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Abstract

The aim of this work was to explore the potential of a combined rheology and X-ray scatter-

ing approach on complex fluids. Shear rates between 0.9 · 105 s−1 and 5.6 · 105 s−1, which are

magnitudes higher than found in classical rheometry studies, were applied to a suspension of

colloidal silica nanoparticles by a microfluidic jet device. Characteristic structure formation was

studied along and across the flow direction with small angle X-ray scattering. The anisotropy

of the diffraction patterns was evaluated by X-ray cross-correlation analysis. Furthermore, the

decay of the shear-induced ordering after the cessation of the shear was quantified.

With particle sizes of r = 15nm-76.5nm Péclet numbers of 1 to 1162 were investigated, a dy-

namic regime where diffusive motion is dominated by shear-dominated dynamics. For different

Rayleigh nozzle sizes and geometries characteristic decay times between 25 µs and 495 µs were

measured and correlated with the Péclet number of the system.

The influence of electro-static forces was investigated by adding salt to the colloidal suspension,

which reduced the overall ordering. The impact of the particle charge on the effective screening

of the particles and the ionic strength of the suspension were explored.

By modeling string-like particle distributions and comparison with the corresponding diffrac-

tion patterns and the measured shape asymmetry, it was possible to determine a variation of

the volume fraction over the azimuthal angle of ≈ ±5% for the maximum ordered state in the

jet. This interpretation was in good agreement with rescaled mean spherical approximation

modeling.
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Zusammenfassung

Ziel dieser Studie war die Untersuchung komplexer Flüssigkeiten mit kombinierten Rheologie-

und Röntgen-Streuexperimenten. Anders als mit klassischen Rheometern wurden hier Scher-

raten von 0.9 · 105 s−1 bis 5.6 · 105 s−1 mit Hilfe von mikrofluidischen Jetsystemen auf die

Proben ausgeübt. An verschiedenen kolloidalen Silicapartikeln in Wasser wurde eine rich-

tungsabhängige Strukturbildung entlang der Flussrichtung und quer über das Jetprofil hinweg

mit Röntgen-Kleinwinkelstreuung beobachtet. Analysiert wurden die gemessenen anisotropis-

chen Streubilder anschließend mit Hilfe von Kreuzkorrelationen. Mit dieser Technik wurde das

Abklingen der scherinduzierten Partikelanordung im Jet quantifiziert.

Ein Zusammenhang konnte zwischen dem Verschwinden von Ordnung mit wachsendem Ab-

stand zur Düse und der Péclet Zahl des Systems festgestellt werden. Mit Partikelgrößen r =

15nm-76.5nm wurden Péclet Zahlen von 1 bis 1162 untersucht, was einem Bereich entspricht,

in dem diffusiver Transport von scherinduzierter Dynamik dominiert wird. Rayleigh Düsen un-

terschiedlicher Größen und Geometrien zeigten charakteristische Abklingzeiten zwischen 25 µs

und 495 µs.

Der Einfluss elektrostatischer Kräfte auf das System wurden unter der Zugabe von Salz zu den

kolloidalen Suspensionen studiert. Im Allgemeinen wurde eine Verringerung des Ausmaßes an

Ordnung im System beobachtet, wobei die Auswirkung der Ladung pro Partikel auf die effek-

tive Abschirmung sowie unterschiedliche Ionenstärken der Lösungen untersucht wurden.

Am Ende wurden schnurartige Partikelanordungen mit ihren dazugehörigen Streubildern mod-

eliert, welche mit den experimentellen Daten vergleichbar waren. Dadurch wurden Variationen

des Volumenanteils über den Azimuthalwinkel der Streubilder um ≈±5% für Positionen max-

imaler Ordung im Jet festgestellt. Bestätigt werden konnte dieses Ergebnis mit Resultaten die

mittels der Rescaled-Mean-Spherical Approximation (RMSA) erzielt wurden.
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Index of abbreviations

SAXS small-angle X-ray scattering

XCCA X-ray cross-correlation analysis

DLVO theory Derjaguin, Landau, Verwey and Overbeek (1940) theory

RMSA rescaled mean spherical approximation

q wave vector transfer

I(q) scattered intensity

F(q) form factor

S(q) structure factor

ε(d,h) intensity asymmetry

var(q0)(d,h) shape asymmetry

ξε (t) decay of the intensity asymmetry

τε characteristic decay time of the intensity asymmetry

ϕ azimuthal angle

γ̇ shear rate

τ shear stress

µ viscosity

D0 diffusion coefficient

Pe Péclet number

c volume fraction

d axis perpendicular to the jet

h axis along the jet

v jet jet velocity

d jet jet diameter
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Chapter 1

Introduction

A combination of rheological studies with time-resolved light scattering techniques provides

the opportunity to study shear-induced distortion of microstructures in liquids. Complex fluids

such as colloidal suspensions are of peculiar interest, as foams, gels or dispersions became part

of the every day life. This thesis focuses on the microscopic particles ordering in liquids under

strong shear forces, which were deployed by liquid micro-jets, and the effects of shear on col-

loidal system after the cessation of the shear forces.

The control of complex fluid sample systems by microfluidic jet devices has become of in-

creasing scientific and technological interest in the last decades, especially at Free Electron

Laser facilities (FEL)1–5. The applications include the production of supercooled liquids by

evaporative cooling of µm-sized droplets6–8 and sample delivery schemes for materials sensi-

tive to radiation damage9–11. Free flowing jets as sample environment have the advantage of a

self-refreshing sample and lack of solid boundaries, but small sample volumes often dictate low

flow rates and therefore µm-thin jets.

The shear rates observed in microfluidic environments are in the regime of γ̇ ≈ 105 s−1 and

thus several orders of magnitude higher than in conventional rheometer geometries12,13. How-

ever, studies of the influence of shear within the nozzles or the gas environment of the jet

are rare14. Higher shear typically leads to more pronounced structure development15,16 and

therefore has to be taken into consideration for time-dependent and complex samples such as

biological molecules that are measured in the flow of a liquid jet. Also in spectroscopy the

onset of structure formation may influence the measured signal17. In ultra-thin liquid sheets or

flat-jets infrared and soft X-ray spectroscopy becomes possible despite the strong absorption

in this regime18, but the small number of molecules in thin jets are especially susceptible to

shear-induced alterations in the concentration distribution.

In many liquid jet applications the influence of shear on the studied particles or molecules

is typically disregarded. In order to show the effects of shear, different designs of Rayleigh jet
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devices19 were studied in this work. Unlike Gas Dynamic Virtual Nozzles20,21, where a gas

flow envelops a liquid jet and compresses it, in Rayleigh jets the shear is due to the flow profile

inside the nozzle. Rayleigh jets are formed upon the rapid exit of a fluid from a nozzle, followed

by the subsequent break-up into droplets. In order to obtain a more detailed understanding of

time- and space-resolved rheology of colloidal dispersions in a Rayleigh jet, small angle X-ray

scattering (SAXS) was applied. A µm-sized beam scanned along a several micrometer thick

liquid jet and shear-induced ordering of colloidal particles into co-flowing strings could be ob-

served. In general, the formation of co-flowing layers and hydroclusters is due to imbalances

between hydrodynamic and thermodynamic forces, which are associated with shear thinning

and thickening processes22–24. However, the influence of jet geometries and the magnitude of

shear rates on structure formation remains an open question.

This thesis is organized as follows: A general overview of rheometers, complex fluids and

flow dynamics is given in chapter 2. Chapter 3 introduces X-ray scattering techniques and anal-

ysis tools such as cross-correlation techniques. In chapter 4 the setup and sample systems used

for two different experimental campaigns are described and experimental results are presented

in chapter 5. Influences on the electro-static potential of the colloidal system are discussed in

chapter 6. Chapter 7 contains a simulation approach for string-like particle arrangements in a

jet and all conclusions and an outlook are summarized in chapter 8.
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Chapter 2

Rheology in jetting systems

Rheology, the greek translation for the ’science of flow’, describes the deformation of liquid

and solid materials. First significant studies extending beyond irrigation and other hydrostatic

systems were performed by Robert Hooke and Isaac Newton in the 17th century.

Hooke observed the linear relationship between applied force and the corresponding defor-

mation for elastic materials25. The proportionality constant between those two properties is

a material specific parameter known as viscosity. In accordance with Hooke’s work, New-

ton’s three laws of motion allow for mathematical descriptions of the relation between applied

stress and material deformation26. The term rheology27 appeared over 200 years later, when the

chemist Eugene Bingham and the engineer Markus Reiner started an interdisciplinary coopera-

tion to study different types of deformation and flow mechanics in 1920.

Today rheology has become a standard technique in soft matter physics. Rheometry studies

are employed for a wide range of industrial applications, e.g. jet printing28–30, drug delivery

and food processing31,32 or engineered materials33–35.

2.1 Rheometer advancements

A requirement for the deformation of materials is the existence of stress, which can have me-

chanical or thermal causes. Pressure applied perpendicular to the cross-section of the material

stretches or compresses the material. If the stress is applied parallel to the cross-section, the

material is sheared. In Newton’s first experiments (Fig. 2.1) a fluid was trapped between two

plates, where the upper plate is moveable. Shear stress τ is then defined as the ratio between

applied tangential force F and the area of the cross-section A between material and force. With

a constant viscosity µ , in other words a temperature and stress independent resistance against

deformation, the velocity profile is linear between the plates and one obtains

τ =
F

A
= µ · du

dy
= µ · γ̇. (2.1)
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Equation 2.1 yields [µ] = kg
m·s as unit for viscosity*. More frequently used is mPa · s, which

sets the viscosity of water (at room temperature) to 1mPa · s, making it easy to compare to for

example ethanol (µ = 1.19mPa · s), engine oil (µ ≈ 100mPa · s) or honey (µ ≈ 104 mPa · s). The

derivative of the velocity perpendicular to the direction of movement from the plate is called

shear rate with36 [γ̇] = s−1. Multiple concepts have been developed since Newton’s experiment

to measure shear force and viscosity in order to understand inner friction and the cohesive

attraction of molecules that influence deformation and flow behavior. In general, there are three

viscometer types to be distinguished: capillary, extensional and rotational viscometers. Usually

these devices are equipped for temperature control and further flow conditioning, thus they are

called rheometers.

Figure 2.1: Two parallel plates with a fluid between them37 illustrate the definition of shear

stress τ and shear rate γ̇ .

2.1.1 Capillary rheometer

In a capillary rheometer pressure is applied on a fluid in a reservoir. On the bottom of the

reservoir a capillary of length l and radius r is connected. For fluids of constant viscosity µ and

laminar flows (no turbulences), also called Newtonian fluids, the pressure drop ∆P in capillaries

is describes by the Hagen-Poiseuille equation:

∆P =
8µlQ

πr4
. (2.2)

By measuring the flow rate Q corresponding to the applied pressure difference ∆P, µ of highly

viscous fluids can be determined. However, as shear stress is a derivative of the fluids velocity,

the velocity profile in the capillary does not develop spontaneously. Therefore, the capillary has

to be sufficiently long and narrow. To reach the equilibrium condition for a laminar flow, the

applied pressure has to be balanced with the shear forces on the inner walls of the capillary38:

dP

dx
·∆xπR2 = 2πτR∆x, (2.3)

with 0 ≤ R ≤ r and x the axis of the capillary. The shear stress profile as shown in Fig. 2.2 is

then given by

*The term ’viscous’ was derived from the slow flowing juice of mistletoe berries (lat. viscum).
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plates. By measuring the tensile force Ft that is needed to pull the two plates apart, as well as

the minimum filament radius R f of the fluid between the plates, a stretching viscosity µs can be

determined as43,44

µs =
Ft

πR2
f ε̇0

− σ

R f ε̇0
. (2.8)

The second term reflects the contribution of surface tension σ . The velocity gradient throughout

the filament is a constant equalling the stretching rate ε̇0, which denotes an equal distribution of

the stress in the fluid filament. For Newtonian fluids the ratio between stretching viscosity µs

and shear viscosity µ , generally known as Trouton number44, becomes µs/µ =3. †.

A third option for flow mechanic measurements are rotational rheometers. As shown in Fig. 2.3

a typical setup consists of two molds with the sample in between. One of the molds rotates at a

given velocity and thereby applies a torque to the sample. Viscosities are determined by control-

ling sample volume and rotation velocity. Shear rates in a very wide range from γ̇ ≈ 10−4 s−1

(sedimentation) to γ̇ ≈ 103 s−1 can be reached with different molds.

Low viscosity liquids require larger surface area and smaller gap size between molds than highly

viscous fluids in order to apply shear forces and avoid turbulences. Most common are plate-

plate, plate-cone and couette (cup-bob) geometries. One advantage of the plate-cone over the

plate-plate geometry is the homogenous shear velocity throughout the sample, while the couette

geometry applies shear perpendicular to gravitation and is therefore more suitable for sediment-

ing samples. Additionally to steady one-directional rotation sinusoidal oscillatory deformation

of the sample can also be performed in order to obtain the stored energy of the system as well

as energy expended for heat generation46.

Figure 2.3: Plate-plate, plate-cone and couette geometry for rotational rheometers.47

†Further influences of gravity on the stress generated by the deformation of the liquid, the velocity field or

the orientation of polymer chains has been part of the Extensional Rheology Experiment (ERE) of the NASA in

200045.

13



2.2 Complex fluids

Both Hooke’s and Newton’s studies on solids and liquids described idealistic responses to stress.

So-called Newtonian fluids show a linear relation between shear stress and shear rate. Further-

more, no shear stress is observed at shear rate γ̇ = 0. However, a large number of materials

show a behavior different from these predictions. Hence those liquids showing temperature

or stress dependent deformation are called non-Newtonian liquids. These phenomena are of-

ten observed in colloidal suspensions such as corn starch in water, ketchup, yogurt, blood or

toothpaste, where particles of any phase are suspended in another medium22.

2.2.1 Non-Newtonian fluids

Classical deviations from Newtonian fluid behavior are shear-thickening fluids (dilatant), shear-

thinning fluids (pseudo-plastic), time dependent viscosity fluids and Bingham fluids. Shear-

thickening materials follow a power law and show increasing viscosity with rising shear rate

(see Fig. 2.4). The opposite phenomena of shear-thinning is the decrease of viscosity with

rising shear rates.

Figure 2.4: Plotted is the shear stress τ over the shear rate (adapted from reference [48]). In

violet the linear behavior of Newtonian fluids is shown. For comparison, the power law behavior

for shear-thickening (green) and shear-thinning fluids (blue) is plotted together with the offset

linear behavior of Bingham plastics (yellow).

For shear-thickening and shear-thinning equation 2.1 is modified to

τ = µ ·
(

du

dy

)n

(2.9)

with n > 1 for shear-thickening and n < 1 for shear-thinning fluids. The change in flow dy-

namics originates from intermolecular interaction. Within the scope of this thesis colloidal

suspensions were studied with special attention to the influence of particle sizes, shapes, size

distributions and volume fractions on these interactions.
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On the molecular level one of the driving forces for repulsion and attraction between parti-

cles was first described by J. Van der Waals. Van-der-Waals forces49 describe the attraction

between two particles due to the induced dipoles. These dipoles are not permanent but tempo-

rally fluctuations of the electron density close to the particles. The potential V decreases fast

with increasing distance r:

VvdW ∝ − 1

r6
. (2.10)

The concept was extended to macroscopic objects in the Hamaker theory50 by adding up all

forces between the molecules of two macroscopic objects, assuming that the interactions may

be treated independently. As a consequence the dependence on the distance r in the van-der-

Waals potential is reduced to r−2 for colloidal systems.

In order to counteract van-der-Waals forces that drive agglomeration and subsequent sedimen-

tation, colloidal suspensions need to be stabilized. The most frequent mechanisms are steric or

electro-statical stabilization. In steric stabilization ligands on the surfaces of the particles act as

a compressible spacer leading to repulsive interactions at close particle distances. For instance,

thin polymer layers are often used to prevent the particles from sticking together and the volume

fraction of a dispersion may determine the state of the phase diagram51 of hard sphere particles.

For hard spheres, ionisable groups on the surface or polar solvents, electro-static forces pro-

hibit the overlap of particles at distance r smaller than the particle radius R. The potential for

charged particles is given by the Yukawa52 (screened-Coulomb) potential

Ves ∝

{

∞ , r ≤ 2R

− exp−κDr
4πε0Err

, r > 2R .
(2.11)

with κD the Debye parameter, which defines the screening length with κ−1
D . ε0Er denotes an

effective permittivity of the electrolyte solution from both solvent molecules and ion contri-

butions53. The range of the Yukawa potential is longer than the van-der-Waals potential, and

therefore dominates long-distance particle-particle interactions. The resulting potential from

both van-der-Waals forces and electro-static stabilization is described in the Derjaguin-Landau-

Verwey-Overbeek theory (DLVO)54. The total potential for colloidal systems as shown in

Fig. 2.5 is composed of the attractive van-der-Waals potential and the repulsive electro-static

potential. Additionally, a restriction of overlap for hard sphere particles and a repulsion at small

distances r due to a double-layer of counter-ions on the surface of each particle is considered in

the Born potential. The resulting Vtotal features two minima with an energy barrier in between.

Once a particle has passed through the barrier it will fall into the primary minimum at small r

and the particles will agglomerate.

Experimental verification of the theory and measurements of average particle-particle distances
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Figure 2.5: The DLVO theory considers attractive and repulsive interaction between particles

into a resulting potential Vtotal
55.

became accessible with the development of light scattering techniques. First light scattering

experiments on shear-thickening and shear-thinning materials were performed in the 1970s,

showing that particle-particle interactions are an insufficient explanation for non-Newtonian

fluid dynamics56. The particles of a colloidal system not only interact with each other, but

also with the medium they are dispersed in. Therefore, the movement of randomly fluctuating

particles (Brownian motion) in an incompressible liquid affects the local flow field around each

particle, resulting in long range hydrodynamic interaction57. The interaction is described in the

Stokes equation, a variation of the Navier-Stokes equation58 for viscous liquids without inertia.

For single particles in an incompressible liquid their motion fluctuates randomly dependent on

the thermal energy of the system. The diffusion coefficient D0 is defined by the thermal energy

kBT , the liquid’s viscosity µ and the particle’s hydrodynamic radius RH :

D0 =
kBT

6πµRH
. (2.12)

Therein the timescale for particle displacement in Brownian motion is given by R2
H/D0 to move

in the range of the particle’s radius. In rheological studies15 the relation between diffusion and

shear rate is given by the Péclet number Pe:

Pe =
γ̇R2

H

D0
. (2.13)

This dimensionless number is used to assess the impact of shear stress on a colloidal suspension

with respect to Brownian motion. Systems with small Péclet numbers Pe ≪ 1 are dominated by

diffusive dispersion. At Pe ≥ 1 thermal fluctuations cannot overcome the stress-induced parti-

16



cle ordering anymore, so shear-thickening and shear-thinning may occur when the equilibrium

between attractive van-der-Waals forces and repulsive stabilization forces is changed from dif-

fusion to advection by applied stress.

Shear-thinning fluids undergo a phase separation, forming layers that have less interparticle

interaction leading to a reduced viscosity under shear stress. For long polymer chains also dis-

entanglement may cause less interaction through ordering of the chains in the flow23,59.

In case of shear-thickening hydrodynamic forces become dominant under stress and the par-

ticles suspended in the solvent begin to flocculate, they form flakes called hydroclusters and

behave more solid than liquid22,60. A sketch of these mechanisms including corresponding mi-

crostructures is shown in Fig. 2.6 for a sample liquid. The change may occur between only two

or all three phases, as indicated here from equilibrium to layer formation to cluster formation at

rising shear rates.

Figure 2.6: Micro structures in colloidal suspensions with shear-thinning and shear-thickening

represented by string-like structures and hydroclusters, respectively.22

Shear-thinning allows blood to be pumped easily through veins and arteries. In case of injury,

the blood pressure lessens and the higher viscosity of blood in equilibrium slows down the blood

loss. Next to medical interests, further potential applications in manufactured materials include

paints which are easy to spread under the pressure of a brush but do not drip when the brush

is lifted. Furthermore, the avoidance of shear-thickening is of great interest for the concrete in-

dustry so that congestion in pipes can be reduced61. An application for strong shear-thickening

effects is found in protective clothing producing companies who research possibilities of a liq-

uid armor hardening fast under powerful impacts62,63.
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2.2.2 Shear of non-Newtonian fluids in a pipe

For Newtonian fluids the shear rate γ̇ in a pipe is defined only by the flow rate Q and the

pipe radius R (see equation 2.7). Non-linear viscosity of non-Newtonian fluids necessitates

corrections to the shear rate γ̇nN as mathematically described by the Rabinowitch equation64:

γ̇nN =
4Q

πR3

(

3

4
+

1

4

d ln(Q)

d ln(τwall)

)

= γ̇

(

3

4
+

1

4

d ln(Q)

d ln(τwall)

)

. (2.14)

For power law fluids as described in equation 2.9 the derivative becomes

d ln(Q)

d ln(τwall)
=

1

n
. (2.15)

Thus, the Rabinowitch equation 2.14 can be written as

γ̇nN =
4Q

πR3

3n+1

4n
. (2.16)

Beside the shear rate also shear stress τ might differ for non-Newtonian fluids. In short pipes

(L/2R < 100) the transition from the afflux (Fig. 2.7 a) into the narrow part of the pipe can

lead to elastic deformation of the fluid as shown in Fig. 2.7 b. In the Bagley correction (equa-

tion 2.17) the pipe length and pressure drop in the system used for equation 2.4 have to include

an empirical value e for the additionally entrance pressure:

τwall,nN =
∆P

2(L
R
+ e)

. (2.17)

Consequently, the viscosity of non-Newtonian liquids is given by

µnN =
γ̇nN

τwall,nN

. (2.18)

Figure 2.7: a) Afflux from the broad part of the tube into a capillary/microtube. b) Narrow-

ing at the tube entrance can lead to elastic deformation of the fluid in front of the microtube.

Consequently, an additional entrance pressure term for the shear stress64 has to be taken into

account.

18



2.2.3 Bingham plastics and shear history

Another example for a non-Newtonian fluid is the Bingham plastic named after Eugene Bing-

ham65. While the viscosity under shear grows linearly, an initial yield stress τ0 has to be reached

before the solid or elastic material becomes a liquid and flows. For such fluids equation 2.1 has

to be modified to

γ̇ =

{

0 , τ < τ0

τ−τ0
µ , τ ≥ τ0.

(2.19)

Bingham plastic behavior occurs due to the break-up of weak solid phases often present in mud

or slurries. The laminar flow for such materials is described in the Buckingham-Reiner equation

and plays an important role in drilling engineering66,67.

Beside the yield stress also the influence of shear history may define a non-Newtonian liq-

uid. Time-dependent viscosity appears in shear-thinning and shear-thickening fluids, named

thixotropy and rheopexy, respectively. Unlike the immediate effects of van-der-Waals or elec-

trostatic potentials, other interparticle interactions like chemical bonds do break (or form) only

after prolonged stress exposure. The reversal process after removal of the shear stress also takes

time to reset into the equilibrium state. The time frame of studied thixotropic and rheopec-

tic materials ranges from seconds to weeks68. At such long time scales the terms liquid and

solid become transient as they depend on the observation time. For a characterization of the

transition between solid and fluid the Deborah number27 De was implemented. Low numbers

De = time of relaxation
time of observation imply a more liquid than solid material, but even the very slow creep of

granite69 may be called liquid behavior when observed for a very long time.

2.3 Liquid micro-jets

Liquid jets are, beside from their use as capillary rheometers, common in nature and industry.

We encounter them in kitchen taps and medical injections, ink jet printing, fuel injection or

high-pressure cleaning systems. Knowledge of the liquid as well as the jetting system allows

for precise control, tuning the emitted liquid from sprays to droplets or jets in the range from

centimeter to a few micrometers. After the liquid leaves the nozzle tip and enters a free-flowing

state, three different regimes are distinguished: The dripping regime, jetting regime and spray.

At very low flow rates the liquid will leave the nozzle tip as a continuous stream of droplets.

In order to enter the jetting regime characterized by the jet length LB before the break-up into

droplets occurs, the flow has to exceed a minimal velocity vmin (see Fig. 2.8). At low jet veloci-

ties the jet will flow laminar with increasing jet length. For high v jet more and more pertubations

will occur and the flow will become turbulent. In this transition from jetting regime to spray

the jet length will first decrease and later increase again together with the emergence of small

satellite droplets, which characterizes the atomization of the liquid.
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Figure 2.9: Photography of a liquid jet by Lord Rayleigh. He demonstrated the fast time scales

accessible by the newly developed concept of photography by showing droplet break-up, which

is too fast for the human eye.71

the jet. With different nozzle sizes and gas pressures the jets can be tailored for high veloci-

ties72 of 100m/s or for small droplets that reach supercooled liquid states down to ≈230 K due

to evaporative cooling6.

a) b) c)

Figure 2.10: a) Application of a liquid jet sample environment for serial femtosecond crystal-

lography (SFX) at an XFEL (CXI instrument, LCLS)73,74. b) Schematic for the jet generation

from a GDVN and c) photography of an GDNV (adapted from reference [75]).

In view of these properties, jetting systems have become a common feature at free electron

laser (FEL) facilities and other synchrotron light sources. Radiation sensitive materials such as

biomolecules can only be exposed to the intense X-rays for a short time before damage occurs.

The advantage of liquid jets as sample delivery systems is their self-refreshing property, where

each light pulse hits a new droplet or fresh jet segment. Structural information of the sample

is then contained in the scattered light of a single pulse and destruction of the small affected

sample volume due to heating and radiation damage happens after the FEL pulse1,2,76. Further-
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more, measurements on samples in liquid jets are nearly background-free and emulate natural

dynamic environments. However, in order to correctly interpret information from samples car-

ried in a liquid jet, influences on and from the carrier medium like the driving force for droplet

formation or liquid-gas interactions after the nozzle exit14 need to be well understood.

2.3.2 Droplet formation

Precise droplet sizes and droplet emittance frequencies are a requirement for experiments with

low sample volumes or for synchronization of droplets and FEL pulses, where each X-ray pulse

is matched with one droplet. In order to achieve a controlled system, piezo-electric material is

fitted around the nozzles74. Voltage signals prompt the expansion and contraction of the mate-

rial and induce interfering waves in the liquid inside the nozzle, leading to fast droplet emittance

from the orifice.

Mechanisms of the jet break-up into droplets and predictions of the jet length LB for which

the jet stays stable were studied since the 19th century77. According to Savart, break-up of a

jet will occur independent of direction or external forces. It is a spontaneous effect of small

pertubations that result in a gain of surface energy. This energy drives the amplitude of the

perturbation until the surface curvature is small enough for surface tension to trigger a break-up

between the main fluid mass and a droplet. Perturbations or jet instabilities may for example

arise from velocity differences between the jet and its surroundings.

The surface tension σ is the result of cohesive forces. Local variation of the electron distri-

bution of the liquid leads to attraction between the molecules. A well known example for this

behavior are hydrogen bonds between water molecules78. Each H2O molecule can form up to

four hydrogen bonds to neighboring molecules and the strong cohesive force of the bonds en-

sure the liquid’s high surface tension. Molecules at the surface lack a bond partner at one side

and therefore are pulled inward. This creates an internal pressure and forces liquid surfaces to

contract this area A in order to minimize the surface energy E:

∆E = σ∆A. (2.20)

The importance of viscous forces in relation to surface tension can be quantified by the dimen-

sionless Ohnesorge number Oh

Oh =
µ√
ρσL

=

√
We

Re
∼ viscous forces√

inertia · surface tension
. (2.21)

It entails the liquid density ρ and the typical length scale L (e.g. jet diameter) and may also be

expressed through the Weber number We and the Reynolds number Re. Thereby, We is defined

as the ratio of kinetic energy of a drop to the surface tension:
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We =
ρr0u2

σ
. (2.22)

It is a measure of growth of the perturbation in the jet with r0 the radius of the unperturbed jet

and u the mean jet velocity. The Reynolds number Re

Re =
ρr0u

µ
. (2.23)

is a measure for fluid friction at boundary layers which leads to turbulent flows such as eddies

and vortices. Laminar flow occurs at low Reynolds numbers, where viscous forces are dom-

inant, while turbulent flow occurs at high Reynolds numbers (≫ 1000) and is dominated by

inertial forces79.

While the ’science of flow’ has been studied intensively since its beginnings in the 17th cen-

tury, even today a complete comprehension of the makeup of complex liquids remains missing.

High resolution studies on microstructures of for instance colloidal suspensions become only

possible with the high performance capabilities of modern X-ray sources and are therefore the

aim of this work.
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Chapter 3

X-ray scattering

The first work awarded with a Nobel prize in physics in 1901 was the observation and study of

X-rays by Wilhelm Conrad Röntgen from 1895. Röntgen observed light emission from charged

particles abruptly slowed down by hitting an anode in a partially evacuated tube80. The un-

known emission was named ”X-rays” and the name remained when later studies characterized

it as electromagnetic radiation. Characteristic wavelengths are between 0.1Å and 100Å where

the radiation is distinguished from gamma rays only through its origin. While gamma rays are a

byproduct of radioactive decay, X-rays originate from Bremsstrahlung or electroluminescence.

Here, Bremsstrahlung is a continuous spectrum emitted due to the energy loss from scattering a

charged particle by an atom or molecule. If during the scattering process an electron is ejected

from the inner shell of the atom, electrons from a higher energy level fill the vacancy. The en-

ergy difference is then emitted in form of characteristic X-ray radiation in a discrete spectrum.

Already in the late 19th century the practical applications of the newly found X-ray radiation

in the medical field were realized. The short-wavelength radiation penetrates material depen-

dent on the atomic number, which enables photographic recordings that distinguish bone or

non-biological matter such as metal bullets from soft tissues. The first proof-of-principle pho-

tograph showed Röntgen’s wife’s hand with a ring, which initiated a rapid development of X-ray

diagnostics.

Today modern 3rd generation storage ring sources and free electron lasers (FELs) produce X-

ray pulses with up to multiple keV photon energy81. These sources enable the determination

of structures at the wavelength of the X-ray, which is several magnitudes smaller than with any

other visible light microscopic technique.

3.1 Interaction with matter

The interaction between X-ray photons and atoms or molecules is governed by multiple pro-

cesses. Depending on the initial energy of the photon, it may scatter or ionize the target mate-
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All absorption processes strongly depend on the wavelength λ of the incident X-ray photons

and the material. With Z the atomic number describing the quantity of protons in the nucleus,

the decrease of intensity due to absorption is expressed by the Lambert-Beer law

I = I0 · e−µdm , (3.4)

with I0 the initial intensity, dm the thickness of the material and the absorption coefficient µ

proportional to Z4λ 3.

3.2 Small-angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) is a technique for characterizing sub-micrometer struc-

tures in materials83. Due to the typical wavelength of X-rays and the detection under an angle

below 5◦, structural information in the range of 1-100nm in size are typically accessible. The

technique relies on density differences revealed via elastic scattering in transmission geometry

and can be used to identify particle sizes and shapes as well as particle distributions or localized

structural order.

3.2.1 Form factor

When light is transmitted through a sample volume, the scattering by atoms and molecules will

lead to an intensity distribution I along the wave vector transfer ~q. The intensity is defined by

the product of the scattered wave amplitude A and its complex conjugate A∗:

I(~q) = A(~q)A∗(~q). (3.5)

For scattering of objects with a density difference ∆ρ to the surrounding material and an object

volume Vp the intensity is given by

I(~q) = ∆ρ2V p
2 |F(~q)|2 . (3.6)

Therein, the form factor F(~q) represents a measure of scattering amplitude. F(~q) consists of a

Fourier transformation of the spatial electron density distribution from real space into reciprocal

space. The transformation means that broad distributions of the sample in real space produce

small distributions and a fast decay of F(~q) in reciprocal space. Assuming single scattering

events in Born approximation as well as a far-field approximation, i.e. a sample-detector dis-

tance is much larger than the sample size, the scattering from electrons at position~r is

F(~q) =
∫

V
ρ(~r)e(i~q~r) d~r. (3.7)

In the framework of this thesis all scattering objects were colloidal systems of solid particles

dispersed in liquids. The form factor projects the morphology of the particles, it is therefore
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suitable to determine sample sizes and shapes. F(~q) can be calculated analytically only in

limited cases, for example for a single spherical particle of radius R, one obtains

F(~q) =
1

Vp

∫

Vp

e(i~q~r) dVp

=
∫ R

0

∫ 2π

0

∫ π

0
eiqr cos(θ)r2 sin(θ)dθ dφ dr

=
1

Vp

∫ R

0
4π

sin(qr)

qr
r2 dr

= 3

[

sin(qR)−qR cos(qR)

q3R3

]

.

(3.8)

The isotropic particle shape results in an isotropic ~q-dependence, i.e. F(~q) = F(q). As shown

in Fig. 3.2, the function yields F(q) = 1 at q = 0 and shows an oscillatory decrease to 0 at larger

q. The size of the oscillations is defined by the particle size. According to the Porod law the

spherical form of the particles is also indicated by the decrease of 1
q4 for F(q) at qR ≫ 1.

a) b)
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Figure 3.2: Form factor F(q) for a) different particle sizes r at p = 4% and b) high and low

dispersities p=
√

1
z+1 (cf. equation 3.10) for particles r = 13nm.

Beside morphology influences, also the size distribution within the scattering volume changes

the scattered intensity. With the particle size distribution function D(R) equation 3.6 becomes

I(~q) = ∆ρ2
∫

∞

0
D(R)V p(R)

2 |F(~q,R)|2 dR. (3.9)

With particle size R, mean particle size R̄ and z the spread in particle size the distribution can

be described via the Schulz-Zimm distribution84 as
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D(R) =

[

z+1

R̄

]z+1
Rz

Γ(z+1)
exp−(z+1)R

R̄ with

∫

∞

0
D(R)dR = 1. (3.10)

High dispersity suppresses the oscillations in the intensity (see Fig. 3.2 b). As all samples have

at least a slight distribution in the particle size and therefore a dispersity p =
√

1
z+1 6= 0, all

measured data shows a finite number of oscillations with minima larger than 0.

3.2.2 Structure factor

The formation of short-range order by inter-particle interactions has to be accounted for in

highly concentrated sample systems83. Therefore, SAXS analysis of the intensity distribution

from scattered light gets an additional component for samples with significant particle-particle

interaction. In those cases the structure factor S(~q) for spherical particles is not equal to 1 and

can be multiplied by the form factor in order to obtain the intensity:

I(~q) ∝ |F(~q)|2 ·S(~q). (3.11)

The structure factor as shown in Fig. 3.3 results in a change of the intensity distribution at

small ~q and becomes 1 for larger ~q. It relates to the probability of finding particles at a spe-

cific distance r from each other, which is summarized in the pair distribution function g(~r).

Oscillations in g(~r) show a pronounced first maximum which corresponds to a structural mean

inter-particle distance. The pair distribution is mainly determined by the potential V (~r) that

depicts the interaction between the particles85. The relation between g(~r) and V (~r) is given in

the Ornstein-Zernike equation86. Hitherto the structure factor

S(~q) = 1+ρ

∫

(g(~r)−1)ei~q~rd~r (3.12)

can be calculated for a few well defined potentials. Together with the Percus–Yevick approx-

imation as a closure relation a solution was found for hard spheres for 1-40vol% with the

concentration as the only variable87. For electro-statically stabilized systems a solution for S(~q)

was found88 in 1981 using the mean spherical approximation (MSA). Later the approximation

was refined into the rescaled mean spherical approximation89(RMSA) in order to avoid negative

contact distances for long-range interaction. The charged particles are described by a screened

Coulomb inter-particle potential (see equation 2.11), therefore their structure factor depends not

only on the volume fraction, but also on the particle’s effective charge, the permittivity of the

suspending medium and the ionic strength of the surrounding medium90. In Fig. 3.3 three struc-

ture factors calculated by RMSA are shown at concentrations 14vol%, 18vol% and 22vol%.
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Figure 3.3: Structure factor S calculated with the RMSA for three different particle concentra-

tions. The particle size was set to 15nm with a charge of 75e−, no salt, room temperature and

permittivity ε = 73.

3.3 X-ray cross-correlation analysis (XCCA)

As described in section 3.2.2, the structure factor contains information on the degree of short-

range order. However, S(q) only reveals particle-particle correlations as an average over the

illuminated sample volume. X-ray cross-correlation analysis (XCCA) has been developed to

overcome these limitations and for studying the dominating order in locally formed structures

of disordered samples91. High coherent flux and short exposure times are necessary to avoid

spatial and temporal averaging in the intensity distribution of the scattered light. Under the

conditions provided by modern X-ray sources the dynamic evolution of localized symmetries

in samples such as fast relaxing liquids can be observed by XCCA. Furthermore, the technique

can reveal intermediate steps of crystal growth by analyzing emerging Bragg reflections or de-

termine the degree of anisotropy in a scattering pattern92,93.

For XCCA the power spectrum of the intensity is calculated over the azimuthal angle ϕ in

order to obtain information on the bond-ordered structures of a sample:

∣

∣Îl(q)
∣

∣

2
=

∣

∣

∣

∣

∫ 2π

0
I(q,ϕ)eilϕdϕ

∣

∣

∣

∣

2

. (3.13)

Îl denotes the Fourier coefficients of I(q,ϕ), where l denotes the symmetry94. The correlation

function

C(q,∆) =
〈I(q,ϕ)I(q,ϕ +∆)〉ϕ −

〈

I(q,ϕ)2
ϕ

〉

〈

I(q,ϕ)2
ϕ

〉 (3.14)
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compares two intensities at the same q but with an angular difference ∆. Via the Wiener-

Khinchin theorem C(q,∆) is connected to the Fourier coefficients Îl(q) of I(q) by the power

spectrum

Ĉl =
∣

∣Îl

∣

∣

2
. (3.15)

3.4 Rheology experiments at X-ray sources

The combination of rheological studies with scattering techniques has been implemented in

the 1990s, when first small-angle neutron scattering (SANS) and SAXS experiments were per-

formed on sheared colloidal liquids95–97. Shear-induced ordering and shear distortion of mi-

crostructures in liquids were observed on hard sphere dispersions with rotational rheometers at

shear rates up to 103 s−1. Later on, structures of microgels98 and colloidal glasses13 were re-

solved and linked to their visco-elastic properties by observing nearest-neighbor configurations.

Transitions from liquid or gel-like states into crystallization12 has been studied as well as the

anisotropy of directionally dried colloids99.

In recent years synchrotron radiation facilities like PETRA III or ESRF have implemented se-

tups for combined SAXS and rheology studies100,101. Thereby, the facilities enabled standard-

ized experiments on ordering in colloidal crystals, dynamics in shear flows or shear-induced

deformation of complex liquids, for instance the alignment of hematite spindles in ferrogels102.

Possibilities for time-resolved studies, e.g. tracking the mobility of nanoparticles, has been

studied at the Advanced Photon Source (APS) at Argonne National Laboratory with X-ray pho-

ton correlation spectroscopy (XPCS) in combination with microfluidic devices103.

All experiments mentioned above have in common their method of applying shear with ro-

tational rheometers. In the frame of this work, SAXS studies on sheared systems in liquid

micro-jets104 are presented. Unlike the oscillatory flows provided by plate-plate or couette

geometry in classical rotational rheometers, micro-jets are working with the principle of cap-

illary rheometers59. Thereby, jets can reach shear rates of ≥ 105 s−1 and are thus suitable for

low viscosity liquids like colloids in water (µ ≈ 1mPa · s). Although the application of liquid

micro-jets for rheometry offers advantages for many fluid systems, liquid jets are today more

commonly found in sample delivery systems, which disregard possible shear-induced effects on

the delivered sample.
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Chapter 4

Experimental setup

In this chapter all colloidal systems investigated in this study are introduced. Characteriza-

tion was performed with transmission electron microscopy at the Universität Hamburg and

SAXS measurements at PETRA III. Specifics of the beamline P10 are given in section 4.2.

The custom-made sample chamber utilized during two experiments at P10 is described in detail

in section 4.3, which is followed by the introduction of the experimental procedures.

4.1 Samples

Two types of colloidal silica particles dispersed in water were studied. The first system con-

sisted of charged stabilized Ludox TMA particles (Sigma-Aldrich, 420859). The approximately

spherical shape and broad size distribution of the particles is shown in transmission electron mi-

croscopy (TEM) image in Fig. 4.1 a. TEM is not ideal for size or distribution measurements,

since the particles have to be dried, which may influence their outer shell. Therefore, form

factors of particles dispersed in water were measured with SAXS at beamline P10, PETRA III

and are shown in Fig. 4.2. The volume fraction of c = 0.2 was diluted 1:50 in order to avoid

inter-particle interaction and to measure the pure form factor only. The data were fitted with

equation 3.2.1 and yielded a mean radius of r = 15.1nm and a size dispersity of p = 12.4%.

Due to probable multiscattering105 events the fit of the form factor deviates from the measured

data at large q, yielding p= 12.4±1.3%.

The second system consisted of colloidal silica particles in water produced in-house by applying

the Stöber process106:

Si(OEt)4 +2H2O → SiO2 +4EtOH (4.1)

By tuning the amount of added ammonia and tetraethyl orthosilicate (TEOS) the speed of the

hydrolysis was regulated and the size of the obtained SiO2-spheres could be controlled. The

three synthesized samples S, M and L were characterized by TEM and SAXS and are shown in

Fig. 4.1 b and Fig. 4.3, respectively. Sizes, concentrations and the polydispersity are summa-

32



a) b)

Figure 4.1: a) Ludox TMA measured with transmission electron microscopy (TEM). The ap-

proximately spherical form as well as a wide size dispersity (r ≈5-15 nm) of the particles is

made visible. b) Sample L measured with TEM. The diameter of the SiO2 particles is r ≈70-

80 nm.
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Figure 4.2: Form factor measurement of Ludox TMA at a dilution of 1 : 50. The particle size

was obtained by a fit as r = 15.1nm with a polydispersity of p= 12.4%.

rized in Tab. 4.1. The sample concentrations were determined by measuring the weight frac-

tions. In that process 200 µl sample volume were weighed, then dried and weighed again. The

concentration values noted in Tab. 4.1 relate to data taken before the samples were measured

with X-rays in the setup described in chapter 4.3. Water residue from the cleaning of pipes in

between sample changes lowered the sample concentration by ≈ 1vol% during experiments.

After the experiments with pure silica particles in water further studies were performed on the

system by adding salt. Salt solutions were chosen instead of crystalline salt in order to avoid

blockages in the setup by the salt crystals as well as to avoid high salt concentration at localized

spots in the sample. Solutions were prepared with the monovalent KCl and the bivalent MgCl2.

The concentration in the colloidal silica system was tuned from 50
µMol

l up to 4.2 mMol
l .
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4.3 Jet system

For the generation of Rayleigh jets polyimide coated micro tubes (Polymicro Technologies)

with diameters of 75 µm, 100 µm and 150 µm were used as nozzles. Additionally to the cylin-

drical micro tubes (type TSP) also square micro tubes (type WWP) with W =100 µm edge

length were tested. The length of the microtube was less than 15cm (see Fig. 4.5).

Figure 4.5: Installation of a polyimide coated micro tube. The inner part consists of fused

silica, the outer side of both cylindrical and square micro tubes is coated with polyimide to a

total diameter of 363 µm.

Figure 4.6: Installation of the liquid jet chamber at beamline P10 at PETRA III.
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The collecting vessel at the bottom enabled the installation of two further syringes that recy-

cled the sample. For the recycling two low pressure pump modules neMESYS were fitted

with 25ml glass syringes. In a similar system as in the pumping cycle, the recycling system

filled the syringes from the collecting device on after the other. Regulated by electronically

switching valves one pump pressed the collected liquid back to the sample reservoir while the

second started collecting liquid from the experiment. The installation at the beamline is shown

in Fig. 4.8. Measurements were performed at flow rates between 800-3000
µl

min with 50ml total

Figure 4.8: Installation of the pumping system driving the jetting at the beamline P10 at PETRA

III.

sample volume. The recycling system was driven with a flow rate of 5000
µl

min , removing about

1.5 times more volume than what was delivered to cover the whole sample volume including

bubbles and air. For the smallest microtube of 75 µm diameter with a maximal flow rate of

1400
µl

min the sample volume required for a continuous flow could be reduced to 25ml.

The jet velocities with the parameters mentioned above ranged from 1.7-5.3 m
s . Such velocities

cover a range of shear rates γ̇ = 0.9-5.6 ·105 s−1, which for the Ludox TMA sample corresponds

to Péclet numbers from 1.4 to 8.8. For the largest sample L experiments were performed with

Pe ranging from 670 to 1170. With the Hagen-Poiseuille law (equation 2.2) the viscosities of

the samples could be estimated to 1.3mPa·s for samples S, M and L. The Ludox TMA sample
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yielded 2.4mPa·s while in flowing conditions, which closely resembles the 2.7mPa·s indicated

by the manufacturer.

4.4 Experimental Procedures

Before the start of the experiments the position of the mounted nozzle had to be determined

with absorption measurements by scanning the tubes through the X-ray beam and measuring

the transmitted intensity. For the microtubes with a square inner diameter the alignment was

adjusted after the diode scan for the X-ray to impinge upon the flat side of the square. After

starting the syringe system at least two pump cycle iterations waiting time ensured a minimal

amount of air in the pipe system, which caused stable jetting. During the measurements the

microscope illuminated by a flashing LED enabled the verification of stability in the jet as well

as an approximation of the break-up length. During the experiment the liquid jet was screened

horizontally with 1 to 8 µm steps and vertically at intervals of 100-200 µm.

Before changing the sample system all tubes were flushed with pure water for at least 15min.

In addition the glass syringes from the recycling system were dismounted and cleaned from

residual nanoparticle dispersion. Water from the cleaning was ejected from the system by at

least two pumping iterations done with air.

The salt solution was added to the sample reservoir during ongoing operation. An even dis-

tribution was achieved by 30min waiting time at maximum flow rate between the addition of

the salt and the first measurement on the jet. In order to avoid dilution of the sample con-

centration only small volumes of 50 µl to 1 ml of the salt solution were added to the sample

liquid. Thus the effective decrease of the volume fraction lies in the range of error from the

concentration measurement.
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This is also true for the locations of the maxima and minima, which are comparable for both

samples, while the form of the intensity distribution for the large particles is masked by the

beam stop. The ring of high intensity which was observed for the Ludox sample seems to be

less developed in the diffraction pattern from sample L. The pattern in 5.3 d splits into two-parts

and the intensity peaks stretch out to higher q-values. Further diffraction patterns for sample L

across the profile of the jet are shown in the appendix (Fig. A1).

5.2 Structure factors

Figure 5.4: a) Intensity I(q,ϕ) of the Ludox sample integrated over circular sectors of ∆ϕ = 5◦

and b) structure factors calculated from the intensities shown in a). The measurements were

performed at d = 24 µm with the 100 µm square nozzle, flow rate Q = 1600 µl/min at h =
250mm nozzle distance. c) Intensity I(q,ϕ) of sample L integrated over circular sectors of 9◦

and d) structure factors calculated from the intensities shown in c). The measurements were

performed at d = 24 µm with the 75 µm round nozzle, flow rate Q = 800 µl/min at h = 100mm

nozzle distance.

The intensity distribution I(q,ϕ) for a case of strong asymmetric scattering is shown in Fig. 5.4 a

for Ludox and in Fig. 5.4 c for sample L, respectively. The displayed q-ranges are scaled for the
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differently sized particles in the Ludox sample and sample L. Variations for different values of

ϕ become more pronounced in the structure factor S(q,ϕ), where the intensity was divided by

the form factor F(q) (equation 3.11). In the S(q) shown in Fig. 5.4 b and d the first maximum

shifts in peak height as well as in the q-position, which was further analyzed in chapter 5.3.

5.3 XCCA & RMSA results
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Figure 5.5: a) Diffraction patterns of the Ludox sample and ∆q cut containing the first intensity

maximum between q = 0.1-0.2nm−1. Gaps between detector panels (dark stripes) have been

filled with intensities obtained from mirrored pixels. b) The Fourier coefficients Ĉl from XCCA

for symmetries l =1-10 are shown for d > 0 of the same jet described in Fig. 5.4.

The shift in intensity over ϕ can be quantified with X-ray cross-correlation analysis (XCCA). In

order to apply the technique as described in chapter 3.3, the diffraction patterns were analyzed

at q-values between 0.1-0.2nm−1 (Ludox) and 0.02-0.04nm−1 (sample L), the positions of the

structure factor peaks. Furthermore, gaps in the scattering patterns which were due to the gaps

in between detector panels have been filled with intensities obtained from mirrored pixels. An

example of the calculated Fourier coefficients for symmetries l=1-10 for a jet profile including

symmetric as well as asymmetric patterns is shown in Fig. 5.5 for d ≥ 0. Two-fold and four-fold

symmetries dominate the jet at d > 0 while in the jet center at d = 0 the symmetric diffraction

pattern yields Ĉl ≈ 0 for all symmetries l ≥ 1.
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Figure 5.6: Asymmetry quantifying parameter ε = Ĉl=2 + Ĉl=4 over the nozzle profile d for

a) and b) 75 µm jet diamater, c) and d) 100 µm jet diameter from a round tube. Each jet size is

shown at two shear rates γ̇ between 2.4 ·105 s−1 and 4.8 ·105 s−1 for the Ludox sample.

By adding the contributions for l = 2 and l = 4 the intensity anisotropy over ϕ was quan-

tified by:

ε = Ĉl=2 +Ĉl=4. (5.1)

The results for all nozzle sizes at two different shear rates are shown in Fig. 5.6 a-d and Fig. 5.7 a-

d for the Ludox sample. In the jet center ε drops down to 0. On the interface between liquid jet

and air the curvature of the jet caused streaks in the scattering pattern, so the data at the exact jet

edge was not considered here. The shape of the ε-profile appears to be symmetric. A small dif-

ference between the ±d sides may originate from defects in the mechanical cut of the nozzle tip.

For an increasing distance from the nozzle tip the asymmetry of intensity in the scattering
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Figure 5.7: Asymmetry quantifying parameter ε = Ĉl=2 + Ĉl=4 over the nozzle profile d for

a) and b) a 100 µm square tube, c) and d) a 150 µm round tube. Each jet size is shown at two

shear rates γ̇ between 0.9 ·105 s−1 and 2.4 ·105 s−1 for the Ludox sample.

patterns decreases until leveling out at ε = 0 after h ≈1-2mm (Ludox sample) and h ≥ 3mm

(sample L). Higher shear rates γ̇ lead to stronger asymmetries at comparable nozzle distances

and extend to larger distances until leveling out towards ε = 0.

A comparison between the 100 µm square and round nozzle reveals a three times higher an-

isotropy ε for the square nozzle at γ̇ = 2.4 ·105 s−1 (Fig. 5.6 c and Fig. 5.7 b). The differences

imply variances in the formation of shear-induced ordering depending on the tube geometry.

The discrepancy in jet velocity for round and square jets of similar size and shear rate are about

10% and may contribute to the differences in ε as well.

The asymmetry of the scattering patterns determined by XCCA relates a direction-dependent

intensity to a ϕ-dependent particle ordering. According to Fig. 5.6 the occurrence of strong

particle ordering is limited to a shell of the jet between the center and the edges. Moreover,
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Figure 5.8: a) Distance ∆dp between maxima of ε(d) normalized on the jet diameter d jet as a

function of h for a round and a square tube (100 µm jet). b) ∆dp/d jet over h is shown for the

Ludox sample and sample L (75 µm jet).

positions of the maxima of ε are not constant over h. Fig. 5.8 shows the distance ∆d/d jet be-

tween the maximum ε for d < 0 and d > 0 as a function of the distance from the nozzle tip.

Both the 100 µm and the 75 µm jets in Fig. 5.8 show a decreasing ∆d. For a round and a square

100 µm nozzle (Fig. 5.8 a) the position of the maximum of ε varies between dp/d jet =±0.38r

and dp/d jet = ±0.73r with similar decays over h, displaying the dependence of the structure

formation in the jet on the geometry. Different sample sizes (Fig. 5.8 b) yield ∆dp/d jet =0.55-

0.93 with varying decays. This indicates that with increasing h the jet section with ordered

particles moves towards the jet center and the degree of ordering observed for samples with

larger particle size persists over longer distances as compared to a smaller particle size.

Beyond asymmetries in the intensity represented by the peak height S(q0) = S0 = max(S(q)) of

the structure factor peak it is found that also the position of q0 (see Fig. 5.9 a) shows a distinct

ϕ-dependence. In the jet center at d = 0 the first intensity maximum in the diffraction pattern

appears isotropic, which is characteristic for ’amorphous’ particle ordering.

The dependence of the q0-positions as a function of the azimuthal angle in the Ludox sample is

shown in Fig. 5.9 b. With the rescaled mean spherical approximation (RMSA, see chapter 3.2.2)

the effective sample concentration c has been analyzed over an interval of ∆ϕ = 5◦ for the case

of maximum anisotropy at max (εmax(h)) with the 100 µm square tube. For the fit of the RMSA

a permittivity of the solvent of εr=80 was assumed. The charge per particle has been fitted to

30e− for the unsheared system. For an average sample concentration of 20vol% (see chapter 4)

the shape asymmetry amounts to a ∆c ≈10vol%. Thus, a ϕ-dependent variation of ±5vol%
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was observed. The model does not show a decrease of ∆c to 0 for d = 0, which might be due to

the resolution or the limitations of the RMSA itself. Furthermore, RMSA models the charge-

stabilized silica particles effectively, however, the addition of shear forces is not considered and

may explain the larger effective c here.

The q0-dependence on ϕ for the case of an asymmetric diffraction pattern is shown in Fig. 5.9 c

for Ludox and in Fig. 5.9 d for sample L. Regions of no apparent structure factor peak in sample

L are marked in gray. Noticeable is the difference in amplitude for the oscillation between both

samples, which amounted to 2.5% for Ludox and 15% for the larger sample L in relation to their

respective q0-values. In order to quantify the change in q0 for the Ludox sample, the variance

var(q0) with respect to ϕ for different d is shown in Fig. 5.9 e. Towards the jet center and edge

the shape asymmetry decreases and var(q0) becomes 0. Both appearance and disappearance of

the shape asymmetry in the jet profile d behave very similar to the observed intensity asymme-

try ε . In Fig. 5.9 f ε is shown as a function of var(q0) for the Ludox sample. The linear fit for

the data has an offset of b = 1 with a slope of 1.96±0.08. Although ε and var(q0) show similar

behavior as a function of d, they represent different aspects of the sample system. The intensity

asymmetry signifies different direction-dependent degrees of order in the system. The shape

asymmetry denotes a ϕ-dependence of interparticle distances. Shear forces seem to influence

both local order and packing density.

48



Figure 5.9: a) The q0 position of the structure factor peak max(S(q)) = S0 varies at different

azimuthal angles ϕ . b) The effective concentration difference ∆c over d for q = 0.1-0.2nm−1

was calculated from RMSA for the Ludox sample at d = −24 µm with the 100 µm square

nozzle, Q = 1600µl/min at h = 250mm nozzle distance. c) q0 over ϕ from measurements on

Ludox, d) q0 over ϕ from measurements from sample L. In the gray regions no structure factor

peak was observed. e) The variation in q0 over the whole q-ring for the Ludox sample is plotted

over the jet profile d. f) The asymmetry quantifying parameter ε as a function of the shape

asymmetry expressed by the variation in q0 for the Ludox sample (see b), c) and e)) with a

linear fit.
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5.4 Decay after shear cessation

In the following section the decay of the intensity asymmetry as well as the shape asymmetry

along the jet axis h are discussed. As shown in Fig. 5.6 and Fig. 5.9 e the highest ε and var(q0)

was observed at low h close to the nozzle tip. In order to quantify the degree of the decay, the

parameter ξε = max(ε(h)) is defined.

When ξε is studied over h (see Fig. 5.10 a) a fast exponential decay for low shear rates has

been observed. With increasing shear rate the exponential decay slows down. By taking the jet

velocities v jet into account, the h-axis can be converted into a time via t = h/v jet and the ex-

ponential decay lines shift closer together. Here the jet velocities were calculated for round112

and square113 nozzles via the shear rate and jet diameter d jet or inner edge length W (cf. equa-

tion 2.7):

v jet,round =
γ̇ ·d jet

8
, (5.2)

v jet,square =
γ̇ ·W

7.1136
. (5.3)

2.1 10  s ¹
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Figure 5.10: a) The maximum of the intensity asymmetry ξε for Ludox as a function of the

distance h from the nozzle tip. Shown are the results for three different shear rates γ̇ measured

with the 100 µm square jet. b) Decay ξε over time t for the same three data sets as in a).

From the exponential fit ξε(t) = a · exp(− t
τε
) characteristic decay times τε were calculated for

all different nozzle sizes at various shear rates. The results are summarized in Tab. 5.1 and

Tab. 5.2. In Fig. 5.11 ξε over t is shown for Ludox and for sample L in a shear rate range

between 1.9 ·105 and 5.6 ·105 s−1.
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sample Ludox

tube size d=150 µm d=75 µm W = dsquare =100 µm

γ̇(105 s−1) 0.9 3.2 4.8 5.6 1.7 1.9 2.4

τε (µs) for ξε 122±19 47±16 34±31 25±7 172±58 120±21 142±18

Ludox

d=100 µm

2.4 2.7 3.1 3.4 3.7 4.1

145±27 153±28 157±27 166±25 177±26 187±29

Table 5.1: Characteristic times of the decay τε in µs for ξε for the Ludox sample.

sample S M L

tube size d=75 µm

γ̇(105 s−1) 5.6 3.2 4.0 4.8 5.6 3.2 4.8 5.6

τε (µs) for ξε 495±130 218±112 267±55 338±94 432±142 410±104 247±100 215±53

Table 5.2: Characteristic times of the decay τε in µs for ξε for sample S, M and L (d = 75 µm

round nozzle).

In Fig. 5.12 a the characteristic decay times for ξε from Tab. 5.1 are additionally plotted as a

function of the shear rate. Over the whole range of γ̇ the characteristic decay times τ stay in the

range of 30-500 µs. At the highest shear rate of γ̇ = 5.6 ·105 s−1 the differences in particle size

for sample S, M and L lead to τ-values of 495 µs, 432 µs and 215 µs. From theoretical stud-

ies15,114 a non-linear behavior for characteristic decay times as a function of the Péclet number

Pe has been predicted for a sufficiently high impact of shear stress on colloidal suspensions (cf.

equation 2.13). Generally, hard spheres show a transition between Brownian motion dominated

and shear-dominated dynamics115 at Pe ≈1. In order to incorporate the particle size into the

time of shear cessation, Pe2τε was plotted as a function of Pe in Fig. 5.12 b. The data points

for the Ludox sample from the 75 µm round, 100 µm square and 150 µm round nozzle have

been measured during the first measurement campaign. A transition from a linear to a constant

behavior as discussed on the basis of the first campaign data104 could not be confirmed during

the second campaign with measurements at higher Pe numbers. The deviation of the data from

the 75 µm round nozzle (blue) from the others may originate from a slip in the nozzle position

during the measurement. Disregarding the 75 µm round nozzle data, the decay times Pe2τε rise

according to a power law Pen with n = 2.14± 0.07. Thus, τε shows a rather weak, but non-

constant dependence on Pe as τε ∝ Pe0.14. Therefore, the characteristic times τ are dependent

on the interdependent parameters shear rate, viscosity and hydrodynamic particle radius. In

general, the application of high shear rates causes a stronger asymmetry, but the decay time of

that asymmetry does not rise constantly with the shear rate in fast flowing jets. The occurrence

of shear-induced order in liquid jets is furthermore limited to a finite nozzle distance h for high

jet velocities (and thus high Pe numbers) due to the transition into turbulent flow.
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Figure 5.11: The intensity asymmetry ξε as a function of the distance h a) for the Ludox sample

from the 100 µm square nozzle and b) for sample L from the 75 µm round nozzle.
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Figure 5.12: a) The characteristic decay time τε from the exponential fit of ξε for Ludox (r =
15 nm) and samples S (r = 43 nm), M (r = 63 nm) and L (r = 77 nm). Data for the Ludox

sample was taken with 75 µm (blue), 100 µm (orange) and 150 µm (red) round tubes as well as

the 100 µm square tube (light blue). b) Characteristic times τε (see Tab.5.1 and Tab.5.2) were

weighted with the square of the Péclet number Pe2 and are shown as a function of Pe. The data

points collapse on a straight line.
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Chapter 6

Charge-stabilized silica particles under the

influence of salt

In this chapter the influence of the changing electro-static potential on the shear-induced struc-

ture of particles in a liquid jet was studied by the addition of salt into a colloidal silica suspen-

sion. Experiments were performed with the monovalent KCl and the bivalent MgCl2.

The RMSA analysis of the Ludox sample showed a charge of 30±10e− per particle for the

unsheared system. The salt screens charge-stabilized particles from each other and changes the

colloidal silica into a more hard sphere like system. In order to investigate this screening effect,

salt solutions of 50-750 µMol/l KCl were added to this slightly charged system and measured

with shear rates between γ̇ =2.4·105 s−1 and γ̇ =4.1·105 s−1. Fig. 6.1 a-d shows the results of

ε as a function of d for the highest salt concentration in comparison with the unaltered sys-

tem at two different shear rates. The data was analyzed analogously to the one in chapter 5.3.

The asymmetry quantifying parameter ε was evaluated at d ≥ 0, as the higher ε-values were

assumed to be less influenced by irregularities in the nozzle. A slight decrease in ε could be

observed for the system with 750 µMol/l KCl.

Fig. 6.1 e shows the decay times τε for all salt concentrations. At 150 µMol/l and above the de-

cay times starts to decrease. It was reduced from 186±29 µs for the pure solution to 126±31 µs

at 750 µMol/l.

The decrease in τε causes no change in the exponent n as shown in Fig. 6.1 f. Here, Pe2τε

is plotted as a function of Pe at salt concentrations of 150-750 µMol/l together with the results

from the pure sample. Further studies at different Pe-values and with higher salt concentrations

are needed in order to determine an eventually salt-dependent value of the exponent n.

The findings are that shear-induced ordering is not prevented by tuning the electro-static forces

in the studied regime. The observed reduction of characteristic decay times at salt concentra-

54



Figure 6.1: Asymmetry quantifying parameter ε = Ĉl=2+Ĉl=4 as a function of d for the Ludox

sample without KCl (a) and with 750 µMol/l KCl (b) at γ̇ = 2.4 ·105 s−1 and for γ̇ = 4.1 ·105 s−1

(c)(d). Measurements were performed with the 100 µm round nozzle. e) Decay times τε for the

Ludox sample at γ̇ = 4.1 · 105 s−1 for different concentration of KCl. f) Characteristic times

Pe2τε as a function of Pe for different salt concentrations. Data from the pure solution (no salt)

and the corresponding fit from Fig. 5.12 b is shown in blue.
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tions ≥ 150 µMol/l indicates a reduction of the charge stabilization in the system. It is note-

worthy that the Ludox TMA sample contained a proportion of 0.0015-0.06% of C8H9ClN2O2S2

stabilizing co-solvent, which may have reduced the impact of salt on the colloidal system.
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Figure 6.2: a) Diffraction patterns for sample L for q = 0-0.057nm−1 at h = 100 µm with 0 and

20mMol/l salt. Measurements were performed with the 75 µm round nozzle at γ̇ = 5.6 ·105 s−1

for d =−35 µm. b) Horizontal and vertical linecuts through the center of the diffraction patterns

in a).

Samples S, M and L are stronger charge-stabilized systems compared to the Ludox sample.

The charge per particle of the larger spheres is up to two times higher (52±5e− for sample S,

81±5e− for sample L). They could be concentrated to a lesser degree due to the lack of stabi-

lizing co-solvents.

Fig. 6.2 a shows two exemplary scattering pattern for the pure solution of sample L and at a

salt concentration of 20mMol/l KCl. The linecuts I(qx = 0) and I(qy = 0) in Fig. 6.2 b indicate

a slight reduction of anisotropy for I(qy = 0) caused by the addition of salt. For an elaboration

of this trend the ε of sample L was analyzed at different KCl concentrations (Fig. 6.3). Up to

a salt concentration of 1300 µMol/l the system does not change significantly and the order pa-
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Figure 6.3: Plotted is the asymmetry quantifying parameter ε = Ĉl=2 + Ĉl=4 over the nozzle

profile d for sample L with a) no salt, b) 1300 µMol/l, c) 2300 µMol/l and d) 11mMol/ KCl.

Measurements were performed with the 75 µm round nozzle at γ̇ = 5.6 ·105 s−1.

rameter ε decreases to ≈ 0 for nozzle distances h= 3000 µm. With 2300 µMol/l (Fig. 6.3 c) the

behavior of ε starts to change. At a salt concentration of 11mMol/l (Fig. 6.3 d) the curve shape

of ε has dropped for h = 100 µm by ≈ 50% compared to the system without salt. The ordering

throughout the jet profile d appears to become more similar for all measured nozzle distances

and the expected decreases in ε to ≈ 0 for large nozzle distances could not be observed.

A comparable behavior was observed for sample M when MgCl2 was added (Fig. 6.4). The

maximum of ε(h) starts to change at 1200 µMol/l and at 11mMol/l has dropped for h =

100 µm by > 50% compared to the system without salt. The impact of MgCl2 on the col-

loidal system was seen at lower concentrations compared to KCl, probably because the ionic

strength116 of the bivalent salt is four times higher then for the monovalent salt at the same

concentration.
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Figure 6.4: ε over the nozzle profile d for sample M with a) no salt, b) 100 µMol/l, c)

1200 µMol/l and d) 11mMol/l MgCl2. Measurements were performed with the 75 µm round

nozzle at γ̇ = 5.6 ·105 s−1.

The difference between KCl and MgCl2 is further illustrated in Fig. 6.5. Here, the variation

of ε at d = 100 µm is shown for sample L and M as a function of all measured salt concentra-

tions of KCl and MgCl2, respectively. Salt concentrations below 1300 µMol/l KCL showed no

significant impact on the order of system L, while for sample M a decrease in varε is already

present at the lowest concentration of MgCl2 at 100 µMol/l. The reduction of var ε appears to

be faster with KCl than MgCl2, which is also observed for var ε as a function of h (Fig. 6.5 b).

In general, shear-induced ordering of charge-stabilized particles is sensitive to the change of

electro-static forces. An increase in charge per particle of the colloids increases the sensitivity

of the system towards co-solvents like KCl or MgCl2, as the salt screens the charge-stabilized

particles and creates a more hard-sphere like interaction potential. High salt concentrations re-

sult in lower degrees of ordering throughout the jet and also the ionic strength of the dispersion

has a strong impact on the behavior of the system.
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Figure 6.5: a) Variation of ε in d as a function of the salt concentration for sample L with

KCl and sample M with MgCl2 at h = 100 µm. b) Variation of ε in d as a function of h for

100 µMol/l salt concentration. Measurements were performed with the 75 µm round nozzle at

γ̇ = 5.6 ·105 s−1.
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Chapter 7

String-like order in liquid micro-jets

The experimental data in chapters 5 and 6 showed jet regions giving rise to asymmetrical scat-

tering. Previous studies59,117 suggested a non-isotropic microscopic particle arrangement in

sheared systems and proposed the formation of string-like order. In order to relate these re-

sults to shear in liquid jets, multiple two-dimensional configurations of hard discs in co-flowing

string-like order were modeled. Their diffraction patterns were simulated to describe the mea-

sured data.

In order to describe the behavior of ε as a function of d (cf. Fig. 5.6, Fig. 5.7) three regions were

modeled for a 100 µm round jet between h= 100 µm and h= 600 µm. Fig. 7.1 depicts isotropic

order in the jet center in dark green and an anisotropic region (light blue) for the maximum ε

between about 0.4r and 0.65r (cf. Fig. 5.8). At the jet edge a region with decreasing anisotropy

is marked in blue.

Flow profiles within small pipes of different geometries have been well studied118,119 and show

a maximum flow velocity in the center of the pipes. When the X-rays shine through the center

of a liquid jet, no asymmetric diffraction pattern is observed. Note that counteracting structures

in the front and the back of the jet might prevent the observation of shear-induced order. Mov-

ing out of the jet center increases the relative contribution of the scattering volume of particles

which are not ordered parallel to the beam direction. Here, asymmetric structures are observed

in diffraction patterns. At the jet edge the structure is compromised by turbulences on the liq-

uid/air interface120 and diffusion dominates in the outer jet areas of slower flow velocity. Both

turbulences and diffusion lead to less anisotropic ordering in the dark blue region in Fig. 7.1.

SAXS measurements at the interface area are actually dominated by streaks due to scattering

from the jet curvature.

Fig. 7.2 shows the interaction regions between a jet and a 1 µm wide X-rays beam as a function

of the jet radius. Plotted are the chord lengths from a schematic jet as shown in Fig. 7.1 with

a dimension of 0.5r for the green region and a width of 0.3r for the light blue region. In this
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Figure 7.1: Schematics of the proposed sections of a liquid jet. Three regions of different

microscopic particle ordering are shown by different colors.
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Figure 7.2: Intersection between a schematic jet as shown in Fig. 7.1 with X-rays over the radius

of the jet. Assumed are a size of 0.5r for the green region and a width of 0.3r for the light blue

region.
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Figure 7.3: Simulated particle arrangements and diffraction patterns. Via FFT the diffraction

pattern for a) particles on a rectangular lattice structure (the starting point of the simulation),

b) a random distribution of particles, and c) particles distributed in string-like order for 45

area% and 60 area% concentration are shown. By turning and overlaying multiple diffraction

patterns from string-like particle distributions, an asymmetric diffraction pattern as observed in

the SAXS measurements is obtained.
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Figure 7.4: Simulated string-like particle distributions (at 50 area %). The simulated diffraction

pattern from five string-like particle arrangement tilted between 0◦ and 80◦ is shown in the

center. A linecut of the simulated pattern at ϕ = 40◦ is shown in comparison with measured

data from the Ludox sample in a 100 µm round nozzle at d = 35 µm and γ̇ = 2.4 ·105 s−1.
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Figure 7.5: Front of the jet with a basic configuration of strings in slice S. At positions S1 and

S2 the X-ray passes through projections of configuration s, which in the detector is shown as a

superposition of scattering from differently tilted string-like structures.
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Figure 7.6: a) The position of q0 for different area concentrations is shown for simulated 2-

dimensional diffraction patterns. b) Concentration difference ∆c across the jet approximated by

q0 positions. The slope of the linear fit in a) was extracted to convert measured q0 variances in

ϕ into concentration differences. Additionally the concentration difference calculated using the

RMSA from Fig. 5.9 b is shown.
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picture the prominent scattering from the anisotropic ordered region at ≈ 0.6r explains the ap-

pearance of a maximum ε over d as observed in the measured data.

For the simulation of microscopic particle arrangements, hard disks were first placed on rectan-

gular lattice points as shown in Fig. 7.3 a. Afterwards, disorder was introduced using a Monte

Carlo approach, moving the particles to new positions avoiding overlap with neighboring par-

ticles. The random particle distribution in Fig .7.3 b was obtained by allowing each particle to

move randomly in horizontal and vertical directions. String-like arrangements (Fig. 7.3 c) were

observed by limiting the degrees of freedom for movements in the vertical (or the horizontal)

directions to 1/10 of the particle radius and reducing the number of steps. To obtain the diffrac-

tion patterns, a fast Fourier transformation (FFT) was applied to the aforementioned particle

arrangements from boxes of 490000 particles. The resulting asymmetric diffraction patterns for

string-like particle arrangements were then tilted and stacked on top of each other in order to

rebuild a three-dimensional jet.

By arranging only specific angles of co-flowing strings to be used in the stacking, the angle-

dependent contributions of the intensity in the diffraction patterns were modified to resemble

the measured SAXS data for the Ludox sample. Examples are shown in Fig. 7.4, where a linecut

from the simulated diffraction pattern is shown at ϕ = 40◦ in comparison with measured data

from the Ludox sample. Differences in the overall decrease in q are due to the dimensionality

difference in the simulation (discs, I ∝ q−2) and the experiment (spheres, I ∝ q−4). Moreover,

the simulation did not take polydispersity or restrictions of the q-resolution into account, result-

ing in more pronounced intensity minima. The stacking contains five configurations of particles,

orientated parallel to the d-axis and sloping down in 20◦ steps to being parallel with the h-axis,

thus creating intensity maxima in the diffraction pattern between 0◦ and 90◦. Experimentally

the minimum in peak height of the intensity occurred in this range (cf. chapter 5.1).

Simulating a diffraction pattern that describes the measured data requires a particle formation

of co-flowing strings not parallel to the h-axis (flow direction) but tilted outwards from the jet

center towards the jet edge. Scattering patterns measured in the detector are superpositions of

not only the basic string configuration but also projections of the string-like order due to the

dimensionality of the jet (Fig. 7.5). The model used for the simulations does not rule out other

possible particle arrangements, however, it is able to qualitatively describe the experimental

findings for the Ludox sample at 1 ≤ Pe ≤ 9.

As discussed in chapter 5.2 the anisotropic intensity distribution of the scattering patterns is

accompanied by an anisotropy in q0. The ovality of the diffraction pattern is considered to be

connected to concentration differences between the stacked patterns and was further analyzed.

For the Ludox sample the angular particle concentration distribution was extracted via RMSA

and was shown in Fig. 5.9 b.
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In the simulated diffraction patterns in Fig. 7.3 c the number of particles is a model parameter,

so the two-dimensional effective volume fraction was calculated for each particle configuration

before applying FFT. The positions q0 of the structure factor peak in the calculated diffraction

patterns show a linear behavior for the area concentrations depicted in Fig. 7.6 a. From the

experimental results the ratio between the long and short axis of the oval-shaped diffraction

patterns was extracted. With the slope from the linear fit in Fig. 7.6 a the two q0 positions

were transformed into a concentration distribution ∆c over d (Fig. 7.6 b). Within an error of

±2vol% the concentration distribution over the jet profile is comparable for both values from

the RMSA analysis of the measured data (three-dimensional) to the simulation of string-like

order (two-dimensional), which verifies the applicability of the simulation method for jetting

systems.
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Chapter 8

Summary& Outlook

Rheological studies were performed on colloidal silica particles in water. The fluid passed

through 75-150 micrometer thin tubes before being dispensed as a liquid micro-jet. Particle

arrangements in the jet were probed with X-ray scattering techniques across the jet profile and

along the flow direction.

With these so-called Rayleigh nozzles shear rates between 0.9 · 105 s−1 to 5.6 · 105 s−1 were

applied on the colloidal suspension. From close to the nozzle tip (100 µm) up to a distance of

3mm all measurements were performed in the laminar flow regime. With particle radii from

15nm, 43nm, 63nm to 76.5nm Péclet numbers of 1 to 1162 were achieved, a regime where

hydrodynamic forces and shear forces dominated over Brownian motion.

Based on the diffraction patterns collected by scanning through the liquid jet, regions of isotropic

and anisotropic particle arrangements were determined. X-ray cross-correlation analysis quan-

tified the degree of anisotropy in the intensity distribution over the azimuthal angle for each

recorded pattern. The distribution of the anisotropy parameter ε was comparable for the left-

and right-hand side of the jet. In the center of the jet no asymmetric scattering patterns and

therefore no anisotropic ordering was observed. The location of the maximum asymmetry ε

is strongly dependent on the jet diameter, jet geometry and particle size, ranging from 0.4r to

0.9r. Small particles and large tubes developed structured regions closer to the jet edge. With

increasing distance from the nozzle tip the maximum ε moved towards the jet center, which was

a slower process for larger particle sizes and thus higher Pe numbers.

A second parameter var(q0) for describing the shape asymmetry in the diffraction patterns

showed for low Pe a remarkable similarity with the behavior of ε . The shift of q0 in ϕ led

to an oval shape of the scattering pattern. Both ε and var(q0) represent different aspects in the

sample system. While the asymmetry of the scattering pattern relates a direction-dependent

intensity to a ϕ-dependent particle ordering, the ovality of the diffraction pattern, quantified by

the direction-dependent variance in q0, relates to a change in next-neighbor distance. The co-
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existence of both phenomena is found in the studied colloidal dispersion independent of other

probed parameters such as flow rate or nozzle geometry.

The evolution of ordering in the jet was investigated over time. A characteristic decay time

τε described the exponential decay of ε as a function of t and was investigated for different

flow rates. Correlations were found between τε and the Péclet number, independent on nozzle

sizes or geometries. The normalized decay time τε shows a weak power law behavior Pen with

n = 0.14± 0.07. Thus, characteristic times τ were found to be dependent on the parameters

shear rate, viscosity and hydrodynamic particle radius.

Furthermore, the shear-induced ordering of charge-stabilized particles was found to be sen-

sitive to the tuning of electro-static forces. The degree of maximum ordering decreased when

salt was added to the colloidal silica suspension, as the salt screened the charge-stabilized par-

ticles and creates a more hard-sphere like interaction potential. An increase in the charge per

particle or the ionic strength of the suspension amplified the decrease in the characteristic decay

times τε for all studied systems.

The non-isotropic microscopic particle arrangement was compared to simulations. Diffrac-

tion patterns obtained by FFT from co-flowing string-like arrangements allowed to model the

experimental findings. Moreover, the angular variation of the structure factor peak revealed a

preferred orientation of the co-flowing strings tilted away from the jet center. For the q-position

of the structure factor peak the angular dependence was modeled with varying particle concen-

trations. From the ratio between the long-and short-axis of the oval-shape diffraction patterns

the direction-dependent effective volume fraction in the experimental data was approximated,

which was in good agreement with the localized volume fraction from the RMSA data analysis.

The results indicate that jet-based sample delivery relies on well understood flow mechanics

as well as the impact of shear rate and tube size, which are accessible with this spatial and tem-

poral approach to liquid jet-based rheology. The applicability of liquid jets as rheometers was

shown, where jet systems as capillary rheometer are capable of shear rates a magnitude higher

than classical rotational rheometers.

Further investigations studying rheology of jets are needed for smaller jet sizes down to a few

micrometers. The sample chamber and the attached recycling system for the liquid introduced

in this work are a working basis for future rheology experiments. At synchrotron radiation facil-

ities and FELs a sample delivery via liquid micro-jet is often used for radiation sensitive macro-

molecules. However, such biological systems are usually only available in small quantities,

while a laminar flow and MHz operation at the FEL require a minimum jet velocity. Therefore

µm-sized tubes, which exert high shear rates onto the sample systems, are utilized. Rheological

studies could be extended to non-spherical particles, liquid crystals and systems with different
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interaction potentials. Moreover, the mixing of solvents in jets could be examined in future.
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Figure A2: a) Intensity I(q,ϕ) of sample S integrated over circular sectors of 9◦ and b) structure

factors calculated from the intensities. The measurements were done at d = 24 µm with the

75 µm round nozzle, flow rate Q = 800 µl/min at h = 100mm nozzle distance. c) and d) show

the same measurements for sample M.

For the charge-stabilized sample L under the influence of salt the asymmetry quantifying pa-

rameter ε over d was shown in Fig. 6.3 for γ̇ = 5.6 · 105 s−1. In addition, Fig. A3 displays the

same system at a lower shear rate of 4.8 · 105 s−1 with slightly smaller ε , albeit a comparable

trend over d and h.
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F. Schulz, ”Kinetics of pressure-induced nanocrystal superlattice formation”, Phys. Chem.

Chem. Phys. (2019) 21, 21349-21354.

82





Acknowledgements

I am very happy and thankful to Prof. Dr. Gerhard Grübel for the opportunity to study soft
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