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Abstract
Analysis of Sub-10 nm Precipitates Extracted from Microalloyed Steels

by M.Sc. Louis Weber

Microalloyed steels contain small quantities (≤ 0.5 wt%) of the microalloying ele-
ments Ti, Nb, V. Judicious combination of TMCP parameters and microalloyed steel
composition leads to formation of desirable nm-sized carbide, nitride, carbonitride
inclusions which improve steel mechanical properties. TMCP optimisation relies on
understanding the interrelation between TMCP parameters and precipitate proper-
ties.

A characterisation routine was developed in the group to provide statistically mean-
ingful data on precipitates size distribution and chemical composition.[1] Precipi-
tates with diameters below 10 nm could not be investigated with the existing rou-
tine. Such precipitates are of interest because they play a key role in precipitation
hardening.

This thesis extends the existing characterisation routine to sub-10 nm precipitates
extracted from microalloyed steels. Electrolytic extraction was investigated as alter-
native extraction process to reduce undesired particle loss during chemical extrac-
tion. The suitability of various electrolytes to provide a stable colloidal suspension
for colloidal analysis was assessed. Chemically extracted precipitates underwent
differential centrifugation to isolate sub-10 nm precipitates and enable their size and
chemical composition characterisation. Improvements in precipitate analysis were
achieved by implementation of speed-ramp analytical ultracentrifugation and pre-
cipitate number density determination.
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Zusammenfassung
Analysis of Sub-10 nm Precipitates Extracted from Microalloyed Steels

von M.Sc. Louis Weber

Mikrolegierte Stähle enthalten geringe Mengen (≤ 0.5 wt%) der Mikrolegierungs-
elemente Ti, Nb, V. Eine geschickte Kombination aus TMCP-Parametern und Stahl-
zusammensetzung führt zur Bildung nm-großer Karbid-, Nitrid-, Karbonitridein-
schlüsse, die mechanische Eigenschaften verbessern. TMCP-Optimierung beruht
auf dem Verständnis des Zusammenhangs zwischen TMCP-Parametern und Auss-
cheidungseigenschaften.

Eine vorhandene Charakterisierungsroutine liefert statistisch aussagekräftige Daten
über die Größenverteilung und die chemische Zusammensetzung der Ausscheidun-
gen.[1] Ausscheidungen mit Durchmessern unter 10 nm konnten mit der bestehen-
den Methode nicht untersucht werden. Solche Ausscheidungen sind von Interesse,
da sie eine Schlüsselrolle bei der Ausscheidungshärtung spielen.

Diese Arbeit erweitert die bestehende Charakterisierungsroutine auf extrahierte Aus-
scheidungen kleiner 10 nm. Elektrolytische Extraktion wurde als alternatives Ex-
traktionsverfahren erprobt, um unerwünschten Partikelverlust zu reduzieren. Die
Eignung von Elektrolyten zur Bereitstellung einer stabilen kolloidalen Suspension
zur Analyse mit kolloidalen Messmethoden wurde bewertet. Fraktionierung che-
misch extrahierter Ausscheidungen mittels Differentialzentrifugation ermöglichte
die Charakterisierung von Ausscheidungen kleiner 10 nm. Ausscheidungscharakte-
risierungsverbesserungen wurden durch Einführung der analytischen Ultrazentrifu-
gation mit Geschwindigkeitsrampe und der Bestimmung der Ausscheidungsdichte
erzielt.
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1

Chapter 1

Precipitates in steel and their
analysis

Microalloyed [2, 3], stainless [4–6], and low-carbon [7, 8] steels can contain inclu-
sions ranging from clusters composed of a few atoms to micrometer sized parti-
cles. Nanoprecipitates in microalloyed steels greatly impact mechanical proper-
ties through precipitation hardening.[9–20] Microalloying elements (titanium, nio-
bium, vanadium) are responsible for additional grain-refinement and solid solution
strengthening.[15, 18–21] Niobium, for example, enables grain-refinement strength-
ening by forming carbide/carbonitride precipitates in austenite which delay austen-
ite recrystallisation. Recrystallisation retardation allows for an increase in nucleation
sites for the austenite/ferrite transformation, resulting in fine grain sizes.[20, 21] Sev-
eral approaches have been developed to characterise inclusions regarding their size,
shape, chemical composition, and to study their precipitation kinetics with the aim
of controlling inclusion formation to achieve desired material properties. These ap-
proaches are either based on the investigation of bulk samples [2, 5, 9–14, 16–18, 22–
45], replicated samples [46–50], dissolved samples where the inclusions are extracted
from the iron matrix [4, 51–61] or a combination of the aforementionned approaches
[1, 3, 6–8, 15, 19–21, 62–83]. This section provides an overview of state of the art
characterisation techniques for nanoprecipitates in microalloyed steels.

Investigation of bulk samples
Metallographic sample preparation is required prior to microstructure investiga-
tions via light microscopy [9–13, 23–25, 29, 31, 36, 38–40, 44, 45] and/or scanning
electron microscopy (SEM) [2, 5, 9, 17]. Energy dispersive X-ray spectroscopy (EDS)
in SEM can be used for chemical composition analysis of micrometer sized particles
protruding from the metallographic section. Electron transparent foils (ETFs) with
an approximate thickness of hundred nanometres are prepared by thinning of lamel-
lae produced in a focussed ion beam/scanning electron microscope (FIB/SEM) for
transmission electron microscopy (TEM), EDS, scanning transmission electron mi-
croscopy (STEM), and electron energy loss spectroscopy (EELS) investigations.[2, 9–
13, 16–18, 22–27, 30, 33–36, 38–40, 42, 44, 45, 84–87] Nanoscaled tips are needed for
atom-probe tomography (APT) [2, 9–14, 22–42] and field ion microscopy (FIM) [28,
29, 31, 32]. Mechanical properties [9–13, 16–18, 27, 36, 39, 40, 44, 83], small-angle
neutron scattering (SANS) [10, 12, 25, 27, 38, 83], and electrical resistivity [43] mea-
surements also require specific sample preparations.

Studies exclusively analysing bulk samples mostly combine multiple characterisa-
tion techniques to investigate inclusions [2, 16, 18, 29, 30, 33, 35, 40, 42, 44, 45],
precipitation kinetics [9, 11, 22, 23, 26–28, 31, 32, 36, 38, 39], strengthening mecha-
nisms [17, 24], and hydrogen trapping at particles [34]. A combination of different
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characterisation techniques allows for detailed studies, because they yield comple-
mentary pieces of information and allow for comprehensive analysis of steels.[10,
12, 13, 25] Only a few cases are reported where a single characterisation technique is
employed.[5, 14, 37, 41, 43, 86, 87]

Investigation of bulk samples requires time-consuming sample preparation for each
characterisation technique that has to be used and suffers from poor statistics when
determining particle size distributions. Investigating extraction replicas and/or us-
ing the matrix dissolution technique allows to overcome this statistical limitation.
Extraction replicas can easily be produced and are preferred to investigations on
bulk samples for rapid particle characterisation.

Investigation of replicated samples
Precipitates protruding from the metallographically prepared surface of samples can
be transferred onto a thin film for subsequent electron microscopy analysis. The thin
film containing extracted precipitates is referred to as extraction replica. Extraction
replicas with a carbon [47, 49, 50], AlxOy [46], or Al [46, 49] film can be used to
analyse inclusions in microalloyed steels by electron microscopy (TEM, STEM, EDS,
EELS).[8, 79, 80, 85]

Investigation of extraction replicas is a well-established, straightforward technique
for precipitate characterisation. Compared to the investigation of ETFs, extraction
replicas only contain the particles on a thin film of carbon or aluminium based ma-
terial. Therefore, no matrix contribution is measured in EDS or EELS [47, 88], while
the spatial resolution is retained. Analysis of extraction replicas suffers from sev-
eral limitations. Etching steps are involved in the preparation of extraction replicas,
which can lead to undesired particle loss.[48, 88] Extraction replicas also suffer from
a lack of reproducibility.[89] TEM investigation of extraction replicas and bulk sam-
ples only allows for time-consuming analysis of a small sample volume.[19, 20, 90]
Additionally, detection of sub-10 nm particles in bright-field imaging can be chal-
lenging because of the particles low contrast.[91] Therefore, electrical resistivity mea-
surements or chemical analysis should be preferred to electron microscopy when
determining the volume fraction of particles in a sample.[89, 92] Because carbon ex-
traction replicas (CERs) do not allow for an unbiased carbon analysis of particles due
to the carbon film, Scott et al. [46] developed carbon-free, aluminium based films.
These films are used for carbon analysis and carbon-nitrogen ratio determination of
inclusions.[46] However, precipitate analysis with CERs remains the standard pro-
cedure in the industry.

Smith and Nutting [47] have shown the suitability of CERs to investigate carbides
in the nanometre range contained in microalloyed steels via TEM. Craven et al. [49,
50] employed CERs to investigate TiNb(CN) and non-titanium based nanoparticles
in microalloyed steels via electron microscopy. Particle size distributions were de-
termined and sub-10 nm niobium based particles could be imaged. Béreš et al. [20]
and Craven et al. [50] proved that analysis of sub-10 nm particles via CER combined
with electron microscopy is feasible. Annular dark field imaging proved to be valu-
able for morphology investigations and parallel electron energy-loss spectroscopy
(PEELS) allowed for a detailed chemical composition analysis of particles composed
of several phases.



Chapter 1. Precipitates in steel and their analysis 3

Beyond particle characterisation CERs can be combined with investigations on bulk
microalloyed steel samples to determine the impact of precipitation strengthening
on mechanical properties. The latter can be determined by measuring the hardness,
elongation, yield and tensile strength of the microalloyed steel after different ther-
momechanical controlled processing (TMCP) routes.[19, 81] Combining CER inves-
tigation and measurement of mechanical properties allows to follow precipitation
kinetics and to assess the strengthening mechanisms of alloying elements in solu-
tion and particles.[15, 20, 21] Following the microstructure of the metallographically
prepared bulk sample throughout the TMCP route via light microscopy, combined
with CERs investigation also allows for study of precipitation kinetics.[74, 82]

A combined investigation of CERs and bulk samples can also allow for detailed
precipitation kinetics studies. The bulk sample is characterised via electrical resis-
tivity measurements [75–77] and APT [62, 68]. APT allows for highly precise three-
dimensional analysis of inclusions ranging from clusters to nanoparticles regard-
ing chemical composition, size, and shape. Such clusters can barely be investigated
through electron microscopy of thin-foils or extraction replicas.[62] APT also allows
for detection of alloying elements dissolved in the matrix, which can foster under-
standing precipitation kinetics when combined with electrical resistivity measure-
ments.[68]

Matrix dissolution technique
The investigation of dissolved samples is also referred to as matrix dissolution tech-
nique.[1, 51, 64, 66] It consists in dissolving the iron matrix either chemically with
acids [1, 7, 51, 52, 55, 57, 58, 60, 61, 63–67, 70, 93, 94] or halogens [6, 56, 58–60, 70, 94],
or electrolytically to extract inclusions. The electrolytic extraction process requires
to wire the investigated steel sample as an anode and to immerse it in an electrolyte
that can be aqueous [53, 69, 71, 95] or non-aqueous [3, 4, 6, 64–66, 70, 72, 73, 78, 94–
97].

The matrix dissolution technique was developed in the last century to extract non-
metallic inclusions such as Al2O3 and SiO2 from steel.[55, 58] Chemical extraction
was predominantly used and followed by the so-called residue method [55] to deter-
mine the quantity of non-metallic inclusions in the steel sample. Later on, XRD [60,
61] of the dried extracted particles, chemical analysis, and spectrochemical analysis
[60] were introduced for characterisation. More recently electrolytic extraction was
combined with SEM and EDS to analyse micrometer sized rare earth metal oxides in
stainless steel [4] and ferroalloys [96]. Matrix dissolution plays an increasingly im-
portant role in the analysis of precipitates in microalloyed steels. Lu et al. [51] inves-
tigated niobium-rich nanoparticles in a Grade 100 microalloyed steel by combining
chemical extraction using acids with TEM/EDS, XRD, and ICP analysis. Qualita-
tive chemical composition estimation and particle size distribution determination
were successfully carried out.[51] Others used chemical [52, 57] and electrolytic [53]
extraction to successfully isolate the particles from the iron matrix of microalloyed
steels, allowing for particle characterisation utilising electron microscopy, XRD, and
spectrophotometrical methods.

The matrix dissolution technique has the advantage to allow for analysis of orders of
magnitude more precipitates than investigations on bulk and replicated samples. It
enables colloidal analysis of extracted precipitates. The matrix dissolution technique
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suffers from two major limitations. SiOx-network formation was reported for chemi-
cal extraction using acids.[1, 51, 52, 64, 65] The sol-gel like formation of this network
[98] leads to an enclosure of the extracted particles in amorphous SiOx hindering
subsequent particle analysis. Undesired particle loss is inherent to the matrix disso-
lution technique [52, 63, 67, 71, 94] and must be reduced to avoid obtention of biased
size distributions when analysing the extracted particles. Inoue et al. [94] investi-
gated the applicability of chemical and electrolytic extraction methods for specific
oxide and sulfide particles regarding dissolution loss. Rivas et al. [69] and Yamada
et al. [54] published reviews regrouping previously tested extraction methods for
specific types of particles and steels. Hegetschweiler et al. [52] investigated the im-
pact of differently concentrated acids and reactant temperature upon Ti(CN) and
Nb(CN) nanoparticle etching. An improved extraction protocol employing sulfuric
acid and a dispersant agent was presented to reduce particle etching and achieve
colloidally stable suspensions. Due to remaining undesired particle loss the matrix
dissolution technique does not allow for the characterisation of smallest precipitates
compared to investigations on bulk and replicated samples. A combination with the
analysis of bulk or replicated samples gives access to the complete precipitate size
range.

The extracted particles can be separated from the solvent for characterisation pur-
poses by filtering [3, 4, 6, 7, 55–58, 61, 63, 69–73, 78, 93, 96] or centrifugation [1,
51–53, 59, 64–67]. Filtering is often preferred when investigating micrometer sized
inclusions.[3, 4, 7, 73, 96] Centrifugation is recommended to avoid particle loss
through filter retention when nanoparticles as small as two nanometres in diame-
ter need to be collected.[1, 51, 52] Extracted particles have been analysed by elec-
tron microscopy techniques (TEM, STEM, EDS), spectrometry (inductively coupled
plasma mass spectrometry ICP-MS, inductively coupled plasma optical emission
spectrometry ICP-OES, single-particle inductively coupled plasma mass spectrom-
etry SP-ICP-MS), X-ray diffraction (XRD), and colloidal characterisation techniques
(analytical ultracentrifugation AUC, field flow fractionation FFF, dynamic light scat-
tering DLS). These complementary characterisation techniques enable a more effi-
cient inclusion analysis compared to the characterisation techniques utilised for bulk
and replicated samples. They provide statistically meaningful data for determina-
tion of particle size and chemical composition.[1, 53, 64, 67, 69, 83, 95, 99–101]

The matrix dissolution technique does not allow for spatially resolved investigation
of inclusions and therefore needs to be combined with the analysis of bulk samples
or replicated samples if particle location in the steel matrix is relevant. Comparative
particle characterisation using SEM on metallographically prepared surfaces and on
extracted particles showed that particle size, shape, chemical composition can only
be precisely determined for extracted particles. Investigations on the sample surface
only allow for location of the particles and rough estimation of the size and chem-
ical composition of micrometer sized precipitates.[3, 6, 7, 63, 70, 73] Nonetheless
combining the matrix dissolution technique and investigations of bulk samples pro-
vides valuable data upon precipitation kinetics [71], precipitation effect on mechan-
ical properties, and strengthening kinetics [78, 83], and particle stability [69, 94] that
could not be obtained through analysis of extracted particles alone. The investiga-
tion of extracted titanium and/or niobium carbonitride nanoparticles was combined
with TEM or STEM investigation of CER to validate the matrix dissolution technique
by monitoring possible particle loss [64, 69] and to validate the particle size distri-
bution data provided by SP-ICP-MS [67], AUC, and FFF [1, 95, 99–101]. Lu et al.
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[65, 66] used TEM-foils to study bulk particles unaltered by the CER production and
extraction procedure. For an extensive steel sample characterisation additional mi-
crostructural analysis was carried out by means of light microscopy and SEM on a
metallographically prepared bulk sample surface.[66] Park et al. [72] combined the
investigation of extracted particles and CER with electrical resistivity measurements
on a bulk sample to go beyond particle characterisation and study precipitation ki-
netics.

Analysis of precipitates with diameters below 10 nm
Precipitates with diameters below ten nanometres form in microalloyed steel for
instance during the accelerated cooling step of TMCP. They significantly improve
microalloyed steels yield strength through precipitation hardening. The contribu-
tion of fine precipitates to yield strength improvement can be enhanced by reducing
their size and increasing their volume fraction.[1, 102, 103]

Precipitates with diameters below ten nanometres can be investigated on bulk and
replicated samples. Electron microscopy investigations of microalloyed steel ETFs
allow for determination of size, shape, chemical composition, and location of fine
precipitates in the steel matrix.[15, 18, 80] Particles with diameters below ten nanome-
tres have been successfully imaged [2, 26, 30, 38, 39, 42, 65, 66], but extensive char-
acterisation is often carried out via APT [2, 26, 30, 38, 39, 42] or CER [65, 66]. APT is
preferred because it is a high-resolution three-dimensional characterisation method.
TEM investigations of precipitates with diameters below ten nanometres on CERs
are feasible.[20, 50, 84] Craven et al. [50] employed PEELS for precise chemical
composition determination of single particles. They claim that the fine precipitates
observed are either Nb(CN), NbC, or NbTiC depending on the composition of the
investigated microalloyed steel.

The matrix dissolution technique enables extraction of precipitates with diameters
below ten nanometres. Lu et al. [65, 66] showed that precipitates with diameters
below ten nanometres can be extracted successfully. Artefacts due to the extrac-
tion process such as agglomerated particles, or the engulfment of precipitates in a
SiOx-network hindered extensive TEM investigations of extracted precipitates with
diameters below ten nanometres. Therefore, particle size distribution determination
via TEM analysis of CERs was preferred to TEM analysis of extracted particles.[65]
Hegetschweiler et al. [52] present a novel chemical extraction process using sulfu-
ric acid to overcome existing limitations in TEM analysis of extracted particles due
to SiOx-network formation and enable sub-10 nm precipitate characterisation. Par-
ticle size distributions of extracted particles could be determined via TEM [1] and
STEM [67]. Precipitates with diameters below ten nanometres are reported and EDS
[67] allowed for qualitative chemical composition analysis of these fine precipitates.
Hegetschweiler et al. [67] introduced SP-ICP-MS as a powerful characterisation tech-
nique for size distribution and chemical composition determination of extracted pre-
cipitates. Nb and Ti based precipitates with diameters below ten nanometres cannot
be analysed by means of SP-ICP-MS due to apparatus limit of detection. Besides
well-established chemical and TEM analysis of extracted particles, colloidal charac-
terisation techniques have recently been reported to be suitable for characterisation
of fine precipitates.[1, 99–101]
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Outlook
Characterisation of sub-10 nm precipitates in microalloyed steels is possible via in-
vestigations on bulk and replicated samples but limited to samples with high par-
ticle number densities. Numerous bulk and replicated samples investigated in the
literature exhibit high particle number densities, because they contain precipitations
in the ferritic phase.[8, 11, 14, 16–18, 20, 25–28, 30, 32–36, 38–42, 44, 62, 80] Particle
number density in microalloyed steels depends upon thermomechanical process-
ing.[9, 10, 13, 22] It is not always possible to select the thermomechanical processing
route in such a way that the particle number density is high enough to allow for bulk
sample (APT, thin-foils) and extraction replica investigations.

The matrix dissolution technique is required to enable precipitate analysis for mi-
croalloyed steel samples displaying insufficient particle number densities for inves-
tigations on bulk and replicated samples. Matrix dissolution combined with col-
loidal characterisation techniques allows for swift analysis of numerous, including
sub-10 nm, particles (> 109). To the best of the author’s knowledge only a few stud-
ies concerning analysis of particles extracted from microalloyed steels via colloidal
characterisation techniques have been carried out.[1, 67, 97, 99–101, 104]

This thesis aims at extending the combination of matrix dissolution technique with
AUC, electron microscopy, ICP-OES to sub-10 nm precipitate analysis. The reliabil-
ity and robustness of the developed characterisation routine were discussed with
respect to CER investigations. The developed characterisation routine is thought to
greatly benefit precipitation kinetics studies when combined with investigations of
bulk samples such as electric resistivity, mechanical properties and/or matrix APT
measurements.[105] This thesis implements an electrolytic and chemical matrix dis-
solution technique for microalloyed steel samples to enable analysis of extracted
sub-10 nm precipitates. The suitability of electrolytic precipitate extraction for pre-
cipitate extraction with a minimised particle loss compared to chemical extraction
was studied. Several electrolytes were tested to achieve stable colloidal suspen-
sions suitable for AUC analysis. Extracted precipitates were extensively charac-
terised to present insights on shape, size, and chemical composition of precipitates
in the sub-10 nm range. In addition to sub-10 nm precipitate characterisation this
thesis also presents a precipitate number density determination technique combin-
ing AUC analysis of chemically extracted precipitates and ICP-OES analysis of the
bulk sample. Results were discussed in the light of complementary APT and ETF
investigations.
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Chapter 2

Theory

2.1 High-Strength Low-Alloy (HSLA) Steels

The chemical composition of HSLA steels can be adapted to achieve specific me-
chanical properties, corrosion resistance, and good weldability. Tensile strengths of
HSLA steels range from 275 to 450 MPa [106, 107], a better strength-to-weight ratio
than common low-carbon steels. This is exploited in offshore structures, pipelines,
storage tanks, and structural parts of industrial equipment.[106]

This thesis focuses on a type of HSLA steel referred to as microalloyed steel.[106]
Microalloyed steels can be defined as low-carbon alloy steels with no alloying el-
ement exceeding 5 wt%.[108] Typical alloying elements added in small quantities
(< 0.1 wt%) are titanium, niobium, and vanadium.[106] They induce desirable ti-
tanium, niobium, or vanadium based carbide, nitride, or carbonitride nanoparti-
cle formation in the microalloyed steel during TMCP. The particles cause precipita-
tion, grain-refinement, and also solid solution strengthening thereby guaranteeing
the outstanding mechanical properties of microalloyed steels.[15–21, 109] Detailed
explanations on the working principle of the above mentioned strengthening mech-
anisms can be found in reviews and monographies [1, 95, 110–112].

Thermomechanical Controlled Processing (TMCP)
TMCP combines thermal (heat treatment, cooling) and mechanical (rolling) process-
ing of microalloyed steel slabs to achieve precipitate formation and fine grain size
(1-3 µm). TMCP involves subsequent reheating, rolling, and accelerated cooling
(Fig. 2.1).[1, 103, 113–115] First, casted microalloyed steel slabs undergo reheating.
Temperatures up to 1 250 ◦C are necessary to dissolve most of the microalloying ele-
ments that precipitated during slab casting. Due to their low solubility in austenite
titanium nitride precipitates do not dissolve completely upon reheating. These in-
clusions with a size of approximately 300 nm end-up pinning austenite grain bound-
aries and prevent grain coarsening.[1, 95, 103, 113, 114, 116]

In the second stage the microalloyed steel slab is cooled down, but maintained above
recrystallisation temperature for rough rolling. Rough rolling leads to a defect free
structure of fine austenite grains. The subsequent finish rolling is carried out at a
temperature between the recrystallisation and the austenite to ferrite transformation
temperature. The applied plastic deformations elongate austenite grains. Besides
a microstructural change and obtention of the so-called pancake austenite, finish
rolling also results in the formation of precipitates 50 nm in size. Strain-induced
precipitation of titanium, niobium, and vanadium allows for microstructure control
during TMCP.[1, 95, 103, 113, 114]
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FIGURE 2.1: Effect of the different TMCP stages on the steel mi-
crostructure. Figure adopted with permission from [117].

In the third stage accelerated cooling is carried out to form ferrite with desired mi-
crostructure. Depending on the cooling rate bainite, perlite, or martensite can be
formed besides ferrite and affect mechanical properties.[1, 95, 103, 113, 114] The fer-
rite grain size depends upon finish rolling parameters. Strong deformations lead to
numerous lattice defects which result in nucleation sites for the ferrite to austenite
transformation. The more nucleation sites, the smaller the ferrite grain size. The
accelerated cooling step is also responsible for the formation of precipitates smaller
10 nm. These particles contribute to the mechanical property profile of the microal-
loyed steel through precipitation hardening.

This thesis aims at providing a characterisation routine for sub-10 nm particles. This
routine can be used to characterise precipitates for a given microalloyed steel sam-
ple and TMCP stage. Knowing the property profile of these particles the effect of
TMCP parameter changes on the particle properties can subsequently be monitored
to optimise TMCP. Optimisation of TMCP can be carried out based on theoretical ap-
proaches. The knowledge of solubility products of titanium, niobium, or vanadium
based nitrides and carbides allows for a more controlled TMCP. Parameter varia-
tions in TMCP can affect precipitation hardening and grain refinement strengthen-
ing efficiency [1, 115, 116], for instance to keep some niobium in solid solution and
form precipitates smaller 10 nm that strengthen the microalloyed steel.[103] Exten-
sive precipitate characterisation (chemical composition, size, shape) helps tuning
TMCP parameters to achieve specific precipitates. Combined with microstructure
control microalloyed steels with highly specific property profiles could be produced.
Precipitate characterisation via investigation of pristine, replicated and/or dissolved
samples requires proper sample preparation.
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2.2 Sample Preparation

Chapter 1 reviews published precipitate analyses of bulk, replicated, and dissolved
microalloyed steel samples.

2.2.1 Electron Transparent Foils (ETFs)

Electron transparent foils of microalloyed steel samples can be prepared by target
preparation via FIB.[26, 118] Trenches are milled in the bulk material to bare a foil of
microalloyed steel. The foil is then lifted out, attached to a grid and ion milled to re-
move FIB preparation artefacts and to reach electron transparency thickness. Other
ETF preparation technique are based on mechanical polishing with subsequent ion
polishing [79, 118] or electropolishing [9, 118].

Thin foils are useful to locate precipitates in the steel structure [15, 65, 66] and to
determine the orientation relationship between precipitates and matrix [8, 22]. TEM
investigations of thin foils also allow for size and chemical composition determina-
tion of precipitates.[15, 18, 80] Reliable EDS measurements are limited to precipitates
significantly larger than the electron beam. A matrix contribution is measured for
smaller particles. The steel matrix is not only detrimental to EDS analysis of fine
precipitates. Its magnetic field also interacts with the electron beam.[15, 79, 80] Size
determination via TEM investigation of ETFs can be falsified by precipitates cut dur-
ing ETF preparation and overlapping precipitates. Contrast-based sub-10 nm pre-
cipitate identification is a limitation of electron microscopy investigations on ETFs.
The generated contrast intensity depends upon the precipitate volume and crystal-
lographic orientation. Electron diffraction and weak electron scattering at sub-10 nm
precipitates limit the contrast intensity. Further the foil thickness, interactions of the
electron beam with the magnetic sample and sample heterogeneity impact precipi-
tate identification.

2.2.2 Carbon Extraction Replica (CER)

The first step in CER preparation of a steel sample consists in producing a polished
metallographic section (Fig. 2.2 1). After cleaning the sample is etched until the mi-
crostructure becomes visible in light microscopy. The inclusions are now protruding
from the steel matrix (Fig. 2.2 2). Then a thin carbon film (< 100 nm) is evapo-
rated or sputtered onto the metallographic section (Fig. 2.2 3).[118, 119] Carbon film
thickness is crucial for subsequent TEM investigation. For sub-10 nm particles sig-
nificantly smaller than the carbon film thickness poor contrast and blurriness due to
the amorphous carbon will impede characterisation.[88, 89] A second etching step
or electropolishing is required to float off the carbon film from the steel matrix (Fig.
2.2 4). Alternatively electropolishing can be employed.[1, 120, 121] The sample can
be ground and polished to prepare additional CERs.[47] CERs can be investigated
via TEM and STEM to determine particle size distribution and chemical composition
(EDS, EELS).[8, 20, 21, 49, 50, 62, 72, 74–77, 79, 80, 82, 85]

Besides carbon film thickness considerations the investigation of CERs for sub-10 nm
particle analysis suffers from particle loss which can occur through undesired etch-
ing of inclusions that will end up being attached to the carbon film during 2 and 4
(Fig. 2.2).[1, 48, 88] Undesired etching of sub-10 nm particles leads to characterisa-
tion of a biased system. Sub-10 nm particles contained in the steel at a depth that lies
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between the metallographic section and the bottom of the largest particles attached
to the carbon film can be flushed away in 2 and 4 (Fig. 2.2). This second type of
particle loss results in a biased particle size distribution shifted towards larger par-
ticle diameters.[88, 92] Formation of aggregates during CER production [88] adds to
the limited extraction efficiency [1] and lack of reproducibility [89] of CERs. Ashby
et Ebeling [89] came to the conclusion that CERs are suitable for the determination
of volume fraction of particles in steel, but that more accurate methods should be
preferred.

FIGURE 2.2: Steps in the CER production process: 1 Preparation of
a polished metallographic section, 2 Partial free-etching of particles,
3 Carbon film deposition, 4 Second etching step, 5 Final CER after
removal from the steel sample. Figure adapted with permission from

[120].

2.2.3 Matrix Dissolution Technique (MDT)

Sub-10 nm particles have successfully been extracted via chemical extraction [1, 65–
67]. Hegetschweiler et al. [52] provided a chemical extraction procedure mitigat-
ing undesired particle etching and SiOx-network formation. This thesis adopts their
chemical extraction procedure and extends the existing characterisation routine to
sub-10 nm particles. Electrolytic extraction is tested as an alternative extraction pro-
cess to further reduce undesired particle loss.

Chemical Extraction

Sulfuric or hydrochloric acid is added to microalloyed steel chippings to dissolve
the iron matrix. A dispersing agent stabilises the extracted precipitates.[52, 93] The
released particles are isolated for characterisation purposes. To avoid particle loss
through filter retention centrifugation is preferred to filtration when collecting nano-
sized precipitates.[1, 51, 52] TEM [51, 52, 65–67], spectrometry (ICP-OES, SP-ICP-
MS) [51, 52, 65–67], XRD analysis [61, 65, 66], and more recently colloidal character-
isation techniques (AUC, FFF) [1] have been reported for particle characterisation.

Electrolytic Extraction

Electrolytic extraction of inclusions from microalloyed steel requires an electrolytic
three electrode setup (Fig. 2.3) composed of a working, a counter and a reference
electrode. The electrochemical steel dissolution takes place at the working electrode.
The reference electrode allows to monitor the working electrode potential and the
counter electrode carries the current together with the working electrode. Reduction
occurs at the cathode (Eq. 2.1) and oxidation occurs at the anode (Eq. 2.2). During
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operation of an electrolytic cell the oxidoreduction reaction (Eq. 2.3) takes place.
The electrolyte conductivity is caused by movement of ionic species. Convection,
migration, and diffusion are the three transport mechanisms reported for ions in
the electrolyte.[122] Stirring the electrolyte reduces transportation induced kinetic
inhibitions of the oxidoreduction reaction.

Ox1 + n1 · e- → Red1 (2.1)
Red2 → Ox2 + n2 · e- (2.2)

n1 · Red2 + n2 ·Ox1 → n2 · Red1 + n1 ·Ox2 (2.3)

FIGURE 2.3: Electrolytic cell based on the three electrode setup with
i the current flowing through the cell and E the potential between
the counter and reference electrodes. The reference electrode ensures
application of a desired potential. The counter electrode balances the

current observed at the dissolving working electrode.

Numerous aqueous and non-aqueous electrolyte compositions are suitable for elec-
trolytic inclusion extraction.[54, 69] Non-aqueous electrolytes are typically compo-
sed of a complexing agent (CA), a supporting electrolyte, and a solvent. The CA
complexes the dissolved iron ions and keeps it in solution. The supporting elec-
trolyte provides non-reacting ions that increase electrolyte conductivity and ensure
that transport is diffusion-limited.[122, 123] The solvent has to be compatible with
the CA and the supporting electrolyte in terms of solubility and stability. A non-
aqueous electrolyte composed of acetylacetone, tetramethylammonium chloride (T-
MAC), and methanol has been used for extraction of titanium and niobium based
precipitates from microalloyed steels.[54, 66, 78] Instead of acetylacetone other CAs
such as methyl salicylate/salicylic acid [54, 94, 97], maleic acid [69], maleic anhy-
dride [54, 94] can be used for electrolytic extraction.

This paragraph focuses on a methanol-based electrolyte containing acetylacetone as
CA and the quaternary ammonium salt TMAC as supporting electrolyte. The pro-
togenic solvent methanol also takes part in the oxidoreduction reaction for this elec-
trolyte composition. Iron is oxidised at the anode to iron(II) (Eq. 2.4) or iron(III) (Eq.
2.5), methanol is reduced at the cathode to a methoxide anion (Eq. 2.6 or Eq. 2.7),
and the protons recombine to gaseous hydrogen. The metoxide anion is attracted
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towards the anode, i.e. the working electrode, where ferrous methoxide is formed
on the steel surface (Eq. 2.8 or Eq. 2.9). The ferrous methoxide reacts with the CA
and is removed from the anode surface (Eq. 2.10 or Eq. 2.11).[124]

Fe→ Fe2+ + 2 · e- (2.4)

or Fe→ Fe3+ + 3 · e- (2.5)

2 · CH3OH + 2 · e- → 2 · CH3O- + H2 (2.6)

or 3 · CH3OH + 3 · e- → 3 · CH3O- +
3
2
· H2 (2.7)

Fe2+ + 2 · CH3O- → Fe(OCH3)2 (2.8)

or Fe3+ + 3 · CH3O- → Fe(OCH3)3 (2.9)

Fe(OCH3)2 + 3 · CA→ FeCA3
2+ + 2 · CH3O- (2.10)

or Fe(OCH3)3 + 3 · CA→ FeCA3
3+ + 3 · CH3O- (2.11)

Potentiodynamic polarisation curves are used to determine the potential range al-
lowing for inclusion extraction with minimised particle loss.[66, 125, 126] Electrolyte
potentials ranging from -0.3 to 0.5 V vs saturated calomel electrode (SCE) were es-
timated suitable for HSLA steel dissolution in the acetylacetone electrolyte.[66] The
dissolution rate depends upon the applied potential and is limited by undesired
particle etching. Exceeding 0.5 V vs SCE leads to pronounced dissolution of tita-
nium and niobium-based precipitates. Compared to chemical inclusion extraction,
electrolysis requires more time to dissolve the same sample quantity.[6] Applying
less than −0.3 V vs SCE does not allow for microalloyed steel dissolution.

The extracted precipitates have been isolated via centrifugation or filtration and then
analysed for size, shape, and chemical composition via colloidal characterisation
techniques (FFF, DLS, AUC) [1, 95] and spectrometry (ICP-OES, ICP-MS) [3, 69, 78,
95]. The dried suspension can also be analysed via electron microscopy (TEM, SEM,
EDS) [3, 4, 6, 53, 64, 73, 95, 96] and XRD [3, 53, 60, 61, 64, 69].
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2.3 Characterisation Techniques

2.3.1 Electron Microscopy

Secondary electrons and backscattered electrons are used for imaging purposes in
scanning electron microscopy (SEM) (Fig. 2.4). Transmission electron microscopy
(TEM) relies on direct beam, or scattered electrons for imaging. Chemical composi-
tion determination in SEM and TEM is achieved via characteristic X-rays analysis.
In scanning transmission electron microscopy (STEM) chemical analysis can also be
carried out by monitoring the energy distribution of inelastically scattered electrons
for electron energy loss spectroscopy (EELS) to investigate e.g. atom coordination.
The electron beam size can be adapted via apertures to maintain beam coherence,
adapt image contrast, or perform energy dispersive X-ray spectroscopy (EDS) point
measurements. The theoretical limit of resolution for an electron microscope de-
pends on the smallest electron wavelength achievable. An increase in acceleration
voltage reduces the electron wavelength (Eq. 2.12). Electron microscopy analysis
of sub-10 nm particles is limited by sample preparation aspects rather than by SEM,
TEM, STEM resolution.

λe =
h[

2 ·m0 · Ek ·
(
1 + Ek

2·m0·c2

)] 1
2

(2.12)

with the electron wavelength λe, Planck’s constant h, the electron velocity m0, the
electron kinetic energy Ek, the electron velocity c.

FIGURE 2.4: Signals generated by electron-matter interaction which
can be used for electron microscopy investigations.

Figure adapted with permission from [118].

Scanning Electron Microscopy (SEM)

This section reviews limitations of SEM investigations of pristine and replicated
samples as well as extracted particles. Metallographically prepared bulk specimen
of microalloyed steel can be imaged with SEM for particle characterisation [3, 5–7,
63, 66, 70, 73, 79, 94] and microstructure investigation [2, 9, 16, 17, 80, 90]. While
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SEM investigations provide valuable information on phases in presence and grain
orientation, they only provide size distributions of limited accuracy due to sam-
ple preparation limitations. Size and shape of particles slightly protruding through
specimen surface cannot be determined as precisely as in ETFs and CERs.[70, 79]
Time-efficient determination of statistically meaningful PSDs is impeded by the low
number of particles accurately measurable. When investigating particles smaller
10 nm in a cross section, an unavoidable matrix contribution impedes unambiguous
determination of precipitate chemical composition.[6, 73]

SEM investigation of CERs allows for precipitate imaging and size determination.
However the secondary electron signal provides insufficient contrast for automatic
particle analysis [79], so that time-efficient PSD determination cannot be achieved
via SEM of CERs. Precipitates down to 10 nm in size can be imaged according to
Varano et al. [127]. EDS spot analysis allows for quantitative chemical composition
estimation, but the limited count rate highlights the technical limitation of EDS spot
analysis in SEM for sub-10 nm precipitates. SEM has to be seen as an alternative to
higher resolution TEM for analysis of microalloyed steel CERs for research groups,
or companies without access to TEM facilities.

SEM investigation of extracted precipitates is often referred to as three-dimensional
investigation in the literature.[4, 6, 73, 96] Compared to the two-dimensional cross
section investigations, the extracted precipitates are collected on a filter. This ap-
proach finds application in the characterisation of µm-sized precipitates.[3, 4, 6, 7,
70, 73, 96] Filter loss for precipitates in the sub-10 nm range [1, 51, 52] and the lim-
ited resolution capability of SEM compared to TEM are the reason why SEM in-
vestigation is not suited for analysis of sub-10 nm sized precipitates extracted from
microalloyed steel.

Transmission Electron Microscopy (TEM)

TEM investigations can be carried out on ETFs, CERs, and extracted particles. TEM
on pristine samples requires the preparation of an ETF. Imaging of the thin foil pro-
vides information upon microalloyed steel microstructure [2, 9, 13, 15, 16, 18, 39, 40,
45, 80], precipitate arrangement in the different phases [2, 13, 15–18, 33, 35, 38–40,
45, 65], precipitate size down to a few nanometres and shape [2, 8–10, 12, 13, 15–18,
22, 23, 27, 30, 34, 38–40, 45, 66, 75, 79, 80]. Chemical composition of precipitates is
accessible via EDS [8, 9, 12, 15, 17, 18, 23, 66, 75] and EELS [8, 45, 80]. Precipitates
in ETFs are enclosed in an iron matrix which systematically contributes to the EDS
signal for precipitates the size of the electron beam or smaller.[88] The magnetism of
the iron matrix is responsible for electron beam deflection which can be corrected by
the operator. Selected area diffraction is used to determine crystallographic proper-
ties of the precipitates [8, 9, 15, 16, 18, 22, 23, 30, 33, 34, 39, 40, 45, 65, 66, 80] and their
orientation relationship with the iron matrix [2, 8, 15, 16, 18, 22, 23, 30, 33, 34, 45, 65,
66, 80]. The collected information allows for precipitation type identification (e.g.
interphase or strain-induced precipitation) [16, 18, 38, 66]. Besides precipitate char-
acterisation, TEM investigations on thin foils enable interaction studies between pre-
cipitates and dislocations.[17, 66] Tedious sample preparation and time-consuming
optimisation of TEM settings hinder an efficient precipitate analysis. Statistically
meaningful precipitate characteristics are difficult to obtain from a single thin foil,
since only a small area is available for analysis [79] and particle size distribution de-
termination suffers from overlapping projections of precipitates [92]. Studies rely on
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high resolution techniques such as APT to obtain more precise data on precipitate
size and chemical composition [12, 13, 22, 30, 33–36, 39] or use TEM to validate APT
data [26, 40].

Studying precipitates in extraction replicas allows to overcome undesired iron ma-
trix effects. As for TEM investigations of ETFs, the investigation of CERs in TEM
allows for precipitate size and shape determination.[8, 9, 11, 15, 19–21, 23, 25, 46,
48, 62, 64, 65, 69, 72, 74–76, 82] According to literature the smallest particles which
can be extracted from the steel surface lie in the range from less than 1 nm to 3 nm
in diameter, making TEM on extraction replicas suitable for analysis of sub-10 nm
precipitates.[19, 20, 62, 64, 80] EDS and EELS measurements are usually employed
for a qualitative estimation of precipitate composition [8, 9, 11, 15, 19–21, 23, 25, 46,
48, 62, 64, 65, 69, 72, 74–76, 82]. Recently EELS has been used to quantitatively de-
termine chemical compositions of precipitates.[46, 80] Selected area diffraction can
also be employed to study precipitate crystallography.[19, 20, 62, 64, 76] While the
orientation relationship of precipitates to the iron matrix cannot be studied in extrac-
tion replicas, precipitate arrangement in steel can still be investigated [15, 20, 62] and
precipitate volume fraction determined [19, 21]. The carbon film in CERs impedes
determination of carbon content in precipitates. An alternative to CERs has been
developed by Scott el al. [46] to determine precipitate carbon content and carbon to
nitrogen ratios. Extraction replica preparation should be carefully executed to avoid
artifacts such as undesired particle loss and particle displacement.[48, 88]

TEM investigations of extracted particles provide statistically more meaningful PSDs
than TEM investigations of ETFs and CERs. The improved particle density benefits
the identification of precipitate families with different chemical compositions via
EDS. The suitability of the MDT for precipitate analysis was demonstrated through
TEM and EDS investigations of extracted precipitates. Read et al. [53] determined
the size, shape, and chemical composition of electrolytically extracted precipitates.
Lu et al. [51, 64–66] extended the suitability of the MDT to chemically extracted
precipitates. They also introduced the combination of MDT and TEM as a valuable
complementary approach to investigations on pristine or replicated samples, by dis-
cussing metallurgical findings based on results provided by all three approaches.
Hegetschweiler et al. [1, 67] used TEM investigations on chemically extracted pre-
cipitates to establish colloidal characterisation techniques for precipitate analysis.

TEM investigation of ETFs is irreplaceable to determine precipitate/matrix orienta-
tion relationships and precipitate arrangement in the steel matrix. The same holds
true of TEM investigation of CERs for precipitate arrangement analysis. TEM com-
bined with pristine, replicated or dissolved samples has to be carried out depending
on the research focus. Hegetschweiler et al. [1, 52] investigated the particle loss
inherent to the MDT technique and found that the amount of undesired particle
etching can be neglected when comparing PSDs obtained via TEM investigations
of CERs and extracted precipitates for the chemical extraction protocol presented
in [52]. Sub-10 nm precipitates have successfully been extracted from microalloyed
steels and accounted for in the determined PSD.[1]

Scanning Transmission Electron Microscopy (STEM)

STEM has the advantage to allow for an improved precipitate characterisation, be-
cause it allows for an enhanced resolution and for EELS point analysis and mapping.
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The application of STEM for precipitate analysis in ETFs ranged from simple precip-
itate detection [94] to comprehensive investigation including size, shape, chemical
composition and crystal structure determination [9, 25, 26, 42]. Commonly EDS
point analysis [9, 26], or EDS mapping [25] has been employed to assess precipitate
composition. The high precision of STEM combined with ETFs allows for detailed
determination of microstructural features and precipitate distribution within the mi-
croalloyed steel.[9] Wang et al. [42] combined STEM and APT to study the formation
of clusters and their evolution into precipitates. These observations were only made
possible by the high-resolution STEM equipment since the precipitate chemical com-
positions appeared to be too similar for differentiation in APT. Neither conventional
SEM, nor TEM would have provided the required imaging capabilities. CERs have
been imaged in STEM to determine precipitate size [1, 49, 50, 68, 74, 79], shape [49,
68, 74], and chemical composition through EDS [68, 74] or EELS [50] with a higher
precision than with TEM and SEM [79]. Further, STEM investigations on CERs al-
low for study of precipitation distribution in the steel microstructure with a better
resolution than TEM.[68, 74] These elements are used to study precipitate evolution
in a steel sample at different treatment stages [68, 74], or to compare precipitation
status between different steels [50]. To the best of the author’s knowledge STEM in-
vestigations on extracted precipitates have only been carried out by Hegetschweiler
et al. [1, 67], to study precipitate size, shape, and chemical composition with higher
accuracy and precision than TEM.

2.3.2 Analytical Ultracentrifugation (AUC)

Theodor Svedberg invented an analytical ultracentrifuge (AU) in 1924 to determine
particle size distributions. He provided a fractionating characterisation technique
with Ångström resolution and reliable statistics to determine particle sizes in the
range 1 - 5 000 nm.[128–130] A centrifugal force is applied to the investigated col-
loidal system and resulting particle sedimentation is monitored to determine sed-
imentation coefficients containing particle size information. Temperature control
is critical for a successful AUC measurement. Peltier elements in the rotor cham-
ber maintain the desired temperature and operation under high vacuum minimises
heat generating friction between the spinning rotor and the gas atoms in the rotor
chamber. AUs can contain absorption, interference, schlieren, or fluorescence optics.
Absorption optics contain either turbidity, or UV-Vis detectors for single-, or multi-
wavelength (MWL) detection.[128, 130] Sedimentation velocity (SV), sedimentation
equilibrium, synthetic boundary, density gradient, and approach to equilibrium ex-
periments can be carried out with an AU.[130] In SV-experiments the rotor is either
kept at constant speed or accelerated. The latter is referred to as gravitational sweep
(GS) experiment and one has to distinguish between multi-speed GS experiments
[131, 132] and speed ramp GS experiments [133]. In multi-speed GS experiments the
rotor speed exhibits a stair shaped profile over time, while in speed ramp GS exper-
iments the rotor speed is linearly increased throughout the course of the experiment.

In an AU equipped with absorption optics the AU rotor is spinning at a given speed
and the AUC measurement cell crosses the optical beam path only briefly. The spec-
trometer scans across the sectors of the measurement cell and monitors particle sed-
imentation induced by rotor movement in a SV-experiment at constant speed. Be-
cause the particles sediment with a characteristic velocity, the particle size distribu-
tion of the suspension can be determined. In a speed ramp SV-experiment the spec-
trometer does not scan across measurement cell sections. The spectrometer is at a
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fixed position (e.g. section middle) and detects particles sedimenting in the linearly
increasing gravitational field when they pass the fixed spectrometer radial position.
This also allows for particle size distribution determination. An AU equipped with
a MWL UV-Vis detector is utilised in this thesis to analyse particles extracted from
microalloyed steels. The following sections will focus on the type of experiments
carried out in this thesis and the theoretical background of optical detection of sedi-
menting particles.

Sedimentation Velocity Experiment

Particle sedimentation speed depends on particle size, density, and shape. This leads
to fractionation of the different particle populations. The extinction measured across
the measurement cell (Fig. 2.5) allows for radial concentration profile determination.
The concentration gradient corresponds to the sedimentation boundary. For each
scan a sedimentation boundary is measured at ti and its radial position rsb is de-
termined. Eq. 2.13 links the sedimentation boundary velocity to the sedimentation
coefficient and can be integrated to determine the mean sedimentation coefficient of
the investigated particles (Eq. 2.14). The mean sedimentation coefficient can be used
for data analysis of monomodal colloids.

v =
drsb

dt
=

s
ω2 · r (2.13)

ln
rsb

rm
= s ·

∫ t

0
ω2dt (2.14)

with the sedimentation boundary velocity v, the sedimentation boundary radius rsb,
the time t, the sedimentation coefficient s, the rotor spinning velocity ω, the radius
from center of rotation r, and the meniscus position rm.

g(s) =
d
(

C(s)
C0

)
ds

·
(

r
rm

)2

(2.15)

with the sedimentation coefficient distribution g(s), the sample concentration for
a given sedimentation coefficient C(s), the initial sample concentration C0, the sedi-
mentation coefficient s, the radius from center of rotation r, the meniscus position rm.

FIGURE 2.5: Change in absorbance as a function of radial position
during SV-experiment.
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For suspensions with broad particle size distributions or for multimodal colloids
a sedimentation coefficient distribution (Eq. 2.15) is preferred to the mean sedi-
mentation coefficient for accurate data analysis. Data analysis for determination of
sedimentation coefficient distribution can be carried out with either parameter free
approaches (time derivative method DCDT [134–137], van Holde-Weischet analy-
sis [138]) or direct boundary modelling [139–142]. In this thesis direct non-negative
least-squares (NNLS) boundary modelling (ls-g*(s)) is used in Sedfit, a freely avail-
able AUC data analysis software provided by the Schuck lab.[139, 143] The ls-g*(s)
model is suitable for analysis of multimodal or broad colloidal systems containing
large particles (∅ > 30 nm), because it assumes ideal, non-diffusing particles.[144]
For high resolution data analysis of smaller particles either rotor speed selection al-
lows to neglect diffusion and the ls-g*(s) model is used , or models based on the
Lamm equation are employed.[140] In Spyder, a freely available python environ-
ment, the sedimentation coefficient distribution is then converted into an extinction
weighted particle size distribution. This step requires particle density knowledge.
The ligand shell is considered in particle density determination (Eq. 2.16, refer to
Appendix A for derivation):

ρP = ρShell +

(
x− 2 · lS

x

)3

· (ρCore − ρShell) (2.16)

with the particle density ρP, the shell density ρShell, the hydrodynamic particle di-
ameter x, the shell thickness lS, and the particle core density ρCore.

The shell density equals the ligands density and the core density equals the material
density. Insertion of Eq. 2.16 into Eq. 2.27 leads to Eq. 2.17 (refer to Appendix A for
derivation):

x2

18 · η ·
(

ρShell ·
(
x3 − (x− 2 · lS)

3)+ ρCore · (x− 2 · lS)
3

x3 − ρS

)
− s = 0 (2.17)

with the solvent viscosity ηS, the solvent density ρS, and the sedimentation coeffi-
cient s.

Sedimentation coefficient values are known and corresponding particle radii are de-
termined using Eq. 2.17. To complete extinction weighted PSD determination, the
extinction frequency distribution needs to be assessed. The extinction frequency dis-
tribution is determined via axis transformation (Eq. 2.18):

F(x) = F(s) · ds
dx

(2.18)

with the extinction frequency distribution F(x) and the sedimentation coefficient
distribution F(s).

The sedimentation coefficient frequency distribution F(s) is provided by Sedfit. The
sedimentation coefficient equation is known (Eq. 2.17). The particle radius depend-
ing particle density equation is known (Eq. 2.16). Calculation of ds/dx allows for ex-
tinction frequency distribution obtention. Combining the extinction frequency dis-
tribution and the particle radii, the extinction weighted PSD can be plotted. Before
further determination of the mass and number weighted PSD, Mie correction has to
be considered. Obtention of a number weighted PSD after SV-experiment is crucial
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for direct comparison with TEM PSD. A number weighted TEM PSD cannot be di-
rectly compared to a sedimentation coefficient distribution, extinction weighted, or
mass weighted distribution.

Concentration differences between particle populations in complex mixtures are lim-
iting for SV-experiments at constant speed.[133] In a classical SV-experiment at con-
stant speed certain particle populations can sediment before the rotor has reached
set rotor speed and acquisition is started. Analysis of multimodal colloidal systems
can be a limit of the classical SV-experiment, because a compromise rotor speed al-
lowing for acquisition of sufficient boundaries for each population has to be iden-
tified. Implementation of a speed ramp experiment allows to circumvent the two
latter limitations by gradually increasing rotor speed during acquisition.

Speed Ramp Experiment

Combination of a MWL spectrometer and a speed ramp SV-experiment allows for
detailed analysis of individual components in multimodal colloidal systems and sig-
nificantly reduces signal loss due to particle sedimentation prior to acquisition start.
The MWL spectrometer is at a fixed radial position and measures the extinction in-
tensity as a function of rotor speed and time. The sedimentation coefficient corre-
sponding to given particle can be determined by Eq. 2.19:

s(ti) =
ln rd

rm∫ t1
t0

ω2dt
(2.19)

with the sedimentation coefficient at the detection time s(ti), the detector position
rd, the meniscus position rm, and the rotor spinning velocity ω.

During data acquisition the denominator of Eq. 2.19 is continuously calculated.
Once the sedimentation coefficient distribution is determined, Mie theory and Stokes
law (Eq. 2.27) are used to derive particle sizes and a wavelength independent par-
ticle size distribution.[133, 143] The MWL spectrometer maintains the fixed radial
position set by the operator, but gravitational force stretches the rotor, leading to in-
creasingly important differences between spectrometer and cell position. Eq. 2.20
corrects for rotor specific stretching and the radial offset [143]:

rm(t) = rm(t0) + K1 · f (t) + K2 · f (t)2 (2.20)

with the meniscus position at zero rotor speed rm(t0) and the rotor specific stretch-
ing factors K1 and K2.

In this thesis data analysis was performed with a software developed by Walter
named high dynamic range-multiwavelength fitting (HDR-Multifit).[133, 145] Mie
correction was applied to the obtained sedimentation coefficient distributions to de-
termine number-weighted particle size distributions.

Mathematical Theory of Particle Sedimentation

Sedimentation velocity and speed ramp experiments provide sedimentation coeffi-
cient distributions from which particle size information needs to be derived. Sved-
berg developed a sedimentation theory where three forces act on nanoparticles in
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the AUC measurement cell during centrifugation: gravitational force (Fg), buoyant
force (Fb), and frictional force (Ff) (Eq. 2.21-2.23): [1, 130, 143]

Fg = mP ·ω2 · rP (2.21)

Fb = −mS ·ω2 · rP = −mP · ν̄ · ρS ·ω2 · rP (2.22)

Ff = − f · u (2.23)

with the particle mass mP, the rotor spinning velocity ω, the distance between the
considered particle and the radius from center of rotation rP, the mass of displaced
solvent mS, the partial specific volume ν̄ which equals to the inverse of particle den-
sity 1/ρP, the solvent density ρS, the frictional coefficient f , and the sedimentation
velocity of the considered particle u.

The sum of the forces applied to the particle is zero at equilibrium:

Fg + Fb + Ff = mP ·ω2 · rP −mP · ν̄ · ρS ·ω2 · rP − f · u = 0 (2.24)

Eq. 2.25 is obtained upon rearranging of Eq. 2.24:

mP · (1− ν̄ · ρS)

f
=

u
ω2 · rP

≡ s (2.25)

Eq. 2.25 provides the definition of the sedimentation coefficient s. The sedimentation
coefficient is expressed in Svedberg (S, 1 S = 10-13 s). The frictional coefficient equals
to:

f = 3 · π · ηS · x (2.26)

with the solvent viscosity ηS and the sphere diameter x.

Combining Eq. 2.25 and Eq. 2.26 the sedimentation equivalent diameter can be
determined (refer to Appendix A for the derivation):

x =

√
18 · ηS · s
ρP − ρS

(2.27)

The sedimentation equivalent diameter only equals to the hydrodynamic diameter
in the case of non-solvated, hard, spherical particles with a uniform density.[1, 130,
143]

A more sophisticated sedimentation theory based on thermodynamics is provided
by the Lamm equation (Eq. 2.28). Particle sedimentation and particle diffusion
are considered, the diffusion term can be neglected for sufficiently large particles.
When investigating sub-10 nm particles either a diffusion term is added or high ro-
tor speeds are chosen to suppress diffusion. AUC measurement data analysis with
the Lamm equation is suitable for narrowly distributed colloidal systems containing
small particles.[1, 130, 143]

∂C
∂t

= D ·
(

∂2C
∂r2 +

1
r
· ∂C

∂r

)
︸ ︷︷ ︸

diffusion

−ω2 · s ·
(

r · ∂C
∂r

+ 2 · C
)

︸ ︷︷ ︸
sedimentation

(2.28)
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with the sample concentration C, the time t, the sample diffusion constant D, the ra-
dius from center of rotation r, the sedimentation coefficient s, and the rotor spinning
velocity ω.

Optical Particle Detection

A MWL UV-Vis Detector AU was used for particle analysis in this thesis. Detailed
descriptions of MWL UV-Vis detector setup integration in preparative ultracentrifu-
ges can be found in the literature.[146–148] The MWL UV-Vis detector AU apparatus
is schematically represented in Fig. 2.6 a.

FIGURE 2.6: Schematic representation of the AUC setup.
a Optical beam path in an MWL UV-Vis detector AU.

b Double sector cell assembly (adopted with permission from [130]).

A xenon flash lamp emitting light with a wavelength from approximately 200 to
2 000 nm is employed as light source. The light is guided through the AUC measure-
ment cell and propagates to the charge-coupled device (CCD) based MWL spectrom-
eter.[143] Depending on the AUC experiment, several measurement cell designs are
available.[130] The double section cell design adopted in this thesis is depicted in
Fig. 2.6 b. One chamber is typically filled with the sample and the other chamber
is filled with the corresponding solvent. Centerpieces with different thicknesses can
be employed depending on sample volume and concentration (Fig. 2.7). It is prefer-
able to measure low concentration suspensions in a cell with a thicker centerpiece to
increase absorption according to Beer-Lamberts law (Eq. 2.29):

Eλ = ελ · C · l (2.29)

with the extinction Eλ, the extinction coefficient ελ, the sample concentration C, and
the thickness of the body crossed by light l.

The extinction, also called absorbance, measured by the MWL spectrometer is more
pronounced and has a better signal to noise ratio for measurement cells with a
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thicker centerpiece. Acquired signal quality is improved, which allows for enhanced
precision in particle size distribution determination.

FIGURE 2.7: Double sector AUC cells with different
centerpiece thicknesses.

FIGURE 2.8: Representation of a Rayleigh scattering and
b Mie scattering for particles of different diameters (∅).

Absorption optics measure extinction, i.e. the intensity of the scattered and absorbed
light at the nanoparticles. Mie theory describes elastic light scattering at particles.
The intensity of scattered light depends on the considered wavelength and particle
size. The scattering behaviour of incident light depends on parameter j (Eq. 2.30):

j = 2 · π · nsolvent ·
x
λ

(2.30)

with the solvent refractive index nsolvent, the particle diameter x, and the wavelength
of the incident light λ.

For j smaller than one (∅ < λ/10) Rayleigh scattering occurs (Fig. 2.8 a). Light with
different wavelengths does not scatter equally at a particle, because the scattering
intensity is proportional to j4. For j around one (λ/10 < ∅ < λ) Mie scattering is
observed (Fig. 2.8 b).[133, 149] A Mie correction is applied to remediate to the wave-
length dependency of Rayleigh and Mie scattering intensity. The Mie theory is only
valid for spheres, but can be extended to coated particles and ellipsoids.[150] In this
thesis Mie coefficients and Mie efficiencies are determined according to the work of
Mätzler [151, 152] and Bohren and Huffman [150]. Mie correction is applied to the
extinction weighted PSD, to determine the mass weighted PSD and subsequently
the number weighted PSD in this thesis.
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Chapter 3

Experimental Methods

This chapter provides detailed information on the investigated microalloyed steel
samples and procedures for sample preparation and analysis.

3.1 Microalloyed Steel Samples

The microalloyed, thermomechanically rolled steel samples used in this thesis were
provided by the Aktien-Gesellschaft der Dillinger Hüttenwerke located in Dillin-
gen/Saar, Germany. Chemical composition of the samples can be found in Table
3.1. Steel A and steel B were almost identical in composition and production pro-
cesses. Only steel D was subjected to a two-step thermal post-processing treatment
in a furnace model HT 04/17 (Nabertherm GmbH, Lilienthal, Germany) to ensure
complete precipitate formation. First, steel D was heated to 1 250 ◦C for 30 min and
then quenched in water. Second, steel D was heated to 690 ◦C for 60 min and then
quenched in water.

Composition wt%
Element Steel A Steel B Steel C Steel D

C 0.04 0.04 0.06 0.04
Si 0.33 0.33 0.17 0.32

Mn 1.49 1.50 1.65 1.68
N 0.003 0.003 0.004 0.004
Al 0.04 0.03 0.03 0.03
Cu 0.25 0.25 0.23 0.22
Mo 0.01 0.01 0.01 0.02
Ni 0.27 0.27 0.23 0.23
Cr 0.03 0.03 0.03 0.05
V 0.001 0.001 0.001 0.001

Nb 0.05 0.05 0.04 0.08
Ti 0.02 0.01 0.02 0.001

Carbon Equivalent 0.33 0.33 0.37 0.36

TABLE 3.1: Composition of investigated microalloyed steels.

3.2 Electron Transparent Foil Preparation

Electron transparent foils (ETFs) were prepared in a FEI Versa 3D FIB (Thermo Fisher
Scientific, Waltham, United States of America) operating in high-vacuum conditions.
A 300 nm thick platinum layer was deposited on a 30 µm x 5 µm area by electron
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beam (2 keV, 1.1 nA, normal incidence). Then a 2.5 µm thick platinum layer was de-
posited on top by gallium ion beam (30 keV, 1 nA, 52◦). A microalloyed steel sample
foil was prepared with the gallium ion beam (30 keV, 15 nA) and polished with the
gallium ion beam at 30 keV, 1 nA and 5 kV, 77 pA to obtain an approximately 100 nm
thick foil. A NanoMill Model 1040 (Fischione Instruments, Export, United States of
America) was used for further foil thinning (900 eV, ± 10◦ incidence).

3.3 Carbon Extraction Replica Preparation

Carbon Extraction Replicas (CERs) were produced with the following procedure:

(i) The metallographic section was ground and polished to 1 µm.
Grinding steps: 1 200, 2 000, 4 000. MD-Piano grinding discs (Struers, Copen-
hagen, Denmark) were used.
Polishing steps: polishing to 3 µm using MD-Dac polishing cloth disc and DP-
Suspension A, 3 µm (Struers, Copenhagen, Denmark). Polishing to 1 µm using
MD-Nap polishing cloth disc and DP-Suspension A, 1 µm (Struers, Copen-
hagen, Denmark). Diamond lubricant yellow (Microdiamant AG, Lengwil,
Switzerland) was used in each polishing step.

(ii) The polished metallographic section was etched. It was immersed in 2 % Nital
until it became slightly matt (for 2 to 5 s). Nital solution was prepared using
65 % nitric acid (Th. Geyer GmbH & Co. KG, Höxter, Germany).

(iii) The etched metallographic section was masked with crepe tape so that only
the part to be examined remained free.

(iv) The etched metallographic section was sputtered with carbon. A Cressington
Carbon Coater 108carbon/A (TESCAN GmbH, Dortmund, Germany) oper-
ated in automatic evaporation and two two-stage sharpened 6.15 mm carbon
electrodes were used.
Sputtering parameters: vaccuum < 10−2 mbar, 4.5 V, 1.8 s sputtering time per
pulse, 6 to 20 pulses.

(v) The crepe tape was removed and a small grid was scratched into the C-layer
with a cutter knife.

(vi) The carbon covered metallographic section was immersed in 5 % Nital. Ni-
tal solution was prepared using 65 % nitric acid. It took 10 to 90 min for the
scratched replicas to detach from the section.

(vii) The detached replicas were retrieved from the Nital solution with a NS-Inox-H
tweezer (Dumont, Montignez, Switzerland) and deposited onto PYSER stan-
dard TEM grids (Plano GmbH, Wetzlar, Germany).
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3.4 Matrix Dissolution Technique

3.4.1 Chemical Particle Extraction

Precipitates were chemically extracted with 0.5 mol · L−1 sulfuric acid (95 – 97 %,
Sigma-Aldrich, Germany) and 0.1 vol% Disperbyk-2012 (BYK Additives & Instru-
ments, Wesel, Germany) according to the extraction protocol developed by Heget-
schweiler et al.[1, 52] All chemicals were used as purchased without any further pu-
rification. Ultrapure water was produced in a Milli-Q water-purification system type
Advantage A10 and Elix 20 (Merck Millipore, Burlington, United States of America).
Undesired ionic species and Disperbyk-2012 excess were removed from the suspen-
sion by centrifugation. The suspensions were centrifuged eight times at 70 000 RPM
and 20 ◦C for 90 min in a preparative ultracentrifuge Optima XE-90 (Beckman Coul-
ter, Brea, United States of America). The fixed-angle titanium rotor type 70 Ti (Beck-
man Coulter, Brea, United States of America) was used in combination with 32.4 mL
OptiSeal polypropylene tubes (P/N 361625, Beckman Coulter, Brea, United States of
America) and the appropriate Spacers (P/N 361669, Beckman Coulter, Brea, United
States of America). After the first seven centrifugation runs the removed supernatant
was replaced with Milli-Q water after having redispersed the residue by sonication
in a Sonorex Super RK 514 BH (BANDELIN electronic GmbH & Co. KG, Berlin,
Germany) ultrasonic bath for 5 min.

3.4.2 Electrolytic Particle Extraction

The electrolytic cell setup depicted in Fig. 3.1 was connected to a Potentiostat/Galva-
nostat Model 273A Princeton Applied Research (Ametek Inc., Berwyn, United States
of America) which was used as potentiostat and operated with the PowerSuite soft-
ware version 2.50.0 (Ametek Inc., Berwyn, United States of America). Technical
drawings of the electrodes and electrode plugs can be found in Appendix B. The
electrolytic setup was mounted on a RCT basic magnetic stirrer (IKA, Staufen im
Breisgau, Germany) to increase ionic species mobility. A LiCl saturated (in ethanol),
Ag/AgCl reference electrode with double-junction system (P/N 6.0726.100, Metro-
hm, Herisau, Switzerland) was used to monitor applied potential and ensure it
was nominal. To determine applied potential the experiment needed to be inter-
rupted. Cell enable was switched to off and the PowerSuite operating software
closed. Then the Ag/AgCl electrode was wired as reference electrode and immersed
in the electrolyte, the platinum wire (former reference electrode) was wired as work-
ing electrode and the platinum counterelectrode remained wired as counterelec-
trode. The buttons local and then measure only were pressed on the potentiostat
prior to switching cell enable on. The applied potential was displayed by the poten-
tiostat.

The microalloyed steel working electrode was ground and cleaned after manufactur-
ing. Grounding was carried out with plain backed CarbiMet silicon carbide grinding
papers (P 240 > P 400 > P 1 200 > P 2 500) (Buehler, Lake Bluff, United States of Amer-
ica). After grinding the working electrode was immersed in acetone and sonicated
for 10 min in a Sonorex Super RK 514 BH (BANDELIN electronic GmbH & Co. KG,
Berlin, Germany) ultrasonic bath. In a second cleaning step the working electrode
was then rinsed with ethanol, immersed in ethanol and sonicated for another 10 min
in the same ultrasonic bath.
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FIGURE 3.1: Components used in electrolytic cell setup assembly.

The electrolytes were freshly prepared. All chemicals were used as purchased with-
out any further purification. The electrolyte components were weighed with a Prac-
tum precision scale (Sartorius AG, Göttingen, Germany). The filled titration vessel
was closed with its lid. Argon was then flushed through the cell via the gas inlet and
transfer tube with a flow of 1.5 NL/h for 20 min under magnetic stirring at level 4
to homogenise the electrolyte and remove oxygen. The gas inlet and transfer tube
was connected to a bubbler to enable pressure release. The electrodes were then
immersed in the electrolyte to the same depth, the argon flow was set to 0.5 NL/h,
and the magnetic stirrer motion to level 8. Electrolysis was carried out using the
chronoamperometry one step template in PowerSuite to maintain a constant potential
over time. The working electrode was declared as a solid electrode of defined area
and the reference electrode as unspecified. The features measure open circuit potential
as required and override auto intensity conditioning were selected.

After electrolysis the electrolytic cell was disconnected from the potentiotstat and
sonicated for 15 min in a Sonorex Super RK 514 BH (BANDELIN electronic GmbH
& Co. KG, Berlin, Germany) ultrasonic bath. Undesired ionic species were removed
from the suspension by centrifugation. The suspensions were centrifuged ten times
at 32 000 RPM and 20 ◦C for 120 min in a preparative ultracentrifuge Optima XE-90
(Beckman Coulter, Brea, United States of America). The swinging-bucket rotor SW
32 Ti (Beckman Coulter, Brea, United States of America) was used in combination
with 30 mL polyallomer tubes (P/N 253060, Herolab GmbH, Wiesloch, Germany).
After the first nine centrifugation runs the removed supernatant was replaced with
ethanol after having redispersed the residue by sonication in an ultrasonic bath for
5 min. The total mass of dissolved steel was determined by weighing the working
electrode before and after electrolysis with a Practum precision scale (Sartorius AG,
Göttingen, Germany). Electrolytic cell components were thoroughly cleaned with
ethanol in between experiments.
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Chemical CASRN Manufacturer Product Number
Methanol 67-56-1 Sigma-Aldrich 32213-M

TMAC 75-57-0 Carl Roth 4747.1
Acetylacetone 123-54-6 Sigma-Aldrich P7754-A

Methyl Salicylate 119-36-8 Sigma-Aldrich M6752
Salicylic Acid 69-72-7 Carl Roth 2723.1

SDS 151-21-3 Sigma-Aldrich L4390
Maleic Acid 110-16-7 Sigma-Aldrich 63180

Maleic Anhydride 168-31-6 Sigma-Aldrich 63200-F
Disperbyk-180 n/a BYK 105621

TEGO Dispers 662 C n/a Evonik n/a

TABLE 3.2: Chemicals for electrolytic extraction.

3.4.3 Silica Nanoparticle Synthesis

The synthesised silica nanoparticles were added to the electrolyte to attempt a con-
trolled SiOx-network formation. All chemicals were used as purchased without any
further purification. Ultrapure water was produced in a Milli-Q water-purification
system type Advantage A10 and Elix 20 (Merck Millipore, Burlington, United States
of America). Silica nanoparticles were synthesised according to Hartlen et al. [153].
91.0 mg of L-arginine (0.52 mmol) were weighted in a 250 mL two-neck flask. Upon
addition of 69.005 g of Milli-Q water the solution was homogenised. Addition of
4.5 mL cyclohexane to the Milli-Q water/L-arginine solution was followed by flask
installation in a multisynthesis apparatus (Carousel 6 Plus Reaction Station P/N
RR99916, Radleys, Saffron Walden, United Kingdom). The mixture was stirred at
150 RPM with a Teflon coated stirring bar and heated up to 60 ◦C. Once the temper-
ature of 60 ◦C was reached, 5.5 mL TEOS (24.82 mmol) was added to the two-neck
flask. The reaction mixture was then kept at constant temperature (60 ◦C), constant
stirring (150 RPM) for 20 h.

Chemical CASRN Manufacturer Product Number
L-Arginine 74-79-3 Sigma-Aldrich A5006

Cyclohexane 110-82-7 Carl Roth KK41.1
TEOS 78-10-4 Sigma-Aldrich 86578

Methanol 67-56-1 Sigma-Aldrich 32213-M

TABLE 3.3: Chemicals for silica nanoparticle synthesis.

After 20 h the particle suspension was separated from the cyclohexane phase using
a separatory funnel. Dialysis against 4 L of Milli-Q water was carried out to clean
the silica particle suspension with a regenerated cellulose dialysis membrane (P/N
5104.1, Carl Roth GmbH & Co. KG, Karlsruhe, Germany). Milli-Q water was ex-
changed after 1 h, 2 h, 4 h, 12 h. Finally the suspension was filtered using a 0.22 µm
polyethersulfon filter (P/N P821.1, Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many).

Dialysis of silica particles in water against methanol was performed using a regen-
erated cellulose dialysis membrane (P/N 5104.1, Carl Roth GmbH & Co. KG, Karl-
sruhe, Germany) to achieve a stable silica particle suspension in methanol. 11 mL of
silica particles in Milli-Q water were dialysed against 500 mL of methanol. Methanol
was changed after 5 h 30 min, 3 h 45 min, 13 h 15 min. Silica particles dispersed in
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methanol rather than in Milli-Q were used because they were added to a methanol-
based electrolyte.

FIGURE 3.2: Silica nanoparticle diameter determination via TEM.

The synthesised silica nanoparticles were characterised via TEM, DLS and ICP-OES.
Synthesised nanoparticles were imaged with a JEM-2100(HR) TEM (JEOL, Akishi-
ma, Japan) equipped with a lanthanum hexaboride (LaB6) electron source and an
Orius Model SC1000 camera (Gatan Inc., Pleasanton, United States of America).
Particle size distribution determination was carried out with Fiji. DLS and zeta-
potential measurements were carried out with a Zetasizer Nano ZSP (Malvern In-
struments Ltd., Worcestershire, United Kingdom) and DLS data analysis was per-
formed with the general purpose algorithm.

FIGURE 3.3: Silica nanoparticle diameter determination via DLS.

Temp. Zeta Potential Elec. Mob. Cond.
Unit ◦C mV µm · cm ·V−1 · s−1 mS · cm−1

Measurement 1 25 -21.7 -1.7 0.154
Measurement 2 25 -20.2 -1.587 0.154
Measurement 3 25 -19.5 -1.531 0.155

Average - -20.47 -1.606 0.154
Standard Deviation - 1.12 0.086 0.001

TABLE 3.4: Zeta Potential measurements of silica nanoparticles in
Milli-Q water.

ICP-OES characterisation of the synthesised silica nanoparticles was carried out with
a Jobin Yvon Ultima2 instrument (Horiba, Kyoto, Japan) equipped with a Conikal
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nebulizer (PerkinElmer Inc., Waltham, United States of America). The flow rate was
set to 0.69 L ·min−1. The pressure was set to 2.74 bar. The suspension was diluted
(1:1 000) prior to characterisation. A Si content of 1 002± 11 mg · L−1 was measured.

3.5 Fractionation of Extracted Particles

Fractionation was carried out in a preparative ultracentrifuge Optima XE-90 (Beck-
man Coulter, Brea, United States of America). The swinging-bucket rotor SW 60 Ti
(Beckman Coulter, Brea, United States of America) was used in combination with
4.4 mL polyallomer tubes (P/N 328874, Beckman Coulter, Brea, United States of
America). For each fractionation experiment 2 mL of the suspension containing the
chemically extracted precipitates were filled into one tube. After centrifugation the
supernatant was removed up to the ring marking at the bottom of the tube. The
residue was sonicated in a Sonorex Super RK 514 BH (BANDELIN electronic GmbH
& Co. KG, Berlin, Germany) ultrasonic bath for 20 min. Up-concentration of the su-
pernatant was achieved by filling the supernatant in a 4.4 mL polyallomer tube (P/N
328874, Beckman Coulter, Brea, United States of America), adding Milli-Q water to
prevent tube collapse and centrifugation at 483 750 RCF for 4 h and 20 ◦C. The su-
pernatant obtained after the up-concentration centrifuge run was discarded and the
residue redispersed in a Sonorex Super RK 514 BH (BANDELIN electronic GmbH &
Co. KG, Berlin, Germany) ultrasonic bath for 10 min to obtain a sub-10 nm particle
suspension of higher concentration.

FIGURE 3.4: Schematic representation of the differential centrifuga-
tion fractionation.

3.6 Particle Characterisation

3.6.1 Analytical Ultracentrifugation (AUC)

A preparative ultracentrifuge model Optima XL-80K (Beckman Coulter, Brea, Uni-
ted States of America) was modified into a MWL-AU following a design of the open
AUC project.[145, 148] An An-60 Ti analytical 4-place titanium rotor (P/N 361964,
Beckman Coulter, Brea, United States of America) was used. In the course of this
thesis the AU that only allowed for SV experiments at constant speed (SV-AUC)
was modified to also allow for SR SV-experiments (SR-AUC). HEX files provided by
Johannes Walter (Friedrich-Alexander University Erlangen-Nuremberg) were writ-
ten with the programmer laqiya tl866 II Plus (Shenzhen Laqi Ya Technology Co.,
Shenzhen, China) onto blank SST 27SF512 EEPROMs. The original Beckman Coul-
ter EEPROMs on the control and cathode-ray tube board were then replaced with
the newly programmed EEPROMs.

AUC measurement cells with sapphire windows and 12 and 20 mm titanium cen-
terpieces (P/N 801-12, P/N 801-20) were purchased from Nanolytics Instruments
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GmbH (Potsdam, Germany). Screw ring gaskets (P/N 362328), window gaskets
(P/N 327021), window liners (P/N 362329), gaskets for double-sector centerpieces
(P/N 330446) and plug gaskets (P/N 327022) were purchased from Beckman Coulter
(Brea, United States of America). A counterbalance with weights (P/N 360219) was
purchased from Beckman Coulter (Brea, United States of America) and used for both
the 12 and 20 mm measurement cells. A torque stand assembly (P/N 361318, Beck-
man Coulter, Brea, United States of America) was used to close the measurement
cells. If measurement cell centerpiece length is not specified the standard 12 mm
centerpieces were used.

The AU was controlled with a Labview (version 19.0) user interface provided by
Johannes Walter. Measurement parameters are listed in Fig. 3.5. For SV experiments
at constant speed all parameters were kept constant for measurements of distinct
samples, except for the rotor speed and the number of scans which were adapted to
each sample. For SR SV-experiments listed parameters were used for all investigated
samples.

(A) SV-AUC (B) SR-AUC

FIGURE 3.5: AUC parameters for SV-experiments at constant speed
(SV-AUC) and SR SV-experiments (SR-AUC).

Data analysis was carried out with Sedfit version 15.01b for SV experiments at con-
stant speed (SV-AUC) and with HDR-Multifit [133, 145] version 1.32g for SR SV-
experiments (SR-AUC) prior to number weighted PSD determination in Spyder (ver-
sion 3.2.6), a freely available python environment. In Sedfit sedimentation coefficient
distributions were obtained by using the ls-g*(s) model at 450 nm. Resolution was
set to 100 and confidence level to 0.95. The values for smin and smax were adapted
to the investigated suspensions. Both the relative intensity noise and time indepen-
dent noise were fitted. Obtained sedimentation coefficient distributions were im-
ported to Spyder for determination of extinction, mass and number weighted par-
ticle size distributions using a Mie correction based on work of Mätzler [151, 152]
and Bohren and Huffman [150]. In HDR-Multifit analysis was carried out with a
minimum signal count of 500. Standard analysis was selected, analyte density and
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analyte refractive index were entered and a direct boundary analysis was carried
out. Apparent sedimentation coefficient distributions at 450 nm obtained by select-
ing the apparent distribution analysis method (moving average and Savitzky-Golay
filters set to 20) were imported to Spyder for determination of extinction, mass and
number weighted particle size distributions using a Mie correction based on work of
Mätzler [151, 152] and Bohren and Huffman [150]. The following parameters were
adapted to the investigated sample in Spyder:

• Solvent density, dynamic viscosity and refractive index.

• Particle core material density and complex refractive index.

• Measurement cell centerpiece length (12 or 20 mm).

The density of Milli-Q was set to 998 kg ·m−3, the dynamic viscosity was set to
0.001 002 kg ·m−1 · s−1 and the refractive index to 1.33. The density of ethanol was
set to 789 kg ·m−3, the dynamic viscosity to 0.001 26 kg ·m−1 · s−1 and the refractive
index to 1.42.

Particles in the initial suspensions and residues were considered to be on average
equivalent to TiNb(CN) particles in terms of density and optical properties. The
particle core material density was set to 6 655 kg ·m−3 and complex refractive index
to 1.72 + 1.55 i in the following sections where initial suspensions and/or residues
were investigated: 4.1.4, 4.2.2, 4.2.3, 4.3.1. These density and refractive index values
are required for NWPSD and correspond to TiNb(CN) properties. TiNb(CN) den-
sity was determined by performing the arithmetic mean of TiN, TiC, NbN and NbC
densities. The complex refractive index for TiNb(CN) at 450 nm was adopted from
Hegetschweiler.[1]

Sub-10 nm particles were thought to be niobium rich with negligible amounts of tita-
nium. Particle core material density was set to 8 145 kg ·m−3 and complex refractive
index to 2.07 + 2.25 i in the following sections when investigating supernatants: 4.3.1.
These values correspond to Nb(CN) properties. Nb(CN) density was determined by
performing the arithmetic mean of NbN and NbC densities. Complex refractive
index for Nb(CN) at 450 nm was adopted from Hegetschweiler.[1] For AUC investi-
gations in section 4.4 the particle core material density was set to 7 820 kg ·m−3 and
the complex refractive index to 2.07 + 2.25 i.

The thickness of the Disperbyk-2012 ligand shell was set to 5.737 2 nm, the Disper-
byk-2012 density to 1 056 kg ·m−3.[1] Analysis was carried out at 450 nm, because
this wavelength allows good detection of both niobium and titanium carbides and
nitrides without undesired contribution from the dispersing agent.[1] Provided size
distributions correspond to particle core distributions, because the ligand shell was
accounted for in the data evaluation process.

AU calibration ensured beam straightness between the prism and the spectrometer,
optimal step motor position and optimised spectrum intensity. AU angular and
radial calibration files were generated. Calibration was validated by measuring the
following samples in SV experiments at constant speed:

• 1 mg ·mL−1 bovine serum albumine (P/N A7030, Sigma-Aldrich, St. Louis,
United States of America) in 25 mmol · L−1 sodium chloride (P/N 71380-M,
Sigma-Aldrich) at 40 kRPM.
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• 30 nm diameter gold nanospheres (NanoXact - bare, nanoComposix, San Die-
go, United States of America) diluted 1:1 in Milli-Q at 3 kRPM.

• 81 nm diameter polystyrene beads (P/N 3080A, Thermo Fisher Scientific, Walt-
ham, United States of America) diluted 1:20 in Milli-Q at 10 kRPM.

AUC Characterisation of Reference Gold Nanoparticles

NanoXact gold nanospheres - bare (citrate) with diameters of 5, 10, and 30 nm were
purchased from nanoComposix (San Diego, United States of America). Suspensions
were provided at 0.05 mg ·mL−1 in 2 mmol · L−1 sodium citrate solution. 5, 10, and
30 nm diameter gold nanoparticle suspensions were diluted 1:1 with Milli-Q and
characterised separately via SV-AUC. A mixture of the gold particles was prepared
and characterised via SV-AUC and SR-AUC. To prepare the gold nanoparticle mix-
ture 500 µL of each gold nanoparticle suspension was put in a vial and the 1 500 µL of
gold nanoparticle mixture was diluted with 1 500 µL of Milli-Q. All AUC measure-
ments were carried out with measurement cells containing a 12 mm centerpiece. SV-
AUC measurements were carried out at a rotor speed of 3 kRPM for the 10 nm gold
nanoparticle suspension, 30 nm gold nanoparticle suspension and gold nanoparticle
mixture. SV-AUC measurement of the 5 nm gold nanoparticle suspension was car-
ried out at 10 kRPM. The number of scans was set to 150 for the 5 nm gold nanoparti-
cle suspension, to 300 for the 10 nm gold nanoparticle suspension, to 30 for the 30 nm
gold nanoparticle suspension and 2 700 for the gold nanoparticle mixture. Solvent
density was set to 998 kg ·m−3, solvent viscosity to 0.001 002 kg ·m−1 · s−1, solvent
refractive index to 1.33, particle density to 19 300 kg ·m−3, particle refractive index
to 1.6998 + 1.9732 i for analysis at 529 nm.

3.6.2 Atom Probe Tomography (APT)

Specimens were analysed via APT in a LEAP 3000XHR (Cameca SAS, Gennevil-
liers, France). Prior to analysis the specimens were exposed to ultra-high vacuum
(1.33× 10−8 Pa) and cooled down to 60 K. To achieve single atom field-evaporation a
direct current voltage ramp was implemented to reach up to 11 kV. Once the thresh-
old for single atom field-evaporation was reached, ionized atoms were evaporated
in a controlled manner by voltage pulsing (200 kHz, 15 % of the direct current volt-
age). Direct current voltage adaptation ensured a detection rate of 3 ions per 1 000
pulses. Detected ions were analysed with the software package IVAS 3.6.14 (Cameca
SAS, Gennevilliers, France). Crystallographic pieces of information provided by the
detector hit map were used to reconstruct atoms into the 3D space. Particles (precip-
itates and/or clusters) in the investigated APT specimens were identified via 1 at%
niobium isoconcentration surface and via cluster analysis using the following pa-
rameters:

• Minimum number of atoms defining a cluster set to 4.

• Maximum distance between two atoms belonging to the same cluster (Dmax)
set to 2.

• Number of atoms of niobium which must be within a sphere of diameter equal
to Dmax to form a cluster set to 4.

Specimens for APT analysis were prepared as follows. First, the steel sample was
ground with plain backed CarbiMet silicon carbide grinding papers (P 240 > P 400
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> P 1 200) (Buehler, Lake Bluff, United States of America). Then the sample was
polished with MD-Dac polishing cloth discs and corresponding DP-Suspension A
(6 µm > 3 µm > 1 µm) (Struers, Copenhagen, Denmark). Lastly the steel D sample
was oxide polished (MasterMet, Buehler, Lake Bluff, United States of America). Lo-
cations on the polished steel D sample surface were randomly selected for specimen
preparation in a Helios NanolabTM 600 (Thermo Fisher Scientific, Waltham, United
States of America) according to the standard FIB lift-out technique [154].

3.6.3 Dynamic Light Scattering (DLS)

PSDs were determined using a Zetasizer Nano ZSP (Malvern Instruments Ltd., Wor-
cestershire, United Kingdom). The samples were sonicated for 5 min in a Sonorex
Super RK 514 BH (BANDELIN electronic GmbH & Co. KG, Berlin, Germany) ultra-
sonic bath before being filled in disposable cuvettes and measured at a temperature
of 25 ◦C in backscatter mode (173◦) with a laser of wavelength 633 nm. The equili-
bration time was set to 120 s and three measurements with eleven runs each (delay
between measurements set to 30 s) were carried out. The data presented in this thesis
corresponds to the average of the three measurements. Acquired data was analysed
using the Zetasizer Software version 7.11. Non-negative least squares fitting was
used to determine PSDs. Only the intensity weighted PSDs are presented in this the-
sis since volume and number weighted PSDs are prone to transformation artefacts.
This is mainly due to the unknown optical properties of the extracted particles.

Species Refractive Index Extinction Coefficient
TiN 1.3512 2.7599
TiC 3.0787 2.6950
Nb 2.2736 3.2820

Ti(CN) 2.2149 2.7274
TiNb(CN) 2.2443 3.0047

TABLE 3.5: Estimated optical properties of extracted particles at λ =
633 nm required for DLS analysis.

The refractive index and absorption values (Table 3.5) were estimated as follows.
The refractive index and absorption for TiN, TiC, Nb were provided by an online
data-base (https://refractiveindex.info/, reference viewed on 27/05/2021). No
values were found for NbC, NbN, TiNb(CN), which were estimated using the val-
ues found for TiN, TiC, Nb. The mean of the values for TiN and TiC was used as
estimate for the optical properties of Ti(CN). The mean of Nb and Ti(CN) was used
for TiNb(CN).

3.6.4 Electron Microscopy (TEM, STEM)

A JEM-2100(HR) TEM (JEOL, Akishima, Japan) with a lanthanum hexaboride (LaB6)
electron source was operated at an acceleration voltage of 200 kV and 0.14 nm reso-
lution in the bright field imaging for analysis of extracted particles. An Orius Model
SC1000 camera (Gatan Inc., Pleasanton, United States of America) was used for pre-
cipitate imaging. EDS point analysis was carried out with a Noran System 7 X-ray
Microanalysis system (Thermo Fisher Scientific, Waltham, United States of Amer-
ica). A JEM-ARM200F STEM (JEOL, Akishima, Japan) equipped with a cold field
emission gun, a STEM probe corrector (CESCOR) and a JED-2300 Analysis Station

https://refractiveindex.info/
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EDS system (JEOL, Akishima, Japan) was used at 200 kV for characterisation of ex-
tracted particles and particles contained in ETFs. Fiji (version 1.51w) and Digital
Micrograph (version 3.22.1461.0) software were utilised to process acquired TEM
and STEM micrographs. Particle size was assessed by measuring the particle area
and determining an equivalent circle diameter. EDS point analysis was used to de-
termine average particle chemical composition.

3 µL of a suspension containing extracted particles were deposited onto a carbon
coated copper grid (P/N S160, Plano GmbH, Wetzlar, Germany) held by a tweezer
(P/N 0202-N0C-PO, Dumont, Montignez, Switzerland) for TEM and STEM analysis
of extracted particles. Solvent evaporation took place at room temperature under
a vertical stream, clean room ISO 4 flowbox (bc-technology GmbH, Frickenhausen,
Germany). Alternative specimen preparation used copper grids with a holy carbon
film (P/N S147-2, Plano GmbH, Wetzlar, Germany).

3 µL of a suspension containing extracted particles were deposited on a copper grid
with holy carbon film for cryo-TEM specimen preparation. 2 s suspension stamping
on the grid allowed for removal of excess suspension. A Gatan CP3 cryoplunger
(Gatan Inc., Pleasanton, United States of America) was then used to immerse the
grid in liquid ethane (−165 ◦C). A precooled Gatan 914 cryo-TEM holder (Gatan
Inc., Pleasanton, United States of America) was used for imaging of the specimen at
low dose in a JEM-2100(HR) TEM (JEOL, Akishima, Japan) at −170 ◦C and 200 kV.

Automated CER STEM analysis was carried out in a field emission scanning electron
microscope type Merlin equipped with a Gemini II column (Carl Zeiss SMT Inc.,
Thornwood, United States of America) operated at 20 kV/ 2 nA in the oriented dark
field mode. Prior to analysis the SEM chamber experienced a 30 min plasma clean-
ing with built in CER. Automated analysis was carried out at 50 000x magnification
with GenPart, Genesis software (EDAX In., Mahwah, United States of America).
Micrographs were acquired at 2 048× 1 600 pixel resolution. Prior to analysis grey
levels of 0-120 and 135-255 were selected for precipitate identification and analysis.
Brightness and contrast are adjusted to ensure the grey levels 120-135 correspond to
the matrix. Minimum precipitate size was set to 5 nm and maximum precipitate size
to 1 753 nm. Precipitates smaller 5 nm can still be detected due to technical pixel con-
siderations. For each precipitate 90 % of its surface was analysed via EDS for 10 s.
For each CER 16 stubs with 4× 4 fields each were analysed. Field size was set to
0.002× 0.002 mm2 and field spacing to 0.2 µm. A maximum precipitate limit of 100
per field was set.

NanoXact gold nanospheres - bare (citrate) with diameters of 5, 10, and 30 nm were
purchased from nanoComposix (San Diego, United States of America). Suspen-
sions were provided at 0.05 mg ·mL−1 in 2 mmol · L−1 sodium citrate solution. Gold
nanoparticle mixtures were prepared as described in the AUC characterisation sec-
tion of reference gold nanoparticles and used as reference colloidal system for suit-
ability determination of automated STEM analysis in the sub-10 nm particle diame-
ter range.
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3.6.5 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES)

Elemental analysis of suspensions was carried out using a Jobin Yvon Ultima 2 in-
strument (Horiba, Kyoto, Japan) equipped with a Conikal nebulizer (PerkinElmer
Inc., Waltham, United States of America). The flow rate was set to 0.66 L ·min−1.
The pressure was set to values in the range of 2.6 and 2.7 bar. The suspensions were
either measured undiluted, or diluted (1:10, 1:5) prior to measuring. No particle di-
gestion was carried out.

Elemental analysis of pristine microalloyed steel chippings was carried out using a
Jobin Yvon Ultima2 instrument (Horiba, Kyoto, Japan) equipped with a PEEK Mi-
raMist nebulizer (PerkinElmer Inc., Waltham, United States of America). The flow
rate was set to 0.71 L ·min−1 and the pressure to 3.0 bar.
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Chapter 4

Results & Discussion

This chapter presents findings on sample preparation for analysis of particles with
sub-10 nm diameters. Electrolytic extraction was tested with several methanol based
electrolytes to reduce undesired particle etching compared to chemical extraction.
The extracted particles were analysed via the fractionating characterisation tech-
nique AUC. The smallest chemically extracted particles were isolated via differential
centrifugation fractionation prior to analysis for resolution enhancement in the sub-
10 nm diameter range. Analysis of the fractions provided size and chemical com-
position information of particles with diameters below 10 nm. Finally, a technique
based on AUC analysis of chemically extracted particles and ICP-OES analysis of
steel chippings was implemented and combined with APT for precipitate number
density determination in microalloyed steels.

4.1 Electrolytic Extraction of Sub-10 nm Particles

Hegetschweiler et al. [1, 52] quantified TiNb(CN) particle loss for several etching so-
lutions and developed a novel chemical extraction procedure minimising undesired
particle etching and allowing for sub-10 nm particle extraction. This thesis aims at
implementing electrolytic extraction to further reduce undesired particle loss in the
sub-10 nm diameter range. Electrolytic extraction allows for selective dissolution
of the matrix at potentials which are largely not affecting the more noble precip-
itates.[64–66] The undesired particle loss inherent to the matrix dissolution tech-
nique can therefore be reduced by electrolytic extraction. Undesired particle etch-
ing is therefore reduced in the case of electrolytic extraction [66, 95, 155]. Extracted
precipitates are less altered than in chemical extraction and correspond more to the
precipitates contained in the pristine microalloyed steel sample.

Non-aqueous electrolytes have been used in recent studies to extract precipitates
from microalloyed steels.[6, 54, 66, 69, 95, 97] Aqueous electrolytes containing acids
do not have the same potential as non-aqueous electrolytes to reduce undesired par-
ticle etching. In this thesis only non-aqueous methanol based electrolytes with a
TMAC supporting electrolyte and a complexing agent were used. Table 4.1 lists the
different complexing agents tested. This section discusses the suitability of the dif-
ferent electrolytes reported in literature for precipitate extraction from microalloyed
steels to provide a suspension allowing for AUC characterisation. TEM was used
to assess successful particle extraction and to resolve undesired features of the ob-
tained suspensions such as pronounced SiOx-network formation, or steel fragments
prior to potential AUC measurements. Such undesired features are detected in AUC
measurements and can be mistaken for extracted particles. Finding undesired fea-
tures in the suspensions impedes AUC characterisation, because no quantification of
the contribution of undesired features to the PSD of extracted particles is available.
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It cannot be excluded that AUC measurements of suspensions containing extracted
particles, steel needles/fragments and SiOx microparticles lead to distorted PSDs.

Sources Complexing Agents
[6, 54, 64–66, 69, 72, 73, 94–96] Acetylacetone

[54, 94, 97] Methyl Salicylate / Salicylic Acid
[69] Maleic Acid

[54, 94] Maleic Anhydride

TABLE 4.1: Complexing agents of the electrolytes evaluated for ob-
tention of suspensions suitable for colloidal analysis.

According to literature the electrolyte using acetylacetone as complexing agent al-
lows for TiNb(CN) particle extraction [54, 64–66, 69, 72, 95]. Particle shape, size,
morphology and chemical composition are commonly investigated via electron mi-
croscopy/EDS [6, 66, 69, 73, 95], XRD [64–66, 69], spectrometry [72, 95] after elec-
trolytic extraction using the acetylacetone electrolyte. To the best of the author’s
knowledge only the work of Zimmermann [95] combined TiNb(CN) particle ex-
traction using the acetylacetone electrolyte and colloidal characterisation techniques
(DLS, FFF) to determine particle size distributions. The following section will study
the suitability of the acetylacetone electrolyte for particle extraction and subsequent
characterisation via AUC.

4.1.1 Acetylacetone Electrolyte

The acetylacetone electrolyte used in this thesis was methanol based and contained
10 wt% acetylacetone and 1 wt% TMAC. Electrolytic extractions were carried out
with steel B (refer to Table 3.1 for microalloyed steel composition) at three different
potential values (Table 4.2) to investigate the interconnection between suspension
quality, applied potential and amount of dissolved steel. The lower limit of applica-
ble potentials was determined according to potentiodynamic curves.[66, 155]

Exp. n◦ Potential vs Ag/AgCl (mV) Time (h) Dissolved Sample (mg)
1 500 5 158.0
2 300 5 70.4
3 100 5 41.5

TABLE 4.2: 10 wt% acetylacetone, 1 wt% TMAC, methanol.

To achieve a high sample throughput it was desirable to extract as many particles
as possible per unit of time. An increase in applied potential increased the quantity
of dissolved steel per unit time and of extracted particles if other extraction param-
eters were kept constant (Table 4.2). The upper limit of applicable potentials was
determined by undesired particle loss considerations. The applied potential should
not exceed 500 mV vs SCE to prevent undesired etching of Ti(C), Nb(C) particles.[66,
155] The investigated electrolyte composition and a potential of 500 mV correspond
to the state of the art for electrolytic precipitate extraction from microalloyed steels.
This knowledge is used as starting point for electrolysis and followed by extractions
at lower potentials to study the interrelation between applied potential and suspen-
sion quality.
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Extraction at 500 mV
TEM investigation of the suspension obtained after experiment n◦1 revealed the
presence of micrometer large steel needles/fragments according to EDS point anal-
ysis (Fig. 4.1). The TiNb(CN) particles appeared to be enclosed in the steel frag-
ments. Discrete particles etched free from the microalloyed steel matrix could not
be detected. The presence of steel fragments was assumed to originate from harsh
etching. The potential at the upper-limit of the potential range regarded as accept-
able [66] leads to aggressive steel sample etching and steel fragments/needles in
the final suspension. To investigate this hypothesis the surface of the working elec-
trode after electrolytic extraction was imaged via environmental SEM and compared
to micrographs before extraction to ensure visible features originate from the elec-
trolytic extraction and not from sample preparation (Fig. 4.2). Micrographs of the
working electrode surface after experiment n◦1 revealed smoothly etched regions
with a relatively flat topography and regions with a rough topography containing
sharp edges. Because the working electrode surface before electrolytic extraction did
not exhibit aforementioned features it was concluded that the applied potential of
500 mV is responsible for steel fragment formation through harsh etching. Lower-
ing the applied potential could prevent harsh sample etching responsible for steel
fragment/needle obtainment in the suspension.

FIGURE 4.1: Identification of steel needles/fragments in the suspen-
sion obtained after experiment n◦1 in TEM via EDS point analysis.

FIGURE 4.2: Steel working electrode etching investigation via envi-
ronmental SEM.

TEM investigation of the suspension obtained after experiment n◦1 also revealed
the presence of SiOx microparticles with diameters ranging from several hundred
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nanometres to micrometers (Fig. 4.3). While the SiOx-network formation for chem-
ical extraction using acids has been widely reported in the literature [1, 51, 52, 64,
65] it has not been mentioned so far for electrolytic extraction using the acetylace-
tone electrolyte [51, 64, 114]. SiOx network/microparticle formation was observed
in experiment n◦1, but had not been mentioned in literature for the acetylacetone
electrolyte possibly due to the different chemical compositions of the investigated
microalloyed steel samples. Experiments n◦2, and n◦3 at lower potential values will
allow to determine if the SiOx network/microparticle formation depends only upon
chemical composition of the investigated microalloyed steel samples or if the ap-
plied potential also plays a role. Steel needles/fragments and SiOx microparticles
identified via TEM in the suspension, combined with the lack of extracted discrete
particles did not allow for AUC characterisation of the suspension obtained for ex-
periment n◦1.

FIGURE 4.3: TEM micrograph and EDS point analysis of a SiOx mi-
croparticle in the suspension obtained after experiment n◦1.

Extraction at 300 mV
Potential reduction did not reduce steel needles/fragments in the suspension (Fig.
4.4). SEM investigation of the working electrode surface after electrolytic extraction
revealed a reduced number of rough topography regions compared to experiment
n◦1 (Fig. 4.5) thus indicating a more uniform microalloyed steel sample dissolution.

FIGURE 4.4: TEM micrographs and EDS point analysis of steel nee-
dles/fragments in the suspension obtained after experiment n◦2.

TEM investigation of the obtained suspension revealed a SiOx-network engulfing
extracted particles (Fig. 4.6). This network was found to occasionally form SiOx
microparticles with a dimension of several 100 nm. Compared to the suspension ob-
tained after experiment n◦1 fewer and smaller SiOx microparticles were visible. The
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extent to which SiOx network/microparticles form is related to the applied poten-
tial. It appears to also be related to the chemical composition of the investigated steel
upon comparison with published data [51, 64, 114], since it can be observed also for
a decreased applied potential in this thesis. AUC characterisation was not carried
out for the suspension obtained after experiment n◦2, because of the detrimental
presence of steel needles/fragments and of a pronounced SiOx-network.

FIGURE 4.5: Etching harshness investigation on steel working elec-
trode via environmental SEM.

FIGURE 4.6: SiOx-network identification in the suspension obtained
after experiment n◦2 in TEM via EDS point analysis.

Extraction at 100 mV
A further reduction in applied potential did not reduce steel needle/ fragment for-
mation. The steel needles/fragments (1) visible in Fig. 4.7 were also present in
the suspension obtained after experiment n◦3. A qualitative analysis of TEM micro-
graphs of the suspension obtained after experiment n◦3 suggests reduced number of
steel needles/fragments compared to experiment n◦2. Further applied potential re-
ductions could therefore lead to limited steel needle/fragment formation, but would
come at the cost of dissolving extremely small amounts of sample material which is
deemed detrimental to the application intended in this thesis. The applied potential
reduction from 300 to 100 mV did not reduce SiOx-network and SiOx microparticle
formation. Discrete particles etched free from the microalloyed steel matrix were
not detected. A SiOx-network (2) similar to the one observable in the suspension
obtained after experiment n◦2 is visible in Fig. 4.7. Despite an applied potential re-
duction SiOx microparticles (3) were found in the suspension obtained after experi-
ment n◦3 (Fig. 4.7). In light of the observed SiOx-networks and SiOx microparticles
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over the range of suitable potentials it appeared that the microalloyed steel sample’s
chemical composition plays a major role in the SiOx-network and SiOx microparticle
formation process. Applied potential plays a minor role in this formation process,
because significant changes were only observed when reducing the applied poten-
tial from 500 to 300 mV The presence of steel needles/fragments, SiOx-network and
SiOx microparticles did not allow for AUC characterisation of the suspension ob-
tained after experiment n◦3.

FIGURE 4.7: TEM micrographs of steel needles/fragments, SiOx-
network and SiOx microparticles in the suspension obtained after ex-

periment n◦3.

The presence of steel needles/fragments, SiOx-network, and SiOx microparticles in
all three suspensions obtained after electrolytic extraction at potentials in the range
used for the acetylacetone electrolyte in literature [66, 155] indicates that the acety-
lacetone electrolyte is not suitable for extraction of TiNb(CN) nanoparticles from
steel B. Literature [54, 64–66, 69, 72, 95] does not mention these undesired features.
Lu [66] and Rivas et al. [69] present TEM micrographs with a SiOx-network engulf-
ing extracted particles without a discussion despite an EDS spectrum revealing the
presence of silicon and oxygen [66]. Only Zimmermann [95] addressed the possi-
bility of obtaining undesired features in the suspension. The chemical composition
of steel B used for electrolytic extraction in this section differs in several elements
from the chemical compositions of steels used in the literature [6, 64–66, 69, 72, 73,
95]. Matrix dissolution may thus differ from steel samples used in the literature.
The suitability of electrolytes for electrolytic particle extraction can be classified de-
pending on the particle types to extract [54, 94], or the types of steel investigated
[69]. The classification according to steel types and compositions [69] confirms that
the chemical composition of the investigated steel can greatly impact the electrolytic
extraction process and the quality of the obtained suspension.

The acetylacetone electrolyte was used for Ti(CN), Nb(CN) particle extraction from
steels displaying a broad range of chemical compositions in the literature.[54, 64–
66, 69, 72, 95] Electrolytic particle extraction with the acetylacetone electrolyte for
steel B did not lead to a suspension of desired quality in this thesis. The presence
of steel needles/fragments, SiOx-network and SiOx microparticles in the suspension
did not allow for AUC characterisation. To achieve a suspension without the afore-
mentioned undesired features other electrolyte compositions were tested.
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4.1.2 Methyl Salicylate / Salicylic Acid Electrolyte

Mizukami et al. [97] presented a methanol based electrolyte composed of 3 wt%
methyl salicylate, 1 wt% salicylic acid, 1 wt% TMAC, and 0.05 wt% Sodium Dodecyl
Sulfate (SDS) as alternative to the 10 wt% acetylacetone electrolyte. Methyl salicy-
late and salicylic acid both act as complexing agents and SDS as particle stabilising
surfactant. No mention was made of the precipitate types that can be extracted with
this specific electrolyte composition, but the authors used a colloidal characterisa-
tion technique (FFF) to determine the size distribution of extracted particles. Col-
loidal analysis of extracted particles requires a suspension free of aforementioned
undesired features. Therefore the electrolyte composition presented by Mizukami
et al. [97] was tested for TiNb(CN) particle extraction from steel A (refer to Table
3.1 for microalloyed steel composition). The extraction was carried out at 500 mV vs
Ag/AgCl for 7 h with the methanol based electrolyte presented by Mizukami et al.
[97]. 251.1 mg of steel A were dissolved in the course of the extraction.

FIGURE 4.8: TEM micrographs of (1) steel needles/fragments, (2)
SiOx-network in the suspension obtained after electrolytic extraction

with the electrolyte presented by Mizukami et al. [97].

TEM investigation of the suspension obtained after electrolytic extraction revealed
the presence of steel needles/fragments (1 in Fig. 4.8) and a pronounced SiOx-
network (2 in Fig. 4.8). The observed features are similar to the ones observed in
the suspension obtained by electrolytic extraction with the acetylacetone electrolyte
and do not allow for AUC characterisation. No further attempt to circumvent the
presence of steel needles/fragments in the suspension by potential reduction was
undertaken for the electrolyte presented by Mizukami et al. [97].

Electrolytic particle extraction from steel A at 500 mV with the electrolyte presented
by Mizukami et al. [97] did not provide a suspension suitable for AUC character-
isation. According to findings presented for the acetylacetone electrolyte, it seems
unlikely that the presence of steel needles/fragments and SiOx-network in the sus-
pension can be reduced by potential reduction. Instead of attempting process op-
timisation for the electrolyte presented by Mizukami et al. [97] for steel A, other
electrolyte compositions were tested.

4.1.3 Maleic Acid Electrolyte

The maleic acid electrolyte listed by Rivas et al. [69] as suitable electrolyte for carbide
particle extraction from steels containing 0.006 8 wt% C, 0.038 wt% Al, 0.026 wt% Ti
or 0.082 wt% Ti was tested. Steel B has titanium and aluminium contents which are
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similar to the values presented by Rivas et al. [69] (Table 3.1). Despite a significantly
higher carbon content of steel B the maleic acid electrolyte was tested for electrolytic
extraction of TiNb(CN) particles at 100 mV vs Ag/AgCl for 5 h with a methanol
based electrolyte containing 10 wt% maleic acid and 2 wt% TMAC. 215.9 mg of steel
B were dissolved in the course of the extraction.

FIGURE 4.9: TEM micrographs and EDS point analysis of SiOx-
network engulfing particles extracted with the maleic acid electrolyte.

TEM investigation of extracted particles did not reveal steel needles or fragments in
the suspension. This does not prove absence of these undesired features in the ob-
tained suspension, but indicates that they may be more scarcely present in suspen-
sion compared to previously tested electrolytes. This finding is a significant step for-
ward in suitable electrolyte identification. TEM investigation revealed a pronounced
SiOx-network engulfing extracted particles (Fig. 4.9). SiOx microparticles with di-
mensions of several hundred nanometres were detected via TEM/EDS (Fig. 4.10).
The maleic acid electrolyte did not allow to overcome the problematic formation of
SiOx-network and SiOx microparticles.

FIGURE 4.10: TEM micrograph and EDS point analysis of a SiOx
microparticle in the suspension obtained after electrolytic extraction

with the maleic acid electrolyte.

4.1.4 Maleic Anhydride Electrolyte

Maleic anhydride was tested as an alternate complexing agent in the maleic acid
electrolyte for precipitate extraction from steel B. Oxide inclusions such as TiO2,
TiAl2O3, ZrO2 have been successfully extracted electrolytically from steel samples
with a maleic anhydride electrolyte according to literature [54]. The maleic anhy-
dride electrolyte mentioned in the literature is methanol based and composed of
40 wt% maleic anhydride and 3 wt% TMAC.[94] Using the maleic acid electrolyte
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already allowed to drastically reduce the presence of steel needles/fragments in the
suspension according to TEM. By substituting maleic acid with maleic anhydride the
goal of maintaining the low level of steel needles/fragments in the suspension while
improving upon SiOx-network and SiOx microparticle formation was pursued.

Potential Variation
The methanol based maleic anhydride electrolyte composed of 10 wt% maleic anhy-
dride and 2 wt% TMAC was used for particle extraction from steel B at three differ-
ent potential values (Table 4.3). Neither steel needles/fragments, nor SiOx micropar-
ticles could be detected in TEM investigations for the suspensions obtained after the
electrolytic extractions at the three different potentials (at the limited statistics of
TEM). Particles extracted with the maleic anhydride electrolyte appear suitable for
AUC analysis.

Exp. n◦ Potential vs Ag/AgCl (mV) Time (h) Dissolved Sample (mg)
1 500 7 510.8
2 300 5 259.0
3 100 5 184.0

TABLE 4.3: 10 wt% maleic anhydride, 2 wt% TMAC, methanol.

The suspension obtained after extraction at 100 mV was analysed via speed ramp
(SR) AUC, which allows to sediment all particles in suspension by gradually in-
creasing rotor speed. If a suspension contains extracted particles, steel needles/frag-
ments, and SiOx microparticles, all three populations will sediment. The resulting
number weighted PSD plotted in Fig. 4.11 displays a broad peak ranging from
approximately 20 to 200 nm which appears to contain three particle populations.

FIGURE 4.11: Number weighted PSDs for particles chemically ex-
tracted from steel A and electrolytically extracted from steel B.

Extinction has to occur at the wavelength selected for AUC data analysis for each
population to be detected. AUC data analysis was carried out at 450 nm, a value that
stems from optical property considerations of Ti(CN) and Nb(CN).[1] The extent to
which steel needles/fragments and SiOx microparticles contribute to the extinction
signal composed of light scattering and absorption at 450 nm cannot be quantified
due to missing size information. Possibly they contribute, together with extracted
particles, to the acquired data. In AUC data analysis the sedimentation coefficient
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distribution is converted in a number weighted PSD. This conversion requires to as-
sume the density and refractive index of the investigated material. Depending on
the size, density and optical properties of the steel needles/fragments, and SiOx mi-
croparticles the three aforementioned populations may merge to a single population
in the number weighted PSD graph. SR-AUC does not allow to exclude presence of
steel needles/fragments and SiOx microparticles in suspension, because it is unclear
to which extent these undesired populations are detected in SR-AUC. A contribu-
tion of steel needles/fragments and SiOx microparticles to the presented number
weighted PSD of extracted particles is thought to be unlikely, because it requires
a combination of significant extinction at 450 nm and appropriate size of the steel
needles/fragments and SiOx microparticles.

FIGURE 4.12: TEM micrographs after particle extraction at (1)
500 mV, (2) 300 mV, (3) 100 mV vs Ag/AgCl with the maleic anhy-

dride electrolyte.

Comparison of the number weighted PSDs determined via SR-AUC for the elec-
trolytically and chemically extracted particles reveals a pronounced shift towards
higher particle diameters for the electrolytically extracted particles (Fig. 4.11). The
PSD for chemically extracted particles is regarded as benchmark, because the chem-
ical particle extraction has been validated in previous works [1, 52, 67] and is val-
idated in this thesis by a number weighted PSD determined via STEM analysis of
CER. The electrolytically extracted particles could appear larger than the chemically
extracted particles because of particle agglomeration and/or a particle engulfing
SiOx-network. Detection of steel needles/fragments and SiOx microparticles in ad-
dition to extracted particles in the AUC would result in a PSD starting at a similar
particle diameter value than the PSD of chemically extracted particles and broad-
ening towards larger particle diameters. The PSD for the electrolytically extracted
particles in Fig. 4.11 displays a shift in the sub-20 nm range compared to the PSD for
chemically extracted particles. This indicates that steel needles/fragments and SiOx
microparticles cannot be responsible for the shift alone and that particle agglomer-
ation and/or a particle engulfing SiOx-network are most likely responsible for the
PSD shift. The overall contribution of potentially present steel needles/fragments
and SiOx microparticles to the number weighted PSD appears to be negligible com-
pared to the contribution of particle agglomeration and/or a particle engulfing SiOx-
network.

The maleic anhydride electrolyte is the first electrolyte tested in this thesis for which
neither steel needles/fragments, nor SiOx microparticles could unambiguously be
detected. It appears that the presence of these undesired features depends primarily
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upon electrolyte composition and more precisely upon complexing agent choice. Ex-
traction parameters such as applied potential could well play a subordinate role in
the formation of steel needles/fragments and SiOx microparticles. These undesired
features represent electrolyte composition and extraction parameter related hurdles
that can be overcome by appropriate electrolyte selection. In this thesis maleic an-
hydride electrolyte appeared to be suitable to avoid them. The pronounced SiOx-
network and extracted particle agglomeration observed for all maleic anhydride
cases (Fig. 4.12) was similar to all other electrolytic extractions. The formation of
a SiOx-network in the course of the extraction appears to be inherent to the elec-
trolytic extraction process. Extracted particle agglomeration appears to be another
process-inherent problem.

Dispersing Agents
Commercial dispersing agents were added to the maleic anhydride electrolyte to
attempt particle stabilisation and SiOx-network formation reduction. A commercial
dispersing agent has been successfully used in the chemical extraction process to
reduce particle agglomeration and SiOx-network formation.[52] Disperbyk-180 by
Byk (Altana Group) and TEGO Dispers 662 C by Evonik were recommended by the
respective manufacturer and added in quantities comprised in the recommended
addition level range. 10 mg of Disperbyk-180 were added to the maleic anhydride
electrolyte in experiment n◦4. 4.05 g of TEGO Dispers 662 C were added to the maleic
anhydride electrolyte in experiment n◦5 (Table 4.4).

Exp. n◦ Potential vs Ag/AgCl (mV) Time (h) Dissolved Sample (mg)
4 100 5 236.0
5 100 5 256.2

TABLE 4.4: 10 wt% maleic anhydride, 2 wt% TMAC, methanol with
addition of commercial dispersing agents.

FIGURE 4.13: TEM micrographs of extracted particles after (4) exper-
iment n◦4 and (5) experiment n◦5.

TEM investigation of the suspensions obtained after experiment n◦4 and experiment
n◦5 reveals organic residues which are thought to originate from the used dispersing
agents. The presence of a SiOx-network hidden by the organic residues cannot be ex-
cluded. Few SiOx microparticles were detected via TEM in suspensions provided by
experiment n◦4 and experiment n◦5. For both experiments the obtained suspension
presented agglomerated extracted particles (Fig. 4.13). To exclude the possibility
that the TEM detected particle agglomeration originates from a suspension drying



48 Chapter 4. Results & Discussion

effect on the TEM grid SR-AUC measurements were carried out. Number weighted
PSDs for experiment n◦4 and experiment n◦5 did not greatly differ from the num-
ber weighted PSD for experiment n◦3 (Fig. 4.14), suggesting that Dispberyk-180
and TEGO Dispers 662 C additions did not reduce particle agglomeration and SiOx-
network formation.

FIGURE 4.14: Number weighted PSDs comparison for electrolytically
extracted particles.

SiOx-network formation
Addition of dispersing agents did not stabilise extracted particles and did not reduce
SiOx-network formation. Process inherent hurdles remain a technological obstacle
which needs to be overcome for the electrolytic extraction process to be able to com-
pete with the chemical extraction process developed by Hegetschweiler et al. [52].
The formation mechanism of SiOx-network throughout electrolysis must be under-
stood to overcome the SiOx-network technological obstacle.

Iler [98] extensively discusses silica polymerisation for aqueous systems. In aqueous
systems silicic acid polymerises to form nanoparticles by silanol group condensa-
tion. Particle formation is followed by particle growth and then particle linking to a
three dimensional network.[98] For non-aqueous systems the polymerisation mech-
anism of silicic acid is largely unknown.[98] Under the assumption that the silica
polymerisation mechanism in non-aqueous systems could be similar to the poly-
merisation mechanism in aqueous systems, silica nanoparticles were added as het-
erogeneous nucleation sites. The SiOx-network would predominantly form around
the added 30 nm diameter silica particles instead of engulfing extracted particles.
Electrolytic extraction was carried out at 100 mV vs Ag/AgCl for 5 h with the metha-
nol based maleic anhydride electrolyte containing 10 wt% maleic anhydride, 2 wt%
TMAC and 1.5 mL of silica particle suspension (41.644 nmol · L−1). 221.1 mg of steel
B were dissolved in the course of the extraction. The SiOx-network did not selec-
tively develop around silica nanoparticles according to TEM (3 in Fig. 4.15).

Neither dispersing agent addition nor silica nanoparticle addition allowed to over-
come process-inherent hurdles. The maleic anhydride electrolyte did not provide a
suspension allowing for unbiased investigation with colloidal characterisation tech-
niques. The suspension can be investigated with techniques already widely used
such as spectrometry [1, 51, 60, 67, 72, 95], electron microscospy [1, 4, 6, 51, 66, 67,
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69, 73, 95], or XRD [51, 60, 61, 64–66, 69]. Electrolysis with the maleic anhydride elec-
trolyte has the advantage of dissolving more iron per unit time than other conven-
tional electrolytes for identical electrolysis parameters.[94] This electrolyte appears
to be the electrolyte of choice for further process developments when investigating
the specific type of microalloyed steel utilised in this section.

FIGURE 4.15: TEM micrographs of the suspension obtained after elec-
trolytic extraction with the maleic anhydride electrolyte containing
silica nanoparticles. (1) Extracted particles, (2) Silica particles, (3)

SiOx-network. Erratum: Both scale bars should indicate 200 nm.

4.1.5 Summarising Remarks

Several non-aqueous electrolytes were used for TiNb(CN) particle extraction from
microalloyed steels and led to iron dissolution. Steel needles/fragments and SiOx
microparticles present in the suspensions obtained after extraction with the acety-
lacetone electrolyte, the methyl salicylate/salicylic acid electrolyte, and the maleic
acid electrolyte did not allow for AUC characterisation. The methanol based elec-
trolyte containing 10 wt% maleic anhydride and 2 wt% TMAC was suitable for AUC,
but still affected by SiOx network formation.

Particle agglomeration and a particle engulfing SiOx-network were observed in sus-
pension for all electrolytes. Formation of a SiOx-network appears to be an issue
inherent to the electrolytic extraction process for the microalloyed steel type investi-
gated in this thesis. Particle agglomeration occurs either during electrolysis through
particle engulfment in SiOx-network, or upon electrolysis completion in the suspen-
sion cleaning centrifugation steps.

Process-inherent limitations for the suspension obtained after electrolytic extraction
with the maleic anhydride electrolyte could not be remediated through addition of
dispersing agents and silica nanoparticles to the electrolyte. While electrolytic ex-
traction with the maleic anhydride electrolyte does provide a suspension suitable
for AUC characterisation, it does not provide a suspension of discrete, SiOx-network
free, stabilised particles. The number weighted PSD of particles electrolytically ex-
tracted with the maleic anhydride electrolyte does not match the PSD of chemically
extracted particles. Differences in PSDs provided by SR-AUC measurements origi-
nate from particle agglomeration and/or a particle engulfing SiOx-network.

Electrolytic particle extraction was not found to be an undesired particle loss re-
ducing alternative to the established chemical extraction route because of the above
mentioned process-inherent limitations. Subsequent sections of this thesis rely on
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chemical particle extraction developed by Hegetschweiler [1, 52] to enable sub-10 nm
particle characterisation.

4.2 Size Fractionation of Chemically Extracted Particles

The chemically extracted particles exhibited multimodal, polydisperse size distribu-
tions with diameters ranging from a few nanometres to approximately a hundred
nanometres (Fig. 4.16). This thesis focuses on the sub-10 nm fraction. The aim is to
determine the size and chemical composition of sub-10 nm particles contained in the
initial suspension of chemically extracted particles via TEM/EDS, DLS, AUC, ICP-
OES. Electron microscopy allows investigations after up-concentration. Size deter-
mination in the sub-10 nm range with optical colloidal characterisation techniques
such as DLS requires fractionation of the initial suspension to isolate sub-10 nm par-
ticles. The scattering intensity of light at nanoparticles is proportional to the sixth
power of the particle diameter. Size determination in the sub-10 nm range can also
be carried out with fractionating colloidal characterisation techniques. For qualita-
tive chemical composition investigations of chemically extracted sub-10 nm particles
via EDS in TEM fractionation is not required. For a quantitative chemical composi-
tion study of sub-10 nm particles via ICP-OES fractionation is mandatory to ensure
only the elements composing the sub-10 nm particles are analysed.

FIGURE 4.16: TEM size distribution of particles chemically extracted
from steel C.

Fractionation techniques for the separation of sub-10 nm particles will be discussed
prior to the presentation of AUC as a fractionating colloidal characterisation tech-
nique, followed by SR-AUC. The ability of SV-AUC and SR-AUC to resolve sub-
10 nm particles will be discussed. Finally differential centrifugation will be used to
fractionate extracted particles.

4.2.1 Particle Fractionation Techniques

Fractionation is common in nanoparticle applications relying on size and/or shape-
dependent material properties. Fractionation can complement synthesis optimisa-
tion or be used as alternative to achieve highly monodisperse suspensions contain-
ing only desired particle shapes.[156, 157] This section discusses the suitability of
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fractionation techniques for particles extracted from microalloyed steel.

Postextraction Fractionation

Membrane filtration is a fractionation technique employed for extracted particles [3,
4, 6, 7, 55–58, 61, 63, 69–73, 78, 93, 96] with two major drawbacks. First, commercial
membranes with pore sizes ensuring sharp cut-off values around 10 nm in particle
diameter are not available. Reports investigating particle fractionation in the sub-
10 nm size range relied on self-manufactured membranes.[158, 159] In this thesis
no suitable commercial membrane for the intended application was found. Second,
particle loss in the membrane due to membrane/suspension interactions is a ma-
jor concern.[160] The chemically extracted particles are stabilised with a dispersing
agent. The membrane/dispersing agent interaction could severely impede fraction-
ation efficiency. The suspension provided by chemical dissolution of microalloyed
steel sample contains a SiOx-network having an unknown interaction with the mem-
brane.

Fractionation by size and shape of nanoparticle systems via electrophoresis has been
reported by Surugau and Urban [161] but not for particles extracted from microal-
loyed steels in literature. Hanauer et al. [157] showcased the efficiency of gel elec-
trophoresis for size and shape separation of gold and silver polyethylene glycol sta-
bilised nanoparticles. Several sample-induced limitations have to be considered for
gel electrophoresis of extracted particles. First, nanoparticle migration cannot be
followed visually due to low sample concentration and optical properties of certain
particle populations. Introduction of a fluorescent marker in the Disperbyk-2012 lig-
and shell is possible, but adds an undesired layer of complexity to the fractionation
process. Second, the Disperbyk-2012 ligand shell and its unknown functional groups
do not allow particle charge and mobility prediction. The stabilising Disperbyk-
2012 ligand shell plays a major role in the separation process, but cannot be under-
stood.[157, 161] No alternative ligands with known properties allowed for chemical
precipitate extraction. Third, the mobility of extracted particles is affected by the var-
ious shapes, sizes, and chemical compositions of the particles. For such a complex
system fractionation efficiency is compromised because empirical determination of
the narrow electrophoresis window of operation under consideration of experimen-
tal conditions becomes unfeasible.[157, 162] Complex particle systems cannot un-
dergo fractionation via gel electrophoresis only and need an additional fractionation
method.[162] Fourth, the hypothetical retrieval of sub-10 nm particles from the gel
after separation and subsequent suspension purification induces another processing
step. In the light of the numerous limitations listed above, gel electrophoresis of
particles chemically extracted from microalloyed steel samples was not considered
a suitable fractionation technique in this thesis.

Chromatography is a well established nanoparticle suspension fractionation tech-
nique [160, 163, 164] which has not been reported for extracted particles in litera-
ture. Two major sample-induced limitations hinder employment of chromatography
for fractionation of particles chemically extracted from microalloyed steel samples.
First, particle/column interactions can harm fractionation efficiency.[165] Unavail-
able information regarding the functional groups of Disperbyk-2012 used to stabilise
extracted particles complicates chromatographic system optimisation (e.g. mobile
phase pH, sample concentration) to reduce particle/column interactions.[166, 167]
Second, eluting fractions are usually identified via UV-Vis spectroscopy.[163–165,
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167] The UV-Vis spectra of titanium and niobium carbonitrides investigated in this
thesis were studied by Hegetschweiler.[1] Below 400 nm no particle related informa-
tion is contained in the spectra due to Disperbyk-2012 absorption in the UV region.
At higher wavelengths it becomes possible to distinguish between titanium and nio-
bium carbides or nitrides. A suspension of particles chemically extracted from mi-
croalloyed steel samples typically exhibits a broad size distribution, various particle
shapes and particle chemical compositions. Continuous size distributions add to the
sample complexity for chromatography fractionation.

Controlled size-dependent agglomeration/aggregation has not been reported for ex-
tracted particles in literature. Controlled size-dependent agglomeration of nanopar-
ticles can be achieved via temperature variations or salt addition to the suspen-
sion. No temperature-dependent agglomeration of chemically extracted particles
stabilised with the commercial Disperbyk-2012 dispersing agent was observed. The
agent stabilised chemically extracted particles and did not allow for particle agglom-
eration upon salt addition. Controlled size-dependent aggregation of nanoparticles
can be achieved in binary liquid mixtures.[168–170] Guo et al. [168] studied aggre-
gation of silica nanoparticles in a 2,6-dimethylpyridine/water mixture. Tempera-
ture and time dependency of the fractionation technique only allows for a narrow
window of operation to retrieve desired fractions. Further the experimental setup
does not allow for reproducible retrieval of particles with desired sizes. Separation
of sub-10 nm particles from the initial suspension of chemically extracted particles
via size-dependent aggregation in binary liquid mixtures was deemed impracticable
with respect to setup and sample volume limitations.

Fractionation via centrifugation includes density and viscosity gradient centrifuga-
tion and differential centrifugation. Only differential centrifugation is reported in
literature for extracted particles.[1, 51–53, 59, 64–67] Density and viscosity gradient
centrifugation using gradients built from solutions of a single chemical are not con-
sidered in this thesis for fractionation of particles chemically extracted from microal-
loyed steel samples due to layer instability complicating sample handling.[171, 172]
The use of aqueous multiphase systems ensures stable gradients facilitating sample
handling.[173, 174] Density gradient centrifugation via aqueous multiphase systems
allows for particle separation according to particle density differences.[173] The de-
velopment of a density gradient suitable for separation of sub-10 nm particles from
the suspension obtained after chemical dissolution of microalloyed steel samples re-
quires consideration of the sample complexity. The obtained suspension displays a
broad, continuous size distribution with no apparent distinct particle sub-popula-
tions. The chemical composition of the extracted particles strongly varies in terms
of niobium and titanium contents depending on particle size. Chemical composi-
tion variations directly affect particle density and particle sedimentation behavior
in a density gradient. Optimisation of a density gradient based on aqueous mul-
tiphases as performed by Akbulut et al. [174] for purification of a gold nanorod
suspension was deemed unrealistic for the particle system investigated in this thesis
due to sample complexity. Differential centrifugation allows to separate nanopar-
ticles according to their density without a density, or viscosity gradient.[156] The
sedimentation rate of particles in a homogeneous medium is determined via Stokes’
law for a given rotor speed and centrifugation temperature. Centrifugation param-
eters are determined assuming spherical particles to ensure particles of a given size
and chemical composition sediment. Compared to density gradient centrifugation,
differential centrifugation is a straight-forward fractionation technique which can
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swiftly be implemented after centrifugation parameter determination with Stokes’
law. Differential centrifugation was selected because it provides satisfying fraction-
ation efficiency while limiting tedious fractionation system optimisation for the com-
plex colloidal system investigated in this thesis.

Fractionating Characterisation Techniques

Fractionating characterisation techniques are reported in literature for particles ex-
tracted from microalloyed steels.[1, 99–101] Flow-field flow fractionation separates
particle populations according to diffusion coefficient differences. Fractions exiting
the separation channel are then detected via DLS and/or UV-Vis spectroscopy. Pre-
liminary works found membrane/particle interactions to be more pronounced in
asymmetric F4 than in hollow-fiber F4.[175] Non-negligible particle loss in hollow-
fiber F4 and lacking reproducibilty in obtained size distributions disqualified F4 as
suitable fractionating characterisation technique for particles chemically extracted
from microalloyed steel samples.[175]

AUC fractionates and analyses suspensions simultaneously, and no surface distorts
size distributions. AUC is of particular interest for the colloidal system investigated
in this thesis due to its ability to resolve all particles in presence with Ångström res-
olution. Suitability of SV-AUC and SR-AUC to resolve sub-10 nm particles in the
multimodal, polydisperse suspensions of particles chemically extracted from mi-
croalloyed samples will first be discussed.

4.2.2 Analytical Ultracentrifugation

SR-AUC implementation was validated by comparing size distributions determined
via SR-AUC and SV-AUC for a mixture of reference gold nanoparticles (Appendix
C). The size distributions of chemically extracted particles were determined via SR-
AUC and SV-AUC. Their validity is discussed by comparison with size distribu-
tions determined via electron microscopy analysis of CERs. Suitability of SR-AUC
for qualitative statements upon chemical composition of extracted particles is dis-
cussed.

Particles chemically extracted from steel C and A/B were analysed via SR-AUC and
SV-AUC (Fig. 4.17). SR-AUC and SV-AUC PSDs were in good agreement for both
suspensions. SR-AUC is more time efficient than SV-AUC to provide NWPSDs with
statistical significance. Minimum particle diameters determined via SR-AUC and
SV-AUC were similar (≈ 7 nm). SR-AUC did not allow to improve particle diameter
resolution in the sub-10 nm range. To determine whether initial suspension SR-AUC
and SV-AUC measurements allow to detect all particles in suspension and enable
true minimum particle diameter determination, results on fractionation with subse-
quent fraction analysis were performed. In the present section the CER STEM data
presented for both steel samples suggests that not all particles present in the bulk
microalloyed steel sample are present in suspension and/or detected in AUC (Fig.
4.17). This finding will be discussed in 4.3.1.

Automated STEM analysis of CERs has been used to validate NWPSDs provided
by AUC.[1] NWPSDs provided by automated STEM analysis were previously cut
off at 10 nm.[1] Despite reduced resolution in the sub-10 nm range, investigations on
reference gold nanoparticle mixtures (Appendix D) indicate that automated STEM
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analysis can be used in the sub-10 nm size range. Artefacts are likely to alter the true
particle size distribution in the sub-10 nm range and require cautious consideration
of provided results. Automated CER STEM analysis results for steel C and steel
A/B are presented in Fig. 4.17. The determined CER STEM NWPSDs are shifted
towards smaller particle diameters compared to the AUC NWPSDs. Result validity
was investigated for each characterisation technique. TEM analysis of particles ex-
tracted from steel C was carried out (Fig. 4.16) to validate AUC NWPSD. Bright field
TEM analysis reveals particles smaller than in the AUC NWPSD. This is thought
to originate from counting artefacts as particles. In the sub-10 nm size range used
TEM equipment does not allow for EDS measurements to unambiguously identify
particles and distinguish between particles and artefacts. AUC reliably detects par-
ticles in suspension for diameters above 10 nm. Automated CER STEM analysis
was carried out in oriented dark field (ODF)-mode. CERs present varying carbon
film thicknesses and artefacts in the carbon film (grain boundaries, film defects, im-
purities). Analysis in ODF-mode reduced artefacts. Particles of different size and
complex chemical composition exhibit different grayscales. A single particle with
a complex chemical composition can display different grayscales. The broad range
of particle grayscales in a CER leads to biased results. Both analysis precision and
accuracy could be affected. A CER TEM analysis with subsequent manual data anal-
ysis provided results with limited statistics which validated automated CER STEM
NWPSDS for steel C and steel A/B.
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FIGURE 4.17: SV-AUC and SR-AUC NWPSDs for chemically ex-
tracted particles and automated CER STEM analysis NWPSDs.

AUC analysis and automated CER STEM analysis provide results which could be
validated by further investigations. Both characterisation techniques appear to pro-
vide reliable results. Discrepancies in AUC and automated CER STEM results are
likely to originate from the minimum particle diameter used in the automated CER
STEM analysis. Implementing a cut-off at 10 nm would have allowed to detect more
particles with diameters above 10 nm which would have resulted in a better match
between AUC and CER STEM NWPSDs. This is however not compatible with the
aim of this thesis to investigate sub-10 nm particles. The minimum particle diameter
selection is linked to the particle grayscale range which has to be detected. Set-
ting a cut-off value at 10 nm could allow to narrow the grayscale range and provide
more precise and accurate NWPSDs by discarding sub-10 nm particles with strongly
differing contrasts. Due to the rather large number of particles detected in the auto-
mated CER STEM analysis discrepancies are not thought to originate from a purely
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statistical bias. Isolating and up-concentrating sub-10 nm particles through differ-
ential centrifugation could allow for an improved AUC resolution in the sub-10 nm
range and clarify whether particles detected in the CER are also contained in the
suspension obtained via chemical extraction.

(A) Steel C (B) Steel A

FIGURE 4.18: Comparison of turbidity density projections provided
by SR-AUC of extracted particles for two distinct microalloyed steel

compositions.

In SR-AUC the turbidity density is recorded over the selected wavelength range for
the determined sedimentation coefficients (Fig. 4.18). The sedimentation coefficient
was used to represent particle size information to avoid biases generated by data
analysis. Analysis of the turbidity density projections for steel C and steel A/B fo-
cuses on accessible particle chemical composition information rather than on parti-
cle size information. Turbidity contains information about the extinction coefficients
of particles and sample concentration.[133] Differences in sample concentration are
thought to originate exclusively from varying density of particles in the investigated
microalloyed steel samples, because a standardised chemical extraction protocol and
AUC measurement sample preparation protocol were used. Turbidity density val-
ues suggest that steel A has a higher density of particles than steel C (Fig. 4.18). Evo-
lution of turbidity density over wavelength is in accordance with optical properties
determined by Hegetschweiler for TiNb(CN) particles extracted from microalloyed
steels.[1] The optical properties of sub-10 nm and larger particles extracted from both
steel samples were similar and indicate similar particle chemical compositions. The
difference in chemical particle composition of these populations is insufficient for
fraction identification in turbidity density projection.

It remains unclear to which extent sample concentration in sub-10 nm particles en-
ables detection in AUC and turbidity projection analysis. Despite implementation of
SR-AUC and turbidity density analysis no additional information on sub-10 nm par-
ticles could be gathered compared to SV-AUC. Sub-10 nm particle characterisation
via the fractionating characterisation technique AUC was found to provide insuf-
ficient resolution in the sub-10 nm range. Postextraction fractionation with subse-
quent fraction analysis will be carried out to isolate and up-concentrate sub-10 nm
particles prior to analysis to improve NWPSD resolution in the sub-10 nm range and
allow for unambiguous identification of sub-10 nm particle populations.
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4.2.3 Differential Centrifugation Fractionation

Fractionation is required to precisely resolve sub-10 nm particles with colloidal char-
acterisation techniques. Isolating sub-10 nm particles from the larger particles pre-
sent in the initial suspension allows to prevent the signal intensity of the sub-10 nm
particles from being masked by larger particles. Particle fractionation was achieved
by differential centrifugation for steel C. Several fractionation experiments were car-
ried out with the parameters listed in Table 4.5. The rotor speeds were selected
based on Stokes’ Law. The rotor speed selection aimed at progressively lowering
the particle diameter cut-off value between the supernatant and the residue for a
constant centrifugation time and temperature.

Exp. n◦ Temperature (◦C) Time (min) Rotor Speed (RCF)
1 20 15 10 270
2 20 15 23 108
3 20 15 92 434
4 20 15 164 326

TABLE 4.5: Fractionation parameters.

The supernatant and residue were investigated with colloidal characterisation tech-
niques (DLS, SV-AUC) and TEM to determine the cut-off values and fractionation
efficiencies. DLS was used to provide statistically meaningful intensity weighted
particle distributions. The DLS results presented in Fig. 4.19 showed size distribu-
tions shifted by orders of magnitude from the known size distribution of the sample
determined via TEM (Fig. 4.16). The inability of DLS to properly depict complex
particle mixtures has been reported by Hegetschweiler.[1] The observed trend of
higher rotor speeds leading to smaller particles in the supernatant is expected; one
would also expect the residue size distributions to retain their maximum values and
to broaden towards smaller particle sizes with increasing rotor speeds, since smaller
particles are added to the residue. The DLS data provided for residue size distri-
butions n◦1, 2, 4 displayed increasing size distribution broadening towards smaller
particle diameters for increasing rotor speeds. The fact that residue distribution n◦3
did not display the same maximum values as for the other experiments cannot be
explained by a handling error during the fractionation experiment, because the su-
pernatant distribution n◦3 did not display a higher maximum particle diameter than
supernatant distribution n◦4. Further, all samples had similar particle concentra-
tions and were sonicated identically. The inconsistency of the residue size distribu-
tion n◦3 was due to a particle size calculation imprecision of the DLS device. One
of the three DLS measurements was slightly different from the two others, leading
to a biased average PSD. DLS results allow for a qualitative proof of increasing frac-
tionation efficiency for increasing rotor speeds. Trustworthy cut-off values cannot
be determined from DLS data. SV-AUC and TEM were used for more precise cut-off
value determination and fractionation efficiency estimation.

The residue PSDs determined via SV-AUC (Fig. 4.20 A) broadened towards smaller
particle diameters with increasing rotor speeds. This tendency was consistent with
the residue PSD DLS results. In contrast to the DLS results, the residue PSDs deter-
mined via SV-AUC did not maintain their maximum particle size over increasing ro-
tor speeds. This was most likely due to a combination of shift in particle population
ratios over increasing rotor speed, applied conversion steps to achieve a NWPSD
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FIGURE 4.19: DLS PSDs for the residues and supernatants of the frac-
tionation experiments.

(A) Fractionation Residues (B) Fractionation Supernatants

FIGURE 4.20: SV-AUC PSDs for the residues and supernatants of the
fractionation experiments.

from an extinction weighted sedimentation coefficient distribution, and Mie correc-
tion to yield a NWPSD. This combination led to an overrepresentation of the smallest
particles contained in the supernatants. The supernatant PSDs determined via SV-
AUC (Fig. 4.20 B) displayed the same trend as the supernatant PSDs determined
via DLS. Higher rotor speeds led to supernatants containing smaller particles. Even
though the peak position of supernatant n◦2 did not fit into the trend of decreasing
peak positions over increasing rotor speeds, the maximum particle diameters de-
tected for each supernatant did.

DLS and SV-AUC indicated successful fractionation experiments and SV-AUC al-
lowed for precise fractionation efficiency determination. Residues and supernatants
had an overlapping particle diameter region (Fig. 4.20) due to continuous parti-
cle size transition in the studied suspension. Despite particles with diameters be-
low 10 nm being found in residue n◦4, the fractionation parameters of experiment
n◦4 provided a promising fractionation efficiency for subsequent sub-10 nm particle
characterisation, because the obtained supernatant peak position lied below 10 nm.
TEM was used to determine the residue and supernatant PSDs (Fig. 4.21) to validate
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the size range and partial overlapping of the residue and supernatant PSDs obtained
by SV-AUC. The increase in experiment number correlated with an increase in rotor
speed during differential centrifugation fractionation. The aim was to determine an
adequate rotor speed for sub-10 nm particle isolation.

(A) 10 270 RCF (B) 23 108 RCF

(C) 92 434 RCF (D) 164 326 RCF

FIGURE 4.21: TEM particle size distributions for the residues and su-
pernatants with increasing rotor speed during differential centrifuga-

tion fractionation.

TEM residue PSDs revealed a bimodal suspension with peaks at 10 nm and 50 nm.
Detected particle diameter ranges in TEM and SV-AUC were consistent. TEM and
SV-AUC supernatant PSDs were consistent and displayed progressive narrowing of
the peak towards smaller particle diameters when increasing rotor speed. Almost
the entire particle population of supernatant n◦4 was in the sub-10 nm region for the
TEM PSD. However the peak position which was shifted towards smaller particle
diameters over increasing rotor speeds in SV-AUC, did not shift significantly accord-
ing to TEM, most likely due to the poor statistical relevance of the determined TEM
PSDs in comparison to collected SV-AUC data. TEM PSDs were incomplete and par-
tially biased towards smaller particle diameters. SV-AUC was unable to resolve the
two particle populations contained in the residues and provided a broad peak con-
taining both populations for the experiments n◦1 to 3. SV-AUC residue n◦4 marked
an exception, as besides the peak located around 10 nm, a shoulder indicating a sec-
ond particle population started at 30 nm. TEM data indicated that the fractionation
parameters of experiment n◦4 were promising to isolate predominantly sub-10 nm
particles from the initial suspension. TEM data also corroborated the SV-AUC find-
ing relative to the overlap of residue and supernatant PSDs in all four fractionation



4.2. Size Fractionation of Chemically Extracted Particles 59

experiments.

AUC analysis of chemically extracted particles revealed the need for isolation and
up-concentration of sub-10 nm particles for their sizing and chemical analysis. Dif-
ferential centrifugation was identified as suitable fractionation technique. A com-
bined investigation of the residues and supernatants of the fractionation experi-
ments via DLS, SV-AUC, TEM was carried out for steel C. A rotor speed of 164
326 RCF was found to be beneficial to reduce the amount of particles larger than
the desired cut-off value of 10 nm in the supernatant. Fractionation parameters of
experiment n◦4 were retained for separation of sub-10 nm particles from the initial
suspension for subsequent characterisation, as SV-AUC and TEM results indicated
that a vast majority of particles in the supernatant n◦4 had diameters below 10 nm.
A sharp cut-off value could not be achieved due to the sample polydispersity and
resulted in a loss of sub-10 nm particles. Residue n◦4 contained particles smaller
10 nm according to SV-AUC and TEM.
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4.3 Post-Fractionation Analysis of Sub-10 nm Particles

Differential centrifugation fractionation of the suspension extracted from steel C al-
lowed for isolation of sub-10 nm particles. Diameters of extracted particles in the
sub-10 nm size range were investigated via AUC analysis of the supernatant. ICP-
OES analysis of the fractions enabled chemical composition determination of sub-
10 nm particles.

4.3.1 Size Distribution Determination

Analysis of the Fractions

The suspension chemically extracted from steel C underwent differential centrifuga-
tion fractionation with the parameters of experiment n◦4 presented in 4.2.3 to isolate
sub-10 nm particles. AUC was used to assess the number-weighted size distribution
of the initial suspension and the fractionation products (Fig. 4.22). The supernatant
obtained after differential centrifugation contained the smallest particles. AUC mea-
surements were carried out with 12 mm centerpiece cells. The supernatant was mea-
sured at 7 kRPM (SV-AUC).

FIGURE 4.22: NWPSDs of the initial suspension and the differential
centrigufation fractionation products determined via AUC.

The distribution of particle diameters in the original suspension ranged from 8.1 to
215.5 nm. The residue contained particles with diameters between 9.9 and 228.4 nm.
The supernatant contained particles with diameters between 3.5 and 81.5 nm. Smal-
ler particle diameters were detected in the supernatant than in the original suspen-
sion. This was thought to originate from the insufficient concentration of smallest
particles in the original suspension. Compared to the original suspension, the su-
pernatant contained particles with a minimum diameter 2.3 times smaller. A sharp
fractionation cut-off value ensuring presence of sub-10 nm particles only in the su-
pernatant could not be achieved. The supernatant size distribution indicated that
the majority of particles in presence were smaller 10 nm. Differential centrifugation
fractionation enabled improved particle detection in the sub-10 nm range for chem-
ically extracted particles.
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A measurement cell with a 20 mm centerpiece was used and STEM analysis of the
supernatant was performed to ensure AUC detected all particles in the supernatant.
Particles with diameters below 3.5 nm could remain undetected in AUC measure-
ments with 12 mm centerpiece cells. The 20 mm centerpiece measurement cell only
enables detection of sub-3.5 nm particles if the increased extinction compensates for
the low particle concentration. The NWPSDs of the supernatant from AUC with 12
and 20 mm centerpiece measurement cells are presented in Fig. 4.23. The super-
natants were measured at 7 kRPM (SV-AUC). Both distributions displayed a modal
diameter at approximately 8.7 nm. The distributions discrepancy in the region of
particle diameters larger 10 nm is attributed to handling inaccuracy in the fraction-
ation step leading to slightly different cut-off values. A minimum particle diame-
ter of 3.0 nm was determined with the 20 mm centerpiece measurement cell and of
3.5 nm with the 12 mm centerpiece measurement cell. Supernatant particle concen-
tration was thought to be sufficient for detection of all present particles after the
up-concentration step finalising differential centrifugation fractionation.

FIGURE 4.23: Comparison of supernatant NWPSDs measured with
12 and 20 mm centerpiece AUC cells. a) STEM micrograph of the

supernatant.

STEM analysis of the supernatant was carried out to test whether particles smaller
than 3.0 nm in diameter existed. All particle diameters determined via STEM cor-
responded to the size range determined by AUC. Note that STEM analysis did not
represent a validation of the AUC minimum particle diameter because of limited
statistics, but microalloyed steel samples commonly display continuous particle size
distributions. A distinct sub-3.0 nm particle population that remained undetected
in AUC and STEM was highly unlikely from a metallurgical point of view. Besides
sub-10 nm particles a pronounced SiOx-network was observed (Fig. 4.23 a). The
contrast of the SiOx-network was thought to originate from ions such as niobium or
titanium which were formed during chemical extraction through undesired particle
etching and were imprisoned in the forming SiOx-network.[1, 52] The sub-3.0 nm
particle contrast was assumed to be more pronounced than the SiOx-network con-
trast, because more contrast-contributing elements such as niobium were thought to
be present in a particle rather than in a small SiOx-network portion.
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AUC appeared to be a powerful characterisation technique for precise and accurate
detection of extracted particles. The minimum particle diameter detected in the su-
pernatant via AUC was of 3.0 nm. The question arised to which extent the minimum
particle diameter determined for the supernatant corresponded to the actual mini-
mum particle diameter in the initial microalloyed steel sample. Chemical extraction
led to reduced particle diameters due to undesired particle loss. Hegetschweiler et
al. [52] found the particle loss to induce a 5 % diameter reduction for titanium and
niobium carbonitride particles, corresponding to a minimum particle diameter de-
termined via AUC of 3.15 nm. To determine the minimum particle diameter in the
initial microalloyed steel sample automated STEM analysis of a CER of steel C was
carried out.

Carbon Extraction Replica Analysis

NWPSDs were determined via automated STEM analysis of a CER and compared to
the SV-AUC of supernatants in the sub-10 nm range (Fig. 4.24). According to CER
STEM analysis, the investigated microalloyed steel sample did not contain sub-3 nm
particles. Minimum particle diameters were similar for both characterisation tech-
niques. The STEM PSD was shifted towards smaller particle diameters compared to
the SV-AUC NWPSDs. Investigations carried out on gold nanoparticles (Appendix
D) revealed the tendency of automated STEM analysis to underestimate particle ar-
eas, which led to a PSD bias towards smaller particles.

FIGURE 4.24: Sub-10 nm particle analysis via SV-AUC and STEM on
CER.

Raw data provided by CER STEM analysis was sorted to avoid consideration of
artefacts (Appendix D). Particles with an nonexistent EDS niobium signal of a circu-
larity outside 0.1 - 1 were discarded to avoid a further PSD bias. Undesired particle
etching inherent to chemical particle extraction leads to a 5 % decrease in particle
diameter.[52] However the particles did not display smaller diameters in SV-AUC
than in STEM analysis (Fig. 4.24) because of the STEM analysis bias towards smaller
particle diameters. It remained unclear to which extent particles contained in the
bulk sample were lost during chemical extraction and/or remained undetected in
AUC analysis. APT was be used as complementary characterisation technique to
investigate differences in bulk and extracted minimum particle diameters for steel D
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in section 4.4. Differences in obtained NWPSDs for STEM and AUC analysis could
potentially also originate from an AUC measurement error. Error sources affecting
NWPSDs provided by AUC were discussed in the following section.

Error Sources in Size Distribution Determination via AUC

In this section error sources for NWPSD determination via AUC are discussed for
particles chemically extracted from steel C prior to fractionation. Findings are of
general nature and can be extended to fractions and other particle suspensions. Er-
rors biasing the NWPSD can occur during AUC measurement and/or AUC data
analysis. Errors occurring during the AUC measurement cannot be corrected for at
a later stage and should be avoided at all cost. In AUC data analysis errors can be
minimised by identifying key parameters and making judicious assumptions.

AUC analysis of chemically extracted particles requires unimpaired particle sedi-
mentation. Chemical particle extraction is accompanied by a SiOx-network forma-
tion.[1, 51, 52, 64, 65] I aimed at investigating the presence of a SiOx-network in
suspension via cryo-TEM and to assess its impact on particle sedimentation. STEM
analysis of extracted particles revealed the presence of undesired SiOx features hin-
dering particle characterisation (Fig. 4.23 a). To understand if these features corre-
sponded to drying artefacts cryo-TEM was used to investigate chemically extracted
particle suspensions that were rapidly cooled down to cryogenic temperatures to
ensure formation of amorphous ice. The SiOx-network visible in classical electron
microscopy was not a drying artefact and was also present in suspension (Fig. 4.25).
SiOx features imaged via classical electron microscopy were neither ionic nor dis-
solved species which dried on the TEM grid. The extent to which the observed SiOx-
network present in suspension affected particle sedimentation is largely unknown.
In extreme cases the SiOx-network enclosed a vast majority of extracted particles
and instead of observing the sedimentation of single particles, the sedimentation of
large SiOx-network fragments containing particles was observed. For such extreme
cases (Fig. 4.11) AUC analysis can clearly be identified as non-suitable character-
isation technique. For the suspension of particles chemically extracted from steel
C a commercial dispersing agent reduces SiOx-network formation.[52] Good corre-
spondence between NWPSDs determined via TEM and AUC analysis of extracted
particles (Fig. 4.26) suggested that the observed SiOx-network did not greatly bias
extracted particle sedimentation. Discrepancies in minimum particle diameters for
particles from steel C (Fig. 4.17, 4.20, 4.22) were thought to originate from SiOx-
network evolution over time which negatively impacted sample stability. Particle
diffusion during AUC analysis can also impair particle sedimentation, but can be
avoided through adequate rotor speed selection.

Uncertainties in the NWPSD are introduced by the material parameters assumed for
data analysis. Chemically extracted particles are composed of the carbonitride par-
ticle core and a dispersing agent shell. The exact particle core density and complex
refractive index are unknown for particles chemically extracted from microalloyed
steel samples. Further, extracted particles can display populations with different
chemical compositions. Particle core density and complex refractive index are esti-
mated (refer to section 3.6.1) to analyse chemically extracted particles prior to frac-
tionation. These estimated values are listed in Table 4.6 under curve 1. A parametric
study consisting in particle core density and complex refractive index variations was
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(A) TEM micrograph (B) Cryo-TEM micrograph

FIGURE 4.25: Evidence of SiOx-network in suspensions of particles
chemically extracted from steel C.

FIGURE 4.26: NWPSDs determined for particles chemically extracted
from steel C via TEM and SV-AUC.

performed to determine the sensitivity of AUC NWPSD to erroneous material pa-
rameters (Fig. 4.27). Particles chemically extracted from steel C were analysed via
AUC using the estimated particle core density and complex refractive index (curve
1 in Table 4.6). Each particle core material parameter was than varied by 10 % to
determine the impact of this error on the NWPSD. A 10 % variation in particle core
density led to peak position shifts of approximately 1 nm from 19.7 nm to 20.8 and
18.8 nm. This finding is in good agreement with the mean diameter shift of 1 to 2 nm
reported by Goertz et al. [176] for a 5 % particle density error. A 10 % variation in
particle core complex refractive index did not affect the peak position. Fractionation
allows for refined material parameter estimations leading to a reduced error in ob-
tained NWPSD, because each population can be investigated individually.

Hegetschweiler determined the ligand shell thickness and the ligand density to cal-
culate the overall particle density required for NWPSD determination.[1] However
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FIGURE 4.27: Bias in AUC NWPSD induced by uncertainties in par-
ticle material density and refractive index (Table 4.6).

Curve Core Density (kg ·m−3) Refractive Index
1 6 655 1.72 + 1.55 i
2 5 989.5 1.72 + 1.55 i
3 7 320.5 1.72 + 1.55 i
4 6 655 1.548 + 1.395 i
5 6 655 1.892 + 1.705 i

TABLE 4.6: Effect of varied particle material parameters on NWPSDs
displayed in Fig. 4.27.

the unknown refractive index of the ligand shell does not allow for optical consid-
eration of the ligand shell during NWPSD determination. This is acceptable be-
cause variations in complex refractive index do not affect particle diameters in the
NWPSD. Reliable size characterisation via AUC requires spherical precipitates, be-
cause AUC analysis only provides information on one particle dimension. Precipi-
tate morphology investigations prior to AUC analysis are crucial to ensure the par-
ticle system can be characterised. Both disc-shaped and spherical precipitates can
be formed during TMCP. Precipitate shape is determined by the lattice mismatch
between the phase in which the precipitate starts to form and the precipitate lattice.
Disc-shaped precipitates are predominantly formed for large, spherical precipitates
for small phase/precipitate lattice mismatches.

The incident light is anisotropically scattered (Mie scattering) at the particles. In this
thesis the Mie correction implemented by Hegetschweiler [1] was applied to deter-
mine NWPSDs from EWPSDs. It failed to correct extinction wavelength dependency
for extracted particles, because of unknown shell material optical properties and
complexity in particle chemical composition, morphology, and shape. Given this
complexity, no generic Mie correction with validity for suspensions with particles
extracted from various microalloyed steel samples can be developed. Mie correc-
tion inaccuracy due to unknown shell material properties could not be remedied by
using electrolytic extraction as alternative extraction route. Combination of chem-
ical extraction and differential centrifugation fractionation provided a supernatant
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of predominantly spherical precipitates with homogeneous chemical composition,
and morphology which was used for Mie correction efficiency investigation. The as-
sumptions on particle properties are more valid for the isolated particles than for the
initial suspension. The used Mie correction failed, because the determined NWPSDs
differed for the investigated wavelengths (Fig. 4.28). Hegetschweiler [1] attributed
discrepancies between NWPSDs for wavelengths below 400 nm to the strong light
absorption of the ligand shell. With increasing wavelength the discrepancy between
NWPSDs of consecutive wavelengths diminishes due to the decreasing light absorp-
tion of the ligand shell and to precipitate properties. Mie correction failure could not
be prevented by investigation of the supernatant which contained predominantly
spherical, morphologically homogeneous particles.

FIGURE 4.28: Wavelength dependent NWPSDs determined via SV-
AUC for sub-10 nm particles chemically extracted from steel C.

According to Hegetschweiler [1], the Mie correction has a limited effect on the de-
termined particle sizes and mainly affects the ratios between particle populations in
suspension. Despite an inaccurate Mie correction the NWPSDs determined in this
thesis are therefore valid.

This section presented several AUC error sources in NWPSD determination and
assessed their importance in terms of particle diameter bias. All presented error
sources are addressed throughout sample preparation and AUC data analysis to
limit their impact on achieved NWPSDs. Both the CER STEM and the AUC analysis
of precipitates suffer from limitations. Under careful consideration of those NW-
PSDs obtained via each technique can be reliably compared and discussed.

4.3.2 Chemical Composition of sub-10 nm Particles

The isolated sub-10 nm particles were investigated via EDS and ICP-OES to deter-
mine their chemical composition after differential centrifugation fractionation with
the optimised parameters identified in fractionation experiment n◦4 (Fig. 4.21). SP-
ICP-MS which was introduced by Hegetschweiler et al. [1, 67] to quantitatively
determine the chemical composition of extracted particles could not be used for sub-
10 nm due to a lower detection limit of 26.5 nm for niobium particles (Nb(CN)) and
46.6 nm for titanium niobium particles (TiNb(CN)). It is however possible to target
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specific particle populations in ICP-OES through fractionation of the initial suspen-
sion.

The supernatant with predominantly sub-10 nm particles was investigated via STEM
after up-concentration. The imaged particles had disc shapes and the particle con-
trast indicated homogeneous particle compositions. EDS point analyses at the center
of sub-10 nm particles were carried out (Fig. 4.29) to qualitatively examine the tita-
nium and niobium contents. Besides a strong niobium signal, a weak titanium signal
could be detected for all investigated sub-10 nm particles. The Ti Kα peak was prob-
ably not a pile-up of the Nb Lα1 signal, since the measured Ti Kα peak position was
above the value of twice the Nb Lα1 peak position, and the low dead time of the
detector made a pile-up unlikely.

FIGURE 4.29: STEM micrograph and EDS spectrum of a chemically
extracted sub-10 nm particle.

ICP-OES measurements were carried out (Table 4.7) to confirm the presence of ti-
tanium in the sub-10 nm particles.The titanium and niobium contents of the initial
suspension containing particles spanning the diameter range presented in Fig. 4.16
were determined. Then the titanium and niobium contents of the residue and up-
concentrated supernatant were determined. Finally the titanium and niobium con-
tents of the supernatants obtained after each of the eight cleaning steps were mea-
sured (Fig. 4.30). The latter were assumed to originate from non-precipitated tita-
nium and niobium released from the matrix as ions during extraction, because cen-
trifugation ensured complete particle sedimentation. Partial dissolution of particles
during extraction also contributes.[52]

Sample Ti (mg · L−1) Nb (mg · L−1)
Initial Sample 8.275 ± 0.094 15.02 ± 0.13

Fractionation Residue 7.280 ± 0.110 11.800 ± 0.009
Fractionation Supernatant 0.0164 ± 0.0004 1.298 ± 0.005

Supernatant n◦8 0.0130 ± 0.0008 0.1536 ± 0.0013

TABLE 4.7: Ti and Nb content in collected fractions determined via
ICP-OES.

A slight increase of titanium content at cleaning step four and of niobium content at
cleaning step five (Fig. 4.30) was not due to a handling error during sample process-
ing after fractionation, because both contents did not increase simultaneously. Unde-
sired SiOx-network clusters enclosing ionic titanium and niobium [52] were possibly
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retained in ICP-OES setup tubings and sporadically released during measurements
of certain samples. Eight cleaning steps was a good compromise between obtention
of a suspension sufficiently depleted in ionic species and time constraints.[1]

FIGURE 4.30: Decrease in niobium and titanium concentrations in
supernatants over eight cleaning steps.

Above results (Table 4.7) suggested that the particles larger 10 nm contained close to
88 % of the titanium and close to 80 % of the niobium measured for the initial sample.
The titanium to niobium ratio was larger for particles in the fractionation residue,
than for particles in the up-concentrated fractionation supernatant. The results also
suggested that sub-10 nm particles contained in steel C were almost exclusively com-
posed of niobium. The titanium content of the up-concentrated supernatant which
had particulate and ionic contributions exceeded the titanium content of the eighth
cleaning step supernatant which had only an ionic contribution. This indicated that
sub-10 nm particles contained titanium and corresponded to NbTi(CN) precipitates.
12 % of titanium and 13 % of niobium were lost between the content determination
in the initial sample and in the fractionation products. These losses could partly be
attributed to fractionation induced particle loss by particle adsorption in the cen-
trifugation tube or in ICP-OES setup tubing. The presented ICP-OES results were
regarded as valid evidence for the presence of niobium and titanium in the investi-
gated sub-10 nm particles, because losses only slightly exceeded 10 %.

The quantitative ICP-OES results corroborated the qualitative results of EDS point
analysis in STEM. Sub-10 nm particles chemically extracted from steel C contained
predominantly niobium and non-negligible amounts of titanium. STEM was used
to ensure homogeneity of sub-10 nm particles and EDS point analysis to provide a
first qualitative impression of particle constituting elements. ICP-OES was subse-
quently used for quantitative chemical composition determination focusing on ti-
tanium and niobium previously detected in EDS. Atom probe tomography (APT)
could provide complementary information about sub-10 nm particle chemical com-
position, but bulk APT measurements fail to rapidly provide statistically meaningful
data for microalloyed steel samples with a low particle density, because it is not pos-
sible to target sub-10 nm particles. Efforts to artificially increase particle density in
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APT tips to allow for targeted sub-10 nm particle analysis did not provide satisfying
results.[177]
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4.4 Determination of the Density of Precipitates in Microal-
loyed Steel

The presented advances in precipitate characterisation can be implemented for a
broad range of microalloyed steel samples to foster TMCP optimisation. To further
contribute to precipitation kinetics understanding and TMCP optimisation, deter-
mination of the number of precipitates contained in a given microalloyed steel vol-
ume is required. The number of precipitates contained in a specific microalloyed
steel volume will be referred to as number density in the following. Determining
the number density of precipitates in a bulk microalloyed steel sample at different
TMCP stages leads to an improved understanding of TMCP parameter modifica-
tion effect on microalloyed steel precipitate number density. Providing a reliable,
high-throughput precipitate number density determination technique fosters com-
prehension of the precipitate number density/mechanical-technological properties
correlation and contributes to further TMCP optimisation. Xie et al. [12] determined
cluster number densities for distinct cluster size fractions in a niobium microalloyed
steel. Precipitate number density determination via APT is limited to microalloyed
steel samples with a homogeneous precipitate formation and a sufficiently high pre-
cipitate number density due to the limited investigable sample volume.

The precipitate number density determination technique presented in this section
relied on AUC analysis of chemically extracted particles and ICP-OES analysis of
the bulk sample. It allowed for investigation of several hundred milligrams of mi-
croalloyed steel. The sample (steel D) investigated in this section was selected to
ensure formation of homogeneous NbC precipitates. A specific heat treatment was
carried out to ensure complete niobium precipitation and formation of precipitates
with sizes allowing for number density determination via APT and AUC/ICP-OES.

4.4.1 Precipitate Number Density Determination via AUC & ICP-OES

Precipitate number density was determined using Eq. 4.1. The chemically extracted
precipitates were analysed via AUC to determine a representative precipitate radius
which provided an average precipitate mass according to Eq. 4.2.

mNb + mC

mP
· ρSteel

mDissolved Steel
= precipitates per m3 (4.1)

with mNb the total mass of niobium and mC the total mass of carbon contained in
the precipitates, mP the particle mass, ρSteel the steel density (7 860 kg ·m−3), and
mDissolved Steel the mass of dissolved steel.

mP = ρCore ·
4
3
· π · r3

Particle (4.2)

with ρCore the particle core density (7 820 kg ·m−3) and rParticle the particle radius.

To ensure successful precipitate extraction the obtained suspension was investigated
via TEM and EDS point analysis was used to identify the homogeneous NbC pre-
cipitates (Fig. 4.31). SR-AUC indicated a monomodal precipitate population with
a maximum at a precipitate diameter of 9.5 nm (Fig. 4.32). Contribution of the
Disperbyk-2012 ligand shell to the precipitate mass was found to be negligible. ICP-
OES was used to determine the total mass of niobium contained in the extracted
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precipitates. The ICP-OES analysis of steel D determined a niobium concentration
of 0.3635 ± 0.0061 mg · L−1 with a limit of detection of 1.23 µg · L−1, and a limit of
quantification of 4.08 µg · L−1. This result corresponded to approximately 0.42 mg of
niobium in 509.5 mg of steel D.

FIGURE 4.31: TEM micrograph and EDS spectrum of a precipitate
chemically extracted from steel D.

The total carbon mass contained in the precipitates was derived from the niobium
mass in the case of complete niobium precipitation, under assumption of NbC pre-
cipitate stoichiometry. EDS analysis identified extracted particles as NbC precipi-
tates. Assuming a NbC precipitate stoichiometry of 1:1 [45] the total carbon mass
contained in the precipitates could be determined. Knowing the niobium mass and
the mass of a single niobium atom the number of niobium atoms contained in pre-
cipitates could be determined. The carbon mass of 0.05 mg contained in precipitates
was determined by multiplying the number of niobium atoms by the mass of a sin-
gle carbon atom. The investigated microalloyed steel contained 2.64 x 1011 particles
per mg of steel D which corresponds to 2.08 x 1021 precipitates per m3 assuming a
steel density of 7 860 kg ·m−3.

(A) TEM Micrograph (B) NWPSD determined via SR-AUC

FIGURE 4.32: Size analysis of chemically extracted particles.
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4.4.2 Precipitate Number Density Determination via APT

Complementary to precipitate number density determination via AUC & ICP-OES,
APT was used because of its ability to detect clusters in addition to precipitates.
Particles contained in APT specimens can be defined via isoconcentration surfaces
or cluster analysis. First the particle definition based on isoconcentration surfaces
will be explained. The APT reconstruction is divided into small 3D pixels also called
volume pixels, or voxels. The default voxel size is defined as 1 x 1 x 1 nm3. For each
voxel the niobium concentration can be determined. An isoconcentration surface
corresponds to the surface enclosing voxels with a niobium concentration exceeding
a defined value. In this thesis a 1 at% niobium isocentration surface was used to
define precipitates. Cluster analysis is required for specimens with clusters smaller
than a voxel. Particle definition via cluster analysis is more error prone than via
isoconcentration surfaces because several parameters have to be considered:

• Minimum number of atoms defining a cluster.

• Maximum distance between two atoms belonging to the same cluster (Dmax).

• Erosion operation on clusters resulting in removal of atoms at their edges.

• Number of atoms of niobium which must be within a sphere of diameter equal
to Dmax to form a cluster.

The plausibility of selected parameter values was always verified by consideration
of the atom distribution outside clusters. Particle definition for each of the four APT
specimens was performed with isoconcentration surfaces and cluster analysis to de-
termine the number of precipitates per specimen (Table 4.8). Precipitate numbers
determined via isoconcentration surfaces were taken as lower limits and precipitate
numbers determined via cluster analysis as upper limits. For each specimen a mean
precipitate number with the corresponding particle definition error was determined
(Table 4.8). Besides particle definition, location of precipitates/clusters cutting the
edge of APT specimens also impacts the precipitate number density. These pre-
cipitates/clusters are only partly contained in the investigated APT specimens and
are accounted for with a factor of 0.5 according to the planimetric or Jeffries’ proce-
dure.[178] APT precipitate number density was determined by taking the mean of
the average cluster analysis and isoconcentration surfaces precipitate number den-
sities. A measurement error of 16.9 % was calculated for APT precipitate density
determination.

Specimen n◦ Isoconc. Surfaces Cluster Analysis Mean Error
1 8 + 3x0.5 = 9.5 13 + 4x0.5 = 15.0 12.3 ± 2.8 22.8 %
2 4 + 2x0.5 = 5.0 8 + 2x0.5 = 9.0 7.0 ± 2.0 28.6 %
3 17 + 7x0.5 = 20.5 25 + 7x0.5 = 28.5 24.5 ± 4.0 16.3 %
4 5 + 1x0.5 = 5.5 5 + 1x0.5 = 5.5 5.5 ± 0.0 0.0 %

TABLE 4.8: Precipitate identification in APT for each specimen via
isoconcentration surfaces and cluster analysis.

Reconstructed atom maps of steel D specimens are displayed in Fig. 4.33. Each
specimen contained several precipitates which hints at a homogeneous NbC precip-
itation formation. For each specimen the precipitate number density in precipitates
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per m3 of investigated steel D sample was calculated by counting the detected pre-
cipitates in the specimen of known volume (Table 4.9). Averaging precipitate den-
sities over the four investigated specimens provided the niobium microalloyed steel
precipitate density of 165.94 x 1021 precipitates per m3.

Specimen n◦ Number of Precipitates Specimen Volume (nm3)
1 12.3 ± 2.8 48 700
2 7.0 ± 2.0 75 500
3 24.5 ± 4.0 140 100
4 5.5 ± 0.0 38 300

TABLE 4.9: Precipitate number density in APT based on precipitate
identification in specimens of known volumes.

FIGURE 4.33: Reconstructed atom maps of several APT specimens of
steel D showing only Nb and C atoms.

APT also provided information on shape and chemical composition of precipitates.
These findings allowed validation of assumptions made during precipitate num-
ber density determination via AUC & ICP-OES. Precipitates were found to contain
predominantly niobium and carbon. Seldomly traces of nitrogen of up to a tenth
of the carbon fraction could be detected in the precipitates. Detected precipitates
were therefore approximated to NbC precipitates. In the four investigated speci-
mens the atomic fraction for Nb:C varied from 42:58 to 55:45. The NbC precipitates
were considered to contain niobium and carbon in equal atomic fraction. Precipi-
tates displayed an oblate, almost disc-shaped morphology (Fig. 4.33). Precipitate
reconstruction can be distorted by the so-called local magnification effect. The local
magnification effect is induced by the existence of neighbouring phases with dif-
ferent evaporation field strengths. The phase with the larger field strength value
experiences a local magnification.[179] Because Nb-precipitates have a much higher
field strength than iron according to Webel et al. [177] the local magnification ef-
fect distorts precipitate reconstruction. A definitive statement on precipitate shape
cannot be made via APT only.
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4.4.3 Comparison of Precipitate Number Density Determination Tech-
niques

Precipitate number densities were determined via AUC/ICP-OES and APT (Table
4.10). The precipitate number density determination technique relying on AUC/ICP-
OES allowed for investigation of a up to fifteen orders of magnitude larger sample
volume than APT. Possible explanations for discrepancies in obtained precipitate
number densities between the two distinct techniques will be discussed in this sec-
tion. First, assumptions on complete precipitate formation and sample homogeneity
will be discussed. Second, the measurement errors and statistical uncertainties of
APT and AUC/ICP-OES will be determined. Finally, the resolution power of APT
and AUC across the precipitate size range will be discussed.

Technique AUC/ICP-OES APT

Precipitates per m3 of steel 2.08 ± 0.10 x 1021 165.94 ± 28.07 x 1021

Investigated steel volume (m3) 6.5 x 10-8 7.6 x 10-23

TABLE 4.10: Summary of determined precipitate number densities.

Degree of Niobium Precipitation

Precipitate number density determination via AUC/ICP-OES required complete nio-
bium precipitation (95 - 99 %), because ICP-OES was used to determine the niobium
mass contained in the steel D chipping mass dissolved for precipitate AUC analysis.
ICP-OES provided a niobium content comprising niobium dissolved in the matrix
and niobium contained in precipitates. Bulk sample analysis did not allow differ-
entiation between these two contributions. The AUC/ICP-OES precipitate density
determination technique could only be used if the determined niobium mass corre-
sponded predominantly to niobium contained in precipitates. A time temperature
transformation (TTT) diagram was experimentally determined via small-angle neu-
tron scattering for a α-Fe-Nb-C system by Perrard et al. [180]. For steel D a nio-
bium precipitation superior to 99 % was expected according to the TTT diagram.
To validate this finding the niobium content in the matrix of the APT specimens
was measured and highlighted characterisation technique complementarity. Less
than 0.002 wt% niobium was found in the matrix via APT. Steel D experienced a
niobium precipitation of 97.5 %. The complete niobium precipitation assumption
was valid and enabled precipitate density determination via AUC/ICP-OES. Rather
than putting the AUC/ICP-OES and APT precipitate number density determination
techniques in competition this thesis aims at emphasizing their complementarity.
APT allowed to validate the assumption of complete niobium precipitation and to
confirm the assumed NbC stoichiometry which are required for precipitate number
density determination via AUC/ICP-OES.

Sample Homogeneity

A comparison of precipitate number densities determined with the AUC/ICP-OES
and APT precipitate number density determination techniques is only valid if ho-
mogeneous precipitate formation occurred in steel D at a microscopic scale. Inho-
mogeneous precipitate formation at the microscopic scale would lead to pronounced
discrepancies in determined precipitate number densities, because APT investigates
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significantly smaller sample volumes than AUC/ICP-OES (Table 4.10). The AUC/
ICP-OES precipitate number density determination technique allowed for analysis
of several tens of mm3 of steel. The ability of the AUC/ICP-OES precipitate number
density determination technique to investigate such a large sample volume makes
it suitable for analysis of microalloyed steel samples with both homogeneous and
inhomogeneous precipitate formation at a microscopic scale. This is not the case for
APT due to the investigated specimens of limited volumes. The number of precipi-
tates identified via APT in each specimen indicated a fairly homogeneous precipitate
formation for steel D at a microscopic/nanoscopic scale. The combination of small
investigated sample volume and investigation of a microalloyed steel sample with
inhomogeneous precipitate formation leads to discrepancies in determined precipi-
tate number densities.

STEM was used to further investigate precipitate formation homogeneity at the mi-
croscopic scale by imaging an electron transparent foil (ETF) of steel D. A foil region
containing precipitates is shown in Fig. 4.34 and indicated homogeneous precip-
itate formation on the microscopic scale. A minimum particle diameter of 3.3 nm
was detected. STEM analysis of an ETF is a two-dimensional technique which is not
suitable for precipitate number density determination. The contrast of precipitates
in the ETF limited precipitate identification. It depends on precipitate volume and
crystallographic orientation. ETF orientation during STEM analysis, volumes of pre-
cipitates contained in the foil and foil thickness are key factors impacting precipitate
identification.

FIGURE 4.34: Precipitate formation homogeneity investigation via
STEM of an ETF.

Measurement Errors & Statistical Uncertainties

APT allows to precisely resolve precipitates and clusters, but suffers from a pro-
nounced statistical uncertainty due to specimens volume. AUC/ICP-OES on the
other hand provides statistically meaningful data, but suffers from undesired parti-
cle loss during extraction which biases AUC results. The APT statistical uncertainty
encompassing the measurement error and the AUC/ICP-OES measurement error
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were determined to investigate the discrepancy in obtained precipitate number den-
sities.

The APT measurement error of 16.9 % was determined by precipitate identification
via isoconcentration surface and cluster analysis for each specimen (Table 4.8). The
statistical uncertainty was determined by Poisson distribution calculation (Eq. 4.3)
with λ ∈ R+ and X a real random variable. X follows Poisson’s law of parameter λ
and X ↪→ P(λ) if:

X(Ω) = N and ∀n ∈N, P(X = n) = e−λ · λn

n!
(4.3)

The uncertainty corresponded to the range of precipitates per specimen encompass-
ing 95 % of the calculated Poisson distribution probability values. Under consider-
ation of the average specimen volume those values were converted to precipitate
number densities. The statistical uncertainty which considers the measurement er-
ror is displayed in Fig. 4.35.

FIGURE 4.35: Comparison of determined precipitate number densi-
ties with the statistical uncertainty containing the measurement error

for APT and the measurement error for AUC/ICP-OES.

To determine the measurement error of precipitate number density determination
via AUC/ ICP-OES error sources in both characterisation techniques are considered.
Random and/or systematic errors in AUC and ICP-OES affect the precipitate mass
and niobium mass required for precipitate number density calculation. The niobium
content was determined with a measurement error of 1.7 % via ICP-OES. Due to the
Ångström resolution of AUC, the precipitate diameter is determined with an error
of approximately 1 %. Considering the impact of these measurement errors on the
determined niobium mass and precipitate mass a measurement error of approxi-
mately 5 % can be calculated for the AUC/ICP-OES precipitate density determina-
tion technique (Fig. 4.35). This measurement error did not account for undesired
particle loss. The APT statistical uncertainty did not overlap with the AUC/ICP-
OES measurement error thus indicating that undesired particle loss strongly affects
the precipitate number density determined via AUC/ICP-OES.
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Particle Size Detection Limits

Analysis of APT and AUC NWPSDs (Fig. 4.36) as well as of minimum precipitate
diameters determined via AUC, APT, and STEM (Table 4.11) clearly indicated that
the suspension of extracted precipitates was not representative of all precipitates
contained in the pristine sample. Precipitate size determination in APT was carried
out according to the method introduced by Breen et al. [30].

Characterisation Technique Minimum Precipitate Diameter (nm)
AUC 6.1
APT 1.2

STEM 3.3

TABLE 4.11: Minimum precipitate diameters in AUC, APT, and
STEM.

Sub-6 nm precipitates were contained in the bulk microalloyed steel, but not in the
suspension of chemically extracted precipitates. This was due to precipitate loss oc-
curring during the chemical extraction process, which was investigated and quanti-
fied by Hegetschweiler et al. [52]. They found the particle loss to reduce precipitate
diameters by 5 %. The observed loss of sub-6 nm precipitates did not correspond to
a 5 % loss in precipitate diameters. A 3 nm precipitate detected in APT would have
a diameter of 2.85 nm in AUC according to Hegetschweiler et al. [52]. In the sub-
10 nm diameter region certain precipitates experienced a diameter reduction and
others were completely dissolved (Fig. 4.36). A 3 nm NbC precipitate is composed
of 418 pairs of niobium and carbon atoms and a 30 nm precipitate of 418 570 pairs.
An increase in precipitate diameter by one order of magnitude leads to an increase
in pairs of niobium and carbon atoms by three orders of magnitude. According to
the SR-AUC NWPSD precipitates with diameters below 6 nm or with less than 3 348
pairs of niobium and carbon atoms were completely dissolved during the chemical
extraction process. This is plausible since these precipitates are only composed of a
few hundreds to thousands of niobium and carbon atom pairs.

FIGURE 4.36: Difference in accessible, sphere equivalent, particle di-
ameters for AUC and APT.
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Loss of sub-6 nm precipitates during the chemical extraction process for steel D led
to a partially biased precipitate number density for the AUC/ICP-OES precipitate
number density determination technique. Precipitate loss led to a biased NWPSD
and determined precipitate mass. Because the niobium mass determined via ICP-
OES accounted for sub-6 nm precipitates the calculated precipitate number den-
sity was only partly biased. AUC/ICP-OES is suitable for precipitate number den-
sity determination of microalloyed steel samples predominantly containing precipi-
tates with diameters above 6 nm. For samples also containing sub-6 nm precipitates
the AUC/ICP-OES precipitate number density determination technique has to be
combined with APT and/or STEM to allow for comprehensive precipitate analy-
sis. Compared to STEM, APT provided supplementary data on precipitates which
were only partially accounted for in the precipitate number density determined via
AUC/ICP-OES. STEM theoretically allows to detect precipitates with diameters cor-
responding to the size range accessible via the combination of AUC and APT in
ETFs. STEM analysis of an ETF of steel D was carried out to confirm presence of
precipitates with diameters determined via APT and AUC in the bulk microalloyed
steel sample. STEM was thought to cover the size range of precipitates detected
both in APT and AUC. Practically, contrast considerations and sample heterogene-
ity greatly impaired STEM analysis and detection of precipitates as small as in APT.
Combination of APT and AUC/ICP-OES allows for comprehensive precipitate char-
acterisation. Both techniques access distinct precipitate populations and accordingly
provide differing precipitate number densities. The upper limit of diameters which
can be detected via AUC allows for detection of even the largest precipitates present
in suspension. APT allows for identification of precipitates of a few nanometres and
even of clusters. The maximum precipitate size which can be analysed via APT is
limited by APT specimen dimensions. A combination of AUC and APT is crucial for
precipitate analysis across the whole size range of precipitates contained in the bulk
sample.

The observed discrepancy of two orders of magnitude in precipitate number densi-
ties determined via APT and AUC/ICP-OES is predominantly thought to originate
from undesired particle loss during extraction and the resulting distinct precipitate
size ranges investigated by APT and AUC. APT investigations were necessary to
investigate precipitates in the size range which was not accessible by AUC/ICP-
OES and to achieve a holistic microalloyed steel sample characterisation and study
correlations between TMCP parameters and achieved precipitate number densities.
Precipitate number density determination via APT is limited to microalloyed steel
samples with homogeneous precipitate formation due to the limited sample volume
which can be investigated. The AUC/ICP-OES precipitate number density deter-
mination technique allows for investigation of microalloyed steel samples with ho-
mogeneous and heterogeneous precipitate formation at microscopic scale as well
as samples with low precipitate number densities which cannot realistically be in-
vestigated via APT. This is due to the comparatively large sample volume which
can be investigated via AUC/ICP-OES. Investigation of microalloyed steel samples
containing several populations of heterogeneous precipitates represents a limitation
of the herein introduced AUC/ICP-OES precipitate number density determination
technique.
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Chapter 5

Conclusion & Outlook

This thesis focused on developing and implementing new analysis routines to quan-
tify precipitate size, chemical composition, shape, number density, and foster TMCP
optimisation. It extends the existing analysis routine to allow for characterisation of
sub-10 nm precipitates. Size, chemical composition, shape of sub-10 nm precipitates,
and their distributions were investigated by particle extraction, fractionation, and
characterisation. This thesis also presents precipitation number density determina-
tion techniques.

Undesired particle etching during chemical extraction is a challenge for sub-10 nm
particle analysis. Electrolytic particle extraction was tested as alternative extraction
technique to minimise particle loss and to allow for analysis of a largely unbiased
sub-10 nm particle suspension. The suitability of several non-aqueous electrolytes to
provide a suspension of discrete and stabilised particles was assessed. Electrolytic
particle extraction provided suspensions with undesired features such as steel nee-
dles/fragments, SiOx microparticles, SiOx-network, and particle agglomerates hin-
dering subsequent particle characterisation. The methanol based electrolyte contai-
ning 10 wt% maleic anhydride and 2 wt% TMAC provided a suspension free of steel
needles/fragments and SiOx microparticles. Attempts to control SiOx-network for-
mation by addition of silica nanoparticles and to prevent particle agglomeration by
addition of dispersing agents to this electrolyte were not successful. Electrolytic ex-
traction was not found to be advantageous compared to chemical extraction. Devel-
opment of the understanding of SiOx-network formation in non-aqueous systems
undergoing electrolysis is key to inhibit SiOx-network formation and to achieve
suspensions of extracted particles suitable for characterisation with colloidal tech-
niques. This would allow for analysis of unbiased precipitates and for particle loss
quantification during chemical extraction.

Sub-10 nm particles were investigated by chemical particle extraction on a microal-
loyed steel sample. Isolation of sub-10 nm particles from the initial suspension was
achieved via differential ultracentrifugation fractionation. ICP-OES analysis of the
initial suspension and the fractions indicated that sub-10 nm particles contained in
the investigated microalloyed steel were predominantly composed of niobium and
also of non-negligible amounts of titanium. Particle detection in the sub-10 nm size
range was pursued with SR-AUC analysis of unfractionated suspensions and a com-
bination of AUC and electron microscopy analysis of sub-10 nm particles isolated
through differential centrifugation. SR-AUC did not allow for an improved detec-
tion of sub-10 nm particle populations without post-extraction fractionation. NW-
PSDs in the sub-10 nm diameter range determined via SV-AUC and automated CER
STEM analysis were compared to study differences in minimum particle diameters
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in the pristine microalloyed steel and in the suspension containing chemically ex-
tracted particles. Error sources in NWPSD determination via AUC were identified
and discussed. Extension of the existing analysis routine to sub-10 nm particles ben-
efits TMCP optimisation by providing adequate tools for the monitoring of precipi-
tate properties during TMCP.

The precipitate number density in microalloyed steels is crucial to study the effect
of changes in TMCP parameters on the number density and resulting mechanical-
technological properties. It was determined for a niobium microalloyed steel using
APT analysis and a combination of AUC analysis of extracted particles and ICP-OES
analysis of steel chippings. The difference of two orders of magnitude in determined
precipitate number densities between the two techniques stemmed from undesired
particle loss during extraction. This thesis highlights the complementarity of the
matrix dissolution technique with subsequent particle characterisation and of APT
analysis of bulk microalloyed steel samples. A combination of the existing analysis
routine relying on chemical particle extraction with APT allows for a holistic precipi-
tate property profile determination. This complementarity allowed for an improved
estimation of undesired particle loss during chemical extraction by comparison of
NWPSD determined via AUC and APT. Application of this technique combination
to technical relevant microalloyed steels at different stages of their TMCP would
foster precipitation kinetics understanding. Concomitant monitoring of the precip-
itate number density and resulting mechanical-technological properties would en-
able comprehensive analysis of these steels.
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Appendix A

Mathematical Theory of Particle
Sedimentation

A.1 Sedimentation Equivalent Diameter Determination

mP · (1− ν̄ · ρS) = 3 · π · ηS · s · x (A.1)

Which can be rewritten since ν̄ = 1
ρP

=
VP
mP

:

VP · (ρP − ρS) = 3 · π · ηS · s · x (A.2)

Which leads to the following equation with the particle volume VP = 4
3 · π ·

( x
2

)3:

x3 · (ρP − ρS) ·
π

6
= 3 · π · ηS · s · x (A.3)

x2 =
18 · ηS · s
ρP − ρS

(A.4)

x =

√
18 · ηS · s
ρP − ρS

(A.5)

with the particle diameter x, the solvent viscosity ηS, the sedimentation coefficient s,
the particle density ρP, the solvent density ρS.

A.2 Core-Shell Particle Density Determination

ρP =
ρCore ·VCore + ρShell ·VShell

VCore + VShell
(A.6)

VCore =
4
3
· π · lC

3 =
4
3
· π ·

( x
2
− lS

)3
(A.7)

VShell =
4
3
· π ·

( x
2

)3
− 4

3
· π ·

( x
2
− lS

)3
(A.8)

Knowing the expressions for the core, and shell volume A.5 can be rewritten:

ρP =
ρCore · 4

3 · π ·
( x

2 − lS
)3

+ ρShell ·
(

4
3 · π ·

( x
2

)3 − 4
3 · π ·

( x
2 − lS

)3
)

4
3 · π ·

( x
2 − lS

)3
+ 4

3 · π ·
( x

2

)3 − 4
3 · π ·

( x
2 − lS

)3 (A.9)

ρP = ρShell + (ρCore − ρShell) ·
( x

2 − lS
x
2

)3

(A.10)
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FIGURE A.1: Schematic particle representation with the hydrody-
namic diameter x, the core radius lC, the ligand shell thickness lS.

ρP = ρShell + (ρCore − ρShell) ·
(

x− 2 · lS

x

)3

(A.11)

A.3 Particle Diameter Determination

Eq. 2.17 is obtained by combining A.12, and A.11:

x =

√
18 · ηS · s
ρP − ρS

(A.12)

x2 · (ρP − ρS)

18 · ηS
= s (A.13)

x2

18 · η ·
(

ρShell + (ρCore − ρShell) ·
(

x− 2 · lS

x

)3

− ρS

)
− s = 0 (A.14)

x2

18 · η ·
(

ρShell ·
(

1−
(

x− 2 · lS

x

)3
)
+ ρCore ·

(
x− 2 · lS

x

)3

− ρS

)
− s = 0 (A.15)

x2

18 · η ·
(

ρShell ·
(
x3 − (x− 2 · lS)

3)+ ρCore · (x− 2 · lS)
3

x3 − ρS

)
− s = 0 (A.16)
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Appendix B

Electrolytic Cell Setup

An electrolytic cell capable of accommodating three to four electrodes and allow-
ing for a controlled argon atmosphere is required to carry out electrolytic extraction
of precipitates from microalloyed steel. Further, the electrodes have to be contacted
outside of the cell to avoid corrosion and the setup should be easy to clean, assemble
and reuse to allow for high throughput.
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FIGURE B.1: Technical drawings of the electrodes employed in the
electrolytic cell setup.
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the electrolytic cell setup.
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Appendix C

SR-AUC Implementation

C.1 Reference Gold Nanoparticles

Gold nanoparticles of 5, 10 and 30 nm in diameter were separately measured via
SV-AUC to determine extinction weighted size distributions. The gold nanoparticle
mixture was measured via SV-AUC and SR-AUC to determine extinction weighted
size distributions. The extinction size distributions of the single species and the mix-
ture were superimposed to identify differences in gold nanoparticle mixture resolu-
tion for SV-AUC and SR-AUC (Fig. C.1). Extinction weighted particle size distribu-
tions were considered in this section because they are less prone to artifacts and data
distortion than the mass and number weighted size distributions.

(A) SV-AUC (B) SR-AUC

FIGURE C.1: Comparison of EWPSDs provided by SV-AUC and SR-
AUC.

The particle size distributions of the single species determined via SV-AUC pro-
vided mean particle diameters which corresponded to manufacturer’s specifications
(Table C.1). TEM analysis of the single species provided particle diameters which
were in good agreement to the SV-AUC results and manufacturer’s specifications.
DLS failed to resolve the single species as precisely as SV-AUC and TEM. The ex-
tinction weighted size distributions of the gold nanoparticle mixture determined
via SV-AUC and SR-AUC displayed differences but overall provided mean particle
diameters which were in good agreement to manufacturer’s specifications (Table
C.1). SR-AUC resolved the 5 and 10 nm gold nanoparticle populations more pre-
cisely than SV-AUC. SV-AUC and SR-AUC appeared to resolve the gold nanoparti-
cle mixture with similar accuracy (Table C.1). Precision and accuracy of the newly
implemented SR-AUC were validated by analysis of reference gold nanoparticles



86 Appendix C. SR-AUC Implementation

and comparison of the results to those provided by SV-AUC, TEM, and DLS. SR-
AUC appeared to be a reliable, efficient fractionating characterisation technique for
analysis of colloidal systems.

Sample Characterisation 5 ± 1 (nm) 10 ± 2 (nm) 30 ± 3 (nm)
AuNP Mix SV-AUC 4.3 ± 1.3 10.6 ± 2.2 33.0 ± 7.8
AuNP Mix SR-AUC 3.8 ± 0.4 10.0 ± 1.0 27.3 ± 2.6

Single Species SV-AUC 4.4 ± 1.8 10.8 ± 1.4 28.6 ± 1.7
Single Species TEM 5.5 ± 0.7 12.2 ± 1.0 31.9 ± 2.7
Single Species DLS 7.5 ± 4.2 14.5 ± 5.8 28.2 ± 11.2

TABLE C.1: Diameter determination of the reference gold nanoparti-
cles via AUC, TEM, and DLS.

SR-AUC has three main advantages over SV-AUC for characterisation of multimodal
colloidal systems with broad particle size distributions. Two advantages result from
the use of a speed ramp and one from the use of a MWL detector. First, measurement
time is drastically reduced for SR-AUC compared to SV-AUC. SR-AUC analysis of
the gold nanoparticle mixture was carried out approximately 30 times faster than
SV-AUC analysis of the same mixture. This is due to rotor speed and particle sedi-
mentation rate considerations. In SV-AUC the fixed rotor speed was selected to en-
sure enough boundaries were acquired for each particle population and subsequent
data analysis was reliable. The selected rotor speed was a compromise between
acquisition of sufficient data for the particles with the highest sedimentation rate
and measurement of the particles with the lowest sedimentation rate in a reasonable
amount of time. Maximum acceptable rotor speed is imposed by the sedimentation
rate of the largest particles present in the mixture. Rotor speed should not have
exceeded a critical value to avoid collecting insufficient boundaries for the 30 nm
gold nanoparticles. Sedimentation rates of 5, 10, and 30 nm gold nanoparticles in
water at 20 ◦C strongly differ for a fixed rotor speed. SV-AUC of the gold nanopar-
ticle mixture lasted approximately 30 times longer than SR-AUC because the rotor
speed was selected to ensure enough boundaries were acquired for the 30 nm gold
nanoparticles. This rotor speed value led to slow sedimentation of the smallest, 5 nm
gold nanoparticles present in the mixture. In SR-AUC the gradually increasing rotor
speed ensured all particles in presence were swiftly brought to sedimentation and
analysed. Duration of gold nanoparticle mixture SV-AUC could be reduced by frac-
tionation with subsequent single species SV-AUC. Analysis of single species allows
to adjust the rotor speed to the investigated particle population. Sufficient bound-
aries could be acquired faster for the 5 and 10 nm gold nanoparticles than in gold
nanoparticle mixture SV-AUC. Single species SV-AUC took approximately 4.5 times
longer than gold nanoparticle mixture SR-AUC, but was approximately 6.5 times
faster than gold nanoparticle mixture SV-AUC. For a reference system it is feasible
to fractionate the nanoparticle mixture to facilitate SV-AUC. For a colloidal system
with unknown particle size distribution such a fractionation approach requires mul-
tiple empirical optimisation steps.

Second, SR-AUC does not rely on a compromise rotor speed requiring knowledge
about investigated particle size distribution. SR-AUC of multimodal colloidal sys-
tems with unknown particle size distributions generates accurate and precise parti-
cle size distributions from the first measurement on. No optimisation of measure-
ment parameters is required compared to SV-AUC. Valid particle size information
for all three gold nanoparticle populations present in the mixture was determined
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via SR-AUC within a few hours without previous measurement parameter optimi-
sation.

(A) 3D Plot
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FIGURE C.2: MWL detector information in SR-AUC.

Third, SR-AUC employs a MWL detector to allow for optical properties analysis of
the investigated colloidal system over a broad wavelength range. SR-AUC provides
a 3D plot with the turbidity of particles in suspension over detection wavelengths
and sedimentation coefficients or diameters (Fig. C.2 A). Acquired turbidity signal
contains information about sample concentration and extinction coefficients or di-
ameters of particles.[1] Because the optical properties of particles depend upon their
chemical composition, variations in particle chemical composition between samples
can qualitatively be monitored via SR-AUC by analysing the turbidity density pro-
jection onto sedimentation coefficients or diameters and wavelengths (Fig. C.2 B).
Analysing the turbidity over the sedimentation coefficients or diameters also allows
to identify distinct particle populations. For the gold nanoparticle mixture investi-
gated in this section the diameter of the particle populations and the plasmon reso-
nance peak red-shift over increasing particle diameters could be observed (Fig. C.2).
Representation of turbidity density over particle diameters was preferred to repre-
sentation of turbidity over sedimentation coefficients, for ease of size information
understanding. Corrections performed in HDR-Multifit to convert from sedimenta-
tion coefficients to diameters were valid for well defined systems. Sample analysis
over a broad wavelength range is of particular interest for analysis of multimodal
and/or polydisperse colloidal systems composed of particles with varying chemical
compositions because such chemical composition variations affecting the particle
optical properties can be identified. Particle population ratios can qualitatively be
determined under cautious consideration of information contained in the turbidity
signal.

A mixture of reference gold nanoparticles was used to validate SR-AUC and to com-
pare it to the already existing SV-AUC. SR-AUC proved to offer a more time-efficient
and straightforward access to particle size distributions compared to SV-AUC. Sam-
ple analysis over a broad range of wavelengths performed in SR-AUC allows for
collection of particle chemical composition information. SR-AUC represents a ma-
jor improvement for analysis of multimodal and/or polydisperse colloidal systems
with unknown particle size distributions and possible variations in particle chemical
composition.
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Appendix D

Automated STEM Analysis of Gold
Nanoparticles

To determine the suitability of automated STEM analysis in the sub-10 nm particle
diameter range a reference colloidal system composed of three gold nanoparticle
populations was investigated with STEM, TEM and AUC. Number weighted par-
ticle size distributions (NWPSDs) of the reference gold nanoparticle mixture were
determined via manual TEM data evaluation, automated STEM analysis, and SR-
AUC (Fig. D.1 A). NWPSDs provided by TEM, and SR-AUC are in good agreement,
and correspond to manufacturer’s specifications. The gold nanoparticle mixture was
automatically analysed via STEM to evaluate suitability of automated STEM analy-
sis for the sub-10 nm size range. Automated STEM analysis enables identification of
the 30 nm particle population with strong statistical significance. Automated STEM
analysis detects a second particle population spanning the 5 - 10 nm size range. This
second particle population contains the 5, and 10 nm particle populations. Auto-
mated STEM analysis is unable to resolve the distinct 5, and 10 nm particle popula-
tions. Automated STEM analysis detects particles with unexpected diameters (Fig.
D.1 A). This can be explained by two observations:

• For numerous 10 nm particles the grayscales complicate automated STEM anal-
ysis. In Fig. D.1 B the particle surface marked in red is smaller than the particle
surface identifiable by eye (1). Concerned particles are detected, and labelled
with a particle diameter slightly smaller than the true particle diameter. Au-
tomated STEM analysis can assign a particle diameter of 7.53 nm to a 10 nm
particle (1).

This observation partly explains the presence of particles with unexpected di-
ameters in the 5 - 10 nm, and 15 - 25 nm ranges. Respectively 10, and 30 nm
particles are detected, and labelled with a smaller particle diameter.

• Particle agglomeration, and/or insufficient apparatus resolution capabilities
do not allow the automated analysis to differentiate particles composing ag-
glomerates, and/or particles located close to each other. In Fig. D.1 B the par-
ticle surface of two distinct 30 nm particles is marked in red, and assimilated
to a single particle by the automated analysis program.

This observation explains the presence of particles with unexpected diameters
in the 35 - 50 nm range. This observation could also explain the presence of
particles with unexpected diameters in the 5 - 10 nm range through agglom-
eration of 5 nm particles, and/or limited apparatus resolution capabilities for
5 nm particles located close to each other.

Limited automated STEM analysis suitability in the sub-10 nm range was demon-
strated by analysis of a reference gold nanoparticle mixture. The sub-10 nm range
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corresponds to the lower limit of the automated STEM analysis operating window.
Automated STEM analysis detects particles in presence in the sub-10 nm range, but
fails to identify distinct particle populations. Automated STEM analysis can be em-
ployed in the sub-10 nm range for CER analysis under cautious consideration of
provided results. Manual triage of provided results to avoid consideration of arte-
facts/program limitations is strongly recommended. Artefacts can be discarded by
considering particles with a defined circularity (e.g. 0.6 - 1) and a significant Ti/Nb
EDS count.
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FIGURE D.1: Automated STEM analysis of a gold nanoparticle mix-
ture. (A) NWPSDs determined via SR-AUC, TEM, STEM. (B) STEM
micrographs with particles identified by the automated analysis pro-

gram.
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