are indicated in Fig. 1(b); due to the particle
polydispersity, they must be understood as average values and
do not correspond to a true regular structure of the assembly.
Such a regular structure would probably result in a correlation
peak in the scattering data, which is not visible here.

2. Along the major axis (vertical direction, perpendicular to the
electric field), due to the axial symmetry of the particle pop-
ulation around the direction of the electric field, some of
the platelet-shaped particles present their width to the beam,
and others present their top/bottom surfaces, so that both the
particle- thickness and width should be visible on the scattering
profiles. This is why we have choosen q⊥2 = q‖2, interpreted as
a the typical particle width. At small length scales, the relevant
characteristic length scales are the typical particle thickness d
(see Fig. 1(b)), the typical pore size l‖1 as discussed above, and a
typical pore size normal to the mean plane of an aggregate (ver-
tical direction in Fig. 1(b)). We believe that these three length
scales are close to each other, and are therefore not visible as
distinct crossovers in the intensity profiles (see Fig. 1(b)). Thus,
we have defined visually from plot (2) a crossover, with a value

indeed close to that found for l‖1 in plot (1) (see Table 1).

3. By changing q, we probe the system at different scales: for
q > q1 (in the two directions), we probe the properties of the
individual particles; at smaller q values, we probe the properties
of the porous space between the particles, or of aggregates of
particles. As summarized in section 2, the values of the expo-
nents D for the fitted power laws denote long range correlations
in the inner surfaces (if 3 < D < 4) or bulk arrangement (if
2 < D < 3) of the porous medium. For q > q1 (see D1 val-
ues in Table 1, in the two directions), we expect the exponent
to be controlled by the surface roughness of the particles. This
is what is observed here. The other exponents are also greater
than 3 in absolute value, which indicates a predominant surface
scattering, at all scales probed by the experiment. Note that due
to the axial symmetry discussed above, the exponent observed
in Fig.4, plot (1), in the large q range, is probably determined by
the scattering properties of the lateral surfaces of the clay parti-
cles, while the exponent found in plot (2) of the same figure, in
the same range of q values, results from a mixed scattering by
the lateral- and the top/bottom surfaces of the platelet-shaped
scatterers. This is why two different exponents are observed,
although at those length scales smaller than the particle thick-
ness the difference in meso-porous arrangement arising from the
particles’ anisotropy plays no role.

The geometry studied here has similarities with that observed for
dry-pressed samples, in which all particles have their flat surfaces
parallel on average, in a nematic-like arrangement. Namely, we have
inferred a geometric description in which the overall assembly pos-
sesses a statistical axial symmetry around the direction of the applied
electric field, but consists of aggregates (like that sketched in Fig. 1(b))
with a nematic-like arrangement. Such nematic arrangements were pre-
viously studied using small angle neutron scattering (SANS) for Na-
fluorohectorite samples, by Knudsen et al. (Knudsen et al., 2004). In
those samples, which were dehydrated under a uniaxial load of 0.12
MPa and 2.60 MPa, and in which clay particles are expected to be much
more densily packed than in the electro-rheological bundles addressed
in the present paper, the authors inferred a correlation length for the
porous medium in the direction of the applied load, and one along the
average plane of the clay particles. These correlation lengths can be
related to typical pore sizes in the two directions, and were observed to
be 2 times larger along the particle planes than in the direction of the
load, probably due to the particles’ aspect ratio and the dense packing.
In the present system, no typical pore size is observed at length scales
significantly different from the typical pore size l⊥1. I. e., in aggre-
gates like that pictured in Fig. 1(b), the typical pore size normal to the
aggregate’s mean plane is similar to the pore size along that plane; this
indicates a looser packing.

4. Conclusion

Small-angle X-ray scattering is a useful tool when investigating the
mesoporous organization of poly-crystalline systems of platelet-shaped
scatterers with a lateral size in the micron range and a thickness 10−20
times smaller. In this article, we have shown that anisotropic 2D SAXS
images recorded from electro-rheological bundles of fluorohectorite
clay particles can be analyzed in order to obtain a geometrical char-
acterization of an assembly of clay particles aggregated after being
polarized by an electric field. Fitting ellipses to iso-intensity lines of
the images allowed to determine the overall alignment of the particle,
which is parallel to the field (as shown by a previous WAXS study),
and to estimate the preferential orientation of the particles. Scattering
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profiles recorded along the azimuthal directions parallel to and perpen-
dicular to the applied electric field exhibit several power law regimes,
with crossover scales between them that correspond to typical length
scales of the particle assembly. The exponents of the power laws are
in the range usually attributed to surface scattering with a correlated
roughness.

This study opens many prospects. Firstly, we plan to widen the
available q range through SALS- and further SAXS experiments, in
order to obtain power law exponents on a wider range and with a bet-
ter confidence on the fitted exponents. Secondly, we plan to study the
influence of the intercalated cation on the overall collective behav-
ior of the clay particles in an electric field, by studying different X-
fluorohectorite samples (X being the intercalated cation). Thirdly, we
want to relate the measured ellipse eccentricity to the orientation den-
sity probability function of the population of platelets, as done in a
recent study (van der Beek et al., 2006) in which an identical geometry
was addressed for magnetically-oriented Gibbsite particles
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Table 1
Calculated fit parameters: (i) average eccentricities e of the 2-dimensional scat-
tering patterns, and (ii) power law scattering exponents Di (i = 1, 2, 3) and
crossover q1 and q2 in the scattering profiles recorded along the minor axis
(Fig. 4, plot (1)).

E (V/mm) 1000

N° of images per curve 7

e 0.54

Crossover q‖1 (nm−1) 0.086 ± 0.03

Crossover l‖1 (nm) 73 ± 3

Crossover q‖2 = q⊥2 (nm−1) 0.025 ± 0.003

Crossover l‖2 = l⊥2 (nm) 251 ± 25

Crossover q⊥1 (nm−1) 0.090 ± 0.005

Crossover l⊥1 (nm) 70 ± 4

D‖1 −3.44 ± 0.05

D‖2 −3.02 ± 0.05

D‖3 −3.38 ± 0.05

D⊥1 −3.38 ± 0.05

D⊥2 −3.21 ± 0.05

D⊥3 −3.67 ± 0.05
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Figure 1
(a) Stable electro-rheological structures of sodium(Na)-fluorohectorite clay

particles in silicone oil and under application of an external horizontal DC elec-
tric field = 1 kV/mm. – (b) 2D sketch of a nematic aggregate of clay particles
inside an ER bundle; the direction of the external electric field is horizontal;
the platelet-shaped clay particles are horizontal on average in this particular
aggregate; many such aggregates, possessing various orientations around the
direction of the electric field, form the overall particle bundle. –(c) Sketch of a
nano-stacked clay particle in the arrangement shown in (b); the arrow indicates
the direction of the electric dipole induced in the particle, which, on average,
coincides with that of the external electric field.

Figure 2
Experimental setup to record SAXS data from electro-rheological bundles of

polarized particles in oil. The camera length is D ∼ 8 m.

qll

q

Figure 3
A two-dimensional anisotropic scattering pattern obtained from a Na-

Fluorohectorite sample of 3.0% (w/w), at E = 1.0 kV/mm. The gray color
scale is logarithmic. An iso-intensity line is colored white to emphasize the
anisotropy of the image.
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Figure 4
Log-Log plot of the intensity of the scattering profiles recorded along (1) the

horizontal direction, i. e., the direction of the applied electric field, and (2) the
vertical direction.
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Oil suspensions of fluorohectorite clay particles exhibit a dramatic meso-structural 

ordering when submitted to a strong electric field. This is due to dipolar interaction 

between polarized fluorohectorite particles, which orientate and aggregate to forms 

chains and/or bundle-like structures along the direction of applied electric field. We 

have used synchrotron small angle X-ray scattering to get insight into the nature of the 

porous medium in the bundles. Three types of fluorohectorite clay samples 

corresponding to three different intercalated cations Na+, Ni2+ and Fe3+ were studied. 

The two-dimensional SAXS images from bundles of fluorohectorites exhibit a marked 

anisotropy which is analyzed by fitting ellipses to iso-intensity lines of SAXS patterns. 

This also provides principal directions along which one-dimensional spectra are 

computed. They display a power law behavior typical of porous media, separated by 

crossovers. The crossovers are interpreted in terms of typical length scales for the clay 

particle bundles, providing for the first time a quantitative image of the 3D geometry 

inside such bundles of polarized clay particles. The exponents of the power laws 

indicate either predominant surface- (for 2 types of samples) or bulk- (for the last type ) 

scattering, at all length scales investigated.
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I. INTRODUCTION 

The rheological properties (viscosity, yield stress, shear modulus etc.) of colloidal 

suspensions consisting of small particles of dielectric constant and/ or conductivity1–3

higher than that of the surrounding liquid can be controlled by an external electric field. 

Such suspensions are known as electrorheological (ER) fluids4, 5. The applied electric 

field (of the order of kV/mm) results in induced dipoles in the particles. Consequently, 

the particles undergo positional and orientational alignment to minimize dipole 

interaction energy, which results in their aggregation into chain/bundle-like structures, 

parallel to the direction of applied electric field6–10
.

 The study of the structure formation of ER fluids has attracted increasing interest in 

recent years for its fundamental and technological importance. It has been shown that 

microcrystalline structures inside the bundles of spherical particles are a body-centered 

tetragonal (bct) lattice11–13. This provides a new technique to form mesocrystals with 

unique photonic properties14-15. The details of the structure formation in ER fluids 

depend on several factors, such as concentrations16, size distributions of particles17, field 

frequency18-19 etc. The influence of the dielectric constant or conductivity of particles is 

another interesting topic since the dielectric and conductivity mismatch between the 

particles and the liquid is widely accepted as the main cause of the ER phenomenon. 

The yield stress of an ER fluid is a critical parameter that governs the numerous 

potential applications of such a fluid. Besides the other experimental parameters, it 

depends upon the internal close packing of the particles density20.

In this paper, we address ER fluids consisting of 2:1 clay particles suspended in 

silicone oil. Among the large variety of clay minerals, 2:1 clays have been investigated
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for potential applications such as nanocomposites, catalysts, cosmetics and 

pharmaceuticals etc., and applications where their unique bonding, suspending or 

gellant properties are required. The basic physical structural unit of a 2:1 clay is a 

platelet (about 1 nm thick) made of one aluminum or magnesium hydroxide octahedral 

sheet sandwiched between two inverted tetrahedral silica sheets. The isomorphic 

substitutions in the octahedral and or tetrahedral sheets by less charged cations generate 

a net negative layer charge on the platelet21. To balance this structural layer charge, 

individual platelets tend to stack by sharing intercalated (possibly hydrated) cations. The 

structural charge on the platelets of 2:1 varies from 0.4 to 1.2 e- per unit cell22. This 

moderate platelet charge results in physical and chemical properties that are unique and 

not found in other clay minerals. 

 Fluorohectorite is a synthetic 2:1 clay that has one of the largest values for the 

particle diameter, up to about 10 µm, and a layer charge of 1.2 e- per unit cell, which is 

very large in comparison to that of other synthetic 2:1 such as laponite (0.4 e- per unit 

cell)23. This high surface charge leads to a very robust stacking of the fluorohectorite 

platelets, resulting in fluorohectorite particles effectively consisting of ~ 100 stacked 

platelets24-25. Those particles (or grains) are ~0.1 µm-thick; they remain quasi-two-

dimensional in nature, as the lateral dimensions may be as much as 200 times the 

particle thickness. However, fluorohectorite is polydisperse with a wide distribution in 

lateral sizes, so that this ratio is not fixed, and may be considerably lower for other 

grains.

 Colloidal suspensions of fluorohectorite particles dispersed in a low conductivity 

silicone oil have been shown to exhibit a dramatic electro-rheological behavior26. A 

wide-angle X- ray scattering (WAXS) study of the ER bundles has demonstrated the 

clay particles’ preferred orientations inside the bundles, and shown that they polarize
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along their silica sheets26. The particular way the anisotropic clay particles organize in 

the bundle with respect to one another i.e., their positional and orientational order, 

determines the morphology of the porous medium in-between the aggregated particles. 

 Small angle X-ray scattering (SAXS) and small angle neutron scattering (SANS) are 

techniques commonly used to study the mesoscopic structural arrangement of soft 

matter. In particular, they have proved very useful in the study of systems of clay 

mineral particles in aqueous media, for which a variety of structures/properties under 

different preparation conditions have been demonstrated, such as spontaneous ordering, 

aggregation, gelation and thixotropy behavior27–30. In this paper we have used SAXS to 

study the electrorheological bundles of clay particles in silicone oil in order to get 

insight into the nature of the porous medium in between the clay particles that make up 

the chain bundles.  

 Following this introduction, the paper is structured as follows: section 2 addresses 

the features of small-angle scattering spectra expected from a meso-porous medium; 

section 3 contains a description of the experiments and a discussion of their results; we 

conclude in section 4. 

II. SMALL-ANGLE SCATTERING IN A POROUS MEDIUM  

 The fluorohectorite particles consist of stacks of 1 nm- thick platelets with a 

thickness ~100 nm and a lateral extension between 200 nm and 2 µm. X-ray diffraction 

from the stacked structure is classically used to determine the platelet separation of such 

nano-stacks31-32, and their thickness. More recently, it has been used to infer particle 

orientation distributions in poly-crystalline samples of these nano-stacks33. Besides 

wide angle diffraction (WAXS), the dimensions of the clay particles make small angle 
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scattering a suitable tool when it comes to studying the collective behavior/organization 

of these clay particles. 

 Small-angle scattering is a useful tool to study disordered structures and porous 

media34–43. In a small angle X-ray scattering (SAXS) experiment, the dependence of the 

scattered intensity on the scattering angle 2  is controlled by the size of the colloidal 

particles, their tendency to aggregate, the porosity of the disperse system, the magnitude 

of the specific surface area, and more generally, by the inhomogeneties characterizing 

the structure of the disperse system44-45. In the Born approximation, the scattered 

intensity I(q), as a function of the momentum transfer vector q

4 2
sin

2
q  (1) 

where  is the wavelength of the incident beam and 2  is the scattering angle, is simply 

proportional to the Fourier transform of the geometric correlation function of the 

electron density.  

 For porous media, the scattering profiles often exhibit power laws on a wide q- 

range. This has been observed in particular for aggregates of colloids36–38, carbons46 and 

various types of rocks44-45, 47–49. Such power law scattering curves have been explained 

in terms of fractal properties of the diffracting medium, from models in which 

aggregated particles (for example, ruguous spheres) form a porous medium with 

geometrical properties that relate to the concept of fractals. Here, it is important to 

distinguish between mass and surface fractals50.

 If we consider mass fractals, or more generally systems in which the aggregated 

particles are positioned with respect to one another so that their two-point correlation 

function is a power law function in the form  
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 ( ) DI q Aq B  (3) 

where A is a scaling factor and B is the incoherent background scattering. However, the 

understanding of such data is more difficult in the presence of a polydispersity of the 

aggregated particles, or, equivalently, of a wide distribution for the pore sizes. In this 

case, an exponent (in absolute value) D > 3 can arise both from surface scattering form 

rough pore walls, or from bulk scattering from a porous media with a wide pore size 

distribution51.

III. EXPERIMENTS 

III.1. EXPERIMENTAL METHOD

 Synthetic sodium fluorohectorite, with a chemical formula Na0.6(Mg2.6 Li0.6) Si4 O10

F2 per unit cell (where Na is an interlayer exchangeable cation) was purchased form 

Corning Inc. (New York) in powder form. Three fluorohectorite clay powders, with 

different intercalated cations, sodium (Na+), nickel (Ni2+) and iron (Fe3+), were prepared 

through an ion exchange method: the corresponding cation salts were dissolved in 

distilled water and added in an amount approximately five times the cation exchange 

capacity in order to promote saturation. After thorough mixing, three fluorohectorite 

clays were dialyzed against distilled water until a negative chloride test was obtained. 

After dialysis, the three fluorohectorite clays were dried out and grinded in powder 

form. Suspensions at 3 % (w/w) were then prepared by directly mixing the chosen 

amount of clay powder with Rothiterm silicone oil in sealed glass tubes at ambient 
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temperature. Finally, the mixtures were shaken vigorously for 15 min, and subsequently 

left to rest. 

 The synchrotron SAXS experiments were performed using the supernatant of these 

suspensions in a custom-made scattering cell. The scattering cell was made of an 

insulating plastic material, whose top part was open and both the (front and back) sides 

and the bottom part were closed by gluing a standard thin (thickness, 0.08mm) kapton 

film. Two parallel and identical 1/2 mm-thick copper electrodes separated by a uniform 

gap of 2 mm were inserted from the top of the sample cell. The suspension to be studied 

(< 2 ml) was introduced between the electrodes from the top part. After application of 

an electric potential difference (2 kV) between these copper electrodes, the clay 

particles were first observed to form chain-like structures parallel to the applied electric 

field. The chains were subsequently observed to collapse, forming stable chains bundles 

in about 10 sec. Fig. 1 shows one such structure formed by iron (Fe3+) - fluorohectorite 

clay particles. 

 SAXS experiments were carried out under ambient temperature at beamline BM-

26B of the European Synchrotron Radiation Facility (ESRF), in Grenoble (France), 

using a wavelength  = 1.24 Å. Scattered X- rays were recorded on a two-dimensional 

detector (a square matrix of 512×512 elements) positioned about 8000 mm away from 

the sample; the exposure time was 600 s. The experimental geometry is shown in Fig. 2: 

the ER bundles were lying on average horizontally. In what follows, we shall refer to 

the corresponding axis of the SAXS images as the horizontal, while the perpendicular 

one shall be denoted as the vertical direction. This experimental setup allowed SAXS 

data on a range of momentum transfer q-values between qmin = 0.01 nm 1 up to qmax = 

0.15 nm 1, corresponding to length scales max 600d  nm and  min 40d  nm, 

respectively. 
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III.2. DATA ANALYSIS 

III.2.1. METHOD 

 The raw two-dimensional SAXS patterns obtained from bundle structures for all the 

three samples – sodium (Na+) fluorohectorite, nickel (Ni2+) fluorohectorite and iron 

(Fe3+) fluorohectorite are clearly anisotropic (see Fig. 3). The iso-intensity lines are 

roughly homothetic and resemble ellipses that would have their major axis lying 

approximately vertical, and their minor axis lying approximately horizontal. We first 

analyzed the two-dimensional SAXS images using a home-made image analysis 

software in Matlab. Ellipses were fitted to iso-intensity lines for each SAXS pattern; the 

principal axes (direction and length) were computed, and an eccentricity e defined as  

2

2
1

j
e

k
    , (4) 

where j and k are the long and short axes of the fitted ellipse, was determined. This 

eccentricity accounts for the anisotropy of the images. The eccentricity values obtained 

for each type of sample under an identical electric field are shown in Table 1. Those 

values are average values obtained from several images recorded from identical 

samples; this allowed us to account for the large variations arising from the noise in the 

data. For each eccentricity value in Table 1, the number of images used to calculate it, is 

also listed.  

For further analysis, each SAXS pattern was corrected for detector sensitivity and 

background by subtracting from the image data an image data of the empty cell.
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Besides, the sample to detector distance was calibrated using the fiber diffraction of wet 

rat-tail collagen, which has a strong characteristic peaks at q = 2 n/67.2 nm 1 (n = 1, 3, 

5). We then computed one-dimensional profiles of X-ray intensity I(q) versus scattering 

vector q along the principal axes of the ellipses, as obtained previously. Those 

directions are nearly parallel to the horizontal (i.e. the direction of the applied electric 

field) and the vertical directions, respectively. The profiles were obtained by averaging 

the two-dimensional images over azimuthal angles, in ± 5°- wide sectors around those 

two directions. Log-log plots of those profiles appear to consist of linear segments, 

which mean that different power laws in the form of Eq. (3) are observed on different q-

ranges. Fig. 4 (a) and Fig. 4 (b) illustrate this behavior for profiles recorded along the 

minor- and the major- axis respectively. 

 For intensity profiles recorded along the horizontal direction (Fig. 4 (a)) three 

different q-ranges are clearly visible, on which three power laws can be fitted. The 

crossover q- values were first estimated visually, with an uncertainty; they are listed as 

|| iq  (i = 1, 2) in Table 1, the index i being incremented as one moves from larger to 

smaller q-values. Straight lines were fitted to the linear segments in the log-log plots; 

they are shown Fig. 4 (a) while the corresponding power law exponents || iD  (i = 1, 2, 3) 

(same convention on the index i as for the qis) are listed together in Table 1. 

 For intensity profiles recorded along the vertical direction (see Fig. 4(b)), we also 

distinguish three regimes, but the crossovers are somewhat more difficult to      

determine than along the horizontal axis. The crossovers 1q  are determined visually, 

and the crossovers  2q  are chosen equal to || 2q  (see section 3.2.2). The fitted values of 

the exponents D differ enough from each other on the adjacent ranges (see the iD , i =

1, 2 in Table 1) to confirm the existence of two crossovers. As explained above for the 

ellipse eccentricity values, the values for the exponents D listed in Table 1 are obtained 
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from averaging over 7 images recorded on identical samples. Note that no power law 

exponent was fitted on the low-q ranges in Fig.4(b), because the data range was not 

wide enough, and did not allow good enough confidence levels on the fits. 

III.2.2. RESULTS AND DISCUSSIONS 

 Table 1 lists all results, both related to the eccentricities of the two-dimensional 

images and to power law exponents of one-dimensional scattering profiles. 

 The minor axis of the ellipses fitted to the two-dimensional SAXS images are close 

to horizontal. This shows that the apparent size of the clay particles along that direction, 

as probed by the X-ray, is larger along that horizontal direction – also the direction of 

the electric field – than along the vertical direction. Since the clay particles are platelets 

with a thickness much smaller than their lateral dimension, this suggests that they are 

lying in the ER bundles with one of their lateral dimensions parallel to the field; i.e., on 

average, the clay particles have their directors aligned perpendicular to the direction of 

applied field. The maximum eccentricity is seen for nickel (Ni) fluorohectorite (e = 

0.61), and the minimum eccentricity for sodium (Na) fluorohectorite (e = 0.54). The 

difference is less than 12% (see Table 1). This means that, at equal electric field 

strength, the orientational order for the particles are of the same order of magnitude for 

all types of samples.  

If all the particle directors were aligned with the vertical direction, the anisotropy of 

the SAXS pictures would be much larger than what is observed. Whether the directors 

are aligned with each other along another direction perpendicular to that of the applied 

field, or whether they are widely distributed (and possibly, uniformly) in the vertical 
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plane that contains the incoming beam, cannot be inferred directly from the SAXS data. 

In a recent study, however, we investigated the same electro-rheological bundles using 

X-ray diffraction (i.e., wide angle X-ray scattering, or WAXS)26. Taking advantage of 

the nano-layered nature of the clay crystallites, we were able to infer particle 

orientations inside the particle bundles from the anisotropy of two-dimensional WAXS 

images33. This study suggested that the particles polarize along their silica sheets (see 

Fig. 1(c)), and hence, that their directors were, on average, perpendicular to the 

direction of the electric field. Our SAXS data is consistent with these previous findings 

(see second paragraph of section 3.2.2). In Figure 1(b), we present a two-dimensional 

sketch of an aggregate inside the particle assembly, as inferred from the study in26 and 

from the current SAXS study. In such an aggregate, due to the particles’ quasi-two-

dimensional nature, they are on average all parallel to a mean planar orientation. The 

total three-dimensional assembly has to be understood as a combination of such 

aggregates, in which the possible mean planar orientations for the aggregates contain 

the direction of the electric field and are random otherwise. Consequently, the whole 

structure remains statistically unchanged by rotations around the axis of the electric 

field. Figure 1(c) shows a cut of the same aggregate through a plane parallel to its mean 

plane and indicated by the red dashed line in Fig. 1(b). Figures 1(b) and (c) correspond 

to two configurations met by the X-ray beam and that contribute equivalently to the 

scattering profiles recorded  along the vertical direction. 

  In terms of intensity profiles along the principal axes of the two-dimensional 

SAXS images, the results can be understood as follows: 

Crossovers in the horizontal profiles: Along the minor axis (horizontal direction), 

the two crossover q-values denote characteristic scales for the system: the larger one, 
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|| 2l , (see Fig. 4 (a), plot (1), and Table 1) is a typical particle extension/width, while the 

smaller one, || 1l , can be understood as a typical pore size between aggregated clay 

particles, along the direction of the external electric field (see Fig. 1(b) and (c)). 

Therefore, || 1l  is controlled by the particles’ sizes and their relative orientations/ 

positioning, while || 2l  is less dependent on the particular arrangement of the particles 

with respect to each other (provided they are aligned with the electric field). We see that 

|| 1l  is significantly different for the Na/Fe-fluorohectorite and the Ni-fluorohectorite 

samples. The parameter || 1l , which depends on the particle arrangement, can be 

influenced by the type of intercalated cation. From Table 1 we see that Ni-

fluorohectorite also has || 2l  (average stack diameter) larger than for Na/Fe-

fluorohectorite. Thus, it seems that this difference has an effect on the steric hindrances, 

and on the packing along the direction of the electric field, thereby increasing also the 

average pore size in the horizontal direction. 

The typical relative length scales are indicated in Fig. 1(b); due to the particle 

polydispersity, they must be understood as average values that do not correspond to a 

true regular structure of the assembly. Such a regular structure would probably result in 

a correlation peak in the scattering data, which is not visible here. 

Crossovers in the vertical profiles: Along the major axis (vertical direction, 

perpendicular to the electric field), due to the axial symmetry of the particle population 

around the direction of the electric field, some of the platelet-shaped particles present 

their width to the beam, and others present their top/bottom surfaces, so that both the 

particle- thickness and width should be visible on the scattering profiles. More 

precisely, if in Figure 1(b) and (c) one imagines an incident beam normal to the paper's
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plane, some aggregates are met by the beam as  sketched in Fig. 1(b), others as sketched 

in Fig. 1(c): 

Intensity profiles resulting, along the vertical direction of the detector, from 

scattering by the latter aggregates (Fig. 1(c)), will exhibit two crossovers, one 

corresponding to the typical pore size l 1, the other one to the typical particle 

size l 2. Due to the statistical isotropy of the particles in their mean plane, l 2

and l||2 are actually identical (see Fig. 1(b-c)).  

Intensity profiles resulting, along the vertical direction of the detector, from 

scattering by the former aggregates (Fig. 1(b)), will exhibit two crossovers at the 

typical particle thickness d  and at a typical pore size in the direction 

perpendicular to the mean plane of an aggregate (vertical direction in Fig. 1(b)). 

The profiles recorded along the vertical direction result from a mix of these two 

configurations and of all intermediate configurations in which the orientation of the 

aggregate's mean plane is in-between those of Fig. 1(b) and Fig. 1(c). Hence, at large 

scales we expect a crossover q||2 = q 2. This is why we have used the value obtained 

from Fig. 4(a), where the crossover at small q values is more marked. On the other 

hand, at small length scales, the relevant characteristic length scales are d , l||1 , l 1 , and 

the typical pore size along the normal to the mean plane of aggregate. We believe that 

these four length scales are close to each other, and are therefore not visible as distinct 

crossovers in the log-log intensity profiles. Thus, we have defined visually from Fig. 

4(b) a single crossover at large q values; its value is indeed close to that found for q||1 in 

Fig. 4(a) (see Table 1). 
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 Signification of the exponents: By changing q, we probe the system at different 

scales: for q > q1 (in the two directions), we probe the properties of the individual 

particles; at smaller q- values, we probe the properties of the porous space between the 

particles, or of aggregates of particles. As summarized in section 2, the values of the 

exponents D for the fitted power laws denote long range correlations in the inner 

surfaces (if 3 < D < 4) or bulk arrangement (if 2 < D < 3) of the porous medium. 

Furthermore, the value of exponents D for the fitted power laws denote scattering from 

aggregated mass (if 1 < D < 3) of particles if the probed length scales are larger than the 

particles size. 

 For q > q1 (see D1 values in Table 1, in the two directions), we expect the exponent 

to be controlled by the surface roughness of the particles for all the X-fluorohectorites 

samples, where X= Na+, Ni2+, and Fe3+. This is what is observed here for Na/Ni-

fluorohectorite samples, but not for Fe-fluorohectorite samples. The other exponents for 

Na/Ni-fluorohectorite samples are also greater than 3 in absolute value, which indicates 

a predominant surface scattering at all scales probed by the experiment for Na/Ni- 

fluorohectorite samples. Note that due to the axial symmetry discussed above, the 

exponent observed in Fig.4 (a), in the large q-range, is probably determined by the 

scattering properties of the lateral surfaces of the clay particles, while the exponent 

found in Fig. 4 (b), in the same range of q-values, results from a mixed scattering by the 

lateral- and the top/bottom surfaces of the platelet-shaped scatterer. This is why two 

different exponents are observed, although at those length scales smaller than the 

particle thickness the difference in meso-porous arrangement arising from the particles’ 

anisotropy plays no role. 

 Fe- fluorohectorite samples behave differently from the other samples (Table 1): the 

exponent D||i (i=1, 2, 3) and D i (i=1, 2) are smaller than 3, indicating that, both along 
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minor- and major axis, the scattering is controlled by the mass aggregates of Fe- 

fluorohectorite particles, rather than by the roughness of their surface in bundle 

structure. Since the primary particles i.e., the stacked clay platelets, have the same 

chemical composition in all samples, this suggests that the nature of the intercalated 

cations changes the interactions between particles enough to influence the meso-

structure of the aggregates.  

 The geometry studied here has similarities with that observed for dry-pressed 

samples, in which all particles have their flat surfaces parallel on average, in a nematic-

like arrangement. Namely, we have inferred a geometric description in which the 

overall assembly possesses a statistical axial symmetry around the direction of the 

applied electric field, but consists of aggregates (like that sketched in Fig. 1(b)) with a 

nematic-like arrangement. Such nematic arrangements were previously studied using 

small angle neutron scattering (SANS) for Na-fluorohectorite samples, by Knudsen et 

al.52. In those samples, which were dehydrated under a uniaxial load of 0.12 MPa and 

2.60MPa, and in which clay particles are expected to be much more densely packed 

than in the electro-rheological bundles addressed in the present paper, the authors 

inferred a correlation length for the porous medium in the direction of the applied load, 

and one along the average plane of the clay particles. These correlation lengths can be 

related to typical pore sizes in the two directions, and were observed to be 2 times larger 

along the particle planes than in the direction of the load, probably due to the particles’ 

aspect ratio and the dense packing. In the present system, no typical pore size can be 

observed at length scales different from the typical pore size l 1, i.e., in aggregates like 

that pictured in Fig. 1(b), the typical pore size normal to the aggregate’s mean plane is 

similar to the pore size along that plane; this indicates a looser packing. 
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IV. CONCLUSION 

We have studied the porous medium in electrorheological bundles of fluorohectorite 

clay particles, using X-ray small angle scattering. The platelet-shaped scatterers have a 

lateral size in the micron range and a thickness 10 20 times smaller. Three types of 

samples were studied: Na-, Ni-, and Fe-fluorohectorite, corresponding to cations with 

three different valences, from +1 to +3. The two-dimensional SAXS patterns obtained 

from these bundled structures are clearly anisotropic, reflecting the preferential 

orientation of the particles in the field. They can be analyzed in order to obtain a 

geometrical characterization of the assembly of aggregated polarized particles. It 

confirms a geometric model for particle packing that we had previously inferred from 

WAXS experiments. Scattering profiles recorded along the azimuthal directions parallel 

to and perpendicular to the applied electric field exhibit several power law regimes, with 

crossover scales between them that correspond to typical length scales of the particle 

assembly. For samples of Na- and Ni-fluorohectorite, the exponents of the power laws 

are in the range usually attributed to surface scattering and mass scattering with a 

correlated roughness depending upon the nature of intercalated cations. For Fe-

fluorohectorite, bulk scattering seems to be predominant, although this influence of the 

intercalated cations on the meso-structure of the bundles is not yet understood.   

 This study opens many new prospects. Firstly, one may combine SAXS with SALS 

studies in order to obtain power law exponents on an even wider q-range. Secondly, we 

plan to investigate the relationship between the local structure around the intercalated 

cation and the overall collective behavior of the clay particles, by studying some 

selected X-fluorohectorite samples (X being the intercalated cation) with EXAFS.
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Thirdly, it will be of interest to relate the measured ellipse eccentricity to the orientation 

density probability function of the population of platelets, as done in a recent study53 in 

which an identical geometry was addressed for magnetically-oriented Gibbsite particles. 
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TABLE 1: Calculated fit parameters: (i) average eccentricities of the two-dimensional 

scattering patterns, and (ii) power law scattering exponents Di (i = 1, 2, 3) and crossover 

q1 and q2 in the scattering profiles (Fig. 4) 

Sample Na-fluorohectorite  Ni-fluorohectorite Fe-fluorohectorite 
E (V/mm) 1000 1000 1000 
No. of images per curve 7 6 9 
e 0.54 0.61 0.57 
Crossover q|| 1 (nm-1) 0.086±0.003 0.055±0.002 0.087±0.005 
Crossover l || 1 (nm) ~73±3 ~114±5 ~72±5 
Crossover q|| 2=q  2 (nm-1) 0.028±0.002 0.025±0.001 0.028±0.002 
Crossover l|| 2= l  2 (nm) ~224±16 ~252±10 ~224±15 
Crossover q  1 (nm-1) 0.090±0.005 0.057±0.005 0.091±0.005 
Crossover l  1 (nm) ~70±4 ~110±5 ~69±5 
D || 1 3.44±0.05 3.23±0.05 2.63±0.05 
D || 2 3.02±0.05 3.10±0.05 2.30±0.05 
D || 3 3.38±0.05 3.34±0.05 2.94±0.05 
D  1 3.38±0.05 3.21±0.05 2.60±0.05 
D  2 3.21±0.05 3.07±0.05 2.56±0.05 
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FIG. 1: (a) Stable electro-rheological structures of iron (Fe) - fluorohectorite clay 

particles in the host silicone oil and in the presence of a DC external electric field of a 

magnitude equal to 1 kV/mm. The chain bundles are along the direction of applied 

electric field. (b) A two-dimensional  sketch of a nematic aggregate of clay particles 

inside an ER bundle; the direction of the external electric field is horizontal; the platelet-

shaped clay particles are horizontal on average in this particular aggregate; many such 

aggregates, possessing various orientations around the direction of the electric field, 

form the overall particle bundle. (c) A horizontal cut of the same aggregate, for example 

through the plane denoted by the red dashed line in (b). The characteristic lengths ||1l

and ||2l  are also visible in this representation; due to the statistical isotropy of each 

particle in in its mean plane, the characteristic lengths ||2l  and 2l  are identical. 

FIG. 2: Experimental setup for recording SAXS data from the electro-rheological chain 

bundles of clay particles. Y is the sample to detector distance (camera length).

FIG. 3: Contour plot of a two-dimensional anisotropic scattering pattern obtained from 

bundles of iron (Fe)-fluorohectorite clay particles initially dispersed in silicone oil (at 

3.0% w/w), in the presence of a DC external electric field of magnitude equal to 1 

kV/mm (see Fig. 1). Each of the elliptically-shaped black areas corresponds to an iso-

intensity region, i.e. to a given detector count; the logarithms of the detector count 

values for these iso-intensity regions are equally-spaced. The raw image data, in which 

grey shadings are proportional to the detector count, is shown as an inset in the top righ 

part of the image. 
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FIG. 4: Log-Log plots of the intensity of the scattering profiles recorded as a function 

of the scattering vector q. The curves have been shifted vertically for better 

visualization. Different slopes are observed for (1) sodium (Na)-fluorohectorite, (2) 

nickel (Ni)-fluorohectorite, and (3) iron (Fe)-fluorohectorite, with different crossover 

between them (see Table 1). (a): along the minor axis (horizontal direction, i.e., 

direction of the applied electric field) and  (b): along the major axis (vertical axis).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                     23 



l ll1 x

z

l ll2

d

(b) 

                    (a)

y

x

l
2

l
1

1l

l l
22 =

      (c) 

FIG. 1: (a) Stable electro-rheological structures of iron (Fe) - fluorohectorite clay 

particles in the host silicone oil and in the presence of a DC external electric field of a 

magnitude equal to 1 kV/mm. The chain bundles are along the direction of applied 

electric field. (b) A two-dimensional  sketch of a nematic aggregate of clay particles 

inside an ER bundle; the direction of the external electric field is horizontal; the platelet-

shaped clay particles are horizontal on average in this particular aggregate; many such 

aggregates, possessing various orientations around the direction of the electric field, 

form the overall particle bundle. (c) A horizontal cut of the same aggregate, for example 

through the plane denoted by the red dashed line in (b). The characteristic lengths ||1l

and ||2l  are also visible in this representation; due to the statistical isotropy of each 

particle in in its mean plane, the characteristic lengths ||2l  and 2l  are identical. 
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FIG. 2: Experimental setup for recording SAXS data from the electro-rheological chain 

bundles of clay particles. Y is the sample to detector distance (camera length).
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FIG. 3: Contour plot of a two-dimensional anisotropic scattering pattern obtained from 

bundles of iron (Fe)-fluorohectorite clay particles initially dispersed in silicone oil (at 

3.0% w/w), in the presence of a DC external electric field of magnitude equal to 1 

kV/mm (see Fig. 1). Each of the elliptically-shaped black areas corresponds to an iso-

intensity region, i.e. to a given detector count; the logarithms of the detector count 

values for these iso-intensity regions are equally-spaced. The raw image data, in which 

grey shadings are proportional to the detector count, is shown as an inset in the top righ 

part of the image. 
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(b)

                                                                       

FIG. 4: Log-Log plots of the intensity of the scattering profiles recorded as a function 

of the scattering vector q. The curves have been shifted vertically for better 

visualization. Different slopes are observed for (1) sodium (Na)-fluorohectorite, (2) 

nickel (Ni)-fluorohectorite, and (3) iron (Fe)-fluorohectorite, with different crossover 

between them (see Table 1). (a): along the minor axis (horizontal direction, i.e., 

direction of the applied electric field) and  (b): along the major axis (vertical axis). 
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Abstract. –Under application of an electric field greater than a triggering 
electric field Ec~0.4 kV/mm, fluorohectorite particles suspended in a 
silicone oil aggregate into chain- and/or column-like structures. We report 
here on the effect of this micro-structural change on the rheological 
properties of such colloidal suspensions: without an applied electric field, 
the steady state shear behavior of such suspensions is Newtonian-like;  
under application of an electric field larger than Ec, a significant yield stress 
is measured, and under continuous shear the fluid is shear-thinning. Here we 
report on studies of steady shear rheological properties as a function of 
particle volume fraction, for various strengths of the applied electric field. 
The steady shear flow curves can be scaled onto a master curve with respect 
to electric field strength, in a manner similar to what was recently done on 
suspensions of synthetic laponite clay [16]. In the present case of Na-
fluorohectorite, the yield stress is demonstrated to depend on the applied 
electric field, E, as Eα, with α ~1.93, and α ~1.58, for the dynamic and static 
yield stresses, respectively. This measured yield stress behavior is consistent 
with standard conduction models for electrorheological systems. Interesting 
prospects include using such systems for guided self-assembly of clay nano-
particles. 
 
 

In this report, we investigate colloidal suspensions of electrically 
polarizable nanolayered clay particles suspended in silicone oil. When such 
suspensions are subjected to an external electric field, of the order of 
~1kV/mm, the particles become polarized, and subsequent dipolar 
interactions are responsible for aggregating a series of interlinked particles 
that form chains and columns parallel to the applied field. In the general 
case [1–8], i.e. not necessarily clay particles in suspension as in the present 
case, this kind of structuring stabilizes within some tenths of seconds, and 
disappears when the field is removed. The structuring coincides with a 
drastic change in rheological properties of such suspensions, which is why 



they are called Electro-Rheological (ER) fluids [1]; the mechanical behavior 
of such a system is thus controllable by the applied electric field [1–8]. 
Various physical and chemical properties of particles and the suspending 
liquid may control the behavior of an ER-fluid: Dielectric constant and/or- 
conductivity of the suspended particles [5-6], volume fraction of particles [9], 
frequency and magnitude of the applied electric field [5-6]. Other factors such 
as particle geometry [10-12], size [13-14] and polydispersity [13-14] also influence 
the ER-shear stress behavior. Small amounts of additives like water [15] 
adsorbed and/or- absorbed on the particles, may also play an important role 
for certain types of ER fluids. 

Recently, we have studied the effect of an external DC electric field 
(~kV/mm) on the rheological properties of colloidal suspensions consisting 
of laponite particles in a silicone oil [16]. The laponite particles were 
observed to exhibit the polarization and subsequent aggregation typical of 
ER fluids. Without an applied electric field, the steady state shear behavior 
of such laponite suspensions is Newtonian-like. Under application of an 
electric field larger than the triggering field, it was measured to change 
dramatically: a significant yield stress is measured, and under continuous 
shear the fluid is shear-thinning. We studied the rheological properties, in 
particular the dynamic and static shear stress, τ, as a function of particle 
volume fraction, for various strengths of applied electric field, E. We 
showed that the flow curves under continuous shearing can be scaled with 
respect to both, particle fraction, Φ, and electric field strength, onto a master 
curve, of the form: 

 

                              ( )
.

2, E E f
E

β α γτ
⎛ ⎞
⎜Φ = Φ
⎜ ⎟Φ
⎝ ⎠

⎟                                              (1) 

where 
.
γ  is the shear rate, α and β are scaling exponents, and f  represents 

the master curve. We demonstrated that Eq. (1) is consistent with simple 
scaling arguments. We showed that in the laponite case, the shape of this 
master curve approaches a standard Herschel-Bulkley model at high 
Manson numbers. For our laponite suspensions, both dynamic and static 
yield stress were thus shown to depend on the particle fraction Φ and 
electric field E as ΦβEα, with α ~1.85, and β~1 and 1.70, for the dynamic 
and static yield stresses, respectively. In this case we argued that the 
measured yield stress behavior may be explained in terms of standard 
conduction models for electrorheological systems.  

The clay particles investigated in the present report belong to the same 
family as the laponite particles, namely  2:1 clays, whose basic structural 
unit is a 1 nm-thick platelet consisting of two tetrahedral silica sheets 
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sandwiching one octahedral silica sheet. 2:1 clays carry a moderate negative 
surface charge on their plane surfaces. This charge is usually sufficiently 
large so that individual platelets are able to stack by sharing cations, and at 
the same time moderate enough so as to allow further intercalation of water 
molecules into the resulting “decks of cards”-like smectite particles. Natural 
2:1 clay particles dispersed in salt solutions have been studied for decades 
[17], and recently there has been a growing activity in the study of complex 
physical phenomena in synthetic smectites [18]. Much effort has gone into 
relating the lamellar microstructure of smectite clay-salt water suspensions 
to their collective interaction and to resulting macroscopic physical 
properties, such as phase behavior and rheological properties [18-27]. Nematic 
liquid crystalline-like ordering in smectite systems has been characterized 
by the observation of birefringent domains with defect textures [21, 23-24] and 
by X-Ray scattering [22, 25-25]. 

In the present report, we study in particular X-fluorohectorite (X-FH), 
where X is an interlayer cation such as Na+, Ni2+, or Fe3+ etc. The chemical 
formula of Na-FH is Na-0.6 (Mg-2.4 Li-0.6) Si4O10F2 per half unit cell. The 
individual fluorohectorite particle density is 2.8 [28]. X-FH are 2:1 synthetic 
sheet silicate clay minerals; whose particles are made of ~80-100 negatively 
surface charged clay platelets [22,29-41] residing on top of each other with 
intercalated charge balancing cations X [18,30]. Each clay platelet is about 1 
nm thick and the layer charge density of the platelet is 1.2 e- /unit cell [30]; 
allowing the interlayer cations to be exchanged with other types of cations. 
As for all 2:1 clays, water molecules or other polar molecules can be 
adsorbed or intercalated between interlayer spaces of the platelets, 
depending upon the environmental conditions such as temperature and 
relative humidity etc. [28-34]. In the dry state, X-FH clay particles are sheet-
like (thickness ~ 0.1 μm); their lateral size can vary from tenths of nm up to 
a few μm. When observed in a scanning electron microscope (SEM), 
untreated sodium fluorohectorite (Na-FH) clay powder display particles 
with edges and surfaces that are very rough and they are highly anisotropic 
in their shape, and highly polydisperse in size along their lateral directions. 
The lateral size of such clay particles can be further reduced by a process of 
fine grinding of its powder.  
  Recently, we have demonstrated; that X-FH particles suspended in 
silicone oil display ER structuring [35-36]. We reported on synchrotron X-ray 
scattering investigations of chain or-column like-structures of X-FH 
particles [35], and we determined the direction of induced dipoles in X-FH 
particles, and the structural morphology (preferred positional and 
orientational of X-FH particles) of the chain- or column-like structures. 
Later we have extended those studies, and we have reported on the voids or 
pores spaces between the assembled or packed polarized X-FH particles [36]. 
We have pointed to the migrations of surface charges and possible 



movement of interlayer cations X of X-FH as main factors, possibly 
responsible for their polarization in an external dc electric field [35]. In the 
present report we complement the previous structural studies with results 
from rheometry studies under steady shear.  

As in our previous structural study on X-FH in silicone oil [35], we have 
used synthetic fluorohectorite, originally purchased from Corning Inc. (New 
York) in powder form and subsequently cation-exchanged to sodium (Na+) 
through an ion exchange method [35]. After dialysis the Na-fluorohectorite 
clay was first dried at 100 0C for ~10 hours and then grinded in powder 
form with the help of a mortar and spatula.  As suspending liquid in the 
present studies, we used the silicone oil: Dow Corning 200/100 Fluid 
(dielectric constant = 2.5, viscosity = 100 mPa-s and specific density = 
0.973 at 25 OC) with a small conductivity of about 10-12 S/m [37]. Four 
different ER suspensions of dehydrated Na-FH clay particles with different 
volume fractions (Φ) were prepared following a protocol previously 
established with oil-laponite suspensions[16]: (1) removal of water traces in 
the clay powder and oil by 72 hrs-long heating at 130 0C; (2) mixing of the 
powders and silicone oil inside glass tubes; (3) cooling of the sealed tubes to 
room temperature; (4) Homogeneization of the suspensions by hand- and 
subsequent ultrasonic bath-shaking for 30 minute, at 25 0C. The suspensions 
were subsequently left to rest so as to remove clay particles with a spherical 
diameter larger than ~100 μm (according to Stoke law of particles settling). 
The remaining suspensions were again hand-shaken about five minutes for 
three times. Under such conditions, the clay particles were well dispersed in 
silicone oil as observed by eye. It should be noted that after removal of the 
large particles, the volume fraction (Φ0) of the clay particles is significantly 
lower than the initial volume fraction (Φ) of the prepared ER suspensions. 
Consequently, Φ0 is not precisely known. 
 The rheology of fluorohectorite clay suspensions was measured under an 
applied DC electric field, using a Physica MCR 300 Rotational Rheometer 
equipped with a coaxial cylinder Couette cell (Physica ERD CC/27). The 
outer cylinder diameter is 14.46 mm, and the inner is 13.33 mm. The 
immersion length is 40 mm and the sample volume is 19.35 ml. All 
rheological measurements were carried out at constant temperature 25 0C. 
The steady shear rheological properties were measured after the suspensions 

had been pre-sheared at 
.
γ  = 200 s-1 for 60 s in order to give the same initial 

conditions. In order to determine the static yield stress, a control shear stress 
(CSS) test i.e. linearly increasing shear stresses (with a step of 2 Pa) were 
applied in disrupt ER suspensions that were and had been in applied dc 
electric field for 5 minutes. Two grounding brushes connected to the bob's 
axis induce an artificial 1 Pa yield stress in all data, but this value is 
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negligible compared to all yield stress values addressed here. All rheological 
measurements were carried out at constant temperature (25 0C). 

Without an electric field, the ideal steady state shear behavior of an ER 
fluid is Newtonian-like [38] and the volume fraction (Φ) of particles only 
increases the magnitude of its viscosity. The Φ-dependent viscosity of an 
ER fluid of monodisperse spherical particles suspended in Newtonian-liquid 
(Φ < 3%) can be approximated by the Batchelor relation [39] and the Krieger-
Dougherty relation [39]. These relations account for the interactions between 
the particles themselves and between particles and the surrounding liquid. 
One empirical equation which has been found to account for the viscosity of 
monodisperse and polydisperse sphere suspensions in a range of particle 
fraction up to 50%, has been suggested by Chong, Christiansen and Baer 
[40].  The three relations mentioned above can strictly only be used to 
describe the viscosity of concentrated colloidal suspensions of isotropic and 
monodisperse non-charged particles [57’-58], but the Chong-Christiansen-Baer 
relation [40] has been found to be an appropriate description for concentrated 
suspensions of kaolinite clay [41], a system that consists of  anisotropic and 
polydisperse particles. 
  Steady state flow curves (i.e. obtained from Controlled Shear Rate 
tests) for four different volume fractions (Φ) of Na-FH clay suspensions at 
zero applied electric field are shown in Figure 1 (a). These suspensions 
show a Newtonian behavior i.e. constant viscosity (ratio of shear stress to 
the applied shear rate) and no value of pre-yield stress. The viscosity of Na-
FH clay suspension increase with the volume fraction of clay particles as 
illustrated in Figure 1 (b). As the volume fraction of particles (Φ) increases 
the various interaction forces such as hydrodynamics forces, dispersion 
forces, electrostatic forces, and polymeric forces simultaneously act between 
the clay particles themselves and between the clay particles to that of 
silicone oil. The net result is an increase in the viscosity. 
 In our recent study of oil suspensions of synthetic laponite we found that 
the following empirical relation can be used to fit the zero field viscosity [16] 
: 
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Equation (2) represents a generalization of the Chong-Christiansen-Baer 
relation [40] Using Equation (2) in the present case, we find K= 0.123 and 
Φm=88.7% as a best fit to the data in Fig. 1(b). Φm is expected to be a 
measure of the maximum packing fraction [40]. As discussed above, the true 
Φ0 < Φ is uncertain in the present case, thus the meaning of Φm is somewhat 
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lost (the true maximum packing fraction probably being smaller than Φm  in 
the same manner as Φ0 is overestimated by  Φ). 
 Under application of an electric field (~kV/mm) and in steady state 
shear, a general ER fluid shows a well-defined yield stress beyond which it 
tends to be shear-thinning (pseudoplastic) i.e. the viscosity decreases with 
increasing shear rate. The typical steady-shear behavior of an ER fluid under 
the influence of an external electric field is generally characterized as a 
Bingham-like solid [38]. The value of the dynamic yield stress is strongly 
influenced by the rheological model and the shear rate range selected, as it is 
obtained by extrapolating the curves from steady state shearing 
measurement to zero shear rate. Under application of an electric field, the 
yield stress of a completely broken-down ER fluid is its dynamic yield 
stress, whose value can be significantly different from the static yield stress 
i.e. a yield stress of a disrupt (no shearing) ER fluid [42]. There are several 
models that attempt to explain the shear stress behavior for various ER 
fluids. The polarization theory [8,43], based on the mismatch in dielectric 
constant between the particles and the suspending liquid, predicts that the 
yield stress is proportional to Eα, where E is the magnitude of the applied 
electric field and the exponent α is equal to 2. In the polarization theory, the 
response of the particle polarization and the suspending liquid are assumed 
to be linearly related to the applied electric field. The conduction theories 
based on the mismatch in conductivity between the particles and the 
suspending liquid predict the exponent as 1≤α<2  at both low- and high- 
volume fractions of particles [44-48]. Also multipole effects are often 
proposed to account for particle interactions at relatively high 
concentrations of particles [5-6].  

Figure 2 (a) and 2 (b) shows the shear stress- and viscosity- curves 
(obtained from Controlled Shear Rate CSR tests) for one of our Na-FH clay 
suspensions at  Φ=37.2%. under various magnitudes of the applied DC 
electric field. Behaviors similar to Figure 2 (a) and 2(b) are observed for 
other prepared concentrations of Na-fluorohectorites particles. Increasing 
the electric field causes an increase in the shear stress (and viscosity) of 
these suspensions and the shear stress vs. shear rate curves become 
Bingham–like or pseudoplastic (shear thinning) over the entire range of 
shear rates. At very low shear rate, these clay suspensions show dynamic 
yield stresses that become larger as the magnitude of the electric field 
increases.  
 Following the approach previously used for laponite ER- effects under 
steady shear [16], we show in Figure 3 (a) scaling in the form of Equation (1) 
(for constant Φ) applied to the data in Figure 2(a). The result is quite 
satisfying and in good agreement with our previous findings for laponite [16].  
Figure 3 is for one concentration Φ = 37.2 %. The other concentrations that 
we have investigated, display equivalent behaviors with α ≈ 1.93. We 
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observe that the asymptotic behavior at the highest values of the horizontal 
scaling parameter, is Bingham like. 

Figures 4(a) and 4(b) show the effect of the volume fractions (Φ) of clay 
particles on the flow- and viscosity- curves (Controlled Shear Rate CSR 
tests) for Na-FH ER fluids at a fixed applied electric field E~ 1.3 kV/mm. 
The shear stress- increases with the volume fraction (Φ) of clay particles, 
and its behavior is seen to be Bingham-like over the entire range of applied 
shear rates. The corresponding viscosity-curves also show an increase in 
viscosity with increasing volume fraction of clay particles. We also observe 
yield stresses that increase with increasing volume fraction Φ.  
 In the present case, we have not been able to find a good data collapse 
and scale that data in Figure 4 (a) according to equation (1) for fixed E. We 
attribute this to the large uncertainties connected to the real Φ-values, for 
the present samples, as described above. Furthermore, we could not perform 
more systematic tests on the influence of the particle fraction due to 
shortage of sample (fluorohectorite powder). 

Figure 5 shows the static yield stress (obtained from Controlled Shear 
Stress CSS test) plotted versus applied dc electric field for different volume 
fraction (Φ) of the present ER fluids. The static yield stresses increases 
when the strength of the applied DC electric field increases. All our static 
yield stresses are observed to be proportional to Eα, with values of 
exponents α close to 1.58 for all Φ values. This is illustrated in Figure 6, 
where the static yield stress is scaled with E1.58 and plotted versus Φ. Figure 
6 illustrates the large uncertainties connected to the real Φ values for the 
present samples. 

The value obtained for α ≈1.58 suggests that interaction forces between 
polarized clay particles are governed by their conductivity mismatch to that 
of the silicone oil, thus indicating that the polarization of such clay particles 
in an applied external dc electric field is caused by migration of surface 
charge and also maybe by movements of interlayer cations (Na+). In the 
present study, the conductivity of dehydrated Na-FH clay particles and 
silicone oil that are used to prepare the ER suspensions are not known. 
Other types of experiments are needed in order to understand in more detail 
the particle conductivity influence on these ER effects. Note that the 
conductivity of the suspending oil might also increase in applied electric 
fields [37,46], and this may lead to a significant effect on ER behavior. In 
Figure 5, a large “jump” in static yield stress is clearly seen between Φ 
equal to 37.2 and to 47.0. This rapid “jump” is experimentally reproducible 
for the one sample we have studied at Φ = 47.0. We can at present not 
explain this “jump”, although we may suggest that it possibly could be due 
to formation of larger effective aggregates above some critical threshold Φ 
between 37.2 and 47.0. 
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In this report, we have studied the electrorheological behavior of sodium 
fluorohectorite clay particles suspended in silicone oil.  In absence of 
electric field, these clay particle suspensions are Newtonian-like, and the 
clay particles volume fraction only increases the viscosity of such 
suspensions. Under application of a DC electric field larger than about 0.4 
kV/mm, the flow curves of such clay particle suspensions are Bingham-like, 
exhibiting a well-defined yield stress that increases with increasing volume 
fraction of particles as well as with increasing applied electric field. The 
static yield stresses observed follow a power law E1.58, suggesting that 
interaction forces are governed by the conductivity mismatched between 
dipolar particles (fluorohectorite) and the suspending medium (silicone oil). 
The observed yield stresses are similar to other comparable systems [16].
 The effect of clay particle nature i.e. their anisotropic shapes, edges and 
surface roughnesses, as well as and shape and size polydispersity on shear 
stress- and viscosity- can not be distinguished in the present case. The 
anisotropic shape of our clay particles may cause enhanced dipolar 
interactions as compared to same size and same conducting isotropic 
spherical particles [11]. But at the same time, size and shape polydispersity 
may cause reduction of shear stress- and viscosity- as these will depend on 
the packing of individual clay particles in chain or- column like-structures 
[49]. In order to better understand the influence of clay particles nature 
(physical shape and chemical polarisibility) on ER effects, a systematic 
investigation controlling these parameters is required, and is beyond the 
present study. 

The present report adds mechanical behaviors and “numbers” to the 
structural parameters determined in our previous studies on these systems 
[35-36]. Future prospects include reducing the polydispersity of the 
suspensions, as well as investigating methods for functionalizing such the 
surfaces in order to ease single grain dispersion in oils. The presently-
obtained values for yield stresses suggest that such fluorohectorite-based ER 
fluids would not be able to compete with other systems in terms of practical 
use. Rather, one application of these systems of (possibly functionalized) 
fluorohectorite particles could be in guided self-assemblies of nanoparticles 
for nano-templating and/or inclusion in composite materials. 
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Figure 1:- (a) Flow curves of Na-FH suspensions of four different volume 
fraction (Φ) of particles, E ~ 0. (b) Viscosity vs. volume fraction curve of 
Na-FH suspension, E~0 including a best fit to equation (2) with K= 0.123 
and Φm=88.7%. 
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Figure 2: (a) Flow- curves of Na-FH suspensions for Φ = 37.2 at different 
applied electric fields The flow curves clearly show the yielding behavior of 
ER suspensions under application of an electric field. (b) Viscosity versus 
shear rate for the same suspension.  
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Figure 3: Scaling of the data of Figure 2(a) using equation (1) with α = 
1.93, for a particle fraction Φ = 37.2%. The fully drawn line represents the 
Bingham model. 
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Figure 4:- (a) Flow- curves of Na-FH suspension for two different Φ-values 
at E~1.77 kV/mm. (b) Viscosity- curves for the same suspensions. The 
shear stress and viscosity increase with increasing Φ.  
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Figure 5:  Log-log plot of the static yield stress plotted against the strength 
of the applied DC electric field for different volume fractions of Na-FH 
particles dispersed in silicone oil. 
 
 
 
 
 

 
 

Figure 6: Scaled static yield stress versus particle concentration for the 
present Na-FH suspensions. The dashed line (slope equal to 1.70) represents 
the behavior of our previously-reported laponite suspensions [16]. 
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Abstract A study of polydisperse suspensions of fluorohectorite clay in saline 
solutions is presented. The suspended clay colloids consist of stacks of several 
tenths of 1 nm-thick nanosilicate sheets. They are polydisperse both with respect to 
the number of stacked nanolayers and with respect to their extension along the 
sheets. Due to this polydispersity, a spontaneous gravity-induced vertical 
segregation occurs in the sample tubes, and results in the presence of up to four 
different phases on top of each other. Precise characterization of the phase diagram 
of the samples as a function of salt concentration and vertical position in the tubes, 
based on Small Angle X-ray Scattering data is presented. The vertical positions of 
the phase boundaries were monitored by analyzing the eccentricity of elliptic fits to 
iso-intensity cuts of the scattering images. The intensity profiles along the two 
principal directions of scattering display two power law behaviors with a smooth 
transition between them, and show the absence of positional order in all phases. 

Synopsis Precise characterization of the phase diagram for suspensions of Na-
Fluorohectorite colloids in saline solutions is achieved from SAXS measurements. 
Radial intensity profiles are also addressed. 

 
Keywords: Platelet-shaped colloids; nematic ordering;  phase diagram; 
SAXS 

1. Introduction 

Colloidal suspensions of 2:1 clay particles in aqueous salt solutions make ideal 
model systems for the study of interactions between platelet-shaped particles. 
Indeed, the particle-particle interaction consists of (i) the van der Waals attraction 
and (ii) the electrostatic repulsion between the particles' electric double layer 
(McBride & Baveye, 2002). The extension of the latter repulsion can be easily 
tuned by changing the electrolyte concentration (Israelachvili, 1992). This complex 
particle-particle interaction combined with the strong particle anisotropy results in 
rich phase behaviors. The phase diagram of the monodisperse synthetic 2:1 clay 
Laponite dispersed in saline solution, in particular, has been the subject of much 
attention (Mourchid et al., 1998; Bonn et al., 1999; Lemaire et al., 2002). Such 
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dispersions are now well-known for the existence of a spontaneous nematic 
arrangement of the platelets at given salt- and particle-concentrations (Mourchid et 
al., 1998; Lemaire et al., 2002; van der Beek & Lekkerkerker, 2003). 

Another synthetic clay, Na-fluorohectorite (NaFHT), has been found to exhibit 
interesting phase behavior when suspended in saline solutions. NaFHT presents 
polydispersity in both particle size and aspect ratio (Kaviratna et al., 1996). In the 
presence of polydispersity a spontaneous phase segregation occurs in the 
suspensions (Fossum, 1999; Bates, 1999; van der Kooij, 2001), with several phases 
co-existing in strata. X-ray Diffraction studies of such systems (DiMasi et al., 
2001) have investigated the clay particles' orientations in these NaFHT-NaCl-H2O 
systems, taking advantage of their nano-layered nature. Three distinct gel regions 
were identified and characterized by differences in orientational order and/or the 
size of ordered domains. One phase was presented as nematic. Those findings are 
consistent with visual observations (Fossum et al., 2005), including observations 
through crossed polarizers: a birefringent region, coinciding with the region 
exhibiting orientational order (as inferred from the WAXS study), was observed. 

However, the corresponding phase diagram has not yet been determined with 
precision, nor has the orientationally-ordered gel phase been fully characterized as 
nematic. In the present work, synchrotron Small Angle X-ray Scattering (SAXS) is 
used to obtain a fine characterization of the phase diagram, over a large NaCl 
concentration range. The experimental method is presented in section 2 and the 
data analysis and results in section 3; section 4 is the conclusion. 

2. Experimental method 

2.1. Samples 

The samples consist of Na-Fluorohectorite (NaFHT) crystallites suspended in a 
saline solution. They were prepared in the following way: Li-Fluorohectorite clay 
was purchased in powder form from Corning Inc. (New York). It was cation-
exchanged using NaCl, and then the extra Cl- ions were removed through dialysis. 
After drying, the obtained clay crystallites have the nominal chemical formula 
Na0.6(Mg2.4Li0.6)Si4O10F2. 

Several suspensions of such crystallites were subsequently prepared, with a 3% 
concentration of clay (w/w), and NaCl concentrations ranging from 0.1 to 25 mM 
(Table 1). After addition of the clay powder to the saline solution, the suspensions 
were left shaking overnight; after twelve hours, they were poured into 2 mm 
diameter capillaries made of borosilicate glass. They were then allowed to settle for 
thirty days. After this time, one could observe up to four superimposed phases, as 
shown in Fig. 1: the phase at the very bottom is opaque; that on top of it is a 
translucent gel; the third phase observed from the bottom up is a transparent gel; 
the top phase is a transparent sol. 

2.2. Scattering setup 

Small Angle X-ray Scattering (SAXS) experiments were performed on the 
Dutch-Belgian Beamline (DUBBLE) at the European Synchrotron Radiation 
Facility (ESRF), in Grenoble (France). This beamline provides a focused, 
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monochromatic radiation with an energy tuneable in the range 5-30 keV, 
corresponding to wavelengths between 0.41 and 2.48 Å. A wavelength of 1.55 Å 
was chosen for this experiment. 

The experimental hutch contains the SAXS camera with a maximal and 
minimal sample-to-detector distance of 8 and 1.4 m, respectively. The maximum 
camera length was picked so as to investigate length scales as large as possible. 
Two-dimensional SAXS images were recorded using a 2D multiwire gas-filled 
detector (Gabriel & Dauvergne, 1982). This detector has an image size of 133x133 
mm2 with a spatial resolution of 250±5 µm. Consequently, the q-range accessible 
in the experiment was 0.018-0.33 nm-1, corresponding to length scales between 20 
and 350 nm. The measurement setup also contains a linear WAXS detector based 
on a curved microstrip glass strip counter. This allowed to simultaneously record 
SAXS and WAXS data with a time resolution down to 1 msec/timeframe. The 
WAXS data will not be discussed in this paper. 

In order to avoid repeatedly entering the experimental hutch to change samples, 
a sample holder containing ten capillaries placed side by side and regularly spaced 
was employed. The samples were placed in the beam in turn by translating the 
holder using a remotely-controlled horizontal translation stage. Another translation 
stage allowed controlling the vertical position of the sample with respect to the 
beam. 

2.3. Experimental protocol 

For each sample: (i) a vertical transmission scan was carried out and (ii) SAXS 
patterns at different heights were collected. Table 1 lists the details of vertical 
positions at which SAXS data was recorded for each sample. The liquid phase at 
the top of the sample tube was not investigated. All SAXS images were recorded 
with an exposure time of 60 seconds. 

3. Data analysis 

3.1. Method 

Fig. 2 displays examples of SAXS images recorded from the lower and upper 
gel phases, for a salt concentration of 1 mM. The data in Fig. 2(a) is isotropic, 
while the one displayed in Fig. 2(b) is clearly anisotropic, indicating a preferential 
orientation of the clay crystallites. 

Iso-intensity lines of the SAXS images are well described by ellipses. Hence, a 
custom-made MATLAB program was used to fit ellipses to such iso-intensity lines. 
Practically, the fitting procedure is accomplished in the following way. First, a 
narrow intensity range is selected (Fig. 3a), and then the pixels with an intensity 
that falls in that range are extracted from the 2D SAXS image. Subsequently an 
ellipse is fitted to the cloud of points defined by the horizontal and vertical 
coordinates of the selected pixels (Fig. 3b). This procedure provides the center of 
the ellipse, the length of its major axis, a, that of its semi-minor axis, b, and its 
angle of tilt with respect to the horizontal. From a and b one can calculate the 
eccentricity, e 
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This procedure was tested at different intensity levels, and the fit results were 
shown to depend only weakly on the intensity range used to obtain them. 

The obtained fit parameters can be related to the scattering process as follows: 
(i) the center of the ellipse is a fine estimate for the position of the direct beam; (ii) 
the principal axes of the ellipse are related to the orientational ordering of the 
scattering clay particles; (iii) the eccentricity of the ellipse is a measure of the 
image's anisotropy: an image with a perfect axial symmetry would yield a value e = 
0, while a value closer to 1 denotes a very anisotropic image; and (iv) the angle of 
tilt of the ellipse is related to the preferential orientation of the scatterers with 
respect to the laboratory frame. 

Finally, one-dimensional intensity profiles of scattered intensity versus q along 
the principal axes of the ellipses were computed. Those profiles were generated by 
integrating the 2D images over azimuthal angles in 5o wide sectors around each of 
the principal directions. The resolution of those profiles along the radial direction 
was set to 250 radial bins. 

3.2. Results 

3.2.1. Phase diagram 

The computed eccentricities were plotted as a function of the vertical position 
for each sample. From these plots (not shown here) it is readily noticeable that: (i) 
a region at the bottom part of the sample corresponds to eccentricities spread over a 
wide range of values, (ii) a region which only contains high eccentricities values is 
found on top of the latter one, and (iii) the third region from the bottom up contains 
only low eccentricities values. Note that the fourth (and top) phase observed 
visually in the highest part of the sample tube was not studied by SAXS, and will 
not be discussed in what follows. The three regions found from the SAXS data 
correspond to the three bottom phases observed visually. Since the anisotropy of 
the 2D scattering images is characteristic of particle orientational ordering, the 
phases were identified as the sediment, a gel phase with preferential particle 
ordering, and an isotropic gel, respectively.  

From these plots for individual samples, a surface plot taking all samples into 
account was constructed. Since the concentrations used here form a non-regular 
and non-monotonic grid, MATLAB was used to interpolate the data on a regular 
grid. Fig. 4(a) shows a grayscale view of that surface plot, with salt concentration 
along the horizontal axis and vertical position along the vertical axis; grayscale 
intensities denote the eccentricity value at a given point of the parameter space. In 
this representation, sudden changes in the gray level denote possible phase 
boundaries. A dark gray zone at the top of the image obviously denotes the 
isotropic gel phase, since the scattering from that phase is isotropic. On the other 
hand, the images collected in the gel phase with a preferential orientation of the 
particles must correspond to high eccentricities, since the characteristic 
orientational ordering causes a very anisotropic scattering. Therefore, the white 
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zone on the left part of the image, under the region corresponding to the isotropic 
gel, corresponds to that anisotropic gel. 

In order to complete our understanding of the phase boundaries as inferred from 
the SAXS data, a 2D grayscale image of the transmission data was also made (Fig. 
4b). Owing to the relatively sharp change in transmission from the sediment to the 
gel phases, it is easy to identify the sediment. Note that the images of Figs. 4(a) 
and 4(b) complement each other; their joint interpretation allows clear definition of 
the phase boundaries for the sediment, anisotropic gel and isotropic gel. We are left 
with an unidentified region in the right part of the image, between the regions 
corresponding to the sediment and to the isotropic gel. That region exhibits 
moderate absorption, and moderate eccentricity values that vary on a small scale in 
the parameter space. It also exhibits all possible angles of tilt for the fitted ellipses 
(tilt angle data are not shown here). 

Fig. 5 summarizes this phase diagram for the suspensions. When Fig. 5 is 
compared to the two previous estimates of the diagrams [one from visual 
observation, the other one from WAXS data, see DiMasi et al. (2001) and Fossum 
et al. (2005)], it is evident that the main features are consistent. The anisotropic gel 
found here is the nematic gel phase as identified from WAXS data. Fig. 2(b) is a 
typical SAXS image recorded from this phase; the orientation of the elliptic iso-
intensity lines is consistent with the previous WAXS analyses, according to which 
the platelet-shaped clay particles are standing on average with their short 
dimension along the horizontal  (DiMasi et. al., 2001). The rightmost region in the 
diagram (Fig. 4a) corresponds to what DiMasi et al. (2001) denote as a small 
nematic domain phase (SD). We believe that this region contains in fact many 
small nematic regions. At the scale of the scattering volume, this results in SAXS 
data with a moderate anisotropy, the magnitude and preferential orientation of 
which are not fixed for the whole region. 

 Two discrepancies between the current phase diagram and the previous 
estimates can be spotted. One of them is that the phase boundaries are not exactly 
at the same vertical position. This is expected since the samples in the different 
experiments were allowed to settle for unequal times, and the phase boundaries are 
known to change position for several months before they stabilize. The other 
evident new observation compared to our previous studies concerns the boundary 
of the two gel phases at low salt concentrations. Its first two points in the previous 
estimates are much higher than what is observed here (around two times higher), 
with respect to the rest of that boundary. The behavior observed in the present 
experiment is systematic and is observed for five different concentrations here, 
whereas it was observed for only two concentrations in the other works. Currently, 
one may suggest several alternative explanations for this difference, and this will 
be subject for future work. 

3.2.2. Spectra along the principal axes 

For a given SAXS image, the scattered intensity as a function of the scattering 
vector q was also plotted along the two principal directions of the image, as 
determined by the fitting of ellipses to iso-intensity lines. Fig. 6 presents such q-
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plots for a SAXS image in the isotropic phase and another one in the nematic phase 
of the sample with saline concentration of 1 mM. 

The q-plots in Fig. 6 appear as consisting of several power law regimes. This is 
expected in SAXS data from systems of aggregated particles (Schmidt, 1991). On 
all plots, a smooth crossover is noticed. It corresponds to a characteristic length 
scale of approx. 150 nm, which possibly could be related to the average thickness 
of the stacks of clay platelets. This is the only characteristic length of the particles 
that can be probed in the q-range investigated with SAXS. It is smooth due to 
polydispersity in the particle thicknesses. Note that this characteristic length scale 
does not correspond to a regular periodicity in the meso-structure, since no peak is 
visible in the data at the corresponding q-value. Hence, none of the phases exhibits 
positional order at the length scales probed by the SAXS experiment. In particular, 
the lower gel phase is ordered with respect to particle orientations but not positions. 

The values for the exponents of the power laws, as estimated from slopes in the 
log-log plots in Fig. 6 are presented in Table 2. We notice that at higher q-values, 
the slopes seem to approach -4, possibly indicating crossover into a regime of 
scattering from smooth surfaces (Porod regime) as the probed length scales become 
smaller than the typical particle size. We also notice that at lower q-values, the 
slopes approach -2. This is expected for mono-disperse platelets with no 
correlations between particle- positions and orientations, either (i) nematically-
oriented, provided that q is pointing along the normal to the platelets, or (ii) 
randomly-oriented (Ramsay, 1990). For nematically-oriented mono-disperse 
platelets with no correlations between positions and orientations, a slope of -3 is 
expected when q points perpendicular to the short plate direction (Ramsay, 1990). 
Note that our observations in terms of power-law exponents may be influenced by 
the fact that our platelets are not mono-disperse, and that positions and orientations 
of particles may be correlated. 

4. Conclusion 

SAXS experiments have allowed a precise characterization of the phase 
diagram of suspensions of Na-fluorohectorite platelet-shaped particles in saline 
solutions. The characterization was done based on transmission data, and on two-
dimensional SAXS images.  

Ellipses were fitted to iso-intensity lines of the SAXS images. The phase 
boundaries were obtained through joint analysis of the transmission data and of 
results for the ellipses' eccentricities and tilt angles. Among the different phases 
observed, one is a gel phase exhibiting a high degree of orientational order, while 
the other one is an isotropic gel. This phase diagram is consistent with our previous 
estimates using other approaches. Moreover, plots of the integrated intensities 
versus the scattering vector along the principal axes of the ellipses for both gel 
phases exhibit power law behaviors with a smooth crossover at a length scale 
corresponding to the mean particle thickness, and exponents that approach those of 
well-known configurations at the lower and higher q-values. These q-plots confirm 
that no positional order exists in any of the phases. 

X-ray Scattering techniques have proved to be a technique appropriate for 
discriminating between different phases in these samples. A prospect of the study 
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concerns further understanding of the differences between the different phases, in 
terms of the geometry of the porous space between the particles (Knudsen et al., 
2004), focusing on the power law behavior of q-plots. The ultimate goal is to 
understand the underlying mechanisms responsible for the formation of the 
different phases. 
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Figure 1 Na-Fluorohectorite sample with a particle concentration of 3 % (w/w) and a salt 
(NaCl) concentration of 4.5 mM. The 4 four phases are easily identifiable. 

Figure 2 SAXS images recorded in the upper (a) and lower (b) gel phases. The 
anisotropic image in (b) indicates a preferential orientation of the clay crystallites in the 
lower phase. 

Figure 3 (a) The 3D scattering profile. The arrow indicates a range that could be used to 
generate the cloud of points. (b) The blue circles represent the cloud of points inside the 
range of the scattering profile. The green ellipse is the initial guess for the fitting procedure. 
The red ellipse is the evaluated best fit to the cloud of points. 

Figure 4 (a) Greyscale map for the eccentricity values computed from the SAXS data, as 
a function of the salt concentration and vertical position in the sample tubes. (b) Idem, but 
computed from the transmission data. 

Figure 5 Phase diagram created from the greyscale maps for eccentricity and 
transmission. The displayed regions are sediment (S), nematic gel (NG), isotropic gel (IG), 
and region containing small domains (SD). 

Figure 6 Integrated intensities plots along the principal axes of the ellipse for both a 
point in the isotropic phase and also for a point in the nematic phase. The smooth crossover 
is positioned at a length scale corresponding to the mean particle thickness. 

Table 1 Vertical positions at which SAXS data was recorded, for each sample. 

Table 2 Power law exponents determined from Fig. 6. 
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Sample 

Concentration 

(mM) 

Starting 

positiona

(mm) 

Step 

size 

(mm) 

Number 

Of steps 

0.1 0 1 14 

0.25 0 1 22

0.5 0 1 22 

0.75 0 0.5 44 

1.0 0 0.5 44 

2.5 1 0.5 44 

5.0 1 0.5 44 

7.5 1 0.5 44 

10 1 0.5 44 

25 1 0.5 54 
a – above the bottom of the sample 
Table 1. 
 
 

 

Slope 

left of 

crossover

Slope 

right of 

crossover

Nematic along semi-major axis –2.16 ± 0.16 –2.84 ± 0.07 

Nematic along semi-minor axis –2.34 ± 0.05 –2.90 ± 0.04

Isotropic along semi-major axis –2.19 ± 0.08 –2.43 ± 0.04 

Isotropic along semi-major axis –2.45 ± 0.14 –2.41 ± 0.17 

Table 2. 
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