




 

 

I would like to dedicate this thesis
to my beloved parents. Their integri-
ty, honesty and love for knowledge is
exemplary. 



 



 

List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

I Alignment of plate-like particles in a colloidal dispersion 
under flow in a uniform pipe studied by high-energy X-ray 
diffraction 
S. Junaid S. Qazi, Adrian R. Rennie, Jonathan P. Wright, and 
Jeremy K. Cockcroft 
Langmuir 26, 18701-18709 (2010). 
DOI: 10.1021/la103537y 

II Flow of a dilute kaolinite dispersion through a constriction 
S. Junaid S. Qazi, Adrian R. Rennie, and Jeremy K. Cockcroft 
Submitted 

III Use of wide-angle X-ray diffraction to measure shape and 
size of dispersed colloidal particles in a liquid 
S. Junaid S. Qazi, Adrian R. Rennie, Jeremy K. Cockcroft, and 
Martin Vickers 
Journal of Colloid and Interface Science 338, 105-110 (2009). 
DOI: 10.1016/j.jcis.2009.06.006 

IV Alignment of dispersions of plate-like colloidal particles of 
Ni(OH)2 induced by elongational flow 
S. Junaid S. Qazi, Adrian R. Rennie, Ian Tucker, Jeff Penfold, 
and Isabelle Grillo 
Journal of Physical Chemistry B 115, 3271-3282 (2011). 
DOI: 10.1021/jp108805m 

V Impact of Ni(OH)2 plate-like particles on lamellar surfac-
tant mesophases and the orientation of their mixtures under 
elongational flow 
S. Junaid S. Qazi, Adrian R. Rennie, IanTucker, Jeff Penfold, 
and Isabelle Grillo 
Submitted 

Reprints were made with permission from the respective publishers. 



 

Publications not included 

The following publications are not included in this dissertation as they are 
not directly related to flow. 

 
Dispersions of plate-like colloidal particles – Cubatic order? 
S. Junaid S. Qazi, Göran Karlsson, and Adrian R. Rennie 
Journal of Colloid and Interface Science 348, 80-84 (2010). 
DOI: 10.1016/j.jcis.2010.04.033 

 
Self-Assembled Structures of Disc-Like Colloidal Particles 
S. Junaid S. Qazi, Göran Karlsson, and Adrian R. Rennie 
Progress in Colloid and Polymer Science 138, (2011) 
DOI: 10.1007/978-3-642-19038-4_11  



 

Comments on my participation 

Following is a brief description of my contribution in the publications: 

 
I Carried out the analysis, performed the fluid dynamics calculations 

and was responsible for writing the manuscript. 
 

II Carried out the analysis, performed the fluid dynamics calculations 
and was responsible for writing the manuscript. 
 

III Synthesized the samples, carried out all the measurements except X-
ray diffraction, made the analysis and was responsible for writing the 
manuscript. 
 

IV Synthesized the sample, participated in the experimental measure-
ments, did the fluid dynamics calculations, carried out the analysis 
and was responsible for writing the manuscript. 
 

V Synthesized the samples partly, participated in the experimental 
measurements, carried out the analysis and fluid dynamics calcula-
tions and was responsible for writing the manuscript. 



 



 

Contents 

1.  Introduction .............................................................................................. 11 
1.1   Colloids and colloidal stability ......................................................... 11 
1.2   Flow of colloidal dispersions ........................................................... 13 
1.3   Layout of the thesis .......................................................................... 17 

2.  Experimental techniques and data evaluation .......................................... 19 
2.1   Diffraction and scattering ................................................................. 19 
2.2   High-energy X-ray diffraction .......................................................... 21 
2.3   Small-angle neutron scattering ......................................................... 23 
2.4   Order parameters .............................................................................. 25 
2.5   Fluid dynamics calculations ............................................................. 29 

3.  Samples and their characterization .......................................................... 31 
3.1   Kaolinite dispersions ........................................................................ 31 
3.2   Nickel hydroxide colloid .................................................................. 32 
3.3   Cationic lamellar fragments ............................................................. 33 
3.4   Mixtures of lamellar fragments and Ni(OH)2 particles .................... 33 

4.  Results and overall conclusions ............................................................... 35 
4.1   Particles under shear and elongational strain ................................... 35 
4.2   Combined effects of shear and elongational strains ......................... 38 
4.3   Overall conclusions .......................................................................... 39 

5.  Svensk Sammanfattning ........................................................................... 41 

6.  Acknowledgements .................................................................................. 45 

Bibliography ................................................................................................. 47 

 



 

 



 11

1.  Introduction 

1.1   Colloids and colloidal stability 

Colloids are finely divided dispersions of one material in another continuous 
phase with at least one dimension of the order of 1 nm to 1 µm.  The lower 
limit of the size range is determined by a requirement that the particles 
should be significantly larger than the solvent molecules.  Familiar examples 
of colloidal systems are: paints and slurries where the fine solid particles are 
dispersed in a liquid medium.  Milk is a dispersion of fat in an aqueous 
phase.  Fogs and smokes are dispersions of fine droplets of liquid or of solid 
particles in a gas.  Sometimes a number of molecules associate to form col-
loidal dispersions: for example soap molecules form micelles and such a 
system is called an association colloid. 

Colloidal particles always show Brownian motion in a continuous liquid 
medium.  The interaction between the particles determines their stability.  
The lowest energy state occurs at small separations where attractive forces 
are dominant but for dispersed colloids, the particles reside in a local energy 
minimum that occurs at larger separations.  The barrier to aggregation arises 
from the different shape of the curves of the repulsive and attractive poten-
tials.  If the energy barrier is much larger than the thermal energy, the par-
ticles can be dispersed and resist aggregation to the primary minimum.  The 
dispersions are then in a metastable state that is sometimes called ‘colloidal-
ly stable’.  Two main methods can be used to stabilize colloids as shown 
schematically in Figure 1.  In electrostatic or charge stabilization, the par-
ticles have a net charge (non-zero) on their surface and they repel each other.  
In the case of steric stabilization, the particles are coated with some material, 
most often a polymer.  When two polymer-coated particles approach each 
other, in a good solvent that prefers thermodynamically solvent-polymer 
interactions rather than polymer-polymer interactions there is a repulsion 
between the particles that prevents their close approach. 
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Figure 1.  Schematic illustration of (a) electrostatic and (b) sterically stabilized col-
loidal particles. 

Colloidal particles can exist in many shapes such as spheres, cylinders, 
plates and cubes.  A particle will be anisotropic if the ratio of any two di-
mensions is not equal to unity.  Such anisotropic colloidal particles are of 
major practical relevance and importance.  Their orientation in a fluid sub-
stantially affects the physical and optical properties of products.  They are 
used in many industrial applications, for example, as components in person-
al-care products1, in ceramics such as porcelain2 and earthenware3 that have 
a major component of anisotropic clay particles, anisotropic anatase nano-
particles are a form of titanium dioxide which are widely used as a white 
pigment in paints.4  Well-dispersed kaolinite platelets are used to improve 
the gloss of paper.5,6 

Anisotropic colloids display a variety of structures that fall between ran-
domly arranged liquids and crystals with both orientational and positional 
order.  These phases are called liquid crystal or mesophases.  For example in 
a nematic phase only orientational order exists.  Smectic phase has structure 
that has layers but no correlation between positions of the particles within 
different layers whereas in a columnar phase7,8 disk-like particles arrange 
themselves in a two-dimensional crystalline array with disorder within the 
individual columns.  These phases are shown schematically in Figure 2. 
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Figure 2.  Schematic diagram of three common phases formed by anisotropic par-
ticles.  (a) Nematic phase  (b) Smectic phase  (c) Columnar phase. 

1.2   Flow of colloidal dispersions 

Colloidal dispersions exhibit interesting behavior under flow.  It is very im-
portant to study flow induced structural changes in the colloids in order to 
understand their rheological behavior.  There is extensive literature on mea-
surements of rheological properties and their relationship with theoretical 
and semi-empirical constitutive equations.9,10,11  In a concentrated colloidal 
dispersion, the viscosity, , which is the ratio of the shear stress, , to the 
shear strain rate, •, usually decreases with increasing shear strain rate.  This 
decrease of viscosity is called shear thinning.  In some concentrated colloidal 
dispersions, the viscosity increases with increasing the shear strain rate and 
this is called shear thickening.  Viscosity is generally a measure of the resis-
tance against the flow of liquid.  Two common types of flows are schemati-
cally shown in Figure 3a and b. 
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Figure 3.  Shear and extensional flow are shown schematically in (a) and (b) respec-
tively.  Shear occurs when there is a gradient in the deformation perpendicular to 
flow direction whereas elongation is in the direction parallel to the deformation.  
The derivative of the velocity with respect to position along Z in (a) and (b) gives 
the shear strain rate, •, and elongational strain rate, •. 

In shear flow, the different layers move in a direction parallel to one another 
as shown in Figure 3a.  The velocity of the fluid in each layer is different to 
that in an adjacent layer and there is a velocity gradient perpendicular to the 
flow.  The faster layer slows down because of the interdiffusion and friction 
with the adjacent slow moving layer which gains velocity.  In elongational 
flow, the opposite directions of the velocity provide a strain on the liquid 
between outlets as shown in 3b.  The middle of the stretched region where 
the net velocity is zero undergoes pure extensional strain.  The derivative of 
the velocity, dV/dZ, provides an estimate of the shear and elongational strain 
rate for the sample.  Shear strain is perpendicular and elongational strain is 
parallel to the flow direction within the sample and hence they are perpendi-
cular to each other.  In a sample under shear flow it is helpful to consider a 
dimensionless quantity known as the Peclet number, Pe.  The Peclet number 
is usually taken as the ratio of energy per particle associated with the shear 
strain to the thermal energy and is defined as: 

Pe = 6 a3 • / kBT 

where  is the shear viscosity, a is a characteristic dimension such as the size 
or the separation of the particles in the fluid, • is the shear strain rate, kB is 
Boltzmann’s constant and T is the absolute temperature.  If Pe is greater than 
1, then the shear strain energies will be larger than the thermal energy and 
the particles could be aligned or the structure deformed.  In the case of elon-
gational flow, the elongational viscosity and the elongational strain rate 
should be considered.  According to Trouton’s rule12,13 for a uniaxial strain 
rate, the elongational viscosity is three times the shear viscosity and this 
should be used in the calculation of an elongational Peclet number, Pl. 
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Simple geometries which are commonly used to study the rheology of 
dispersions are shown in Figure 4.  Couette cell, plate-plate system or cone-
plate geometry all of which involves shear flow between small gaps and 
provide approximately uniform shear on the sample.  In an opposing jet cell 
as shown in Figure 4d, fluid enters from two opposite inlets with the same 
velocity.  At the geometrical center of the cell, the velocity of the fluid will 
be zero and the strain will be only elongational.  The geometry of the cell 
provides the maximum elongational strain along the vertical in the gray re-
gion.  A more complicated strain field exists at other places in the cell with 
lower elongational strain rates and a small component of shear. 

 
Figure 4.  Couette cell, plate-plate system and cone-plate system are shown sche-
matically in (a), (b) and (c) these geometries provide approximately uniform shear 
on the sample between small gaps.  (d)  Opposing jet flow cell provide extensional 
strain on the sample under flow.  The region of maximum elongational strain is 
shown in gray. 

More complex flow geometries are shown in Figure 5.  A cylindrical pipe 
provides non uniform shear across the pipe whereas combined effects of 
shear and elongation can be studied in cone shaped geometry. 
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Figure 5.  (a) A uniform pipe provides non uniform shear on the sample under flow 
across the pipe and the shear gradients are opposite to the velocity gradients.  (b) A 
cone shaped geometry provides a combination of elongational and shear strains on 
the sample.  The elongational strain will be higher along the thick arrows.  The 
length and the direction of the arrows in (a) and (b) represent the direction and the 
value of the local velocity schematically. 

The wide range of structures that occur in colloidal systems under shear 
flow have been reviewed recently.14,15  The majority of studies in this area 
have involved spherical particles.  Ashdown et al. describe shear induced 
structural changes in charge stabilized polystyrene latex where changes from 
a disordered crystal to sliding layers16 were observed.  Formation of aligned 
strings under shear have been reported in sterically stabilized dispersions of 
poly(methylmethacrylate) particles17 which resembled the structures pre-
dicted in the Brownian dynamics simulations of Heyes and Melrose.18  
Spherical particles dispersed in concentrated micellar solutions have dis-
played string-like structures at low shear rates and two-dimensional planar 
crystals at higher shear rates.19  Plate-like kaolinite particles have also been 
studied flowing through a rectangular section of a pipe20 and through a bend 
in a cylindrical pipe21 where they have shown orientational ordering.  Com-
plex gelling and thixotropic behavior has been reported in a dispersion of 
clay particles under static conditions and during shear in a Couette cell.22  
The influence of shear on clay dispersed in a poly(ethylene oxide) solution 
has been studied23 and first the clay particles orient  and then with increasing 
shear rate the polymer chains start to stretch.  The system has shown high 
elasticity.  Anisotropic food structures24 have been reported in protein-rich 
systems prepared by using well-defined flow geometries and patterns.  Flow 
processing25 is particularly important in the formation of colloidal micro-
structures in food products. 

Elongational flow has induced order in polymer/carbon nanotubes com-
posites26 which has led to better mechanical properties and higher melt 
strength.  The increases in the elastic modulus and tensile strength in polye-
thylene/clay nanocomposites under elongational flow 27 have been studied.  
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The molecular configuration of single polymer molecules under elongational 
flow has been described28 and they have been shown to form dumb-bell, 
kinked and folded structures.  Elongational flow has induced alignment in 
mixed surfactants mesophases29,30 using the specially designed crossed-slot 
elongational flow cell shown schematically in Figure 4d. 

This dissertation presents studies of the flow of plate-like colloidal particles 
and their mixtures in three different geometries; a cylindrical pipe with uni-
form diameter, a pipe with a cone shaped constriction and an opposed jet flow 
cell.  These geometries are shown schematically in Figure 4d and in Figure 5a, 
b.  The cylindrical pipe was machined from a single piece of aluminum and a 
straight bore of 5 mm diameter was drilled through it.  The thickness of the 
wall was 2.5 mm.  For the cone shaped geometry, another piece of aluminum 
was machined with an internal diameter of 6 mm at the inlet and 5 mm at the 
outlet side.  At the center of the pipe there was a 2 mm constricting nozzle 
with an opening angle of 118° that was fabricated separately and inserted 
through the inlet side of the pipe.  The opening was the usual angle made with 
a high-speed steel drill bit.  These flow geometries, a uniform pipe and a pipe 
with nozzle constriction, are described in paper I and II respectively. 

An opposed jet flow cell, inspired by the crossed-slot geometry flow cell 
described by Idziek et. al.31 for X-ray scattering measurements, has been 
used.  The design criteria for neutron scattering measurements are different 
from those of X-rays and are described in detail by Penfold et. al.30  The 
outlets and inlets of the opposed jet flow cell were connected to a reservoir 
through a re-circulating pump in order to obtain continuous flow of the sam-
ple.  The central region of the cell had a fused quartz window with 24 mm 
diameter.  The input and output flow channels were rectangular and the 
length of each was ~ 75 mm which separate them well from the central re-
gion.  The total volume of sample required for the flow was about 50 mL.  
Paper IV and V are on the study of samples in elongational flow cell. 

1.3   Layout of the thesis  

The research focuses on the flow induced alignment in anisotropic particles in 
different flow geometries that is crucial in many practical applications.  X-ray 
diffraction and small-angle scattering techniques are used to study the disper-
sion of plate-like particles.  The principle of the techniques and their potential 
are described in chapter 2.  This chapter also explains briefly the means to 
quantify the order induced in the systems studied under flow.  The samples 
and their characterization are briefly described in chapter 3.  The important 
results and the overall conclusion are summarized in chapter 4 and finally the 
full research papers, on which this thesis is based, are attached at the end. 



 18 



 19

2.  Experimental techniques and data 
evaluation 

2.1   Diffraction and scattering 

Diffraction is generally described as a process in which incident radiation is 
redirected by an ordered array of scattering objects into well-defined direc-
tions.  Diffraction from a crystalline solid is shown schematically in Figure 6 
and is explained by Bragg law. 

2d sin  = n  

where n is an integer,  is the wavelength of the incident beam, d is the sepa-
ration of the planes of atoms in the crystal and  is the angle between the 
incident beam and the scattering planes.  Constructive interference will only 
occur when the Bragg condition is satisfied 

 
Figure 6.  Bragg diffraction from crystalline solid is shown schematically.  The 
lower beam travels extra path as compared to the upper beam and constructive inter-
ference will occur when extra length will be equal to an integer multiple of the wa-
velength of the radiation. 

Bragg diffraction depends upon the orientation of a crystalline particle thus 
the distribution of intensity of a particular peak can provide information 
about the distribution of alignment of the corresponding crystal axes.  The 
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width of the peak can be used to determine the size of a crystallite by using 
the Debye-Scherrer formula32 as given below: 

cos 

 0.9
D  

where D is the apparent particle size,  is the full-width half-maximum 
(FWHM) of the diffraction peak in radians,  is the wavelength used and  is 
half of the scattering angle.  The constant 0.9 depends slightly on the sym-
metry of the crystal and has been discussed by several authors.33,34,35,36   
Careful allowance for the instrumental resolution in the broadening of the 
diffraction peak must be consider for calculations.  The methods are de-
scribed in paper III. 

Scattering is a process by which an incident beam of light, X-rays or neu-
trons is redirected in angle that depends on the structure within the sample.  
This technique is widely used to study the colloidal dispersions and polymer 
solutions.  The scattering intensity, I(Q), is measured where the momentum 
transfer vector Q = (4 / ) sin( /2),  is the wavelength and  is the scattering 
angle.  Light scattering is used to determine the size and mobility of colloids 
or polymers.  It can be divided into two different techniques: static light scat-
tering in which the angular distribution of the scattered intensity is measured 
to determine the size of scattering objects.  The principles of neutron and X-
ray scattering are similar to those of static light scattering but neutron scat-
tering relies on contrast from the nuclei and different isotopes can scatter 
differently.  In dynamic light scattering, the time correlation between the 
scattered photons is measured and this can be used to determine the dynamic 
behavior of particles or polymer molecules.  The translational diffusion coef-
ficient, Dt, of the dispersed particles can be determined from the intensity 
autocorrelation function.  The hydrodynamic radius, Rh, can then be calcu-
lated from the diffusion coefficient using Stokes-Einstein relation37 

Rh = kBT / 6 Dt 

where kBT is the thermal energy and  is the viscosity of the dispersion me-
dium. 

In the present dissertation, high-energy synchrotron X-ray diffraction and 
small-angle neutron scattering techniques have been used to study colloidal 
dispersions of plate-like particles under flow.  X-ray diffraction measured 
with a two-dimensional detector can provide complete information about the 
orientation from the particles in one direction.  Information about the other 
directions can be obtained by rotating the sample.  In the experiments de-
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scribed here, the sample could translate either horizontally or vertically and 
the detector was fixed hence data about the orientation of the particles 
present in the plane with its normal parallel to the incident beam was col-
lected.  Most of the geometries used are of high symmetry hence the data 
from one direction is sufficient.  High penetration power and contrast match-
ing with neutrons (see section 2.3 below) make it possible to study the sam-
ples in bulk and mixtures.  There are other techniques available for such 
studies with some limitations.  For example; optical birefringence is difficult 
to apply to concentrated samples38 and provides a single average measure of 
the orientation distribution.  Nuclear magnetic resonance (NMR) can be used 
to measure anisotropy in the flowing dispersions but it will usually provide 
just one average measurement of orientation.39 

2.2   High-energy X-ray diffraction 

High-energy synchrotron X-ray sources are advantageous as the information 
about the orientation alignment from thick samples can be collected on two-
dimensional area detectors whereas a laboratory X-ray source could provide 
only limited data from thin samples.40  A typical layout of a diffraction in-
strument on a synchrotron source is given in Figure 7. 
 

 
Figure 7.  Schematic diagram of synchrotron X-ray diffraction instrument using a 
two-dimensional area detector.  Combination of refractive lenses and slits provide a 
small beam on the sample.  The two-dimensional area detector collects the diffracted 
intensity from the sample for a range of diffraction angles, 2 , as well as a range of 
azimuthal angles, . 

The energy of the X-ray beam is inversely related to the wavelength,  as:  
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ch
E  

where h is Planck’s constant and c is the speed of light.  An increase in the 
photon energy gives a shorter wavelength and decreases the absorption 
which allows the X-rays to penetrate through thicker samples and thus 
enables the study in the containers that resist the stresses imposed by flow.  
Synchrotron X-rays are generated when a beam of electrons travelling close 
to the speed of light is accelerated in a magnetic field.  Wigglers and undula-
tors are inserted in straight sections of the storage ring so as to generate an 
intense X-ray beam.  These are called insertion devices and provide a spec-
trum of highly brilliant radiation.  A monochromator is used to select the 
optimum wavelength and the choice of wavelength depends on the thickness 
of the sample and the material of the container.  The intensity of Bragg peaks 
increase with the wavelength as 3.  The transmission through the sample 
depends upon the absorption coefficient as; 

x

I

I

0

e  

where I is the transmitted intensity, I0 is the incident intensity, x is the sam-
ple thickness and µ is the mass absorption coefficient which depends upon 
the material and increases as the wavelength increases.  The combination of 
these effects gives an optimum wavelength for an experiment.  Refractive 
lenses and slits provide a small and well-focused X-ray beam that makes the 
technique valuable for flow geometries with dimensions of some millime-
ters.  High spatial resolution at length scales smaller than 100 µm is neces-
sary in order to observe the changes under flow. 

The experimental arrangement for the diffraction experiments using high-
energy X-rays is explained in papers 1 and II.  A photograph of the sample 
mounted on a stage and the detector is shown in Figure 8. 
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Figure 8.  Photograph of the experimental arrangements for the flow experiments at 
the ID11 beamline at ESRF, Grenoble, France.  (a) Aluminum pipe is mounted on 
the sample stage (b) two- dimensional area detector that was used to collect the 
diffraction data. 

Measurements were made on the ID11 beamline at the European Synchrotron 
Radiation Facility (ESRF) Grenoble, France.41  Data were obtained for a dis-
persion of plate-like particles flowing through an aluminum pipe.  Data re-
duction involved several necessary steps such as masking of the single-crystal 
diffraction peaks that come from the material of the pipe walls, subtracting 
the background and correction of the measured intensity for sample thickness 
according to the appropriate chord length in the cylindrical pipe and in the 
conical section.  Details of these procedures are discussed in the papers. 

2.3   Small-angle neutron scattering 

Small-angle neutron scattering is a well-established characterization method 
to investigate particles and structures in bulk colloidal dispersions.42,43,44  
Neutrons can penetrate through thick samples due to their weak interactions 
with matter.  Changing the ratio of H2O and D2O in a sample permits match-
ing the scattering length density of the continuous phase with that of an indi-
vidual component in a mixture.  Scattering length density describes the 
strength of the interaction of neutrons with the individual nuclei and these 
values vary irregularly from one nuclei to another due to their strong depen-
dence on the individual nuclear interaction.  This technique of contrast 
matching is valuable in studies of complex systems. 
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Figure 9.  Layout of a small-angle neutron scattering instrument is shown schemati-
cally.  The velocity selector acts as a monochromator and collimators are used to 
control the angular divergence of the incident beam on the sample. 

A typical layout of a small-angle neutron scattering instrument is shown 
in Figure 9.  The velocity selector45,46 consists of blades that form helical 
channels with absorbing walls made of a material such as 10Boron and al-
lows, when rotating at a specific velocity, only the selected band of wave-
length of neutrons to pass through.  The divergence of the incident beam is 
controlled by holes that act as collimation slits.  The diameter of these slits 
and the distance between them can be adjusted to give the required angular 
divergence and size of beam on the sample.  The distribution of scattered 
intensity, I(Q), is measured on a two-dimensional detector.  The detector 
captures scattering for Q directions that lie in the vertical plane and covers 
the azimuthal angles between 0 and 2 .  The basic theory of the small-angle 
scattering has been described by Guinier and Fournet.47  The scattered inten-
sity, I(Q), can be written as: 

I(Q) =  Vp ( )2 P(Q) S(Q) 

where  is the volume fraction of the dispersion, Vp is the volume of a single 
particle,  is the difference between the scattering length densities of the 
dispersion and continuous phase, P(Q) is a form factor determined by the 
size and shape of an individual particle and S(Q) is the structure factor that 
depends on interparticle correlations. 

Small-angle neutron scattering experiments were performed on samples un-
der elongational flow.  The measurements were made with the D22 small-
angle scattering instrument at the Institut Laue Langevin, Grenoble, 
France.48  A photograph of the elongational flow cell mounted on the in-
strument is shown in Figure 10 and the necessary parts are listed. 
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Figure 10.  Photograph of the elongational flow cell mounted on the D22, small-
angle neutron scattering instrument at the Institut Laue Langevin, Grenoble, France. 

The experimental arrangements are schematically described in paper IV 
where the details of the measurements are also discussed.  The same cell was 
used in the study of mixtures under flow described in paper V.  Analysis of 
the data involves evaluation of order parameters at different positions of the 
flow patterns in the cell. 

2.4   Order parameters 

Diffraction rings and the scattering patterns will be isotropic in the absence 
of orientational alignment of the particles.  Preferential alignment of the 
particles gives rise to anisotropy in the diffraction and the small-angle scat-
tering patterns.  For a system with uniaxial alignment, the distribution of the 
orientation can be quantified and conveniently described with respect to a 
unique axis known as the director.  This director lies in the direction of the 
orientation provided by the external field.  For oriented long cylinders, as 
shown in Figure 11a, it is common that the normal to the flat face (which is 
also the cylinder axis) and flow are both in the same direction.  This makes it 
favorable to select the director in the plane of the detector and along the line 
of the maximum of the orientational distribution of the axis of the cylinders 
and hence the flow direction.  For thin platelets, as shown in Figure 11b, the 
flow induced alignment will be such that the maximum of the orientational 
distribution will be perpendicular to the director that is chosen with respect 
to the field that aligns the sample. 
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Figure 11.  Schematic diagram of aligned cylinders in (a) and plate-like particle in 
(b).  For the plate-like particle it is convenient to choose the director in the direction 
perpendicular to the maximum of the orientational distribution. 

 
Figure 12.  Alignment of plate-like particles shown in Figure 11b will give anisotro-
py in the diffraction and small-angle scattering patterns as shown schematically in 
(a) and (b) respectively.  The diffraction peaks in (a) would appear at  equal to 90° 
and 270° degrees if the particles in Figure 11b were rotated 90° with respect to the 
director, D.  The small-angle scattering patterns in (b) will also be elongated in the 
vertical direction for such alignment. 

The distribution of intensity at a given scattering angle with respect to 
azimuthal angle, , can be described in terms of even Legendre polyno-
mials.49  The alignment can be quantified in terms of order parameter50, S2, 
defined by first even Legendre function and given by 
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2  is the first even Legendre polynomial,  is 

the azimuthal angle between Q and the director and integration is used to 
provide an appropriate average over all  from 0 to 2 .  The values of the 
order parameter, S2, are calculated using sin( instead of cos(  to get the 
maximum value with respect to the selected director.  The calculated values 
are further normalized with the average intensity around the ring of scatter-
ing at a given amplitude of the vector Q.  The value of S2 depends upon the 
distribution of the intensity with respect to azimuthal angle as shown sche-
matically in Figure 13. 
 

 
Figure 13.  (a)  The intensity will be uniform for randomly oriented particles and 
S2 = 0.25 which is the mean value of P2.  From (b) (c) The width of the peak de-
creases as the deviation of plates from the maximum of their orientational distribu-
tion decreases and this gives increased values of S2.  The values of S2 for (b), (c) and 
(d) are 0.59, 0.87 and 0.99 respectively. 
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Increase in the alignment causes the scattering to fall on a small region of 
the detector and the width of the diffraction peak decreases so as to lie in 
small arcs of azimuthal angle, , as shown in Figure 13 (b) to (d).  For ran-
domly oriented particles S2 would be 0.25.  A measurement of diffraction for 
a specific crystal plane from the internal structure of a perfectly aligned 
sample would occur in a single direction and so the maximum of S2 would be 
unity.  In contrast, small-angle scattering from a perfectly aligned distribu-
tion of particles does not lie on a single line so the average S2 will not be 1.  
The value will depend on the anisotropy of the scattering from a single par-
ticle.  The value of S2 also depends upon the beam and the domain size of the 
anisotropic particles as shown in Figure 14.  The beam shown by the circle 1 
(continuous) will give a much smaller value of S2 as compared to the beam 
shown by the circle 2 (dashed).  The size of the beam in the circle 3 (dotted) 
is similar to that of the circle 2 but the value of S2 would also be smaller as 
the particles are not well aligned at this position. 

 

 
Figure 14.  The beam size and the domain size of the anisotropic particles will sig-
nificantly affect the value of the order parameter, S2.  For the bigger beam size 
shown by the circle 1 (continuous), the value of S2 would be much smaller than the 
value given by the beam in the circle 2 (dashed) where the particles are well-aligned.  
The similar size of circle 3 (dotted) will also give much smaller value of S2 as com-
pared to the circle 2. 

The calculations of S2 for the diffraction measurements consider the in-
tensity distribution in a ring of 001 diffraction.  The 001 peak is in a direc-
tion that can be conveniently related to the orientation of the particles as 
these crystallographic planes lie in the plane of the plate-like particles of 
kaolinite.  In small-angle scattering, calculations for S2 are made for a Q 
range where it does not depend on Q.  The available area of the detector is 
divided into rings for specific Q values and then the values presented are the 
average over the selected Q range.  However, for lamellar fragments that 
contain repeating layers of surfactants, the values of S2 are averaged over a 
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Bragg peak appearing from its internal structure.  Details of the calculations 
of S2 from diffraction pattern and small-angle scattering patterns are de-
scribed in paper I and IV. 

2.5   Fluid dynamics calculations 

A finite element computational package COMSOL Multiphysics51 has been 
used to make finite element calculations.  These assume that the fluids are 
Newtonian with viscosities similar to those of the samples used in the expe-
rimental studies.  The average velocities for the inlets and outlets for indi-
vidual geometries are calculated from the overall flow rates.  The fluid is 
taken as having zero velocity at the walls in the fluid dynamics calculations.  
The local velocity calculated from the fluid dynamics calculations enables 
the estimation of strain rates which help to explain the experimental results. 
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3.  Samples and their characterization 

The studies presented in this dissertation involve plate-like colloidal particles 
in aqueous media.  A range of materials with different sizes and properties 
were chosen.  Kaolinite and nickel hydroxide particles were stabilized 
against flocculation by the addition of sodium polyacrylate52.  The interac-
tions between the particles were short range as compared to their size and the 
dispersions were stable at high concentrations even in the presence of added 
electrolyte. 

Self-assembled ‘lamellar fragments’ were also studied.  They are made up 
of repeating layers of surfactants and the resulting particles approximate to 
disks.  Mixtures of the lamellar fragments and the nickel hydroxide particles 
were also prepared.  These samples and their characterization are described 
below. 

3.1   Kaolinite dispersions 

A sterically stabilized aqueous colloidal dispersion was prepared by adding 
8 wt. % kaolinite in water.  A scanning electron micrograph of the dried 
kaolinite particles is shown in Figure 15.  They are plate-like with the diame-
ter in the range of 1 2 µm and the thickness less than 0.1 µm. 

 
Figure 15.  Scanning electron micrograph of dried kaolinite particles.  The micro-
graph is taken from the work of Rennie et al.21 
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3.2   Nickel hydroxide colloid 

Hexagonal plate-like nickel hydroxide particles were prepared and stabilized 
by adsorbing a sodium polyacrylate layer at their surface using the procedure 
given by Brown et al.7 who developed the original synthesis of Durand-
Keklikian.53  A cryo-transmission electron micrograph of the dispersed par-
ticles is shown in Figure 16. 

 
Figure 16.  Cryo-transmission electron micrograph of nickel hydroxide particles.  
The plates are hexagonal in shape and are very thin.  The scale bar is 200 nm. 

The particles in the dispersed sample were characterized using laboratory 
X-ray diffraction and dynamic light scattering.  The widths of X-ray diffrac-
tion peaks give the thickness (001) and the long dimension (100) of the nick-
el hydroxide.  These are shown in Figure 17. 

 
Figure 17.  001 (thickness) and 100 (long dimension) X-ray diffraction peaks from 
the nickel hydroxide dispersions are shown in (a) and (b) respectively.  The 001 
peak is markedly broader than the 100 peak as the particles are thin along the direc-
tion of the 001 plane normal.  The lines are the pseudo-Voigt fits to the data to esti-
mate the peak widths. 

X-ray measurements are sensitive to the size of the crystalline core whe-
reas dynamic light scattering determine the overall size of the particles and 
give their average hydrodynamic radius.  The diffraction peak will be broad-
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er for thin crystals as shown in Figure 17.  The combination of dynamic light 
scattering and X-ray diffraction allows the estimate of the particle size and 
shape as well as the thickness of the adsorbed polymer layer.  The average 
thickness of a single plate was 6 nm and the diameter was ~ 105 nm.  The 
thickness of the adsorbed stabilizing layer was estimated to be 8.5 nm.  The 
particles had a polydispersity index of 0.22 in radius determined by dynamic 
light scattering.  The methods of the characterization of Ni(OH)2 particles 
are described in detail in paper III. 

3.3   Cationic lamellar fragments 

The dispersion of lamellar fragments was prepared and provided by Unilever 
Research.  They were predominantly cationic surfactants in water that forms 
a lamellar phase.  The preparation of the lamellar fragments is described 
elsewhere.54  Penfold et. al.29 have reported the diameter of these disk-like 
fragments to be in the range 0.2 to 10 µm.  This depends upon the prepara-
tion, handling and storage of these fragments.  Dynamic light scattering 
measurements were performed on the samples six months after the flow 
experiments.  These gave a weight averaged hydrodynamic radius, Rh, of 
about 120 nm and they had a polydispersity index of 0.3 in their radius. 

3.4   Mixtures of lamellar fragments and Ni(OH)2 
particles 

Six mixtures of lamellar fragments with different concentrations of the nick-
el hydroxide particles were prepared in D2O.  Four more mixtures with dif-
ferent ratios of H2O and D2O were prepared to vary the neutron scattering 
length densities.  The mixture, studied under the elongational flow was pre-
pared by adding the dispersed nickel hydroxide particles to the dispersion of 
lamellar fragments in the flow cell and allowing it to mix under flow for a 
few minutes before starting the measurements.  The sample studied under 
flow had a volume fraction of lamellar phase, fL equal to 0.12 and the vo-
lume fraction of nickel hydroxide particles, fN was 0.012.  The mixtures were 
characterized using small-angle neutron scattering.  The scattering from the 
mixtures at rest, with different compositions of particles (in D2O) and for 
one composition with different scattering length densities are shown in Fig-
ure 18a and b respectively. 
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Figure 18.  (a) Bragg peak from the lamellar fragments shifts towards higher Q with 
the addition of Ni(OH)2 particles and its intensity decreases.  The spacing, d, de-
creases as the volume fraction of nickel hydroxide particles increases.  (b) Azimu-
thally averaged scattered intensity for the samples with different scattering length 
densities did not show any regular structure of nickel hydroxide particles. 

A small addition of the nickel hydroxide particles shifts the Bragg peak 
from the lamellar fragments towards higher Q as the ions associated with the 
nickel hydroxide particles and the stabilizer provides an additional screen-
ing.  The spacing d of the lamellar fragments decreases.  The width of the 
Bragg peak increases which suggests that they get thinner.  The addition of 
the nickel hydroxide particles causes some delamination and the number of 
layers in the lamellar fragments decreases.  The intensity of the Bragg peak 
disappears in the plot in Figure 18b at the condition of the solvent matching 
the surfactant that indicates the nickel hydroxide particles do not form a reg-
ular structure.  The slope of all the curves in Figure 18a and b is consistent 
with large planar objects.  Details of the mixtures and their characterization 
are presented in paper V. 
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4.  Results and overall conclusions 

The focus of the work is flow-induced alignment of dispersions of anisotrop-
ic particles.  The results are presented in two sections.  The first section de-
scribes the effects of shear and elongational strain rates.  The second section 
describes how the combined effects of these strains alter the alignment.  
Finally, the overall conclusions are presented. 

4.1   Particles under shear and elongational strain 

The kaolinite particles are studied in the cylindrical pipe with uniform inter-
nal diameter.  The orientational behavior of the particles is shown schemati-
cally in Figure 19a.  Particles are seen to align under flow and they retain 
their alignment as they flow down the pipe.  The alignment is presented 
quantitatively in terms of order parameter, S2, in Figure 19b. 

 
Figure 19.  (a) The alignment of plate-like kaolinite particles in a uniform pipe is 
shown schematically.  (b)  Values of order parameter, S2, calculated from the inten-
sity distribution in 001 diffraction ring are plotted against the average shear strain 
rate in the pipe that increases significantly near the walls. 

Alignment of the particles significantly increases as the average shear 
strain rate increases above 1000 s 1 from the center of the pipe to the walls.  
For this system, the behavior can be understood as the Peclet number is 
about unity at 1000 s 1.  This corresponds to the condition that the shear 
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strain energies dominate over the thermal energy and hence the tendency of 
the particles to align increases at this strain rate.  The transition is not sharp 
as the data represents an average of the strain rate from contributions along a 
chord of the pipe at each point.  In contrast, significant alignment with an 
elongational strain rate of about 16 s 1 was seen for such smaller particles of 
nickel hydroxide.  The results show that higher shear rates are needed to 
align such materials.  In the nickel hydroxide dispersions, a trend of increas-
ing anisotropy was observed with increasing flow rate.  The small-angle 
neutron scattering pattern is shown for the highest measured flow rate in 
Figure 20a.  As the extensional strain rate increases, so does the alignment, 
and hence the order parameter, S2 as well shown in Figure 20b. 

 
Figure 20.  (a) Anisotropic scattering patterns at the cell center from aligned nickel 
hydroxide particles at maximum measured flow rate.  (b)  Values of S2 increase as 
the extension rate increases. 

The order parameters, S2, derived from the scattering patterns measured at 
different positions in the flow cell from nickel hydroxide particles are shown 
in Figure 21.  The elongational strain rate was 16 s 1 for these measurements.  
The lengths of the lines are proportional to the calculated value of S2.  The 
particles align at the cell center and this is induced by the elongational strain.  
They remain aligned as they flow along the extensional axis.  The elonga-
tional strain increases to its maximum in the region less than 1 mm close to 
the cell center and stays constant to the outlet.  The alignment at this strain 
rate was observed to be constant along the extensional axis.  At lower elon-
gational strain rate, the alignment of the particles was observed to increase 
from the cell center to the outlet, as the particles experience constant exten-
sion for a longer period.  The elongational flow-induced alignment is seen to 
depend strongly upon the concentration and described in detail in paper IV.   
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Figure 21.  The order parameter,S2, determined at different points in the opposed jet 
flow cell shows that an elongational strain rate of about 16 s 1 induces significant 
alignment of Ni(OH)2 particles along the extensional axis.  The lines are along the 
director and the length of each line in the map corresponds to the value of S2.  The 
maximum length of the line at the upper outlet of the cell corresponds to S2 = 0.35 
and the dot in the map shows S2 = 0.25. 

At the cell center, the value of elongational Peclet number, Pl, is equal to 
2.3 whereas Pe is zero and hence the onset of alignment occurs purely under 
elongational strain.  Pe equal to 3.4 in the direction of the beam at the exit of 
the cell and slightly higher values of S2 are observed as shown in Figure 21.  
Concentrations of nickel hydroxide dispersions higher than used in these 
studies (paper IV) have not shown alignment under uniform shear strain rate 
of about 6000 s 1 in a Couette cell as reported by Brown & Rennie.55 

Lamellar fragments and their mixture with nickel hydroxide have also 
been studied under elongational flow in the opposing flow jet geometry.  The 
lamellar fragments alone were studied by Penfold et. al.29,30, and the align-
ment was described qualitatively.  Orientational alignment of the lamellar 
fragments and their mixtures is quantitatively presented in terms of order 
parameters and discussed in detail in paper V.  In the mixture, lamellar 
fragments are seen to lose completely their internal structure.  The scattering 
from the mixture at different flow rates suggests that the particles do not 
change their size or the state of aggregation with the increasing flow rate.  
The preferential alignment of the particles in the mixture with their large 
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faces perpendicular to the incident beam increases with flow rate as the shear 
gradients in the plane of the cell increases.  These effects are higher at the 
inlets of the flow cell.  The opposing jet geometry provides convergent flow 
towards the outlets that rotates the particles and aligns them along the exten-
sional axis.  Higher preferential alignment of the particles along this axis 
suggests that these convergent effects are dominant over the shear strain rate 
in the direction of the beam.  The results suggest that for a same size range 
of particles, a very low elongational strain rate is required to induce high 
degree of alignment, whereas about three order of magnitude higher shear 
strain rates are needed to achieve the same degree of alignment. 

4.2   Combined effects of shear and elongational strains 

A cone shaped geometry provides a combination of elongational and shear-
strain rates.  The extent of alignment induced in kaolinite particles is pre-
sented in terms of order parameter, S2, in Figure 22. 

 
Figure 22.  Calculated values of S2 in the cone.  The lines are along the maximum of 
the orientation distribution selected individually for each measured position, and the 
length of line represents the extent of alignment for individual data set.  The lengths 
of the lines are similar across the nozzle opening.  The maximum length of the line 
corresponds to S2 = 0.88 and the smallest in the map shows S2 = 0.26.  The red lines 
are the region where multiple alignments in the plate-like particles exist.  The blue 
lines show the walls of the cone inlet. 
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The length of the lines corresponds to the value of S2.  The lines are ap-
proximately similar in length across the pipe in the cone.  This shows that 
the combination of elongational and shear strains provide uniform alignment 
for the particles at the nozzle whereas, for flow in a uniform pipe, the orien-
tation was higher near the walls and was not uniform across the pipe.  The 
unusual alignment of particles with their large face perpendicular to the flow 
was observed in the region shown by red lines that was concluded to be a 
result of the overall flow geometry as the particles sit at the flat wall that is 
perpendicular to the flow.  The effects are within a narrow region close to 
the nozzle opening and the particles re-establish their original alignment at 
about 0.45 mm from the nozzle opening. 

4.3   Overall conclusions 

The alignment caused by flow of plate-like colloidal dispersions has been 
studied.  Different flow geometries permit the investigation of the effects of 
shear and elongational strains separately.  Their combined effects on the 
alignment were also studied. 

The results demonstrate that plate-like colloidal particles can be effective-
ly aligned under shear and elongational flow.  In a pipe with uniform internal 
diameter of 5 mm, high shear strain rates of about 4000 s 1 near the walls 
causes more orientational alignment of kaolinite particles.  These particles 
assemble and form an ordered layer of about 0.2 mm at the wall in the whole 
pipe and the value of order parameter is above 0.8 in this region.  This value 
decreases to 0.3 at 1 mm from the wall, as the shear strain rate decreases to 
1000 s 1 and then remains approximately constant to the center of the pipe.  
It is interesting to compare the effects of elongational and shear strain on 
different sizes of particles, kaolinite particles (1 2 µm), lamellar fragments 
(0.2 10 µm) and nickel hydroxide (120 nm).  An elongational strain rate of 
about 6 s 1, which is three orders of magnitude lower than the shear strain 
rate, is required to induce similar degree of alignment (S2 about 0.7) in the 
lamellar fragments.  The study of nickel hydroxide particles that have an 
average diameter ten times smaller than the average diameter of kaolinite 
particles has shown that an elongational strain rate of about 16 s 1 can align 
these particles.  The orientational alignment for different sized particles un-
der different strains can be explained by the Peclet number when appro-
priately calculated.  Most of the systems that were investigated had low vis-
cosity that changes little with strain rate and hence the finite element fluid 
dynamic calculations of a Newtonian fluid can give an estimate of the local 
velocity.  This can be used to calculate the strain rates and hence the Peclet 
number. 
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In contrast to the study of effects of shear and elongational strain indepen-
dently, the combination of both gives an orientational alignment that is more 
uniform.  In a cone-shaped geometry, the elongational strain is higher along 
the axis of the conical section whereas components of both shear and elonga-
tional strain exist in the entire region of the cone inlet.  The combination of 
these strains gives uniform alignment of the kaolinite particles across the 
nozzle section of the pipe.  Studies of elongational flow were made on dif-
ferent concentrations and sizes of colloidal particles.  These parameters are 
important for the flow-induced alignment as the Peclet number is directly 
related to the characteristic dimension and the viscosity of the sample.  
Higher concentrations of smaller particles are easier to align whereas the 
bigger particles have shown alignment at lower concentrations.  The reduc-
tion in the viscosity with increasing strain rate is associated with highly 
aligned samples.  This can be understood for both shear and extensional flow 
in terms of the Peclet number when due allowance is made for the difference 
in the elongation and the shear viscosity. 

Mixtures are more complex systems.  A study of a mixture of lamellar 
fragments and nickel hydroxide particles has shown changes in the structure 
under flow that are not seen at rest.  The combined effects of flow and addi-
tion of nickel hydroxide particles caused delamination of the lamellar frag-
ments and the internal structure of the lamellar fragments was lost.  Much 
higher values of the storage modulus for the sample with the added nickel 
hydroxide particles shows the stronger interactions between the particles in 
this system that are disrupted by elongational strain. 

The experiments are performed by X-ray diffraction and small-angle neu-
tron scattering.  Results have demonstrated that studies of the bulk of thick 
(about 5 mm) liquid samples are feasible.  Laboratory X-ray diffraction 
equipment can be used to characterize dispersed samples in capillaries with a 
thickness up to 0.4 mm.  Synchrotron radiation and neutron scattering are 
powerful complementary techniques to provide information about flow.  
Hence, they could be applied to further systems outside the scope of finite 
element fluid dynamics calculations, for example particles dispersed in po-
lymers.  Rheology of such materials is strongly non-linear and complex 
computer codes are required.  The experimental methods that have been 
presented can be applied readily to investigations of complex systems.  The 
experiments and modeling, combined are particularly valuable to study the 
flow-induced structures.  Simple fluid dynamics calculations can provide 
guidance as to flow patterns for dilute dispersions.  The experimental data 
can then be analyzed to provide a quantitative measure of the orientation 
distribution. 
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5.  Svensk Sammanfattning 

Kolloider är dispersioner av finfördelade partiklar i ett kontinuerligt medi-
um, där partiklarna har minst en dimension i storleksordningen 1 nm till 
1 µm. Den lägre storleksgränsen bestäms av det faktum att partiklarna ska 
vara betydligt större än dispersionsmediets molekyler. Välkända kolloida 
system är till exempel färger och slam, där de små fasta partiklarna är sprid-
da i ett flytande medium. Mjölk är en dispersion av fett i vatten. Dimma och 
rök är dispersioner av små droppar eller fasta partiklar i en gas. Ibland för-
enar sig ett antal molekyler och bildar strukturer i samma storleksordning 
som kolloida dispersioner. Till exempel formar tvålmolekyler så kallade 
miceller i vatten. Sådana system kallas associationskolloider. 

Kolloida partiklar uppvisar alltid slumpmässig termisk rörelse och kolli-
derar med varandra i dispersionsmediet. Växelverkan mellan partiklarna i 
dessa kollisioner avgör deras stabilitet, vilket är väldigt viktigt i många indu-
stribrancher såsom keramik, hygienprodukter, färg och pigment. I ett stabilt 
kolloidialt system står partiklarna emot koagulering och flockulering. Stabi-
liteten beror på balansen mellan de repulsiva och attraktiva krafter som upp-
står mellan partiklarna när de kommer nära varandra. Det finns två huvud-
metoder som kan användas för att stabilsera kolloider och de visas schema-
tisk i Figur 23. Vid elektrostatisk eller laddningstabilisering har partiklarna 
positiv eller negativ laddning på ytan och de repellerar varandra. Steriskt 
stabiliserade partiklar beläggs istället med ett material, vanligtsvis en poly-
mer, som motverkar att partiklarna kommer nära varandra. 

 
Figure 23. . Schematisk illustration av elektrostatiskt respektive steriskt stabiliserade 
kolloider i (a) och (b). 
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Anisotropiska kollodiala partiklar har stor praktisk relevans och betydel-
se. Deras orientering i en vätska har en avsevärd inverkan på fysikaliska och 
optiska egenskaper hos slutprodukten. De uppvisar en variation av faser med 
riktnings- och positionsordning som ligger mellan de man ser hos vätskor 
och kristallina material. Anisotropiska kollodiala material kallas ofta flytan-
de kristaller eller mesofaser. I den nematiska fasen till exempel, existerar 
bara riktningsordning, medan partiklarna i en smektisk fas uppvisar både 
riktningsordning i någon mån och positionell periodicitet. I den kolumnära 
fasen ordnar sig partiklarna i en regelbunden tvådimensionell kristallin struk-
tur. 

Forskningen i denna avhandling fokuserar på flödesinducerad ordning i 
olika typer av dispersioner med anisotropiska plattliknande partiklar. Flödes-
inducerad ordning i praktiskt användbara geometrier har studerats med hjälp 
av röntgendiffraktion med synkrotronstrålning samt med neutronspridning. 
Potentialen hos dessa tekniker ligger i att de gör det möjligt att se inuti mate-
rial, och tillåter studier av prover med relativt stor volym. En högfokuserad 
röntgenstråle gör det möjligt att med stor upplösning utforska hur disperge-
rade partiklar uppför sig i olika flödesgeometrier. Neutronspridning är en 
kraftfull teknik för att studera individuella komponenter i en blandning, då 
väte och deuterium växelverkar mycket olika med neutronstrålen. Man kan 
därför variera andelen H2O och D2O i dispersionsmediet och därigenom se 
valda delar av dispersionen. När partiklarna är slumpmässigt ordnade blir 
diffraktions- och spridningsmönstren isotropiska. Om det finns föredragna 
riktningar i materialet ger det upphov till anisotropi, vilket kan kvantifieras 
med ordningsparametrar. För monokristallina plattliknande partiklar kan den 
kristallina orienteringen beskrivas genom dess kristallografiska riktning 001, 
vilken är vinkelrät mot dess större yta. Diffraktions- och neutronspridnings-
mönster ifrån slumpmässigt orienterade respektive linjerade plattliknande 
partiklar visas schematiskt i Figur 24 och Figur 25.   
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Figure 24. . Slumpmässigt orienterade plattliknande partiklar (a) ger upphov till 
isotropiska diffraktions- och spridningsmönster, (b) respektive (c). Pilarna i (a) indi-
kerar normalen till partiklarnas 001 plan. 

 
Figure 25.  Föredragen orientering hos de plattliknande partiklarna i (a) ger upphov 
till anisotropi i diffraktionsringen för 001 planet, vilken uppkommer ifrån partiklar-
nas platta yta. Spridningsmönsten i (b) och (c) blir elongerade då partiklarna är ori-
enterade i denna riktning. Den inducerade anisotropin i mönstren gör det möjligt att 
uppskatta linjeringen hos partiklarna. Pilarna i (a) indikerar normalen till partiklar-
nas 001 plan. 

I dessa studier har olika geometrier använts. Till exempel en rörledning 
som ger ett icke-uniformt skjuvningsfält, en motstående jet-flödesgeometri 
som ger ett förlängningsfält i området mellan två utlopp och en konformad 
geometri som ger en kombination av skjuvning och förlängning. Kaolinitpar-
tiklar som är diskformade med en diameter i storleksordningen 1-2 µm, och 
med en tjocklek mindre än 0.1 µm linjerades vid flöde i en likformig rörled-
ning. För att bibehålla flödet måste energi kontinuerligt tillföras systemet. 
Graden av linjering ökar betydligt när denna energi är mycket större än den 
termiska energin. Partiklarna behåller sin linjering längs hela rörledningen. I 
motsats till skjuvningsflöde, så linjerar en annan typ av partiklar upp sig 
under väldigt små förändringar i förlängningstöjning, cirka 6 s 1. Töjande 
förändringar i storleksordningen 16 s 1 har även inducerat betydande linje-
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ring av plattliknande nickelhydroxidpartiklar med en genomsnittsdiameter 
cirka 10 gånger mindre än kaolinitpartiklarna. I en konformad geometri ger 
kombinationen av förlängnings- och skjuvningstöjning uniformt linjerade 
partiklar tvärs över rörledningen, medan linjeringen inte är enhetlig över 
ledningen vid enbart skjuvningstöjning i en likformig rörledning. Studien 
tyder på att effekterna av förlängningstöjning är mer betydelsefulla än skjuv-
töjningen för inducerad ordning. 
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