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Abstract

Abstract

The influence of humid atmosphere on crystallization behavior of mold powders used in
continuous casting of steel is the subject of the present study. The experimental procedures
were conducted at the Institut fiir Eisen- und Stahltechnologie of the Technische Universtitit
Bergakademie Freiberg, Germany, and at the Universidade Federal do Rio Grande do Sul,
Brazil. In the present study, the Single Hot Thermocouple Technique (SHTT) was applied for
the investigation of the influence of the humidity on crystallization behavior of mold fluxes.
Five distinct mold powders compositions were prepared based on the CaO-Si0;-Al,03-MgO-
TiO, slag system and submitted to continuous cooling and isothermal experimental
measurements at inert atmosphere of argon (Ar), and at two distinct gas mixtures Ar-water
vapor with 3.34 % H,0 and 12.49 % H,0. Continuous cooling transformation (CCT) and
time-temperature-transformation (TTT) diagrams were obtained and analyzed.

CCT and TTT diagrams showed a strong tendency of slags to form glass with increasing TiO,
content (0.5 — 5.0 wt-%); conversely, additions of MgO increase considerably the
crystallization rate as well as the crystallization temperature range. The effect of water vapor
on the crystallization behavior of the proposed mold powders was distinct according to the
slag chemical composition and the temperature.

A markedly increase of the crystallization rate and the crystallization temperature range in
presence of humid atmosphere was observed in slags with higher polymerization degree. In
more depolymerized slags, such an effect is less pronounced, mainly with respect to the
crystallization temperature range. Other important aspect observed was the influence of
temperature on the effect of water on the crystallization behavior of the mold powders. For a
determined slag, water can act either a polymerizing or depolymerizing agent, according to
the temperature range, exposing the amphoteric behavior of water. For a same slag system,
distinct trends regarding to the effect of water on crystallization behavior as a function of
temperature could be observed. It was found that the onset of crystallization was hindering at
higher temperatures in measurements conducted in humid atmosphere. At intermediate
temperatures, the effect of water on the crystallization was considerably small. However, the
crystallization rate was improved at lower temperatures with the presence of water vapor.
Such a behavior was attributed to changes of polymerization degree with the temperature.
This was more evident in slags with higher nominal NBO/T. It is suggested that the influence
of temperature on the effect of water on the crystallization behavior is more intense in slags
with in a NBO/T range between 1.0 and 2.0, approximately.

Finally, thermodynamic calculations using the FactSage 6.4 software were carried out aiming
to estimate the water capacity of the mold powders. The thermodynamic calculation results
showed an increase of water capacity of slag with increasing MgO content. The water
capacity results were also expressed as a function of some calculated structural parameters,
namely, NBO/T and optical basicity. The water capacity showed a large variation in a narrow
optical basicity range; while a tendency toward the increase the water solubility with
increasing the degree of depolymerization of the slags could be observed.
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Resumo

A influéncia da atmosfera timida sobre o comportamentos de cristalizacdo de pos de molde
usados no lingotamento continuo de agos ¢ objeto do presente estudo. Os procedimentos
experimentais foram conduzidos no Institut fiir Eisen- und Stahltechnologie da Technische
Universitdt Bergakademie Freiberg, Alemanha, e na Universidade Federal do Rio Grande do
Sul, Brasil. No presente estudo, a técnica Single Hot Thermocouple (SHTT) foi aplicada na
investigacdo da influéncia da umidade sobre o comportamento de cristalizacdo dos pos de
molde. Cinco composi¢des distintas de pés de molde foram preparadas baseadas no sistema
de escorias CaO-Si0;-Al,03-MgO-TiO, e submetidas a medigdes experimentais de
resfriamento continuo e isotérmicas em atmosfera inerte de argonio (Ar), e em duas misturas
distintas de Ar-vapor de agua com 3.34 % H,O e 12.49 % H,O. Diagramas de resfriamento
continuo (CCT) e de tempo-temperatura-transformagao (TTT) foram obtidos e analisados.

Os diagramas CCT e TTT mostraram uma forte tendéncia das escorias de formarem vidro
com o aumento do teor de TiO; (0.5 — 5.0 wt-%); em contrapartida, adicdes de MgO
aumentam consideravelmente a taxa de cristalizagdo, como também o intervalo de
temperatura de cristalizagdo. O efeito do vapor de &gua sobre o comportamento de
cristalizagdo dos pds de molde propostos foi distinto de acordo com a composi¢do quimica e
temperatura.

Um aumento notével da taxa de cristalizacdo e do intervalo de temperatura de cristalizacao foi
observado em escorias com grau de polimerizagdo mais alto. Em escorias mais
depolimerizadas, tal efeito foi menos pronunciado, com respeito, principalmente, ao intervalo
de temperatura de cristalizagdo. Outro importante aspecto observado foi a influéncia da
temperatura sobre o efeito que a dgua exerce sobre o comportamento de cristalizacao dos pos
de molde. Para uma determinada escoria, a 4gua pode agir como um agente polimerizador ou
depolimerizador, de acordo com o intervalo de temperatura, expondo o comportamento
anfotero da dgua. Para um mesmo sistema de escoria, tendéncias distintas com respeito ao
efeito da 4gua sobre o comportamento de cristalizagdo como fun¢do da temperatura puderam
ser observadas. Verificou-se que o inicio da cristaliza¢do foi obstruido em temperaturas mais
elevadas em medi¢des conduzidas em atmosfera imida. Em temperaturas intermedidrias, o
efeito da dgua sobre a cristalizacdo foi consideravelmente pequeno. Entretando, a taxa de
cristalizacao foi melhorada em temperaturas mais baixas com a presenca de vapor de agua.
Tal comportamento foi atribuido a mundancas do grau de polimerizacdo com a temperatura.
Isto foi mais evidente em escorias com maior NBO/T nominal. E sugerido que a influéncia da
temperatura sobre o efeito da agua sobre o comportamento de cristalizagcdo € mais intenso em
em escorias em um intervalo de NBO/T entre 1.0 e 2.0, aproximadamente.

Finalmente, calculos termodindmicos usando o FactSage 6.4 foram realizados objetivando
estimar a capacidade de agua dos pos de molde. Os resultados dos caculos termodinamicos
mostraram um aumento da capacidade de 4gua com o aumento do teor de MgO. Os resultados
da capacidade de 4agua também foram expressos como funcdo de alguns parametros
estruturais calculados, a saber NBO/T e basicidade oOptica. A capacidade de dgua mostrou
grande variagdo em um intervalo estreito de basicidade optica; enquanto uma tendéncia em
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direcdo ao aumento da solubilidade da 4gua com o aumento do grau de depolimerizagao das
escorias pode ser observado.
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Zusammenfassung

Der Einfluss der feuchten Atmosphire auf das Kristallisationsverhalten von Formpulvern, die
beim StranggieBen von Stahl verwendet werden, ist Gegenstand der vorliegenden
Doktorarbeit. Die experimentellen Verfahren wurden am Institut fiir Eisen- und
Stahltechnologie der Technischen Universitit Bergakademie Freiberg und an der
Universidade Federal do Rio Grande do Sul, Brasilien, durchgefiihrt. In der vorliegenden
Studie wurde die Single Hot Thermocouple (SHTT) -Technik angewendet, um den Einfluss
von Feuchtigkeit auf das Kristallisationsverhalten von Formpulvern zu untersuchen. Auf der
Basis des (CaO-Si0,-Al,03-MgO-TiO;-Schlackensystems wurden fiinf verschiedene
Formpulverzusammensetzungen hergestellt und einer kontinuierlichen Abkiihlung und
isothermen experimentellen Messungen in einer inerten Atmosphire von Argon (Ar) und in
zwei verschiedenen Gasgemischen Ar-Wasserdampf mit 3,34% H,O und 12,49% H,0O
unterzogen. Diagramme zur kontinuierlichen Kiihltransformation (CCT) und Zeit-
Temperatur-Transformation (TTT) wurden erhalten und analysiert.

CCT- und TTT-Diagramme zeigten eine starke Tendenz von Schlacken, mit zunehmendem
Ti02-Gehalt (0,5 — 5,0 Gew .-%) Glas zu bilden;jedoch die Zugaben von MgO erhéhen die
Kristallisationsgeschwindigkeit sowie den Kristallisationstemperaturbereich erheblich. Die
Wirkung von Wasserdampf auf das Kristallisationsverhalten der vorgeschlagenen Formpulver
war je nach chemischer Schlackenzusammensetzung und Temperatur unterschiedlich. In
Schlacken mit hoherem Polymerisationsgrad wurde ein deutlicher Anstieg der
Kristallisationsrate und des Kristallisationstemperaturbereichs in Gegenwart einer feuchten
Atmosphire beobachtet.

In stirker depolymerisierten Schlacken ist ein solcher Effekt weniger ausgeprigt,
hauptsidchlich in Bezug auf den Kristallisationstemperaturbereich. Ein weiterer wichtiger
Aspekt war der Einfluss der Temperatur auf die Wirkung von Wasser auf das
Kristallisationsverhalten der Formpulver. Fiir eine bestimmte Schlacke kann Wasser je nach
Temperaturbereich entweder als Polymerisations- oder Depolymerisationsmittel wirken und
das amphotere Verhalten von Wasser freilegen. Fiir dasselbe Schlackensystem konnten
unterschiedliche  Trends  hinsichtlich des Einflusses von  Wasser auf das
Kristallisationsverhalten als Funktion von Wasser beobachtet werden. Es wurde festgestellt,
dass der Beginn der Kristallisation bei hoheren Temperaturen und bei Messungen in feuchter
Atmosphire behindert wurde. Bei Zwischentemperaturen war die Wirkung von Wasser auf
die Kristallisation betrdchtlich gering. Die Kristallisationsrate wurde jedoch bei niedrigeren
Temperaturen in Gegenwart von Wasserdampf verbessert. Ein solches Verhalten wurde auf
Anderungen des Polymerisationsgrades mit der Temperatur zuriickgefiihrt. Dies zeigte sich
am deutlichsten bei Schlacken mit einem héheren nominalen NBO/T. Es wird vermutet, dass
der Einfluss der Temperatur auf die Wirkung von Wasser auf das Kristallisationsverhalten in
Schlacken in einem Bereich von NBO/T zwischen ungefdhr 1,0 und 2,0 stirker ist.

SchlieBlich wurden thermodynamische Berechnungen mit FactSage 6.4 durchgefiihrt, um die
Wasserkapazitdt der Formpulver abzuschidtzen. Die Ergebnisse thermodynamischer
Berechnungen zeigten eine Zunahme der Wasserkapazitit mit einer Zunahme des MgO-
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Gehalts. Die Ergebnisse der Wasserkapazitit wurden auch als Funktion einiger berechneter
Strukturparameter ausgedriickt, namlich NBO/T und optische Basizitit. Die Wasserkapazitit
zeigte grofle Unterschiede in einem engen Bereich der optischen Basizitdt; wihrend ein Trend
zur Erhohung der Wasserloslichkeit mit zunehmendem Grad der Schlackendepolymerisation
beobachtet werden kann.

Vi
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1 Introduction

CHAPTER 1 - INTRODUCTION

1.1 Background

Continuous casting is a world-widely process used in the casting of steel and its alloys. It is
the predominant method to solidify the steel directly into a semifinish product in a pre-
determined shape — where blooms, billets (including round hollow billets), slabs and beam
blanks are the more conventional forms (see Figure 1.1) — been responsible for more than
90% of the world steel production [1]. The process was definitely introduced in the industrial
flow sheets in the 1960s and it had been continuously improved with the progress of
implemented technologies as the high speed casting. In the continuous casting, the mold
powders are essential to quality surface of the steel product and to the stability of casting
process. In the present introduction, the continuous casting will be broached only some
general topics of the process. More detailed information about the continuous casting process
can be found in Mizoguchi et al. [2] and Garcia et al. [3].

1.2 Continuous Casting Process

The continuous casting is the last stage of the steel production chain that runs with steel in the
liquid state. Figure 1.1 shows an example of an overall scheme of the slab continuous casting
process of steel (the process layout is substantially the same for the other shapes). This
process is, in essence, a solidification process at which the liquid steel is poured from a ladle
to a tundish; and from this last into one (or more) open ended water cooled copper mold. Two
practices have been applied concerning the steel delivery from the tundish to the mold:
without steel jet shrouds (open casting); or through a submerged entry nozzle (SEN), which
distributed the liquid steel through the outlet ports directed by its angle and geometry,
modifying the flow pattern inside the mold cavity (closed casting) [3-5]. Open casting
technology is normally applied to billets and blooms casting; in this case, an inert shrouding
gas is used instead of a SEN. For this technology, oil is employed as mold lubricant, although
mold powders have been formulated to be used in open casting [6,7]. The utilization of
refractory shrouds for steel transfer process from the ladle — passing by the tundish — to the
mold (close casting) have been adopted for slab casting. In this case, the use of mold powders
are normally deployed as a lubrication agent, and to help to control heat transfer (more details
in section 1.3) [8].

When in contact with the mold cooled wall, the molten steel starts to solidify due to a strong
heat extraction through the mold wall to the circulating water, forming a solid shell. The mold
performs a vertical oscillatory movement to avoid the freezing of the steel onto the mold, and
accordingly sticker breakouts [9,10]. The solid steel shell formed will constantly increase its
thickness along to caster mold length, being extracted by the mold oscillation movement and
drive rolls positioned below the caster machine. Mechanically, the thickness of the steel shell
that leaves the mold zone is not strong enough to the containment of the non-solidified steel.
The relative position of the steel shell to the mold is kept by support rolls positioned below
the mold, supporting the steel and minimizing the bulging due to the ferrostatic pressure. The
remaining molten steel enclosed by the solid steel shell which leaves the mold is cooled by
water and air mist sprays positioned between the rolls until the molten core becomes fully
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solidified. After the complete solidification of the center of the strand steel (metallurgical
length), it is cut in sections by a torch, according to its application [11,12].
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™
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Figure 1.1 Generic representation of a slab continuous casting process; and semifinished cross section of the
continuous casting steel products.

In this context, the mold powder plays a vital role along the steel solidification stage
occurring at the mold level, being the subject of the present work. Thus, a concise but relevant
description of the mold powders and their duties in the continuous casting process is present
next. A more detailed discussion regard to the theme mold powders can be found in the work
of Pinheiro et al. [13-24] and Mills and Dacker [1].

1.3 Mold Powders

Mold powders — also known as mold slags or mold fluxes — are synthetic slags constituted of
a mixture of different oxides, silicate and fluorides. Their chemical composition varies greatly
depending on the properties required by the casting process. Usually, the mold powders are
composed of CaO and SiO; (about 70%), with varying content of other oxides as Al,Os,
MgO, NayO, LiO etc. and fluorides as CaF,, which are added to adjust important slag
properties as viscosity, crystallization and melting point [14,25-27]. In the continuous casting
mold, the mold powder is fed onto the free surface of the liquid steel forming first a sintered
layer, a mushy and liquid layer from the top of mold to the liquid steel surface (Figure
1.2(a)). At this point, the powder undergoes a series of changes according to a temperature
range as following: (i) evaporation of moisture at ca. 97 °C; (ii) decomposition of carbonates
(at ca. 397 °C- 497 °C); (iii) sintering (at ca. 677 °C — 877 °C) (iv); reaction of carbon
particles with oxygen forming a reducing atmosphere of CO(g) and CO,() (at ca. 497 °C — 697
°C); and (v) at temperatures higher than 877 °C occurs the melting of the powder [28,29].
Beside these events, chemical reactions between molten slag and liquid steel and inclusions
pick up such as TiO, and Al,Os; would promote significant alteration in the physical
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properties of the liquid slag as viscosity, break temperature, or crystalline degree of solid slag
film [30,31].

The mold powders are fundamental in the control and stability of continuous casting process
and in the quality of the final steel product. Their importance lies on a set of functions carried
out by the mold flux along the caster process; namely (i) protect the steel meniscus against
reoxidation; (ii) providing thermal insulation to prevent the steel from oxidation; (iii) absorb
inclusions that rise from the steel surface into the molten slag pool; (iv) provide liquid
lubrication for the strand; and (v) controlling the horizontal heat transfer across the infiltrate
slag layer between the strand and mold [13,30,32]. Among the mold flux functions,
lubrication of the mold and horizontal heat transfer control are the most critical to the
operational stability [13] and will be discussed in more detail later. These functions are
strongly affected by the crystallization tendency of the slag, which, in turn, is affected by its
chemical composition, temperature and environment conditions.

At the top of the mold, the mold flux acts as a thermal and chemical insulator. It reduces the
heat losses from the upper surface of the liquid steel preventing its partial solidification,
mainly at the meniscus level [13,26,33]. The chemical insulating from the atmosphere
protects the liquid steel surface from reoxidation [13,32]. The liquid slag layer is responsible
to assimilate nonmetallic inclusions, as nitrides, Al,Os and TiN, which emerge to the mold
surface from steel and/or reactions between slag and steel. The kind of inclusion depends of
Al-killled or [Ti] steel grade, for instance [34].
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Figure 1.2 Schematic of the liquid steel and the mold flux at the mold of the continuous caster.
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Figure 1.2(a) shows a schematic representation of the mold slag film evolution. The formed
liquid slag pool must have an appropriated depth to provide adequate liquid slag to lubrication
of strand. The infiltration of the liquid slag into the gap between the mold wall and steel shell
is facilitated by the oscillation stroke of the mold and is related to the shear force created by
the negative strip [4,35-38]. The infiltration of the molten flux into the gap below the
meniscus is. When in contact with cooled mold wall, the molten slag forms a rim at the
meniscus level. Below the frozen rim, the liquid slag in contact with mold wall forms a thin
slag film (2 — 3 mm thick) which solidifies rapidly forming a glassy layer at first. Due to a
large temperature gradient across the solid slag film (approximately 1000°C), the glassy phase
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tends to change forming a crystalline layer with a liquid part in the hotter regions near to the
strand [34]. Figure 1.2(b) shows the three different slag layers formed due to the large
thermal gradient across the slag film. The presence of a crystalline layer can be either
beneficial or deleterious to the casting process, depending of the steel grade and the casting
speed. For instance, slag with high crystallization tendency increases slag scale on the steel
surface and can lead to cracks or breakouts because of lower local heat transfer. In addition,
crystalline slag has been shown to be harmful to high-speed casting conditions due to
tendency of slag-fracture near the meniscus [39]. Therefore, the presence of crystal in the slag
film has significant effect on the lubrication and heat transfer process. In this context, factors
which have influence on the crystallization behavior of the slag must be investigated to
provide a wide data range to aid in the mold powders development. For the present work, the
interaction of factors as the environment conditions and the chemical composition of the mold
powder is the main focus of research.

1.4 Aim of the Study

Understanding the behavior of molten slags under solidification, including the influence of the
environment on its properties is fundamental in mold powders development. The
characteristic crystallization of the mold powder has direct impact on the viscosity and heat
transfer through the slag; besides being susceptible to atmosphere conditions. Thus, the aim of
the present thesis is:

to develop an understanding about the influence of water vapor on the crystallization
behavior of simple mold powder systems.

For this purpose, the specific objectives were performed as following:

(1) to evaluate the effect of addition of MgO and TiO; on the crystallization behavior of the
Ca0-Si10,-Al,0; system — at constant binary basicity — by constructing continuous cooling
transformation (CCT) and time-temperature-transformation (TTT) diagrams, from
measurements in inert atmosphere using the Single Hot Thermocouple Technique (SHTT).

(i1) to characterize the mold powders concerning to viscosity, crystalline phase and critical
cooling rate (in continuous cooling conditions); and crystal morphology (in isothermal
conditions).

(111) to investigate the influence of water vapor on the crystallization behavior of the mold slag
systems above proposed by application of different atmospheric conditions (two specific
water vapor partial pressures) obtaining the respective TTT-diagrams from SHTT
experimental results, and comparing them with those obtained in inert atmosphere (as a
parameter).

(iv) to evaluate qualitatively the influence of the chemical composition on the water solubility
via thermodynamic simulations, providing data to estimate the water capacity of the mold
powders; aiming to correlate the simulated data with the results obtained from SHTT and
DHTT in humid atmosphere for crystallization.
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1.5 Thesis Outline

Following the Chapter 1, a general introduction about the continuous casting process is
presented accompanied by a brief description of the mold powders and their role and
importance on the continuous casting process. The objectives of this thesis are also described
in this chapter. In the Chapter 2, a mold flux review with a special focus on the relevant
subjects concern to the present study such as an overview about the structure of the slags and
melts, passing through a general description of the theory of crystallization, until the
crystallization behavior of slags and the effect of some oxides on the crystallization tendency
of slag, with special importance to MgO and TiO;; the issues regarding to the effect of water
vapor atmosphere, influence of the chemical composition of the slags and melts on the water
solubility and its effect on the some properties and crystallization behavior of the slags are
highlighted. In the following chapter (Chapter 3), materials preparation and the experimental
procedures are provide; with a description of the technique employed in the crystallization
experiments (SHTT), and calibration are presented. In the Chapter 4, the experimental data
and discussion of results are showed. The effects of water on crystallization behavior as well
as some thermodynamic simulations are presented separately. Finally, the findings and the
general conclusions of the present study are presented in the Chapter 5.
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2.1 Structure of Slags

CHAPTER 2 - LITERATURE REVIEW

2.1 Essentials on Structure of Silicate Melts, Glasses and Slags

Slags are present in most high temperature metallurgical processes upon which the metal is in
a liquid state. These slags are submitted to a series of processes and atmospheric conditions
which alters their characteristics and, as a consequence, their performance. Attempts to
quantify the physical properties of silicate melts that affect such processes — diffusion,
nucleation, crystal growth, convection or formation of immiscible liquids — requires at least an
elementary understanding of the structure of these melts [1]. Silicates and/or other complex-
forming components are the base of the most of slags applied in all metallurgical processes
[2]; and their thermo-physical properties are strongly dependent upon their structure [3]. Since
the structure of silicate melts provides a basis for understanding the relations between the
structure and the physical, chemical, and thermal properties of the melts, the knowledge of the
structure of silicates gains a relevant role in the understanding of behavior of the slags [4]. As
will be seen later, the water solubility in silicate melts and glasses has been shown as a
function of water partial pressure, chemical composition and basicity, which are directly
related to the structure of melt.

Silicate slags are predominantly structured on Si cations surrounded by 4 oxygen anions
forming a SiOf~ tetrahedron that constitutes a basic unit. Such tetrahedral units are joined
together forming chains or rings by bridging oxygens (BO). Other oxides (e.g., B,O3; and
GeQO;) can easily build up a characteristic network structure similar to that formed by silica,
i.e., structures consisting of triangles or tetrahedral units. These oxides are classified as
network formers. When a metal oxide (e.g. Na,O and CaO) is added to silica melts, the
oxygen bonds tend to be broken by cations such as Na®, Ca*", Mg*", and Fe’", promoting the
formation of non-bridging oxygen (NBO) atoms — as O and free oxygens O* — in the
structure, in a process called depolymerization of silicate melt. These oxides are named
network modifiers (or breakers). The NBO are bonded to both network modifier metal cations
and tetrahedrally coordinated cations in the silicate network. Thus, metal cations act as
linkage between various anionic structural units with tetrahedrally coordinated cations
occurring in the melt [2,4-6]. Figure 2.1 shows an illustrative scheme of the regular structure
of crystalline silica, the irregular structure of glassy silica and the structure of sodium silicate
glass. Some oxides behave as either network former or network modifier, depending upon the
melt environment. Oxides such as TiO,, Al,03 and Fe,Os belong to this group and are named
as amphoteric oxides. Cations of these oxides (e.g. Ti*", AI’", P°" and Fe’") also form
tetrahedral structures and can be incorporated into the silica network as TiO3~, PO3~, AlO3~
and FeO3~ [2,6]. However, these cations need to maintain its electrical charge balance, and
this demands other cations for charge-balancing, e.g. if an AI’" is incorporated into a Si*"
chain, it must have a Na" (or one half of a Ca®") sitting near the AP’ to maintain local charge
balance [3].

Silicate melts are constituted by a distribution of different polymeric silicate anions of
different molecular weights, which are three-dimensionally interconnected units such as SiO,,
Si,0%7, Si,0¢™, Si,0%7, and SiOf~ coexisting in the melt. The proportion of these structural
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units is influenced by the nature of the cation in the silicate melt. The SiO, and SiO%~ units
are stabilized by small cations with high valence, e.g. Mg®" > Ca®" > Na* [7]. There is a
gradual breakdown of the silicate network with the addition of basic metal oxides to vitreous
or molten silica, which can be represented by the reaction 2.1 [§]

=8i—-0-Si=-4+M,0=---=Si—0"(MH)+(M")O~ -Si = - (2.1)
where M and M represent the metal of the oxide and the metal ion, respectively.

For the case of the disilicate composition represented in the reaction 2.1, the structure of the
silicate melt would consist of infinite two-dimensional sheets represented by the Si,,0Zh~
structural formula. With the increment of the metal oxide content, the sheets breakdown to
chains such that at the metasilicate composition the system would be formed of infinite chains
of SiOy4 tetrahedra and /or a metasilicate ring structure; with further addition of the metal
oxide, this dissociative process will take place until the system consist of discrete SiO3~
anions at the orthosilicate composition [8]. The silicate polymers are dissociate according to
the following pattern: SigO}3~ — Si,0%; — Siz;0§~ — Si,05~ — Si03~. This explains
why in industrial slag there are no isolated SiO, molecules [7,9].

a) crystalline b) glassy c) sodium silicate glass

Figure 2.1 Schematic representation of 2-dimensional structures of (a) crystalline silica state; (b) glassy silica
state and; (c) sodium silicate glassy state. Illustration adapted from [2,5,8].

Some studies point to changes of the structure of glasses and melts with temperature. Data
obtained by Majérus et al. [10] from in situ neutron diffraction measurements showed
structural changes in potassium dissilicate glasses and melts as a function of temperature. The
polymerized parts of the network are stretched and relaxed with increasing temperature. Other
structural change observed was the narrowing of the Si-O-Si bond angle distribution and the
increase of the proportion of small rings in the melt compared to the glass. In alkali silicate
melts such as Na,Si,0s, the glass network can be described by reactions of the type 2Q3 = Q2
+ Q" (see Section 2.1.1.1, equation 2.5). Studies performed using NMR (nuclear magnetic
resonance) spectroscopy on glasses prepared at different cooling rates point to that the early
referred reaction tends to move to right side at high temperatures [11].
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2.1.1 Degree of Polymerization of Silicate Melts and Slags
The structure of the silicate slags is defined by factors as its degree of polymerization, the

nature of the constituent cations (network or network-breaking) and the physical state of the
slag — liquid, glass or crystalline phase. The influence of the degree of polymerization has
different extent on the properties of the slag; so that a hierarchy of dependence of the
polymerization on the slag properties can be established, as follow: viscosity > electrical
resistivity = diffusivity > thermal conductivity (k) > thermal expansion coefficient > density
(p) > heat capacity (C,) [3]. Experimental techniques have been used to determine the
structural aspects of the melts and glasses as X-ray, Raman Spectroscopy and Fourier
Transformed Infrared Spectroscopy (FTIR) [2,8]. Usually, the degree of polymerization of a
melt has been represented by using some parameters as NBO/T ratio and optical basicity (A).

2.1.1.1 NBO/T Ratio
The NBO/T is a structural parameter which indicates the degree of depolymerisation of

silicate melts, where NBO is the number of non-bridging oxygen atoms, while T (usually Si
for silicate melts) represents the number of tetrahedrally-coordinated atoms. The tetrahedral
cation besides Si*" can be Ti*", P>, A", and Fe*" [12]. The formation of these non-bridging
oxygen atoms occur with the addition of metal oxide to silica melts. Once these oxygens are
boned to both network-modifying metal cations and tetrahedrally coordinated cations in the
silica network, the metal cations works as linkage between the various anionic structural units
and the tetrahedrally coordinated cations [4]. A variety of properties of the silicate melts such
as viscosity, thermal conductivity and so on are dependent of its structure [2,13,14].
Furthermore, rate and equilibrium reactions are directly related to degree of depolymerization
of the melt. For instance, a study carried out by Brooker et al. [15] correlates NBO/T ratio to
the solubility of CO, in slags, showing strong influence of the structure on the solubility
capacity of the slag. The NBO/T can be estimated by following the equations (2.2), (2.3) and
(2.4). Figure 2.2 shows an illustrative representation of the concept of the bridging and non-
bridging oxygen in the structure of the silicate

Yvg = 22 [Xcao + Xmgo + Xreo + Xmgo + Xcao + Xuno + Xnayo + Xi,0 + 3f Xpey0, —

2(1 - f)XF8203] (2‘2)
Xr = X Xsio, + 2Xa1,0, + 2f Xre,0, + Xr1i0, (2.3)
(NBO/T) = Yyg /Xt (2.4)

where X represents the molar fraction of the slag constituents CaO, Al,O3, SiO; etc., fis the
fraction of Fe** in (IV) coordination (which is zero for the most of the steel slags), Yz is the
total charge on the network breaking cations and X7 is the sum of the molar fraction of the
network formers.
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Figure 2.2 Structural representation of the concept of bridging (BO) and non-bridging (NBO) oxygen. Figure
adapted from [16].

Another way to represent the structure of slags is the O-notation (defined by equation (2.5))
or stucton term. Such structure representation, Q" (where n can be 0, 1, 2, 3 or 4) is defined as
single atom (ion or molecule) surrounded by others in a specific manner. The anionic
structure of metal oxide-silica melts may be described in terms of individual anionic structural
units such as monomers (NBO/Si = 4), dimmers (NBO/Si = 3), chains (NBO/Si = 2), sheets
(NBO/Si = 1) and three-dimensional network units (NBO/Si = 0) (see Figure 2.3) [4].

Q=4—-NBO/T 2.5)
QO Q1 QZ
NBO/Si = 4 NBO/Si =3 NBO/Si = 2
Monomer (ortho) Dimer (end) Chain (middle)

Orthosilicate (Si0,*) Pyrosilicate (Si;0;*) Metasilicate (Siz06")

Q3 Q‘ - . -

NBO/Si =1 NBOI/Si =0 (O= 0O Nonbridging (NBO)
Sheet (branching) 3D (network) L

Disilicate (Sizoszg') Tectosilicate (SiO;) == 0°Bridging (BO)

Figure 2.3 Models of silicate melts structural units whit their respective Q-notation and NBO/Si ratios.
Illustration adapted from [7].

The structure of melts containing low silica contents are dominated by SiO4 monomers. With
increasing SiO, content, these silicate species polymerize forming larger branch and ring
structures [1]. Mysen et al. [17] proposed equilibrium reactions relating the coexisting anionic
units in silicate melts according to its degree of polymerization (reactions (2.6), (2.7) and

2.8)):
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For 4 > % > 2: 2Si,05 (dimer) 2@ 2Si0;~ (monomer) + Si,0¢~ (chain) (2.6)
For2 > % > 1: 3Si,08 (chain) 2 2Si,0% (sheet) + 2Si0f~ (monomer)  (2.7)
For 1>%22> 0.1: 251,02 (sheet) 2 Si,0¢" (chain) + 25i0, (3D) (2.8)

Mysen et al. [17] reported that the same expressions hold true regardless of the type of
network-modifying cation.

The NBO/T can also provide an indicative of the crystallization tendency of slags. Correlation
between NBO/T and crystallization tendency of mold fluxes have been suggested as a way to
predict the % crystallinity in slag films [18]. The authors recommended the follow equation to
calculate the % crystallinity of mold fluxes:

NBO

% crystallinity = 141.1 (*22) - 284.0 (2.9)

where % crystallinity is given in % mole. Such equation is restricted to NBO/T > 2. Below
this values, the slag is considered completely glassy (very low % crystallinity); characterizing
the NBO/T =2 as a critical point.

2.1.1.2 Basicity Indices

As the NBO/T and Q-notation, the basicity is also a parameter used to represent the structure
of the slag [18,19]. Slag-metal reactions are dependent upon the activity of the slag and metal
components. However, there is scarcity of activity data of multicomponent slags. In polymeric
melts, the component activity is directly related to changes in the silicate network. Changes in
the polymerization degree of the melt are attributed to the kind and co-existent cations and
temperature, being the degree of polymerization of a slag directly influenced by the alkali
oxide activity [8,20,21]. Qualitatively, the basicity is defined as the concentration ratio
between network modifiers oxides and network former oxides, giving us a sense of slag
structure, which works as a simple indicator of the trend in changes of oxide activities with
composition [8]. The basicity of slags and melts can be defined in different ways. The
simplest index of the basicity is the concentrate ratio of network modifier CaO to network
modifier Si0, — known as the V ratio (= %Ca0/%Si10,) — which has been widely used by
steelmakers. One problem related to V ratio is the fact that it does not take account the effect
of other oxides as MgO, Al,Os, FeO etc. which are constantly present in metallurgical slags.
Another important problem lies on the arbitrary decision if a slag component, mainly for
amphoteric oxides, is either network modifier or network former. Furthermore, it is
impossible of assign a basicity value to slags, in basicity ratio, that contain no recognized acid
component [2,8,22,23]. Due to these issues, many others basicity indices have been proposed
considering the effect of a more extensive oxide range. A variety of basicity index examples
are summarized in the Slag Atlas (pg. 10, Table 2.1) [2] and in [24,25]. On the other hand,
the optical basicity can provides a reasonable measurement of the polymerization of the melt.

Optical basicity is an entirely physic based concept which allows to characterize fluxes
according to their compositions relating slag basicity to the state or relative freeness of the
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oxygen ions in the slag. The values of optical basicity for various oxides (A;) can be
calculated from Pauling electronagativities (Table 2.1). For slags, the values of optical
basicity can be derived using the equation 2.10, where n represents the number of oxygen
atoms in the molecule [2,26].

_ ilxiniAy)

A= Yi(xing) (2.10)

where x;, n; and A; represent molar fraction, the number of oxygen atoms in the molecule and
the optical basicity of the oxides, respectively.

Table 2.1 Optical basicity calculated values of some oxides [2].
Calculated values of A;

Paulin .
ele tronegatgivi 5 Electron density

Li,O 1.0 1.06
Na,O 1.15 1.11
MgO 0.78 0.92
TiO, 0.61 0.65
AL O, 0.60 0.66
SiO, 0.48 0.47
CaO 1.0 1.0
B,0; 0.42 0.42
P,054 0.40 0.48
Fe,03 0.48 0.72

Mills [14] point to that the use of the optical basicity provide a reasonable measure of the
depolymerization of the alumino-silicate slags when corrected for the cations required to
charge-balance of any AlO;~ tetrahedra present. The author suggest that, although the NBO/T
is superior polymerization parameter than the A, the last has advantages that it is applicable to
non-silicate melts.
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2.2 GENERAL THEORY OF CRYSTALLIZATION

2.2.1 The Glass Transition

Glasses and slags exhibit similar characteristics due to the proximity of their chemical composition,
which are classified as polymeric melts. Glasses are defined as non-crystalline solids that undergo a
glass transition in the course of their preparation [1]. According to Shelby [2], any material
inorganic, organic or metallic, which exhibits glass transformation behavior can be considered a
glass. For homogeneous, amorphous or glass materials, the most striking feature of the glass
transition is the abrupt change in physicochemical properties of a liquid, such as the thermal
expansion coefficient (a) and heat capacity (c,), as it is cooled through the range of temperature
where its viscosity (1) approaches to a range between 10"~ 10" Pa.s = (7, ), where T, is the glass
transition temperature [1,3]. For most inorganic liquids, the viscosity at 7, corresponds to a
structural relaxation time in the region of 100 s [4].

Figure 2.4 shows the variation of the first-order thermodynamic properties (energy, enthalpy or
specific volume) as a function of temperature. When a liquid is cooled at slow cooling rates (Fig
2.4, path a), it may crystallize at the melting point, 7,,. When to liquid is cooled at high cooling
rates, fast enough to avoid crystal nucleation and growth, a supercooled liquid would be produced
(Fig 2.4, path b) [3].

Energy, Enthalpy, specific volume ——»

Temperaturé ——p»

Figure 2.4 Effect of temperature on the thermodynamic properties energy, enthalpy or specific volume where of a glass
forming (a) glass transition and (b) crystallization of a liquid; where T,,, Ty and T, denote the melting point, fictive
temperature and glass transition temperature, respectively. Figure adapted from [2-4].

In a general way, as a molten material is cooled, the atomic structure of the melt will gradually
change and will be characteristic of the exact temperature at which the melt is held; in other words,
the atomic structure of the glass is representative of its parent liquid, frozen in time and
characteristic of the temperature at which the liquid was thermally equilibrated for the last time. The
referred temperature is named as fictive temperature (7y) and depends on the cooling rate of the
liquid. Faster cooling rates will give higher fictive temperatures and vice-versa. Cooling the melt to
any temperature below the melting point (7},) of the crystal, would normally result in the conversion
of the material to the crystalline state. However, under determined conditions, the spontaneous
nucleation and crystallization can be delayed forming a metastable supercooled liquid. This
metastable condition lies in a temperature range between melting temperature and fictive
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temperature. The reordering of the liquid structure advances as the temperature decreases.
Nevertheless, as the liquid is cooled further, the viscosity became so high that large-scale atomic
rearrangements of the system are no longer possible and the structure became fixed, i.e., the
structural rearrangements required to the liquid keeps itself in the appropriate metastable
equilibrium state cannot follow any more the change of temperature. The temperature lying between
the limits where the thermodynamic property (enthalpy, volume etc.) is that of the equilibrium
liquid and that the frozen solid is called the glass transformation region, and the liquid is now a
glass [1,3-5].

The formed glasses are very stable at room temperatures because their high viscosity inhibits
structural rearrangements required for nucleation and crystal growth occur. However, when a glass
is held for a sufficiently long period of time at high temperatures within or above the glass
transition region — where its crystallization potential is significant — the glass tends to reaches the
stable crystalline condition. This process, known as devitrification of glass, readily starts via
heterogeneous or homogeneous nucleation [1,6]. The variation of the thermodynamic properties
across the glass transition depends on the cooling (or heating) rate of the liquid. Therefore, the
occurrence of nucleation and crystal growth, as the transition from liquid to glass or glass to liquid,
is essentially a kinetic phenomenon [4].

2.2.2 Kinetics of Phase Transformation

2.2.2.1 Nucleation Theory

The crystallization phenomenon could be considered as a process which occurs into two steps,
in which the phase separation or appearing of new crystals — known as nucleation process —
and their growth to larger sizes — known as crystal growth. Nucleation is the start of
crystallization process and involves the birth of a new crystal, characterized by appearing of
small regions with atoms (in the case of metals) or molecules (for other materials) ordered in
a periodic array. Crystal growth occurs when the nuclei have been formed in a supersaturated
or supercooled system became stable, beginning to growth into crystals of visible size [5,7-9].
When a liquid is cooled below its melting point, the crystal nucleation may be either
homogeneous (in the volume), i.e., forming spontaneously within the melt, or heterogeneous,
i.e., forming at a pre-existing surface, such as that due to an impurity, crucible wall etc. If no
nuclei are present, crystal growth cannot occur and the material will form a glass [3,5]. The
thermodynamic considerations for homogeneous nucleation were developed by Gibbs (1928),
Volmer (1939), Tunrbull and Fischer (1949), Nielsen (1964) and others. It is based on the
thermodynamics description of heterogeneous systems developed by Gibbs, in which a real
inhomogeneous system is replaced by a model system consisting of two homogeneous phases.
Classical nucleation theory (CNT) has been applied extensively to predict the nucleation rates
of different materials [8,10]. It assumes that clusters are formed in solution by an addition
mechanism that continues until a critical size is reached. According to the CNT, nucleation is
controlled by the competition between the free energy gain due to the liquid-crystal
transformation and the free energy loss associated with the formation of the liquid-crystal
interface. The description of homogeneous and heterogeneous nucleation can be basically
performed by the same methods. This theory considers a initial state, which is a homogeneous
disordered liquid and a final order crystal phases as the only key players of nucleation [1,11].
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There are two barriers to the formation of a nucleus: a thermodynamic barrier — which
involves the free energy change in a system when a nucleus is formed; and a kinetic barrier —
which is the result of the requirement that mass be moved or rearranged in space to allow the
growth of an ordered particle (crystal) from a disordered liquid [5]. Assuming homogeneous
nucleation, the total free-energy cost to form a spherical particle with radius r is given be
Equation (2.11).

AG = Zmr3AG, + 4mr?y (2.11)

where the first term is the free energy difference between the solid and liquid phases, or the
volume free energy, AG,. Its value will be negative if the temperature is below the
equilibrium solidification temperature [5,12,13]. The value of the surface free energy, y, is
always positive whereas AG depends upon the temperature below the melting point, AT. AG is
a negative value if AT is positive. This behavior leads to occurrence of a maximum in the
value of AG when the melt is undercooled. This maximum can be regarded as being the
activation energy which has to be overcome in order to form a crystal nucleus, which will
continue to grow [14]. Taking the derivate of AG with respect to r and setting it equal to zero,
it is possible to determine the critical radius, r*, i.e., the nucleus radius above which the
clusters growth will continue with a concomitant decrease in free energy. If the nuclei are
small, the surface energy term will dominate at very low values of r, AG will increase with
increasing r, and nucleus will be unstable, shrink and redissolve into the melt [5,12]. Thus,
the critical radius is obtained from the maximum of the total energy (Equation 2.12).

r* = =2y/AGy (2.12)
Substituting the expression for r* into Eq. 2.11, gives
W* = 16my3/3AGE (2.13)

The rate of nucleus formation by the addition mechanism for the overall process is described
by an Arrhenius type expression

I =Aexp[— (W* + AGp)/kT] (2.14)

where A is a constant, W* and AG), are the thermodynamic and kinetic free energy barriers to
nucleation, respectively, k is the Boltzmann’s constant, and T is the absolute temperature (K).
The thermodynamic barrier to nucleation, W*, is actually the work required to form a nucleus
of critical size, i.e., one which will grow instead of redissolve into de melt. The free energy
change for the formation of the nucleus surface (a positive quantity) and the free energy
change for phase transformation is a negative quantity for undercooled melt. The formation of
a nucleus promotes a change in the thermodynamic barriers of the system. The volume free
energy is lowered by the formation of a crystalline arrangement due to the lower free energy
of the crystalline state compared to that of the melt. This decrease in free energy is countered
by an increase in surface energy due to the formation of a new interface between regions of
different structures.
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Determination of the AGp is subject to some controversy. Assuming that the molecular re-
arrangement for the nucleation process can be described by an effective diffusion coefficient,
D, expressed by

D =vA%exp(—AGp/kT) (2.15)

where A is the jump distance of the order of atomic dimensions. The effective diffusion
coefficient can be related to the viscosity (1) by means of the Stokes-Einstein equation:

D = kT/3mlny (2.16)

Combining the Equations 2.15, 2.16 and 2.11 gives

= () e |- (o) @17

The pre-exponential factor A is a constant over the temperature range of nucleation
measurement. It depends only weakly on temperature, where A is typically 10*' — 10* ms’
for different condensate systems [1,3,5]. A good approximation this factor can be obtained by
the following expression

A =n,(kT/R) (2.18)

where 7, is the number of molecules or formula units of nucleation phase per unit volume of
parent phase (typically 10*10* m™) and 7 is the Planck’s constant. Replacing the exponential
factor A by Eq. 2.18, the homogeneous nucleation rate I in condensed systems can be writing
as

I = (n,kT/3nA3n) exp(—W*/kT) (2.19)

A foreign solid substance and phase boundaries present in a supersaturated solution are
generally known reduce the energy required for nucleation. For the heterogeneous nucleation,
the formation of a nuclei on preexisting surfaces or interfaces reduces the interfacial energy
term (y) and, consequently, the activation energy barrier for nucleation (W™) is lower than in
the case of homogeneous nucleation. Volmer (1939) found that the decrease in free energy
depended on the contact (or wetting) angle of the solid phase. Considering a cluster as a
spherical cap forming from a liquid phase on a solid flat surface with a contact angle 6.
Assuming that both the liquid and the solid phases wet this flat surface, the contact angle is
obtained taking a surface tension force balance, assuming that the interfacial tensions solid-
surface (y;;), solid-liquid (ys;), and liquid-surface (ys;) are in static equilibrium between the
three phases [1,7,12,13]. An illustrative scheme of the tension forces acting in a
heterogeneous nucleation is shown in the Figure 2.5. The surface tension balance is
represented by the follow expression

YiL = Vsi + ¥Ys.cos6 (2.20)
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Liquid

Figure 2.5 Heterogeneous nucleation of a solid from a liquid on a flat solid surface. The vectors represent the
interfacial energies and the wetting angle is represented by 6. Figure adapted from [12].

The same mathematical procedures developed for homogeneous nucleation can be applied to
heterogeneous nucleation. In this case, an equation similar to Eq. 2.14 for heterogeneous
nucleation can be writing as

AGp+Wj,
[ = Aypexp [— (%)] 2.21)
where the subscript ket is referent to heterogeneous nucleation values. The decrease in free
energy is related to wetting angle of the solid phase, or better saying, W, is a function of 6,
as following

W, = W9 (2.22)
Q= i(Z + c0s0)(1 — cosh) (2.23)

The parameter @ varies from zero to unity, depending on the value of the 8 between the
crystal nucleus and the substrate. Its value depends on the mechanism of nucleation catalysis
[1,5,7,12]. Following the expression for homogeneous nucleation exponential factor 4., can
be expressed as

Aper = ng(KT /h) (2.24)

where ng is the number of formula units of the melt in contact with the substrate per unit area.
Thus, the expression for steady-state rate for heterogeneous nucleation can be written as

Iher = ns(KT /) exp[—(Wie + AGp /kT)] (2.25)

According to energy considerations, occurrence of spontaneous nucleation is possible for a
system where there is no contact angle; however, no such systems exist in practice. Partial
attraction would occur if the foreign substance and the crystal have almost identical atomic
arrangement. These foreign substance, or catalyzing surfaces, may be represented, for
instance, by dispersed solid particles that act as nucleation sites. In this case, their curvature
and number may strongly affect the nucleation kinetics [1,7]. If the viscosity of the melt is
low, there will be a little kinetic obstruction to nucleus formation, and the nucleation rate will
increase rapidly with decreasing temperature as AGy increases. It is important take account
that viscosity is highly temperature-dependent, so that the kinetic barrier to nucleation will
also increase rapidly with decreasing temperature [5].
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2.2.2.2 Crystal Growth

The degree of undercooling of the melt has influence on the rate of the crystal growth. Studies
performed by Tammann (1898) exhibited an increase of rate of crystal growth with increasing
undercooling, being zero at the liquidus, increasing to a maximum, then decrease with further
increase in undercooling. For instance, considering a time-temperature-transformation
diagram construction, as the temperature at which a determined degree of transformation take
place decreases, the time required for such transformation became shorter, until reaches a
minimum (Figure 2.6). This point is called as nose and indicates the isothermal temperature
were the higher crystal growth rate is obtained. Upon further lowering of the supercooling
temperature, the time for the transformation increases again depends upon other factors,
primarily, upon the rigidity of the phases involved with respect to the movements of the
constituent particles [15]. Clearly, the rigidity is referred to the viscosity of the solution or
melt which, in turn, has influence on the diffusivity of the crystal forming component. The
growth rate will increase with increasing undercooling, but will decrease with increase of
viscosity [16].

TTT curve

Temperature

Time

Figure 2.6 Typical TTT curve: (A) represents the zone of glass formation, (B) represents the start of
crystallization at the nose and (C) represents the zone of occurrence of crystallization.

The crystal growth is controlled, primarily, by three rate processes, namely: thermal diffusion
(flow of latent heat away from the growing crystal), mass diffusion (either long- or short-
range) or crystal/melt interface reaction. The relative importance of each rate processes
depends upon the substance and upon the solidification conditions. The viscosity of the
silicate melt is higher than that of metal. On this wise, the mass diffusion process in polymeric
melts is much slower than thermal diffusion. In this case, the thermal diffusion is less
effective on controlling of crystal growth, especially in multicomponent systems in which are
susceptible to marked composition changes at the crystal/melt interface. [14,16].

The existence of composition gradients and associated diffusion near the crystal-melt
interface (short-range diffusion) can affect growth by causing the crystal to break up into a
cellular morphology. The growth rate is controlled by a steady-state rate of mass transfer
through a diffusion boundary layer near the crystal/melt interface. In this case, the linear
growth rate is independent of time. If flow of latent heat away from the crystal-melt interface
is the rate-controlling process, the interface generally has a cellular morphology. As with a
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diffusion-induced instability the rate is generally independent of time [17]. If the reaction at
the crystal-melt interface is the slowest step in the growth process, i.e., when the
crystallization is controlled by an interfacial reaction between the crystal and melt in a
homogeneous melt, the growth rate is independent of position and, therefore, independent of
time [16,17]. The general theory for the rate of interface-controlled growth, developed by
Volmer and Mader (1931) and Turnbull and Cohen (1960), is based on the absolute reaction
rate and invoking by the Stokes-Einstein relation (Eq. 2.16). According to reaction-rate
theory, when an atom or molecular group moves from melt to crystal, it must leave its energy
state in the melt, pass through an activated state, and then into the crystalline state [16,17].
The mechanism of growth may be defined as the manner in which atoms or molecules groups
attach to the growing crystal surface. Jackson et al. [18] suggested that there are two broad
categories of mechanism: lateral growth and continuous growth.

Usually, a large distribution of crystal sizes occurs as result of continuous nucleation and
crystal growth, i.e. the first nucleated crystal has the largest size and so forth [1]. Avrami [15]
suggest that there is an impingement of grain upon another as a result of grain growth from
center begins at different times; this implies in the interruption of growth of that grains which
nucleated later (as represented in Figure 2.7).

Figure 2.7 Schematic representation of the impingement of grains of a crystal aggregate [15].

According to Avrami [15] the nucleation of a new phase occurs from tiny germ nuclei, or
ultra-nuclei, which already exist in the parent phase. The effective number of germ nuclei can
be altered by temperature and duration of superheating. Considering the overall crystallization
of a liquid, i.e., the combination of nucleation and growth, the kinetic of this process is
usually described by Avrami equation (as described later). It is assumed that (i) nucleation
occurs randomly, i.e. the probability of forming a nucleus in unit time is the same for all
infinitesimal volume elements of the assembly, and homogeneously; (ii) nucleation occurs
from a certain number of embryos, which are gradually exhausted. The quantity of embryos
decreases in two ways: by growing to critical size (becoming critical nuclei) and by
absorption by the growing phase; (iii) the growth rate is constant until the growing regions
impinge on each other and growth ceases [1,3,15].
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The equation proposed by Avrami is derived based on the conditions aforementioned
[15,19,20]. The volume fraction of the new phase for a three-dimensional nucleation and
growth is given by following general relation

a =1—exp(—Kt") (2.26)

where a'is the volume fraction of new phase; t is time; n depends on both nucleation and
growth mechanisms; and the coefficient K includes the nucleation and growth rates. The Eq.
(2.16) is, in general, applied in the form

In(=In(1—-a)) =InK +nlint (2.27)

The values of coefficients K and n can be estimated by fitting the experimental data of a' to
Eq. (2.27). The knowledge of the Avrami coefficient n is helpful to understand the
mechanism of phase transformation at isothermal condition [1]. A more detailed development
of mathematical of the kinetic of the phase transformation can be found in the references used
in the present section.
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2.3 Solidification Behavior of Mold Powders and Slags

The understanding of the crystallization phenomenon of slags is crucial to determine the
optimum conditions of the continuous casting process as well as the surface quality of the cast
product. The main functions of the mold powders, namely lubrication and horizontal heat
transfer capacity, are severely altered by the presence of crystals [1]. The solidification
mechanism of the slags differs substantially of those that occur in the liquid metals. The
process of solidification as from liquid metals is controlled predominantly by heat transfer. In
the case of slags, the solidification is controlled initially by diffusion in the liquid and all
solidification occurs predominantly in an undercooled melt [2]. During cooling processes, the
slags can form glassy, partially or fully crystalline structures, depending on their chemical
composition and thermal history [2,3]. Due to the wide composition range upon which the
mold fluxes are disposed, the study field of the crystallization behavior of the slags is
complex and wide. For instance, the effect of the basicity on the crystallization of the mold
slags has been reported by several researches [4-9]. Wen et al. [5] point to that the
crystallization tendency of the mold fluxes increases strongly with increasing the binary
basicity. The same crystallization tendency was reported by Yang et al. [6], Lu et al. [8], and
Zhang et al. [10], in which an improvement of the crystallization temperature was also
observed. Several techniques as differential thermal analysis (DTA), differential scanning
calorimetric (DSC), confocal laser-scanning microscopy (CLSM), single- (SHTT) and
double-hot thermocouple technique (DHTT) have been extensively have been developend to
investigate the crystallization behavior of slags and mold powders. Complementary analysis
techniques as scanning electron microscope (SEM), energy dispersive X-ray (EDX), infrared
emitter technique (IET) and X-ray diffraction (XRD) have been used to assist in the
characterization of the crystalline phases. From the results provided by DTA, DSC and hot
thermocouple technique, the construction of diagrams TTT and CCT became useful in the
understanding of the solidification behavior of the mold slags. These diagrams allow to
determine important characteristics as the time required to start the crystallization (incubation
time) and the critical cooling rate of the slag.

In the present review, more attention will be give to the effect of MgO and TiO;, on the
crystallization behavior of the mold powders. The effect of other oxides is eventually
mentioned along to the crystallization review and in the item 2.3.3. Finally, the effect of the
sample fluid flow observed in hot thermocouple technique measurements on the
crystallization of mold slag is discussed.

2.3.1 MgO-bearing Mold Powders
Magnesium oxide is a component present in the most of the steelmaking slags. It is added

next to saturation to equilibrate the MgO-C refractory lining ladles, reducing the refractory
wear rate [2,11-13]. In fluorine-free (F-free) mold fluxes, MgO is usually added with other
oxides in a compositional range of 0 — 10 wt% aiming to modify the negative effect of the
absence of fluorides and optimize the properties of the slag [14].

Although extensively used as a component in the mold powders composition, few studies
regarding the exclusive effect of MgO on the crystallization behavior have been reported.
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Kashiwaya et al. [15] investigated the crystallization behavior of a based CaO-SiO,-Al,03-
MgO blast furnace slag (BF). TTT and CCT diagrams were constructed from the SHTT
results and complementary analyses were carried out with XRD and EDS, SEM observation
was used in the crystallization behavior analysis. The TTT diagram obtained exhibited a
double nose. According to the authors, the existence of the double nose indicates the existence
of more than two kinds of crystals (Fig. 2.8). The higher nose position of the BF slag was
about 9 seconds at 1250 °C, and the lower was 4 seconds at 1050 °C. The XRD analysis
results pointed to the presence of merwinite (3Ca0.Mg0.2S10;), which precipitated faster,
and gehlenite (2Ca0.Al,05.S10;). A pseudo-ternary phase diagrams of the CaO-Si0,-Al,0;
system with 5 % and 10 % MgO are show in Figure 2.9.
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Figure 2.8 TTT diagram for a blast furnace slag (BF) constructed from SHTT results [15].

According to Kashiwaya et al. [15] the phase diagram (Fig. 2.9) shows a decrease in the
merwinite region with decreasing of MgO content from 10 % to 5 %; an increase of the
melilite (gehlenite) region is observed as the precipitation of merwinite occurs with
decreasing MgO content. Feng et al. [16] reported the melilite as the basic phase in CaO-
Al,03-810,-V,05 with different MgO and TiO, contents; for this systems, a decrease of
melilite diffraction peak intensity and a concomitant increase of the magnesia-alumina spinel
amount with increasing MgO content from 10 % to 14 %, was also observed. Such increase in
the MgO content implies in an increase of the /iquidus temperature of the system, increasing
the crystallization capacity of the slag at high temperatures.
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The combination of confocal laser-scanning microscope (CLSM), SEM-EDS and XRD
analysis was used by Jung and Sohn [17] to construct the TTT and CCT diagrams to
investigate the crystallization behavior of the CaO-Al,03;-MgO system. The results showed a
decrease of the incubation time with increasing MgO content from 2.5 to 5 wt-%; further
MgO addition (to 7.5 wt-%) strongly increases the incubation time. An increase in the
crystallization temperatures with increasing MgO content was also observed, i.e. addition of
MgO promotes the formation of crystals at higher temperatures. Rocabois et al. [18] observed
that increasing the MgO content from 0 to 7 wt-% in a Ca0-Al,0;-S10; system, the rate of
crystallization becomes higher at 1100°C only for MgO contents larger than 6 %.

Praprakorn and Cramb [11] investigate the effect of MgO on the initial solidification of CaO-
Al,Oj3 based slags using the DHTT. The authors reported that the addition of 7 mass% and 9
mass% MgO to calcium aluminate system increases significantly the temperature of
crystallization and enhances the growth velocity of the system CaO-Al,Os. Results of X-ray
diffraction showed that a mixture of 3Ca0.Al,0O3 and 3Ca0.2A1,03;.MgO crystalline phases
precipitated above 1200°C, and a mixture of 5Ca0.3Al,0; and MgO.Al,Os precipitated below
this temperature. Such results denotes the existence of two different crystallization events,
characterized by the two noses in the TTT diagrams, as showed in Figure 2.8. More recently,
the effect of MgO on fluorine-free mold fluxes were investigated by Yang et al. [19] by
means of SHTT/DHTT and IET. TTT and CCT diagrams showed a shortening of incubation
time and an increase of the critical cooling rate, pointing to an increase in the crystallization
tendency of the mold fluxes with increasing MgO content.

2.3.2 TiO,-bearing Mold Powders

The influence of titanium dioxide on the physicochemical properties of glasses, slags and
mold powders has been subject of investigation by several researches. In glasses, the effect of
TiO; on the optical, mechanical and thermal properties, viscosity, as well as on their structural
and gas diffusion characteristics has been the focus of many researches [20-24]. In its turn, the
influence of TiO, on properties as viscosity and crystallization tendency is the mainstream in
a massive series of slags, electroslags and mold powders studies, which encompass a wide
range of titanium dioxide content [16,25-44].

According to Turkdogan [45], there is a miscibility gap between 19 and 93 wt-% TiO; in the
Ti0,-SiO; binary system. Studies have been pointing to the existence of Ti*" in the form of
[TiO4] in glasses and slag [16,34,40]; the presence of titanium with five- (Ti>") or six- (Ti*"
coordination numbers has been also reported, depending of the TiO, content. However, there
are some divergences concerning the existence of these coordination species. For instance,
Greegor et al. [46] inferred the occurrence of Ti®" in compositions along the TiO,-SiO, join
with very low TiO; contents. In contrast, no evidence of presence of this coordination was
found by Henderson e al. [47], which suggest the existence of Ti’" as the predominant
coordination below 3.6 wt-% TiO,. According to Mysen and Neuville [48], the structural role
of Ti*" in alkali silicate melts and glasses is a complex function of Ti concentration, with Ti
existing both in four-fold and six-fold coordination. At low TiO, content, the Ti is in six-fold
coordination and acts as a network modifier; whereas, at high TiO, content, Ti*" (four-fold
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coordination) behaves as a network modifier. Once Ti*" cation have larger ionic radius than
Si*" cation, it appears to be unfit to replace the position of the Si*" in the tetrahedral structure;
bonds as Ti-O-Al and Ti-O-Ti are expected to be weaker than those present in Si-O-Al and
Si-O-Si. Therefore, the viscosity of high polymerized aluminosilicate melts decreases with
addition of TiO,, although the overall NBO/T ratio decreases with increasing TiO, content
[42,45]. In contrast, results from X-ray photoelectronic spectrocopy (XPS) analysis of
calcium silicate melts containing 17 wt-% Al,O3 and 10 wt-% MgO showed a reduction of the
bridging oxygen (O°) and the non-bridging oxygen (O") fractions, and a concomitant increase
of the free oxygen (O%), with addition of TiO,; which, according to the authors, higher TiO,
content provides higher potential to depolymerize the slag network structure [39].

Wang et al. [49] investigated the effect of TiO, on the viscosity and crystallization behavior
of P-bearing steelmaking slags. Continuous cooling transformation diagrams constructed from
DTA results showed that the addition of TiO, lowered the crystallization temperature and the
crystallization tendency of the slags. Typically, the presence of TiO, on the mold powders
composition is due to impurities and, in many cases, it has been used as a potential candidate
to replace CaF, in F-free mold powders due to its tendency to precipitate perovskite
(Ca0.Ti0y) as a substitute of cuspidine (3Ca0.2S510,.CaF,) [4,25,27,36,50,51]. McRae et al.
[52] reported that, for CaO-rich slags of the CaO-Si0,-A1,03-MgO-TiO, system, the primary
phase to crystallize is perovskite, followed by 4(Mg0O.2Ti0,).(Al,03.TiO;). For slags rich in
MgO, the crystallization order is inverted, 4(MgO.2TiO,).(Al,05.TiO,) followed by
Ca0.TiO,. Nakada et al. [50] investigated the use of TiO; as a possible substitute of fluorine
in the mold fluxes composition. The authors had constructed CCT diagrams from results
obtained from DTA and subsequently converted they into TTT diagrams by using the Scheil
additivity rule. They found that, in CaO-Si0,-TiO, slags, the crystals — which crystallize in a
basicity range of 0.8 — 1.4 — were Ca0.SiO,.TiO;, Ca0.SiO, and CaO.TiO;. The
crystallization of CaO.TiO, promotes an increase of the viscosity; since CaO is consumed to
form the crystal, the slag acidity is increased due to the excess of silicon. Such effect on the
viscosity is not desired and, therefore, the precipitation of Ca0.TiO, is not suitable. On the
other hand, the precipitation of Ca0.Si0,.TiO, and Ca0.SiO, do not alter the viscosity
meaningfully, since these crystals consume both CaO and SiO,. The incubation time of
Ca0.Si0; is much longer than that of cuspidine; while Ca0.S10,.TiO, exhibited incubation
times as short as those of cuspidine, present in the most of the industrial mold powders. In the
referred study [50], the crystallization of Ca0.Si0,.TiO, and Ca0.SiO, occurred at high
temperatures for the slag with 12.05 mol % TiO,, while for slags with 17.25 mol % TiO,,
these crystals precipitated in a lower crystallization temperature range, far below the melting
point. Based on these results, the authors suggest that Ca0.Si0,.TiO; crystal in the CaO-
Si0,-TiO; system can replace the cuspidine in commercial mold fluxes.

A series of mold powders containing different contents of CaO, SiO,, B,0;, MgO, Li,0,
Na,O, MnO and TiO; were investigated to determine a range of composition with similar
properties (melting temperature, viscosity and heat flux) of F-bearing mold powders [53].
Based on the results obtained, it was suggested that CaO.TiO3; may replace 3Ca0.Si0,.CaF,
in conventional mold powders. Following the same research line, the crystallization behavior
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and the change of activity for crystallization of slags composed by the CaO-SiO;,-Al,03-
MgO-B,03-Na,O-Li,0-MnO-TiO, system were investigated by Qi et al. [54]. They
concluded that increasing TiO, content in the mold powder, the crystallization ratio and the
crystallization rate of the slag film also increase. Mold powders with TiO, contents higher
than 6.5 wt-% exhibited lower activation energy for crystallization from glassy and liquid slag
mold fluxes than that of industrial slags containing CaF,. For contents between 1 — 6 wt-%
Ti0,, the precipitated crystal was arkemanite (2Ca0.Mg0.2S10,); increasing titanium dioxide
content above 8 %, the main crystal which precipitates was perovskite. For further TiO;
content increment, the phases changed from arkemanite to perovskite.

In order to determine the substitution viability of CaO-Si0,-CaF, (CSF) based mold powders,
the crystallization properties of several types of CaO-SiO,-TiO, (CTS) based slag system
were investigated [27]. Properties as viscosity, break temperature, crystallization ration and
solidification mineragraphy were measured and compared to those of CSF mold powders. The
CST based system was composed by CaO-SiO,-Al,03-Mg0O-Na,O-TiO,-B,03-Li,0 systems;
while the CSF was composed by CaO-Si0O,-Al,03-Mg0O-Na,O-CaF,. The authors reported the
existence of CaO.TiO, or Ca0.TiO; and Ca0.Si0O; in the CST based slags. Due to CaO.TiO,
precipitation from the liquid slag, a change in the crystallization ratio occurs, which, in turn,
alters the composition of the remained melt. As a consequence, the slag becomes more acid
and its viscosity is increased. An interesting point discussed in the study conducted by He et
al. is the interaction between TiO, and C. In high TiO, content slags, the titanium dioxide can
reacts with N and C to form high melting point species namely TiN, TiC or T(C,N). The
presence of these high temperature species increases the viscosity, which can be responsible
by occurrence of sticking or breaking in the use of TiO, bearing slags. Therefore, the CST
system could not be expected to be used as a fluorine replacement in slag with high fluorine
content.

Zhang et al. [4] investigated the crystallization behavior of fluorine-free mold fluxes
composed by CaO, SiO,, Al,O3, Na,O, B,0; and TiO, or ZrO, by means of CSLM and
electron diffraction scattering (EDS). In TiO,-free mold powders, the results pointed to the
presence of two mineral phases — Ca,SiO4 and Ca3Si,O7; — which may growth together.
Addition of TiO; to the slag promotes the formation of CaTiOs; crystals of CaSiOs; and
Ca3Si07 were also observed, suggesting that the presence of TiO, in the slag composition
alters the thermodynamics of the crystal growth.

Similar result concerning the influence of TiO, content on the crystallization behavior of
Ca0O-Al,03 based mold powders were founded by Li ef al. [32]. DTA results showed the
presence of two peaks for TiO,-free mold fluxes, indicating two successive crystallization
events, and three peaks for TiO,- bearing mold fluxes, denoting three crystallization events.
CCT curves were constructed taking the DTA results as the onset of crystallization (Figure
2.10). The onset of crystallization for different TiO, contents (0, 5, 7 and 10 % TiO,)
indicated an increasing of the crystallization temperature with increase of TiO, content. One
interesting fact observed was the lower variation of the crystallization temperature — at which
the second and the third crystals are formed — with the cooling rate. Li ef al. [32] suggested
that, at lower temperatures, the thermodynamic drive force is the main factor acting on the
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nucleation and growth of the second and third crystals; the effect of kinetic factors as
viscosity on the crystallization is insignificant at lower temperatures. The enhancement of the
crystallization promoted addition of TiO, was attributed to a decreasing in viscosity, and
accordingly, the degree of polymerization of the aluminate network. Water-quenched mold
powder samples were submitted to XRD and SEM to determination of the crystalline phases.
For the TiO,-free mold powders, MgO first precipitated from the liquid at higher temperature,
whereas Ca;;Al140;3 crystal co-precipitated at lower temperature; for the TiO,-bearing mold
powders, crystals of CaTiOs; precipitated at high temperature, while MgO and CaTiOs
crystals, and MgO, CaTiO; and Ca|;Al;4Os3; at intermediate temperature and low
temperatures.
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Figure 2.10 CCT curves of CaO-Al,0; with (a) 0 mass % TiO, and (b) 5 mass % TiO, [32].

The use of portland cement clinker as a raw material for continuous casting mold powders
was investigated by Arefpour et al. [25]. Results from viscosity measurements and crystalline
composition of portland cement clinker with additions of CaF,, TiO, and Na,O were
presented. The authors suggested that TiO, and Na,O are not suitable to replace fluorine in
the mold powder composition because it does not provide the same lubrication potential than
the CaF,. Such conclusion is in accordance with that reported by He et al. [27].

Studies carried out by Nakada et al. [50] revealed the coexistence of Ca0.Si0,.TiO, and
CaOSi0, crystalline phases for the CaO-SiO,-TiO; system, in a narrow isothermal
temperature range, and with relatively high crystallization temperatures. In addition, the
crystallization temperature rate which both crystal phases precipitated is large. Despite the
incubation time of Ca0.Si0,.TiO, is shorter than that of cuspindine, it does not promoted
increase in viscosity. The authors concluded that the Ca0.Si0,.TiO, is suitable to replace the
cuspidine. Such conclusion is in disagreement with those reported by He et al. [27] and
Arefpour et al. [25].

Rocabois et al. [18] reported that addition of TiO, as nucleation agent — in Al,O3-Ca0O-Si0O;-
Na,O-CaF; liquid compositions containing less that 30 wt-% SiO, — does not decrease the
time of appearance of first crystals, and the overall crystallization rate remains practically
unchanged. Li et al. [31] found that additions of 3 wt-% TiO; do not increased the %
crystallinity of the slag; while for additions of 6 wt-%, only a small increase in crystallinity
was observed. In slags containing TiO,, Ti*" can act as both network former and modifier,
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however for a range 1 — 7 wt-% TiO,, which includes most steelmaking slags, it plays as a
network former [55].

The effect of MgO and TiO; on the crystallization behavior of the slags and mold powders
aforementioned was focused mainly on the kind of crystalline phase are formed according to
the chemical composition of the melt slag. Nevertheless, the addition (or subtraction) of a
determined oxide can alters the crystallization kinetic of the mold flux. For instance, Rocabois
et al. [18] observed that the dominant nucleation mechanism change from heterogeneous to
homogeneous when MgO or TiO; is present in the liquid slag. The free energy barrier for
heterogeneous nucleation is smaller than that for homogeneous crystallization; this suggests
that MgO or TiO, additions may to decrease the free energy to formation of the new phase; in
addition, the supercooling required to heterogeneous nucleation is lower than that for
homogeneous nucleation. Thus, it is can be also suggested that additions of MgO or TiO;
reduce of supercooling necessary to promote homogeneous nucleation [56,57]; for more
details about nucleation mechanisms see Chapter 2, section 2.2.

2.3.3 Effect of Other Components on the Solidification Behavior

The effect of usual component in mold fluxes as Al,O3 and CaF, have been reported by some
researches. Park [58] investigated the solidification behavior of the CaO-Si0,-Al,03-CaF;,-10
wt-% MgO system using XRD, SEM-EDS, and an image analyzer. The author reported an
increase of the liquidus temperature of the oxides containing 5 wt-% CaF, with increasing
AlL,O3 content from 10 wt-% to 30 wt-%. For the oxide system containing 30 wt-% Al,Os, the
solidus temperature significantly decreases with increasing CaF, content. In addition, the size
of spinel (MgAl,O,) crystals in the final structure increases with increasing Al,O3; due to the
fact that the oxides spend more time at higher temperatures below the /iguidus temperature —
where the crystal growth is generally faster than nucleation; the opposite effect on the crystal
size was observed by increasing CaF, content, as a consequence of the oxides spending more
time at relatively lower temperatures — where nucleation is faster than growth. The
amphoteric character of the Al,Os has also reported by Park et al. [59], in which a network
former behavior of alumina is observed about 10 wt-%, while for higher contents, in parts, it
acts as a network modifier. The effect to Al,O3; and CaF, on the solidification of mold slags
was also investigated by Lachmann and Scheller [60] by means of the SHTT and DHTT. The
start temperature of crystal formation decreases with increasing alumina content, while
addition of fluorine shows an opposite effect. The addition of CaF, favors the precipitation of
cuspidine (3Ca0.Si0,.CaF,) at higher temperatures. For Al,O3 addition, pseudo-wollastonite
forms at higher temperatures followed by gehlenite; with increasing of alumina content,
pseudo-wollastonite can be retarded and gehlenite appears first, but at lower temperatures.
The effect of addition of CaF, on a CaO-Si0,-Al,03 system was recently reported by Susa et
al. [61]. For the F-free system, the results point to a preference to precipitation of gehlenite to
wollastonite. With the addition of CaF2, cuspidine precipitates in preference to gehlenite.

The effect of high Li,O content on the crystallization behavior of CaO-Si0;-Al,0;-CaF;-
Na,O slag system was investigated by Liu et al. [62]. Addition of Li,O to the slag system
promotes an increase in the critical cooling rate and the crystallization rate of the samples — in
compositions with or without the presence of Na,O. For Li,O contents higher than 6 wt-%,
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reductions in the incubation time were also observed. Results from SHTT measurements
reported by Wang ef al. [7] indicate a decreasing trend in the crystallization temperature of
the CaO-SiO,-Al,03-B,03-Li,0O slag system with increasing Li,O content. TTT curves
suggested that Li,O would tend to inhibit the crystallization in high-temperature region of F-
free mold fluxes and greatly accelerate the crystallization in low-temperature region. Based on
SEM/EDS and XRD results the authors suggested that the main crystal phase (Ca;;Si,B,0,,)
founded in F-free mold fluxes can replace cuspidine formed in fluorine-bearing mold fluxes.

Studies have focused on the potential use of ZrO; as a candidate to replace CaF; in fluorine-
free mold powders. According to Rocabois et al. [18], the use of ZrO; as a nucleating agent in
complexes mold powders (SiO,-Al,03;-CaO-MgO-CaF,-Na,O-TiO,) — containing less than 30
wt-% SiO, — do not decreases the time of appearance of first crystal, and the overall
crystallization rate remains practically unaltered; however, ZrO, crystals work as
heterogeneous sites for cuspidine nucleation. Similar results are reported by Li et al. [31].
Additions of ZrO, in slags containing CaF, did not cause significant increase in slag
crystallinity, i.e. it presence causes little effect on the amount of the crystalline phase formed;
nevertheless, additions of CaO promoted a dramatic increase in the amount of the precipitated
crystalline phase (cuspidine). In the other hand, additions of ZrO, to CaO-Si0,-Al,03-Na,O-
B,0; and Ca0O-Si0,-Al,03-B,05-Li,0 slag systems improves the crystallization tendency of
fluorine-free mold powders, acting as a heterogeneous nucleation agent due to its limited
solubility. Small amounts of ZrO, promotes heterogeneous crystallization, since the ZrO,
particles acts as nucleation sites, reducing the energy barrier for the precipitation of crystals
[10,14].

Other usual oxides which effect on the solidification of slag is constantly investigated are
Na,O and B,0s;. In mold powders, the presence of Na,O has been reported as an effective
crystallizing agent. According to He et al. [63] the CaO-Si,0-Na,O (1 wt-% F) based mold
powders is suitable to replace CaF, in CaO-Al,03-CaF; based slag with high fluorine content
due to its similarity on crystallization performance. It is suggested that precipitation of
Na;0.Ca0.3Si0, and Na,0.2Ca0.2Si0; in the F-free mold powders can substitute for
cuspidine in commercial mold powders. Studies carried out using hot thermocouple technique
point to a reduction in incubation time of fluorine-free mold powders with Na,O addition
[64,65]. An expressive effect of the wt-% Na,O on the critical cooling rate in CaO-Si,0-TiO,
fluorine-free slag systems was reported. It was concluded that is possible to control the
crystallization kinetics in referred slag systems by changing Na,O content [64]. For more
complexes fluorine-free mold powders, the effect of Na,O content on critical cooling rate was
similar but less intense [65]. The effect of Na,O replacement for SiO, on non-isothermal
crystallization behavior of CaO-BaO-Al,03; based mold powders was investigated by Zhang
et al. [66]. An increase of the initial crystallization temperature and a decrease of the
crystallization activation energies with increasing Na,O content were observed. In addition,
the presence of Na,O inhibited the precipitation of CaF, crystals and enhances the
precipitation of CaAl,O4 crystals.
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The applicability of B,Os as substitute of CaF, in F-free mold powders have been extensively
investigated by several researches. Study conducted by Choi et al. [67] suggests the utilization
of Na,O and B,0; to replace CaF, in commercial mold powders composition due to the
precipitation of CaB,SiO; and CaAlsB,(SiO4)s as substitute of cuspidine. SHTT results
obtained by Zhou et al. [68] showed that the initial crystallization temperature of low fluorine
mold powders reduces with the increase of Na,O content due to its network breaker
characteristic. Conversely, addition of B,Os increases the crystallization temperature, since it
acts as a network former inhibiting the slag crystallization. Li ef al. [69] investigated the use
of B,0; in replacement to components as Na,O, CaF, and NaF in commercial mold powders.
The B,0Os-containing mold powder exhibited low crystallization tendency, since it was
predominantly glassy. According to Li et al., the use of B,O; accelerate the formation of
network structures, in a similar way to SiO,, inhibiting the separation of crystal phases. The
authors suggest that fluorine-free B,0Os-containing mold fluxes had great potential for
application in continuous casting of rare-earth steel, stainless steel, and ultra-low-carbon steel
as well as high speed casting. Shu et al. [70] observed a decrease of liqguidus temperature and
a significant increase of incubation time for crystallization in a Al,03-CaO-MgO-Na,O-Si0,-
Ti0, system with increasing B,Os content. Similar results were found by Lu et al. [8] using
the DHTT. It was found that the mold flux crystallization would be restrained by B,0;
additions reported. More recently, Zhang et al. [71] reported an initial inhibition of the
crystallization behavior of CaO-SiO,-B,0; based F-free mold powder systems with addition
of B,O3; (up to 6 wt-%); further B,O; content increment leads to an increase in the
crystallization of the system.

The influence of La,O3 content on the crystallization behavior of fluorine-free mold fluxes
were investigated by Zhang et al. [72] using SEM-EDS and thermal analysis. An
improvement of crystallization ratios of mold powders from 2 % to 90 % with increasing
La,O; content (from 0 wt-% to 20 wt-%) could be observed. The addition of La,O; also
promotes an increase in the crystallization temperature due to the formation of a low melting
point substance. The effect of FeO on the formation of spinel phases in synthetic slag samples
of the CaO-Si0,-MgO-Al,03-Cr,05 system have been reported by Li ef al. [73]. The authors
found an increase of size and amount of spinel mineral with increasing FeO content in the
samples. In addition, the Cr content in the spinel phase showed an increase when FeO content
was increased to 6 wt-%. Lei ef al. [74] investigated the effect of quartz on the crystallization
behavior of mold powders. A decreasing in the crystallization temperature, as well as
reduction in the critical cooling rate and incubation time with increasing quartz content were
reported. The precipitation of cuspidine is restrained by quartz; the crystallization rate and the
cuspidine content decrease when quartz content exceeds 20 wt-%.

2.3.4 Crystal Morphology

The solidification structure of the slag is extremely sensitive to the exact solidification
thermal conditions [2]. During the investigation of the effect of TiO, and B,O; on the
crystallization behavior of the Al,03-CaO-MgO-Na,O-Si0, system using the SHTT, Shu et
al. [70] observed a gradual change of morphology from high to low temperatures. A large
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number of small crystals were observed at lower temperature (900°C). With increasing
temperature, needle-like, facet crystals and columnar crystals were appearing concomitant or
separately, according to the temperature range. At 1100°C, large equiaxied dendrites were
formed on the thermocouple wall or in the center of sample. Orrling [75,76] developed a TTT
diagram to different crystal morphologies as function of temperature for two different slag
samples (Figure 2.11).
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Figure 2.11 TTT diagrams showing the morphology dependence temperature of two different slag samples.
Figure adapted from [76].

The variation of the crystal morphology with temperature was also reported by Klug et al.
[64]. Crystals with dendritic structure could be observed in slag samples at high temperatures;
the crystals became small and dense as the temperature decreases. At 900°C, the crystals were
very fine and with a cloud-like appearance with the increasing of density. The effect of
chemical composition and temperature on the crystal morphology of CaO-Al,Os-based slag
was investigated by Jung and Sohn [17]. For a slag sample slowly cooled (with CaO/Al,O3
ratio equal to 1 and with 5 wt-% MgO), the morphology of the first crystal was equiaxed
faceted; for higher MgO contents the crystals showed a dendritic structure. At high cooling
rates, the crystal morphology was finely dispersed and with several shapes, namely spherical
nodules, faceted polygonals, needles and dendrites (for higher CaO/Al,Os3 ratios). Variation in
the crystal morphology as a function the cooling rate of blast furnace slag containing high
TiO, content was reported by Liu el al. [77]. At cooling rate of 10 and 30 K.min™, the
perovskite crystal morphology was dendritic; it changes to orthogonal at a cooling rate of 20
K.min™' and to hexagonal at cooling rate of 40 and 50 K.min"'. Zheng et al. [78] report a
change in the crystal morphology of electroslag remelting with TiO, addition from
11Ca0.7Al1,05.CaF, faceted and bonelike to CaTiO; elliptically faceted and blocky crystals.
Results from SEM analysis of CaO-Al,O3 based mold powders containing TiO, indicate a
relationship between crystal morphology and crystallization control mechanism [33]. Crystals
of MgO and CaTiO; exhibited a non-faceted morphology, suggesting a crystallization rate
controlled by diffusion. On the other hand, crystals of Ca;;Al14033 showed larger faceted
morphology, suggesting a crystallization controlled by interfacial reaction. Shear stress is also
reported as a factor which can exert influence on the microscopic morphology of the crystals,
leading to smaller grain size, but without affect on the crystalline phase formed [79].
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2.3.5 Effect of the Marangoni Convection on Mold Powders Crystallization

The Marangoni convection or thermocapillary is a liquid flow caused by an unstable surface
tension modulation due local variations of the chemical composition (solute concentration
gradient) or by temperature gradients through the sample. This temperature gradient or solute
concentration gradient leads to unstable gradient of interfacial tension. Such instability in the
interfacial tension promotes convection currents which cause unequal solute distribution in
the sample interface which, in turn, promotes a spontaneous interfacial turbulence, affecting
the transport mechanism — heat and mass diffusivity — in melts [45,80,81]. In SHTT/DHTT
experiments, the existence of convection within the melt implies on the occurrence of
temperature oscillations in the sample [65,82-84]. Kashiwaya et al. [82] verified that the fluid
flow is dominated by Marangoni convection caused by thermal gradient in samples during
SHTT experiments. At steady state, the sample region in contact with the thermocouple has
the highest temperature and a small thermal gradient from the tip of thermocouple to the free
contact sample region is established. When the sample undergoes a heating cycle, the
temperature of the sample region in contact with thermocouple wire is hotter than that contact
free region. When the sample is quenching, the heat conduction occurs from the sample to the
thermocouple. The direction of convection follows the same “movement” of the heat transfer
in the sample. Figure 2.12 shows a representation of the liquid flux movement inside the
liquid sample for both cases above cited.
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Figure 2.12 Convective mass motions in the slag sample
at unsteady state under (a) cooling and (b) heating cycles.
Figure adapted from Kashiwaya et al. [82].

Orrling et al. [83] observed the effect of fluid flow on the crystal stability of a calcium
aluminate, where growing equiaxed dendrite crystals fragment under the action of a shear
flow. The authors suggested that the shear flow was generated by Marangoni or natural
convection in the sample. They has noted that this mechanism leads to an increase in the
number of crystals, since the crystal fragment also starts to grow, leading to a one nucleation
event forming several growing crystals. Similar behavior was reported by Yang et al. [65],
where some equiaxed crystals formed in the liquid layer and the crystals fragments from
weak crystalline layer were dragged to the high temperature region by Marangoni convection
flow and remelted within the liquid sample. Zhou et al. [84] point out that, in DHTT
experiments, only the temperature of the mold slag in contact with the thermocouple wall can
be measured, causing significant effects on crystallization, such as spatial variations in

THERMOCOUPLE
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temperature and fluid flow inside the mold slag sample. It was also observed a movement of
crystalline aggregations in the molten slag due to fluid flow recirculation along the surface of
the slag sample driven by Marangoni flow.
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2.4 Effect of Water Vapor on the Slags Behavior

2.4.1 Reaction of Gases with Slags, Glasses and Oxide Melts

In high temperature manufacturing processes that involve polymeric-oxide melts such as
glass-forming melts and pyrometallurgical slags, gases are evolved from volatile components
present in the bulk composition of these substances. These gases can react with gases present
in the atmosphere and with the molten material itself, redissolving into the melt or released
into the atmosphere. The atmospheric gases can also react directly with the polymeric melt by
means of solubility of these gases in the molten slag or glass. From the steelmaker's
viewpoint, water vapor present in the atmosphere is the greater concern, since it is related to
hydrogen pick-up by the steel and the occurrence of so-called hydrogen induced sticker
breakout. Water vapor present in the atmosphere is dissolved into the slag and reacts with it
and with volatiles released from the slag. In the case of mold powders, the presence of water
strongly affects significant properties such as viscosity and crystallization tendency which are
directly related to the lubrication and horizontal heat transfer at continuous casting mold level.

2.4.1.1 Water Solubility in Glasses, Slags and Silicate Melts

Water solubility in silicate melts and slags have been extensively investigated by diverse
researchers [1-10]. From the steelmaker’s viewpoint, the growing interest regarding water
solubility has begun after the perception of detrimental effects on the mechanical properties of
the steel due to hydrogen pick-up by the molten bath from the slag during steelmaking
processes such as electric arc furnace (EAF). Walsh ef al. [2] reported that hydrogen in steel
originates from reactions between slag and water vapor present in the atmosphere. Later, this
interest was extended to slags of several new pyrometallurgical processes known collectively
as secondary steelmaking [11-13].

Studies carried out by Tomlinson [1], Russel [3] and Walsh ef al. [2] regarding to the
solubility of water in molten silicates and glasses found that water dissolves in these medias
as H,O instead H,. The water solubility mechanisms are related to the degree of
polymerization of the melt according to the reactions 2.28 — 2.31 [12]:

In polymerized melts (acidic),
=Si—0-Si= +H,0 = 2(=Si—OH) : DEPOLYMERIZATION (2.28)

In depolymerized melts (basic)
=Si—-0-M—-0-Si= +H,0 =2(=Si—0—Si=)+20H +M?* : POLYMERIZATION (2.29)
or

=Si-0-M-0-Si= +H,0 =
2(=Si—-0-Si=)+2(=Si—0H)+ 0% + M?*": DEPOLYMERIZATION (2.30)

In highly depolymerized melts

H,0 + 0% = 20H" (2.31)
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Based on the solubility mechanisms represented by reactions (2.28) — (2.31), this empirical
observation can be explained by means of a overall reaction (Equation 2.32):

(0*) + H,0 = 2(0H") (2.32)

where O° represents double or single bonded oxygen, or O*, and OH" is single boded to
silicon or as free ion [14].

The solubility of water in silicate melts and slags is proportional to square root of the water
vapor partial pressure. The proportional increase of water content in the melt with the square
root of the partial pressure of H,O has been confirmed by further studies [6,7,15,16],
expressed by the following relationship:

(HzO) =K. szol/z (2.33)

where K is the equilibrium constant involving the activity coefficient of the OH™ ion and the
activity of the oxygen ion, indicating the formation of two OH groups per molecule of H,O.
The equilibrium relation for reaction of water with silicate melts, slags or glasses can be
represented by hydroxyl capacitiy (Cop) [14] or water capacity (Cy,o) [17] as follow

1/2
Con = Cho = (ppm HZO)/(pHZO) (2.34)

where py, ¢ is the water vapor partial pressure in bar. The Cpy represents the ability of a slag
to absorb water and it is a function of the chemical composition, temperature and pressure
(the last mainly in geological processes). Sommerville [18] reports hydroxyl capacity as a
function of wt-% OH" group, with its charge being dependent of the basicity of the
environment, while ppm H,O is used to determine the water capacity. For a better
understanding of the literature data presented in this work, the author will adopt the notation
Con as a measure of water solubility.

Water behaves as a very amphoteric oxide in polymeric melts, i.e. it will behave as a network
former or network modifier, depending on the basicity of the slag. The water dissolution
mechanism in the slag depends — due to its dual characteristic — on the degree of
polymerization of the melt, working as an acidic or a basic oxide, according to the reactions
(2.28) — (2.31) [14,19].

Water can occurs as hydroxyl ions bonded to the basic building blocks of the structure, or as
molecular water (mostly at elevated pressures) dispersed in the interstices of the network
[12,20]. The hydroxyl formed by reaction between atmospheric water vapor and the melt is
very stable. Infrared spectroscopy measurements have been shown that much of dissolved
water in volcanic and synthetic silicate glasses are in molecular form [21]. Stolper [22]
proposed a model to predict the variations in the concentrations of molecular water and
hydroxyl groups in melts as functions of the total dissolved water content, similar to those
observed in glasses. The model relates the proportion of molecular water and hydroxyl groups
in melts by the following reaction, which describes the homogeneous equilibrium between
melt species:
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Hy0motecutar (melt) + oxygen (melt) = 20H (melt) (2.35)
Being the solubility of molecular water in melts is described by the following reaction:
H,0 (vapor) = H;0morecutar(melt) (2.36)

As above mentioned, the presence of dissolved molecular water occurs predominantly at high
pressure ranges. Since slags are processed at ambient conditions (pressure), molecular water
dissolution is out of the scope of the present study.

2.4.1.2 Influence of Composition on Water Solubility

Water vapor is soluble in all aluminossilicates, phosphates, borates and other similar
polymeric-oxide melts [14]. The solubility of water has been directly related to the basicity of
melts, which is essentially a quantification of the non-bridging oxygen (NBO) present in the
structure. Experimental data of water solubility in melt silicate, glasses and slags have been
reported by several researches, with some referring to existence of a minimum in solubility,
where the water content in the melt as a function of the basicity follows a parabolic shape.
The position of the minimum of solubility— for some oxide system — lies at about unity
basicity or near to the metasilicate composition (e.g. in Figure 2.13) [1-4,6-9,16,23-26]. For
instance, the existence of a minimum of solubility for potassium borate and sodium borate
system melts was reported; as for lithium borate melts, such minimum of solubility was not
observed, considering the investigated composition range [16].
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Figure 2.13 Hydroxyl capacity of molten silicate and aluminates as a function of basicity: M,0-SiO, [27], CaO-
Al,O5[28] and CaO-SiO, [6]. Figure reproduced from [14].

Taking the minimum as a starting point, the solubility will increase with increasing basic or
acidic character of the melt, a fact that characterizes the position of the minimum of solubility
as a “neutral point” of an acidity-basicity scale. The position of the neutral point reported by
Franz [16] varies for different alkali borate systems, which is in agreement with the increasing
basicities of the alkali oxides in the aqueous solution (Li,O < Na,0 < K;0). However, the
concept of basicity is somewhat questionable due to the high structural disruption of the melt,
which constantly alters the concentration of the non-bridging oxygens [20] (see Chapter 2,
section 2.1.1.2). In addition, due to difficulties related to the amphoteric character of some
oxides, among other issues in the basicity determination, some authors have presented the
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solubility of water in slags as a function of optical basicity [11,29]. Data from a large range of
oxide systems [11,18] show the lowest water solubility values lie in a optical basicity range
between 0.60 and 0.65, independently of temperature for a range of 1375 — 1600°C. The
solubility of water in silicates melts increases with increasing alkali oxide content. However,
addition of alkali earth oxides will either increase or decrease water solubility, according to its
role in the structure of the glass. If the alkali earth oxide replaces silica, it will increase the
solubility, but will decrease water solubility if the alkaline earth oxide replaces an alkali
oxide. For instance, in the case of borate and germanate melts, addition of alkali oxides
decrease the water solubility [20]. Study performed by Iguchi et al. [4] regarding to the effect
of different oxide additions on the water solubility of CaO-SiO, system shows a markedly
decrease in water solubility with TiO, addition, as can be seen in Figure 2.14.
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Figure 2.14 Effect of different oxide additions on the water solubility of the CaO-SiO, system. Figure
reproduced from Iguchi et al. [4].

Imai et al. [30] investigated the hydrogen equilibrium in the systems atmosphere-molten slag-
molten steel using infrared spectra measurements carried out on the ternary and quaternary
Ca0-Si0;-(mono, di, trivalent metal oxide) systems. They found that water vapor dissolves
into molten slag as a free, hydrogen bonded and a strongly hydrogen bonded hydroxyl, as
represented in the Figure 2.15.
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Figure 2.15 Three forms of hydroxyl: (a) free; (b) hydrogen bonded; and (c) strongly hydrogen bonded
hydroxyl. Figure reproduced from Imai et al. [30].
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Imai et al. [30] reported that the existence ratio of each form of hydroxyl to total amount of
hydroxyl varies characteristically with the basicity of the slag (Figure 2.16). The results
obtained by Imai et al. showed that the ratio of free hydroxyl form increases with increasing
of ion-oxygen attraction force of M™, at the expense of the two other forms, which became
smaller, for the CaO-Si0,-M,Oy systems (where M;O,= Na,O, BaO or Al,0O3, 10 mol% each
in the ternary systems or M,Oy= 13 mol% MgO and 20 mol% Al,O; in the quarternary
system).
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Figure 2.16 Variation of different water dissolved species as a function of basicity for the CaO-SiO,-Na,O,
Ca0-Si0,-Ba0, Ca0-Si0,-Al,0; and CaO-Si0,-MgO-Al,O; systems [30].

Figure 2.17 shows an illustrative diagram of the influence of different metal cations on the
ratio of the hydroxyl forms. As an example, the replacement of Na* with Mg*" promotes a
transition from bonded to free hydroxyl form. As previously mentioned, silicate melts are
composed by different anionic structural units. The nature of the network-modifying cation
has influence on the coexisting anionic species and on the portion of these units in the silicate
melts [12,17,31]. However, such cations do not alter the overall degree of polymerization of
the slag. The formation of the more extreme units as SiO, and SiO}~ are favored by small
cations of high valence e.g. Mg®" > Ca*" > Li" > Na" > K" [17].

Schwerdtfeger et al. [6] investigated the water solubility in CaO-Al,O3 melts by applying the
thermogravimetric method. An atmosphere consisting of Ar-H,O mixture was used in the
experiments by bubbling 140 ml/min of argon through a water column held at constant
temperature in a thermostat. Water vapor pressures of 150, 338 and 600 mm Hg (0.2, 0.44 and
0.79 atm, respectively) were used. According to Eq. 2.33, the equilibrium constant K is
dependent on slag composition and increase with increasing CaO/Al,O5 ratio. The authors
found that CaO-Al,O; pick-up much more water than CaO-Si0; melts by a factor from two to
three at 1600°C and at giving water vapor pressure (Figure 2.18).
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(0-Si-OH 0-8i)
Mg

Figure 2.17 Transition of hydroxyl from hydrogen bonded form to free form. Figure reproduced from Imai et al.
[30].

In a previous study, Sachdev et al. [7] observed a decrease in the water solubility of the CaO-
Si0, system with addition of Al,Os, reaching a minimum of solubility for additions about 20
wt-% Al,Os (at a constant basicity); while for higher Al content, the water solubility of lime-
silica melts increases. An interesting result showed by Sachdev et al. is the relation between
the water solubility and the oxygen density of the melt. The latter represents the absolute
number of oxygen atoms — irrespective of their coordination number — and can be considered
as a structural parameter. It was found an inverse proportionality between oxygen density and
solubility of lime-silica-alumina melts.
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Figure 2.18 (a) Solubility of water in weight % as a function of water vapor partial pressure at 1600°C; (b)
hydrate capacity as a function of CaO/Al,0; ratio at 1600°C. Figure reproduced from [6].

Iguchi and co-workers [4,23] measured the hydroxyl capacities (Cpy) of CaO-SiO,-MgO,
Ca0-S10,-Ti0; and Ca0-Si0,-Al,05 silicate melts at 0.375 bar H,O and 1550°C. The results
showed that the Cyy increases with increasing MgO in “detriment” of CaO content. The
additive effect of Al,O; on the solubility of water changes depending on the basicity of slag
(Ca0/Si10y). In alumino-silicate melts, the hydroxyl capacity decreases in acidic composition,
reaches a minimum, and then increases with increasing the CaO/Al,O; ratio; however,
aluminates dissolve more water than silicate melts (as can be seen in the Fig. 2.13). Additions
of TiO,, in turn, decrease the Cyy of the CaO-Si0O, system. Beyond a determined amount,
Ti0; exhibits amphoteric nature in relation to the CaO-SiO, system and the minimum of
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solubility is no longer observed with increase TiO, content [32]. In order to determine the
water vapor dissolution in CaO-MgO-SiO, ternary and Al,03-CaO-Si0,-MgO quarternary
systems, different techniques as thermogravimetric and inert gas fusion have been applied
[8,25,33,34]. In all these works, the relation between water solubility and square root of
partial pressure of water vapor has been confirmed.

Zuliani et al. [5,33] reported that the replacement of CaO by MgO had a negligible effect on
the water vapor solubility in the slag. This result is adverse to that reported by Iguchi and
Fuwa [23]. Study performed by Jo and Kim [34] using inter gas fusion pointed out the
improvement of hydroxyl capacity in different Al,0;-Ca0O-Si0,-MgO slag systems with MgO
additions. It was concluded that hydroxyl capacity is independent on the relative amount of
CaO and MgO in the slag and, therefore, the contribution of these oxides on the hydroxyl
capacity are equivalent on molar basis. In addition, Al,O3 shows better effect on the hydroxyl
capacity than SiO;. Such effect of alumina on the Cyp is in accordance to those founded by
Schwerdtfeger and Schubert [6] comparing the water solubility of CaO-Al,0O3 and CaO-SiO,
melts. Similar results were obtained by Brandberg et al. [25,35] for the Al,03-Ca0O-SiO,-
MgO system using thermogravimetric technique. It was observed that Cpy does not vary
substantially with composition. On the other hand, a considerable increase of hydroxyl
capacity was noticed when the slag composition approaches CaO saturation.

Mathematical models and thermodynamic simulations have been performed to predict the
water solubility in slag systems. Ban-ya et al. [19] estimated the hydroxyl capacity of Na,O-
Si0,, Li;0-Si0,, Ca0-Si0; binaries and Ca0-Si0;-Al,03, CaO-Si0,-MgO, Ca0-Si0,-MnO,
and Ca0-Si0,-P,0Os ternaries slag systems by quadratic formalism based on the regular
solution model. The dissolution of water in the CaO-MgO-Al,03-S10,-FeO slag system was
investigated by Jung [36] using a thermodynamic model and FACT oxide database. An
important result pertinent to the present study shows that addition of MgO increases the water
capacity in the Ca0O-SiO,-Al,03 system. Zorzato [37] studied the hydrogen pick-up of steel
from water dissolved in CaO-Si0;-Al,03-MgO slag system using the thermodynamic
software FactSage. The results showed an increase in water solubility with increasing CaO
and MgO content for the slag systems investigated. Although these mathematical models and
thermodynamic simulations showed good agreement with the literature, these methods to
predict water capacity may show some limitations inherent to the reliability of
thermodynamic database, in the case of FactSage, for instance.

2.4.1.3 Influence of the Structure on the Water Solubility

The relation between water solubility and structure of silicate melts and slags have been
reported by some researchers [10,12,38,39]. The solubility mechanism of H,O silicate melts
was investigated by Mysen et al. [10]. Based on Raman spectra results of quenched silicate
samples, it was suggested by the authors the existence of two different solubility mechanisms
which are dependent of the presence or absence of non-bridging oxygen in the silicate melts.
The Raman spectra of different Na,0-Al,03-Si0; hydrous samples showed the existence of
four structural units, namely: units involving only Si and OH, chain units without OH but
with both Si and Al (were AI’" must be locally charge-balanced with Na®), a portion of the
three-dimensional network units that is not affected by the presence of H,O in the melt, and
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the additional water dissolved as OH’, locally charge-balanced by Na'. This implicates that, in
melt with three-dimensional network structure, water reacts with bridging oxygen to form two
OH groups per broken oxygen bond. Some of this three-dimensional network is broken down
to chain units, accompanied by the expulsion of AP’ from tetrahedral coordination. In melts
that have non-bridging oxygen (less polymerized), water reacts with both non-bridging and
network modifiers to form Si-OH bonds and M(OH) and M(OH), complexes — where M is a
modifying cation. Solution of water in highly polymerized melts results in an increase of
NBO/T. Mysen et al. [10] suggest that the crystal-liquid partition coefficient (wt-% of oxide
in crystal/wt-% of oxide in liquid) will decrease with increasing H,O content. The reason for
this decrease occurs due to the formation of the less polymerized chain units in the melt. On
the other hand, solution of water probably will decrease the NBO/T in melt with large
NBO/T.

The relation between water content in silicate melts and its polymerization degree was also
found by Deubener et al. [38]. They observed that the concentrations of OH in more
depolymerized sodium trisilicate (NBO/T=0.66) are significantly higher than in fully
polymerized rhyolitic glass (NBO/T=0). A quantitative study concerning the interaction of
water with the structure of silicate glasses and melts was carried out by means examination of
the structure of alkali (Li*, Na”, K") tetrasilicate glasses using Raman and *’Si SP MAS NRM
spectroscopy [39]. The authors concluded that the chemical composition of silicate melts
affects the solution mechanisms of water, resulting in different effects on the melt structures
at T,; the alkali affects the speciation of dissolved water between H,Ono species and OH
groups, as well as the bonding of the OH groups with the quenched melt structure. Variations
in the solubility of water with ionic radius of the alkali in tetrasilicate melts were also
reported, indicating that the solubility of water is affected by the interaction between the melt
composition, water solution mechanism, and the melt structure. The effect of water vapor on
the chemistry of ironmaking slags was investigated by Mohassab and Sohn [12] using
reflection absorption spectroscopy (FTIR-RAS) and Raman analysis. Based on the
spectroscopy and XRD analysis, it was concluded that water stabilizes the more polymerized
silicate anions rather than the depolymerized monomers. The higher water content in the gas
atmosphere the more polymerized the silicate in the slag.

Some parameters have been proposed as index to measure the water solubility in slags and
silicate melts. Based on water vapor solubility measurements using a thermogravimetric
technique, Sosinsky et al. [8] suggest the activity of SiO, as a parameter to evaluates the
solubility of water in CaO-MgO-SiO, slag systems. Therefore, a relationship between water
concentration in the slag phase and the activity of silica was developed in the form of the
Equation 2.37.

Hy0,ppm = (1095 — 2180ag;9, + 3146a%,, — 1365a%,) Py’ (2.37)

where ag;,1s the silica activity. Other structural parameter which has been correlated to water
solubility in slags is the optical basicity (A). The basicity indices have been empirically
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derived, which involve an arbitrary decision as a component is an acidic or a basic oxide. This
peculiarity of the basicity indices has been considered a problem, mainly for intermediate
oxides such as TiO, [40]. In this context, the use of optical basicity as a water solubility index
has been proposed to overcome such issue (for more detail about optical basicity see Chapter
2, section 2.1.1.2). Sosinsky [29] estimated the water capacity of CaO-MgO-SiO, slag system
in terms of optical basicity, A, as derived from Pauling electronegativity by the Equation
2.38.

log Cy o = 12.04 — 32.63A + 32.71A% — 6.62A° (2.38)
2

The results showed good agreement with those reported by Zuliani [41] and with those from a
previous Soinsky’s work [8]. Daya [11] proposes two different equations to estimate the water
vapor capacity as a function of the optical basicity, according to the optical basicity range,
namely: derived from Pauling eletronegativity for a range of 0.55 — 0.80, (Equation 2.39),
and derived from Electron density for a range of 0.55 — 0.83 (Equation 2.40).

log Cy,0 = 41.92 — 164.92A + 226.42A% — 100.31A° (2.39)

log Cy,0 = 30.47 — 116.26A + 159.18A% — 70.36A° (2.40)

In terms of temperature, its effect on the water solubility shows some controversial results
[42,43]; although a negligible effect of temperature on the water solubility for a range of
1400°C — 1600°C have been reported by some researchers [8,11,25,44].

2.4.1.4 Effect of Water on the Physicochemical Properties of the Slags, Melts and Glasses
The physicochemical properties of glasses are susceptible to changes in presence of water.
Significant properties such as electrical conductivity, thermal expansion, refractive index,
density and viscosity are strongly affected by melted glass-water reaction [9,45,46]. Shelby
and McVay [47] found a decrease of the transformation range viscosity, the activation energy
for viscous flow and the dilatometric critical temperature of sodium trisilicate glasses. Min’ko
and Varavin [48] reported a strong effect of water on the technological and physicochemical
properties of glass, even when only traces amounts of water are present (approximately 10~
%). Changes in glass transition temperature 7, and viscosity have been reported by Shelby
[20], Deubener et al. [38] and Hurley et al. [49]. For glass former oxides, the effect of water
on 7T, and viscosity is more pronounced. The 7, of glasses decreases with increasing water
content and its intensity varies with the glass composition; for instance, the decreasing of T 1s
much more effective in sodium silicates than in lithium borate glasses [20]. Deubener et al.
[38] found that 7, decrease with increasing water content, and this effect is much more
pronounced in silicates with the lowest water content where water entirely dissolves to
hydroxyl. For water-rich melts, 7, decreases is more subtle.

A relationship between the effect of water on the 7, and the degree of polymerization of four
different water-free glasses was reported by Bouhifd ef al. [50]. It was found that the decrease
in T, due to the presence of water was more effective in the more polymerized melt (NBO/T =
0) than in those with lower polymerization degree (NBO/T =0.19 and 0.21).

47



2.4 Water Vapor in Slags

Reduction of viscosity of glasses and mold slags in presence of water has been discussed by
Shelby [9,20] and Orrling et al. [51], respectively. Shelby attributed the strong effect of
hydroxyl on the viscosity to the formation of additional non-bridging species in the network
by conversion of bridging oxygens in non-bridging hydroxyls. Orriling et al. suggest — as will
be seen further — that the increase of crystallization rate in presence of water probably occurs
by reduction of the viscosity of the slag. According to the Stoke-Einstein relation (Equation
2.41), viscosity is inverse to diffusivity in slag melts

D, =< (2.41)

- 67T

where 1 represents the liquid viscosity. A decrease in viscosity implicates in an increase of
the mass-transfer rate. However, the author points to an unavailability of viscosity data of
system under humid atmosphere. According to Shelby [9], the diffusivity of water increases
as viscosity decreases as a consequence of changes of the melt structure with increasing
temperature. A study concerning the effect of atmosphere on the viscosity of coal slags was
conducted by Hurley et al. [49]. Coal slag viscosity measurements were carried out in air and
in an air + 10 % water vapor atmosphere. The presence of water do not changes significantly
the viscosity and critical temperature (7,) of the coal slag. However, it is possible observe
that, for temperatures immediately below 7., the viscosity of slag at humid atmosphere
increase considerably compared to that measured in air atmosphere. This higher increase of
viscosity may be related to an increase of crystallization rate attributed to the presence of
water in the melt. Hurely et al. also reported that the effect of water on the 7, and viscosity is
more substantial when measured in air + 10% water vapor in case of alumina addition, but
less substantial in the case of magnesia additions (Figure 2.19).
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Figure 2.19 Effect of water and addition of Al,O; and MgO on the viscosity of the coal slag in air. Figure
adapted from [49].

More recently, the influence of water vapor on the viscosity behavior of coal slags was
investigated by Cao et al. [52,53]. Small decrease in the viscosity and 7, in presence of water
could be observed; however, its effect tends to increase with increasing water content. On the
other hand, a slight increase in the viscosity at the same temperature and 7, was found for
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high silicon-aluminum slags with increasing water vapor proportion. Mysen et al. [10]
suggest that because H,O in effect increases NBO/T in less polymerized melts, the viscosity
of some geologic melt (e.g. picrite, komatiite and basanite composition) may increase as a
result of the dissolution of water. This increase of viscosity in presence of water was also
observed by Mohassab ef al. [12] as a result of the increase of the degree of polymerization of
silicate anions.

2.4.2 Effect of Water on the Crystallization Rate of Silicate Melts and Slags

Although there is a large number of studies concerning the water solubility in glasses, molten
silicates and slags, few investigations regarding on the effect of water on the crystallization
behavior of mold powders have been reported. The presence of hydroxyl group in oxide
glasses and melts promotes the crystallization for melts which are already prone to crystallize
[9,54]. According to Shelby [55], the increase of crystallization rate is a consequence of the
decreasing in network connectivity, which is responsible to decrease of viscosity and glass
temperature. The reaction between atmospheric water and oxide glasses results in the
replacement of an oxygen atom occupying a vertex of silicon-oxygen tetrahedron by hydroxyl
groups, decreasing the network connectivity [20,48]. According to Wagstaff and Richards
[56,57], water tends to enhance the crystallization rate of silicate glasses in two different
ways: (1) by acting as a source of oxygen, and (2) by weakening the glass structure through
the reaction of [Si—O-Si] bonds with water to form [SiO—OH HO-Si] groups. In one of these
studies, Wagstaff and Richards [56] examined the crystallization kinetics of stoichiometric
vitreous silica in N,, H,O and vacuum atmospheres. The results point out to an enhancement
of crystallization in presence of water vapor compared to nitrogen and vacuum atmospheres;
the intrinsic crystallization rate measured in vacuum was much lower of the than the rates
measured in either nitrogen or water vapor atmospheres (Figure 2.20(a)). The effect of water
content on the crystal growth length of cristobalite with the time is shown in the Figure
2.20(b) [58].
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Figure 2.20 (a) Comparison of crystallization rates of stoichiometric SiO, glass in different atmospheres, and (b)
cristobalite crystal length as a function of time for different partial water vapor pressures. Figures adapted from

[56] and [58], respectively.
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There is a linear time dependence of all growth rates for stoichiometric vitreous silica in
presence of H,O-vapor; while an increase of the cristobalite thickness with increasing water
vapor partial pressure could be also observed.

In order to determine the influence of water vapor on the crystallization behavior of CaO-
Al,Os3 join, TTT diagram was constructed from isothermal experiments results using the
DHTT [59]. When in presence of humid atmosphere, the formation of crystals occurred at
1350°C and 1450°C, however, no crystallization was observed at these temperatures in dry
atmosphere; in argon, the higher crystallization temperature lied between 1270°C and
1280°C. Such a behavior denotes that water do not only enhances crystallization as well as
extend the crystallization temperature of the slag. Results from X-ray diffraction analysis of
samples from continuous cooling experiments in argon and humid atmospheres showed
change of the precipitated crystal phase in presence of water [59]. The phases CasAlsO4
(major phase) and Ca3;ALOy (second phase) were found in samples cooled at 1°C.s™ in argon
atmosphere; while Ca;»Al;4033 (mayenite) was detected for the same cooling rate of samples
exposed to water vapor atmosphere. According to the CaO-Al,O3 phase diagram (see Slag
Altlas [17], page 39) the expected phases for the referred composition are Caj;Al14033,
CaAl,04 and Ca3;Al,O¢. The same crystal phase change was also observed in samples
submitted to isothermal experiments. For the sample held at 1200°C in argon, the crystalline
phases were the same as those founded in the continuous cooling carried out in argon; on the
other hand, for a sample held at 1400°C in a water vapor saturated atmosphere, the
precipitated phases were determined as been Ca;Al,O¢ and CaAlO4. According to the author,
the presence of only 0.04 % H,O in the slag melt is enough to change which phase is the most
favorable to precipitate. However, it is unlikely that such water concentration could promote
significant structural changes in order to alter the viscosity of the molten slag.
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Figure 2.21 Isothermal experiment results in dry atmosphere and humid atmosphere [51].

According to Nurse et al. [60], the phase mayenite is stabilized by hydroxyl groups, being
considered as a hydrate Ca;;Al;403,(OH), that can’t be found in the CaO-Al,O; system; the
phases Ca3;Al,O¢ and CaAlO4 were determined at 1400°C.
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The effect of water on the crystallization behavior of more complex slag systems were also
investigated by Orrling and Cramb [51] using the DHTT. Results from isothermal
experiments for a CaO- SiO;-Al,03-Na,O-CaF, slag exhibited strong effect of water on the
nucleation rate and crystal growth rate. In the measurements carried out in water vapor
atmosphere, the technique allowed to identify the start time of crystallization only at the
temperatures of 1160°C, 1180°C and 1200°C. At lower temperatures, the crystallization
started during the quench, about 1 s after the beginning of the experiment (Figure 2.21). A set
of experiments was performed at 1280°C (20°C above the /iquidus temperature measured in
argon). An intermittent water vapor flux was applied as follow: water vapor was introduced
30 seconds before the beginning of the experiment and was turned off and on along the
experiments [51]. Initially, the slag sample became fully crystalline right after crystallization
started; and the crystal density was intense due to the faster crystal growth rate. In absense of
water vapor, the crystals formed in humid atmosphere started to dissolves and the sample
became liquid again. According to authors, the crystalline phase is stabilized by the presence
of water, which promotes not only an increase in the nucleation and crystal growth rate, but
also extends the thermal stability of the crystalline phase. After a determined time of the
experiment, the water vapor was turned on again; however, the crystallization no longer
occurred. Orrling and Cramb [51] suggest that the interaction of slag with water changes its
chemical composition. This change in chemical composition is caused by the loss of fluorine
and sodium due to vaporization of NaF promoted by the presence of H>O in the atmosphere.
Assuming the increase of the crystal density as an indicative of an increase in the nucleation
rate, the authors suggested, based on the classical nucleation theory, that the presence of water
must reduce the energy barrier for nucleation as a consequence either the reduction of
interfacial energy between solid crystal and the liquid, or the reduction of the volume free
energy change for precipitation (see Chapter 2, section 2.2,) [51,59].

In a previous study, Wagstaft and Richards [56] reported a decrease of the activation energy
for crystallization of SiO, glass in presence of H,O vapor. The heat of activation for growth of
cristobalite from hydrous vitreous silica decreases markedly with increasing H,O vapor
concentration in atmosphere, from 134 kcal/mol to 77 kcal/mol. Li et al. [61] reported
activation energy values of 408 kJ/mol and 529 kJ/mol for surface crystallization of
cristobalite from fused silica powders heat-treated in air and nitrogen atmospheres,
respectively. The authors attributed the lower activation energy to a decrease of oxygen
vacancies due to reaction of the vacancies with O, and H,O presents in the air. This decrease
in the oxygen vacancies was considered beneficial to the nucleation of cristobalite on the
surface of the Si0, powder.

The effect of water vapor on the crystallization behavior of CaO-Al,0; and CaO-Al,03;-MgO
slag systems was investigated by Prapakorn and Cramb [62,63] by means of DHTT. Results
obtained from continuous cooling and isothermal experiments showed distinct effect of water
vapor on the crystallization behavior for each system investigated. For the eutectic CaO-Al,O3
system, the position of TTT curves changes significantly toward higher temperatures and
shorter incubation times, denoting the enhancement effect of water on the solidification
behavior of the calcium aluminate system. For the CaO-Al,03-MgO slag system, the
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influence of humid atmosphere was subtle. According to the authors, the addition of MgO
attenuates the effect of water vapor on the crystallization. For the MgO-bearing system, the
crystallization at high temperatures was hindered in presence of water vapor. A similar
behavior was found for continuous cooling experiments, where water tend to hinders the
crystallization of CaO-Al,03-MgO system for cooling rates equal or lower than 7 °C.s". For
higher cooling rates, the water vapor has no effect on the crystallization behavior as well as on
the critical cooling rate.

In order to observe the influence of water vapor on the crystallization behavior of F-bearing
and F-free mold powders, continuous cooling measurements were carried out by Beak et al.
[64] using the SHTT. For the F-bearing mold powder, the change of the primary crystalline
phase from cuspidine to Ca,;SiO4 by increasing water vapor pressure was reported. The
CaSi04 has higher crystallization temperatures than that founded for cuspidine. The
crystallization of F-bearing mold powder has been considerably accelerated by evaporation of
fluorine as SiF4. Such fluorine evaporation should be enhanced in presence of water vapor by
the formation of hydrogen fluoride (HF). The authors conclude that the presence of water
vapor enhances the melt crystallization of mold fluxes containing fluoride by acceleration of
fluorine evaporation. The influence of water vapor on the crystallization behavior of F-free
mold powders was reported as no significant.

More recent study has been pointed to an inhibitor effect of water vapor on the crystal growth
for coal slags [52]. A decrease of the average particle size of solid phases with increasing
water vapor proportion of the atmosphere was observed, suggesting that water impedes the
growth of crystals. For high silicon-aluminum coal slags, the degree of polymerization is
enhanced with increasing water vapor proportion, since the formation of Si-O-Si bridges and
the transformation of [AlOg]” to [AlO4]” is favored by increasing water content [53]. In
addition, the presence of water also promotes the crystallization and growth of crystals,
differently from what was observed in the previous study.
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Chapter 3 — Experimental

3.1 Materials and Samples Preparation

In order to investigate the effect of water vapor on the crystallization behavior of mold
powders, a set of binary, ternaries and quartenaries oxide systems were prepared based on
commercial mold powders used in continuous casting practice. The mold powders were
prepared by mixing of the pure raw materials SiO;, AL,O3, TiO,, MgO, and CaCOj as source
of CaO. The components were chosen based on main constituents of usual industrial mold
powders, where Si0,, CaO, AL,O; are the most abundant components. MgO is usually added
either intentionally or as impurity from raw materials [1]. TiO, oxide has been added as a
candidate to replace fluorine in the mold powder composition due to its effect on the viscosity
and crystallization [2-4]. The nominal compositions of the slags are shown in Table 3.1.

Table 3.1 Nominal chemical compositions of the slag systems.
SLAG WEIGHT (wt- %)

SYSTEM Si0, TiO, Basicity (CaO/Si0,)
CA 50 - 50 - - 1
CSA_T 35 35 25 5 - 1
CSA_M 33 33 19 - 15 1
CSA_TM1 40 40 14 1 5 1
CSA_TM2 38 38 16.25 0.75 7 1
CSA_TM3 35 35 19.5 0.5 10 1

“The ratio CaO/Al,O; was used as a parameter.

After mixing, the raw materials were pre-melted in an induction furnace and subsequently
decarburized in a muffle furnace at 600°C during 6 hours. The final chemical composition of
the slags was determined by means of X-ray fluorescence (XRF) analyses. Residual carbon
content was analyzed by combustion infrared detection technique (LECO CS 244). The
chemical compositions of the slag systems investigated in the crystallization measurements
are shown in Table 3.2.

Table 3.2 Weight contents of oxides components of the slag systems after pre-melting and decarburization.
SLAG WEIGHT (wt- %)

SYSTEM  CaO  SiO, MgO K,O P,Os Basicity (Ca0/SiO,)
CA 4899  0.01 49.83 - 019 - - 0.09 0.98
CSA T 3556 3521 2533 495 0.0 001 0.01 0.02 1.01
CSA M 3375 3389 1969 0.02 134 - - 0.02 1.00
CSA_TM1 39.07 4024 1423 099 460 - - 0.03 0.97
CSA_ TM2 39.00 3844 1644 077 635 002 - 0.04 1.01
CSA_ TM3 3601 3529 1994 053 9.3 002 - 0.03 1.02

" The ratio CaO/Al,O; was used as a parameter.
** Average value.

3.2 Hot Thermocouple Technique (HTT) — Single (SHTT) and Double (DHTT)

3.2.1 Description of the Technique

The essence of Hot Thermocouple Technique (HTT) was first developed by Ordway [5] for
the study of single crystal growth, followed by Welch [6] in 1950’s. Since then, many
adaptations and improvements in the electronic arrangement have been implemented to the
technique by other researchers for different applications. At present, the HTT have been
applied in the investigation of the crystallization behavior of slags, since it provides

56



3 Experimental

advantages that fulfill the restrictions inherent to others techniques as the differential thermal
analysis (DTA). The hot thermocouple technique allows to observe in situ the crystallization
behavior of slag samples under determined temperature conditions [7]. This technique can be
applied using a single thermocouple (SHTT) or two thermocouples (Double Hot
Thermocouple Technique). In SHTT, the sample is placed on thermocouple tip and can be
either submitted to heating/cooling rates with variable rates or be held at constant
temperature. With the DHTT, temperature gradients can be applied keeping the
thermocouples at different temperatures, simulating the conditions between steel shell and
copper mold wall in continuous casting process. In this kind of configuration, the sample is
placed between the two thermocouples. The Figure 3.1 shows a schematic of both single and
double techniques.

SINGLE HOT THERMOCOQUPLE TECHNIQUE - SHTT

/ SAMPLE
-

B TYPE THERMOCOUPLE

DOUELE HOT THERMOCQUPLE TECHNIQUE -DHTT

_\ SAMPLE
) GEE
\ T>T2

B TYPE THERMOCOUPLE

Ta

Figure 3.1 Illustration of the single and double hot thermocouple techniques.

Both single and double arrangements had low thermal inertia due the low mass of the system
sample and thermocouple, easily allowing the application of high heating and cooling rates
[8]. The HTT was basically developed from the principle of the hot stage microscope. Figure
3.2 illustrates the scheme of the fast sequence of heating and measuring temperature of the
HTT setup. Due to its high frequency, all this process gives the impression of simultaneous
temperature measurement and control. The heating process is carried out conductively by
means of an alternating electrical current with a wave being supplied by a diode. In this way,
heating take place in the released half-wave and temperature measurement in the period of the
suppressed half-wave. The “simultaneous” setting and measurement of temperature occurs at
the welding point of the thermocouple (see Figure 3.9).

Heating|period Mejasuring period Heating|period Measuring pefiod

Figure 3.2 Schematic draw of principle of measurement of the HTT setup. Figure adapted from [9].

The cycle initially consists of a heating period followed by a measuring period. The high
frequency of these processes gives the impression of simultaneous temperature measurement
and control. More details concerning the development of HTT can be found in [10].
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3.2.2 The HTT Setup
Figures 3.3 and 3.4 show a schematic view and a picture of the HTT setup at the Institut fiir

Eisen- und Stahltechnologie (IEST) of the Technische Universitit Bergakademie Freiberg
(TUBAF), respectively. It includes a vacuum chamber with two water cooled inserts located
diametrically opposed to each other (Figure 3.5). The thermocouples are fixed at the end of
inserts in a manner that your tips are situated inside an additional heating element. This

element (Kanthal coil) aims to reduce the thermal losses from the sample to surrounding,
reaching temperatures up to 1000°C. The heating and cooling process of each thermocouple is
controlled independently. The HTT setup has an integrated observation system that includes a
CCD camera connected to a computer, which allows to watch and register digital video
images directly from the thermocouples in real time.

1. HTT VACUUM CHAMBER

2.CCD CAMERA

3. THERMOCOUPLES

4. COMPUTER CONTROL
5. ADDITIONAL HEATING
6. INSERTS

7. SEALED WINDOW

8. LAMP

9. ELETRONIC CIRCUIT
10. SAMPLE

11. WATER COOLING

Figure 3.3 Schematic representation of the HTT set up at the Institute of Iron and Steel Technology of the
Technische Universitdiit Bergakademie Freiberg — Germany

Figure 3.4 The HTT setup used in the present experiments.

The sample is melted directly at the thermocouple tip (or between the tips in DHTT
measurements) and it can be subjected to defined cooling and heating conditions, enabling to
apply heating and cooling rates up to 3000 °C.min"".
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COPPER

WATER COOLING

= [) (T

‘ B TYPE THERMOCOUPLE ‘

Figure 3.5 Schematic representation of HTT water cooled insert.

3.2.3 Experimental Procedures

The experiments were divided in two stages: (i) experiments with argon atmosphere (inert
atmosphere), and (ii) experiments with humid atmosphere (reactive atmosphere). The first
was conducted initially submitting the sample to vacuum (10 mbar) during 10 minutes;
subsequently argon was admitted inside the chamber. The argon flux rate imposed in all
measurements with inert atmosphere was 300 Lh™' (5000 ml.min™"), and kept until the end of
experiment. Experiments carried out with humid atmosphere followed the same vacuum time
period (10 min), followed by insertion of a water vapor + argon gas mixture during 20
minutes before turn on the thermocouple. The flow rate used during experiments with water
vapor atmosphere was lower than that used in the experiments carried out in argon
atmosphere — approximately 19.8 Lh™ (330 ml.min™).

The crystallization behavior of the slags proposed were investigated based on visual
observations of the beginning of crystallization, constructions and interpretation of their
respective time-transformation-temperature (TTT) diagrams and continuous-cooling-
transformation (CCT) diagrams, both obtained from measurement result with SHTT. Figure
3.6 shows the thermo cycle applied in both experiments, inert and humid atmosphere.

(a) (b)
A A
5 min at 1650°C Quenching (3000°C/min) 5 min at 1650°C Quenching
) )
Ei 2
© ©
8 Temperature of experiment 8. Different cooling rates
£ (up to 20 min) g
[ -
Time Time

Figure 3.6 Thermal cycle applied to the mold powders samples in all SHTT experiments for (a) isothermal
measurements and (b) continuous cooling measurements.

The continuous cooling experiments were conducted only in inert atmosphere, whereas the
investigation of the effect of water vapor on the crystallization behavior was carried out only
for isothermal measurements. In the both cases, samples between 5 and 10 mg are placed on
the tip of the thermocouple (see Figure 3.1). The slag sample is subjected to a moderate
heating rate (1.67°C.s™") until reaching 1650°C and retained at this temperature during 5
minutes to homogenization.
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In the isothermal measurements, the sample was cooled at a high cooling rate about 50°C.s™
up to a predetermined temperature and hold it at this temperature until the experimental time
(time for crystallization observation) ends, which was stipulated as being 20 minutes. For the
continuous cooling measurements, after the 5 minutes at 1650°C, different cooling rates were
applied until 900°C (below this temperature, the visualization of any crystallization event
becomes impaired).

The TTT diagrams were constructed taking the time at which the first trace of crystallization
was able to be observed (incubation time) at each isothermal temperature. The same
procedure was adopted for the CCT diagrams for each applied cooling rate. The
measurements were reproduced circa 10 runs for each isothermal temperature or cooling rate.
The total number of measurements per mold powder composition varies with the
crystallization temperature range (for isothermal experiments) or with the cooling rate range.
All data obtained from in situ observation were statistically analyzed assuming the mean
values and standard deviation as normal distribution. Figure 3.7 shows a TTT curve of the
CSA TM2 mold powders with its respective mean and standard deviation.

940
960 - Lo
(o]
980 A HA
5 o
I&J 1000 A 10—
2 o
E 1020 ——0—
& o
1040 0
O
1060 - (o]
HH
1080 10—
HoH
100 o Figure 3.7 TTT curve of the CSA_ TM2 mold powder from SHTT measurement
—o=  in argon atmosphere. The statistical parameters of normal distribution (mean and
1120

100 standard deviation) are also exhibited.

TIME [s]

3.2.4 Thermocouples Manufacturing

The experimental measurements were conducted using thermocouples type B (Pt30Rh and
Pt6Rh for positive and negative components, respectively). The type B thermocouples are
indicated for use in clean air, inert and oxidation atmospheres at a temperature range of O -
1820°C. These thermocouples are very stable, very reproducible, and are more reliable than
the most other thermocouples, when properly used in uncontaminated oxidizing atmospheres.
They are very highly resistant to oxidation and its maximum optimum temperature for
prolonged operations is approximately 1700°C [11]. For the present study, thermocouples
were constructed by means of cutting 0.5 mm diameter wires and 32 and 35 mm length for the
positive and negative legs, respectively. After cutting, the wires tips, which will form the
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contact junction, were polished to asseverate a good wire connection during welding process.
Figure 3.8 shows images of the thermocouple wires alignment and welding process.

Figure 3.8 Thermocouple welding device. The images sequence: thermocouple wires alignment; star of welding
process and; end of welding process.

The wires are fixed to copper supports tubes using a propane-butane torch at temperatures
about 1925°C. The copper supports are connected to electrodes which enable to apply a
voltage along the wires. The electrical current finds some resistance at the junction point due
to the reduction of the contact area, leading to an increase of the temperature up to the wire
melts, creating a junction welding point. Figure 3.9 and Figure 3.10 show a magnified image
of the thermocouple tips during the alignment and welding process, and the final shape of the
thermocouple, respectively.

(@) (b) ©

Figure 3.9 Thermocouples welding process: (a) wires alignment; (b) welding starting and; (c) welding ending.

Figure 3.10 Final shape of the thermocouple and its weldin point position.

3.3 Water Vapor Generation

The water vapor used during the SHTT analysis with humid atmosphere was generated by an
apparatus according to Figure 3.11. The water vapor set consist in two cylinders: a
presaturator and a condenser, both filled with water. Argon is injected in the presaturator
through a copper coil tube immersed in the water column at a predetermined temperature
(high temperature water). The argon gas is released at the water column bottom in a “trap”
cylinder. It consists in an open bottom copper cylinder inserted in the center of the copper coil
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as a core, with the opened part positioned exactly above the coil argon exit point. The copper
coil tube works as a heat exchanger, allowing heating the argon flux at or next to the water
temperature. As the argon flow ascends through the hot water, it is enriched with humidity.
When the moisture-enriched argon emerges on the water surface inside the trap, it found an
enclosed water vapor saturated atmosphere. Subsequently, humid argon follows to the
condenser, where the excess of humidity present in the argon stream is retained. The water
partial pressure is regulated by adjusting the temperature of water of the presaturator and
condenser by means of two thermostats. Due to inertia of the system, the presaturator
temperature was kept about 10°C above the desired saturation temperature. The water vapor
partial pressure was controlled based on the thermodynamic data by adjusting the temperature
of the condenser cylinder. To reach the desired water vapor partial pressure, the temperature
difference between presaturator and condenser water was kept at maximum 25°C. In order to
obtain the adequate water vapor partial pressure in equilibrium with the temperature of the
condensation spiral tube, a low argon flow rate of 330 mlmin' was admitted in the
presaturator. The water vapor partial pressure control adopted in the present study was similar
to that used by Orrling et al. [12] and Prapakorn et al. [13]. The partial water pressures
applied on the crystallization measurements using the SHTT are listed in Table 3.3.

Table 3.3 Water vapor partial pressures of the argon + water vapor gas mixture applied in the experiments
carried out in humid atmosphere.

Water vapor partial pressure Saturation temperature
Water vapor 1 3.384 kPa 0.0334 atm 26°C
Water vapor 2 12.349 kPa 0.1219 atm 50°C
4} Ki }: K;j: - [4] [1-ARGON GAS INLET
4] 2- HUMID ARGON TRAP
3- PRESATURATOR
4- THERMOSTAT
2] 19] 5- CONDENSER
1] 6- HOT WATER
B 7- GAS MIXTURE OUTLET
@ 8- TEMPERATURE SENSOR
9- EXTERNAL HEATING DEVICE
= == 10- CONDENSER WATER CONTAINER
: — 11- CONDENSATION SPIRAL TUBE
12- ARGON GAS FLOWING THROUGH HOT WATER
= 13-COPPER COIL TUBE
2 = —0@
=
[13} —
kN = e
——| =
@ ’_I_r_‘—'

Figure 3.11 Water vapor generation system used during the SHTT experiments with humid atmosphere.

The high temperature around the thermocouples promotes an intense convective mass motion
inside the HTT chamber. Figure 3.12 shows a schematic illustration of the convective mass
motion inside the HTT chamber. When the thermocouples are in operation, the water partial
pressure in the region around the sample gradually falls due to the high temperature provided
by the additional heating, the lamp (see Fig. 3.13) and mainly by the thermocouples.
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|
! |
: L}U UJ !
: ! Figure 3.12 Gas-mass convection motion inside HTT chamber due

high-temperature promoted by thermocouples.

Although the occurrence of natural convection is not favorable to reach an equilibrium
temperature due to the generated instability, the ascendant mass convection was used as a
“transport medium” to carry the humid argon closer to the sample. Aiming at controlling the
air convection, a ceramic tube was positioned above the thermocouples to create a continuous
humid stream flux passing through the sample, as showing in Figure 3.13. The ceramic tube
works as a conductor of the ascendant gaseous mass. In order to ensure the desired water
vapor partial pressure in the thermocouples region, a circular copper tube was positioned 5 cm
below the thermocouple to inject the water vapor directly on the slag sample. At this position,
the water vapor is carried by the ascendant convective mass, providing a water vapor flow
with a controlled partial pressure around the slag samples.

— IMPORTANT: WATER
VAPOR PARTIAL
PRESSURE AROUND THE

THERMOCOUPLES
REGION

CERAMIC
TUBE

MOVING
CONVECTIVE
AIR MASS

ADDITIONAL
HEATING

HUMIDITY HUMIDITY
SENSOR SENSOR

HUMID ARGON

HUMID ARGON

Figure 3.13 Schematic of the internal water vapor distribution setup in the HTT vacuum chamber.
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3.3.1 Water Vapor Monitoring

The humidity content in the argon stream injected into the HTT chamber was continuously
monitored using a hygro-thermometer positioned exactly before one of the five holes of the
copper tube, distant 5 cm below and 5 cm right of the slag sample (see Fig. 3.13). The sensor
was connected to software that allows recording several parameters such as relative and
absolute humidity, saturation partial pressure, water partial pressure among others (Figure
3.14). The software provides information of the evolution of humidity every 2 seconds,
allowing measuring the real water vapor partial pressure during the observation of the start of
crystallization.

6 Recorder: Hygro-Thermometer HYTE-LOG 4800 Bd connected to COM3

sensor readings calculated values
¥ temperature 22.880 s¢ [ dewffrostpoint 60,3998 c
B relative humidity o % I~ wet bulb temperature 14,515 G
F peessure G TErT Pa W absolute humidity 8,1067 afm®
I enthalpy 40,479 kJikg
I mixing ration [V) 11,048E-03
™ mixing ratio (W) 6,8736E-03
™ vap. pressure @ Ta 11029 Pa
 sat. vap. pressure @ Ta [27922 Pa
I sat. vap. pressure @ Tw 1653,7 Pa
I specific humidity 6.8267E-03
I dry air density 11794 gfm*
I~ moist air density 1187,5 afm®
I % by volume h,[l!lZIl %
languagefSprache english  ~ I % by weight BB2E7EDT %
recording
¥ measure no. [ 1765 Mol | DHTT CaF2 test 2
¥ date [Tompnz ¥ text2 | Textz
M time [ 09:36:42 Feda3 | Textd
starl
settings info about... ‘ help exit

Figure 3.14 Display of the humidity sensor software interface with the respective parameters measured.

3.3.2 Water Vapor Partial Pressure — Preliminary Tests

In order to adjust the water vapor partial pressure, some preliminary crystallization
measurements with water vapor atmosphere were carried out with CaF, using both
thermocouples (DHTT). In these tests, a cooling rate of 5 °C.s” was applied for different
water vapor partial pressures. The water vapor partial pressures were arbitrary chosen.
Initially, the crystallization measurement was carried out with the water of the presaturator
and condenser at room temperature. The water vapor partial pressure obtained was 0.00086
atm (0.086 % H,0), which correspond to 100 % humidity at a saturation temperature of 4.08
°C. The temperature of presaturator was gradually increased and the argon flux was
constantly adjusted up to attain a specified water partial pressure. In this way, was possible to
verify the optimum temperature range between the presaturator and condenser. The others
water vapor partial pressures applied in the preliminary tests were 0.01021atm (1.021 % H,O)
and 0.01464 atm (1.464 % H,O) corresponding to 100 % humidity at, 7.34 °C and 12.82 °C,
respectively. The same procedure was adopted in the crystallization measurements carried out
in humid atmosphere in the present study. Figure 3.15 shows the temperature and the time of
crystallization as a function of the water vapor partial pressure. There is an evident increase of
the temperature of crystallization and a decrease of the crystallization time with increasing
water pressure. As shown in Figure 3.16, the sample becomes opaque in a short time range
(in a few seconds); the sample opacity decrease with increasing water vapor partial pressure.
This opacity can be caused by formation of calcium oxide according Equation 3.1 [14].
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(CaF,) + Hy0(y = (Ca0) + 2HF, (3.1)
40 — - 1520
35 | ¢ Crystallization Time . 1500
m Crystallization Temperature |
30 - 1480 =
»s | - 1460 3
= - 1440 2
o 20 - o
£ - 1420 €
= | o
= 15 - 1400 ‘:;
10 1 - 1380
5 4 - 1360
-
0 r T r 1340
0 0.01 0.02

Water Vapor Partial Pressure (atm)

Figure 3.15 Crystallization temperature and crystallization time of CaF, sample as a function of the water vapor
partial pressure.

Figure 3.16 Images from preliminary crystallization tests of CaF, sample using the DHTT in humid vapor
atmosphere. The images show the CaF, sample: (a) completely melted; (b) beginning of opacity; (c) sample full
opaque; (d) start of crystallization; (e) sample partially crystallized and (f) sample fully crystallized.

Some results about the effect of atmospheric conditions on the crystallization behavior of
CaF, samples were reported by Gusarova [9] and Klug [15] using the SHTT. The experiments
were carry out exposing the sample to atmospheric air, however, no information about the
water vapor partial pressure during the experiments were mentioned. There was the formation
of several lumps on the thermocouple surface in presence of air. In addition, the mass of
lumps increase with the time; after formed, it no was possible to melt them, even at high
temperatures for a long time. Such lump is also attributed to the formation of CaO as
described in Equation 3.1. Calcium oxide has an higher melting point (2572°C [16]) than
calcium fluoride (between 1418°C and 1423°C [16,17]), which in turn is insoluble in water.
According to the CaF,-CaO phase diagram (Figure 3.17) the melting temperature increase
sharply for CaO contents above 17 % mass.
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Figure 3.17 CaF,-CaO phase diagram. Figure reproduced from [17].

Additional crystallization experiments with CaF, in humid atmosphere were carried out
applying a thermal gradient and different water vapor partial pressures and in atmospheric air.
In these pre-tests, a thermal gradient of 200°C was applied (left thermocouple: hot side; right
thermocouple: cold side). The sample was placed at the tip of the both thermocouples —
distant 0.5 mm to each other — and melted at 1520°C (approximately 100°C above the melting
point); after the sample is completely melted, the temperature of the right thermocouple is
cooled until 1320°C at a cooling rate of 1.67°C.s”". Figure 3.18 shows images of the CaF,
samples taken in situ at a temperature gradient and different water vapor partial pressures.

ARGON ATMOSPHERE

AIR ATMOSPHERE

HUMID ATMOSPHERE 1

HUMID ATMOSHERE 2

|

.
Figure 3.18 Crystallization progress comparison of the CaF, under a thermal gradient of 200°C and in different
humidity atmosphere contents: (1) both thermocouples at 1520°C; (2) and (3) decrease of temperature of right
thermocouple at 1.67°C.s™"; (4) gradient temperature of 200°C already established.
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Each number (1, 2, 3 and 4) in the image represents images taken at the same time for
samples in atmospheres with different water vapor contents. The water vapor partial pressure
used in the pre-tests with CaF, were the same used in the SHTT in humid atmosphere: argon
atmosphere (0.0 % H,0), air atmosphere (0.87 % H,O - corresponding to a relative humidity
of 34 % at 22°C); and humid atmosphere 1 and 2 corresponding to the 3.34 % H,O and 12.19
% H,0, respectively (see Table 3.3). The crystallization was improved in presence of
humidity, increasing slightly with increasing water vapor partial pressure. The opacity of the
sample was more intense for the sample exposed to air and decrease with increasing the water
pressure. In contrast to the other atmospheric conditions, no bubbles were formed in the
samples bulk.

3.4 Calibration

The calibration experiments were performed using CaF, (with 0.2% free Ca and 0.1% SiO;)
and Na,SO4 (NaHSOy as reagent grade) as standard samples. The melting temperature of the
samples was taken by observation of the formation of the first liquid of the sample during the
heating process at a rate of 0.5°C.s”". The melting point measurements were performed in
argon atmosphere, preceded by vacuum during 30 minutes. An argon flow rate of 300 Lh™
was applied along the measurements. According to the Slag Atlas [17] (phase diagram of Ca-
CaF,) the melting point of CaF, is 1423°C. Other literature sources report melting points of
1418 °C, 1403°C or even 1382°C to calcium fluoride [16,18,19]. In this case, a temperature
range of 1418°C - 1423°C was assumed as a melting point region of CaF, for calibration
purposes. The calibration measurements were carried out in both thermocouples (left and
right); for the left side thermocouple (used in all SHTT experiments) 21 and 10 measurements
were performed with CaF, and Na,SO., respectively. For right side thermocouple, were
carried out 8 measurements with CaF, and 10 measurements with Na,SO4. The melting point
results with CaF, and Na,SO4 are shown in Figure 3.19 and Figure 3.20, respectively.
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Figure 3.19 Melting point results of calibration measurements carried out with CaF,.

The average values and its respective standard deviation are shown in the Table 3.4.
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Figure 3.20 Melting point results of calibration measurements carried out with Na,SO,.

Table 3.4 Average melting point of CaF, and Na,SO, calibration measurements.

Left thermocouple Right thermocouple . . .
Sarnpleﬂs measured stanIZiard rneasubred stallldard ILibrenerriis Teltmg point
species m.p. (°C) deviation m.p. (°C) deviation 0
CaF, 1416.62 11.09 1419 8.97 1418-1423 [16,17]
Na,SOy, 887.1 4.93 885.4 5.48 884 [16]

Figure 3.21 shows a deviation of the heat curve the calibration measurements with CaF; at a
heating rate of 0.5°C/s for the left thermocouple. The curve was plotted taking the average
time-temperature data; deviations at 1410°C and 1418°C can be clearly observed. Kashiwaya
et al. [7] reported a deviation in the heating curve as occurred at 1423 °C for a average
heating rate of 7.4 °C.s”'. Taking the melting temperature range of CaF, founded in the
literature as a standard, corroborated by the results reported by Kashiwaya et al., the
calibration results were considered in good agreement with the melting point range, 1480°C —
1423°C.
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Figure 3.21 CaF, melting profile for a heating rate of 0.5 °C.s™.

A continuous cooling measurement using the CaO-Al,O3 binary system as standard was
carried out and adopted as a complementary calibration measurement. The results were
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compared with some data found in literature and shown in the Appendix A of the present
study.

3.5 Viscosity Measurements

The viscosity of slag systems were measured using an Anton Paar MC 301 rheometer at the
Technische Universitit Bergakademie Freiberg, Germany. The samples were prepared by
remelting the samples processed to SHTT experiments in a molybdenum crucible. This
procedure was carry out with intent to remove some dissolved gases that could form bubbles
during viscosity measurements, which can alters the final results. Figure 3.2 shows a picture,
an illustration of the viscometer as well as the geometrical parameters of the rotating bob and
the crucible. Before start the heating processes and melting of the sample, the position of
crucible and the centricity of the rotating bob are controlled and adjusted using a video
recording and image processing [20].

1d321
3 :

[s01

- .

21
[#01

Sl \

() (d)

Figure 3.22 Experimental facility for viscosity measurements: (a) and (b) image and schematic draw of the
viscometer, respectively; geometrical parameters of (c) the rotating bob and (d) the crucible. Letters (c) and (d)
reproduced from [21].

The mold powders were melted in an induction furnace at 1600°C in Ar atmosphere.
Subsequently, the molybdenum bob is slowly immersed in the crucible while the torque is
measured. A cooling rate of 0.17°C.s™ was applied with a molybdenum bob with a rotating
speed of 15 rpm. The torque generated by the rotation of the bob is measured and converted to
viscosity values by a computer system. The viscosity measurements were performed during
the cooling cycle and interrupted when a torque of 200 uNm was exceeded.
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4 — Results and Discussion

In the present chapter, the crystallization behavior results obtained from experiments carried
out with the Single Hot Thermocouple Technique (SHTT) of the five mold powders proposed
are presented. The continuous-cooling-transformation (CCT) diagrams in inert atmosphere
(argon) and the temperature-time-transformation (TTT) diagrams in inert and humid
atmospheres (argon-water vapor gas mixture) are shown and discussed in the Sections 4.1.
The water vapor partial pressures applied in each experiment are related in the Chapter 3 (see
Table 3.3). Aiming to avoid the influence of the basicity on crystallization behavior of the
slags, the binary basicity or V ratio (%Ca0/%S10,) was tailored to be 1 (unity) for all mold
powder compositions. Although a basicity equal to unity have been considered as moderately
basic [1]; the slags may be more basic or acid, since the binary basicity does not contemplate
the presence of the other oxides as Al,Os;, TiO, and MgO, as previously mentioned in
Chapter 2, sub-section 2.1.1.2. This fact may be relevant on the crystallization results,
mainly regarding to the solubility of water in slag. Calculations of water solubility in the slags
were carried out using the thermodynamics software FactSage 6.4 and the results are
presented in the Section 4.2.

4.1 Crystallization Behavior Results

4.1.1 CCT Diagrams, Critical Cooling Rate, Viscosity and Crystalline Phases

The CCT diagrams of the CA system, and the CSA M, CSA TM2 and CSA TM3 mold
powders are presented below. These diagrams were constructed aimed to determine the
critical cooling rate (CCR) and the crystallization temperature of the slag systems proposed
during cooling process. The CCR is the maximum cooling rate where occurrence of
crystallization still is possible; above it no longer crystals precipitate. The SHTT experiments
were performed undergoing the slag sample to distinct cooling rates under argon atmosphere.
When observed, the start of crystallization for each cooling rate — time and temperature — was
recorded. The melting temperatures of the mold fluxes were taken during the heating stage.
They were considered when the first liquid fraction could be observed, since a multi-
component mixture has no fixed melting point [2]. This temperature was compared to the
liquidus temperature provided by FactSage software.

4.1.1.1 CSA_M Mold Powder

The CCT curves of CSA M mold powder (33.75 wt-% CaO — 33.89 wt-% SiO, — 19.69 wt-%
ALO; — 13.4 wt-% MgO) are shown in the Figure 4.1.1. The critical cooling rate for glass
formation was 1.67°C.s”, i.e. for higher cooling rates the sample will solidify only with
glassy structure.
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Figure 4.1.1 CCT diagram of the CSA_M mold powder in inert atmosphere.

An increase in the crystallization temperature at 1.67°C.s-1 (critical cooling rate for this slag)
was clearly observed. As previously mentioned, Orrling [3] reported an increasing in the
crystallization temperature for CaO-Al,O; system; however, it was observed from lower
cooling rates region until to a specific cooling rate (8.0°C.s™), which was characterized as a
maximum crystallization temperature. For cooling rates above 8.0°C.s™, the crystallization
temperature became lower with increasing cooling rate. As will be seen further, the CSA M
slag samples exhibit two distinct crystallization event (characterized by the presence of two
noses in the TTT diagrams). The increase of the crystallization temperature at a cooling rate
of 1.67°C.s™" may be related to a change of the precipitated crystalline phase. Other possible
factor is related to kinetic aspects inherent to the crystallization under non-steady conditions.

However, the reason of this increasing in the crystallization temperature at high cooling rate
remains unclear.

At determined cooling rates, a convective mass motion inside the sample could be observed,
through the crystal particles translation in the bulk of the sample. This convective motion can
be attributed to Marangoni convection or natural convection caused by the temperature
gradient between thermocouple and sample. In the Figure 4.1.2 it is possible to observe a
opposite movement of the little particles into the bulk melted sample during cooling.
Kashiwaya et al. [4] pointed to the existence of a Marangoni convection in the melt oxide.

Orrling et al. [5,6] reported the occurrence of a crystal growth instability in presence of a high
rate of internal recirculation; the presence of Marangoni or natural convection can generate a
shear flow, causing a fragmentation of the growing crystals, increasing the number of crystals
in the bulk molten slag. In SHTT experiments, such phenomena transports the crystalline
particles from the heating source (thermocouple side) to colder region of the sample
(thermocouple contact free) during heating process; or from the colder to the hotter region of
the sample, during cooling process [4,6]. For the present study, the fluid flow inside the
sample was verified during quenching (see Figure 2.12 (a)).
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L1311C . 1297:C
Figure 4.1.2 Particles motion into molten slag bulk due to convective mass motion at a cooling rate of 2.5°C.>".

Figure 4.1.2 shows an image takes in situ from a CSA_M sample at cooling rate of 2.5°C.s™".
At such a cooling rate, the formation of crystals was not observed; however, little particles
similar to fine crystals emerged during the sample cooling, moving in opposite directions,
following a convective motion inside the sample. These particles were not stable enough to
promote the crystal growth, redissolving during the cooling process. The convective mass
motion tends to be more intense at higher cooling rates due to the large thermal gradient
formed between the thermocouple surface and the center of the slag sample. The occurrence
of Marangoni convection in HTT experiments, although knew, was unexpected. Since it is not
an issue in the present study, the discussion presented here about the phenomenon and its
influence on the crystallization is only superficial. As reported by Orrling ef al. [5] there is a
striking effect of the fluid flow on the crystal stability; however, the influence of Marangoni
convection on inhibition of crystallization was not clear, and to attribute the particles
dissolution occurred at high cooling rates to the striking or any other effect caused by
convective motion would be only speculative. Therefore, more specific studies about the
influence of the Marangoni convection on the nucleation and crystal growth stability are
necessary.

Figure 4.1.3 shows the viscosity profile of the CSA M mold powder from measurements
carried out with the high temperature viscometer. The viscosity at 1300°C (standard
temperature for mold fluxes) is 16.5 P.
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Figure 4.1.3 Viscosity profile of CSA_ M mold flux obtained from high temperature viscometer measurements.

Table 4.1.1 compares viscosity values of the CaO-Si0,-Al,05 slag system (containing 5 wt-
% and 10 wt-% MgO) at different temperatures [7] with the viscosity values of CSA M (15
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wt-% MgO) at the correspondent temperatures. The numbers from 101 to 104 denote the slags
containing 5 wt-% MgO, while the number from 201 to 204 correspond to that containing 10
wt-% MgO. The referred slags have a basic character (V ratio > 1) and 30 — 55 wt-% less
silica content.

Table 4.1.1 Viscosity values of slags containing -5 and -10 wt-% MgO [7], and CSA M at different
temperatures.

SAMPLE VISCOSITY SAMPLE  VISCOSITY

TEMPERATURE o Y viscosTy | TEMPERATURE PLE Y Viscosity
K] Sl\j[V;a" [P]l\f[;g' % [P]CSA M K] 1(;4‘:8 o 11 Ib?g‘g' % [P]CSA M
1765 101 4.535 4.340 1727 201 5.641 5.328
1800 102 2.950 3.570 1751 202 3.742 3.632
1795 103 2.907 3.660 1776 203 2.755 4.058
1748 104 3.116 4.723 1720 204 4.648 5.561

Comparing the results, an interesting aspect is the distinct effect of MgO on the viscosity with
temperature. The variation of viscosity with the temperature becomes more sensitive to MgO
additions — the higher MgO content, the higher the viscosity change with temperature. In
general way, there is an increase in the viscosity with increasing MgO content. Taking
account the differences of basicity, and MgO and SiO, contents, the viscosity values
presented are consistent regarding to the effect of MgO content on the viscosity.

4.1.1.2 CSA_T Mold Powder

The CSA_T mold powder do not exhibited any visual trace of crystallization at any cooling
rate applied. The low crystallization tendency of the CSA T system was characteristic of the
mold powders with high TiO, content in the present study. Similar results were obtained by
Klug [8] for CaO-Si0,-TiO, slag systems, where no crystals were observed for all cooling
rates tested. Figure 4.1.4 shows the viscosity profile of the CSA T mold powder. For this
slag, the viscosity at 1300°C was 43.72 P and no break temperature was observed, which is in
accordance with its strong tendency of CSA_T to form glass.
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Figure 4.1.4 Viscosity profile of CSA T mold powder obtained from rotation viscometer measurements.

4.1.1.3 CSA_TM1 Mold Powder

Similar to the CSA_T system, no crystal precipitation was observed in the continuous cooling
measurements carried out with the CSA TMI1 mold powder. The viscosity profile of the
CSA_TMI1 mold powder is shown in the Figure 4.1.5.
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Figure 4.1.5 Viscosity profile of CSA_ TM1 mold powder obtained from rotation viscometer measurements.

The viscosity of the CSA_ TM1 mold powder at 1300°C was 21.73 P. Note that, for this slag,
a break temperature was observed at approximately 1121.42°C. Assuming the break
temperature as an indicator of crystal precipitation [9], the presence of a break temperature is
inconsistent with the glassy character exhibited by the referred slag. The existence of a break
temperature involving the occurrence of crystal precipitation can be attributed to shear strain
caused by rotating bob, which may promotes the crystal precipitation [10]. Comparing the
viscosity profiles of both mold powders containing TiO,, it is possible to verify a decreasing
in the viscosity from CSA T to CSA TMI1, which may be related to the additional effect of
MgO addition.

4.1.1.4 CSA_TM2 Mold Powder

Figure 4.1.6 shows the CCT curves of the CSA TM2 mold powder. The SHTT results reveal
the occurrence of crystallization in a narrow cooling rate range, accompanied by a relatively
low critical cooling rate (0.17°C.s™).
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Figure 4.1.6 CCT diagrams of the CSA_TM2 mold flux in inert atmosphere.

When compared to the previous crystallization results, the effect of the addition of MgO on
the crystallization behavior of TiO,-bearing mold powders is evident. The increment of MgO
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content from 4.60 wt-% to 6.35 wt-% enhances the crystallization of the mold slag systems
CSA, suggesting a minimum content about 7 wt-% MgO to promote crystallization.

Figure 4.1.7 shows the viscosity profile of CSA TM2 mold powder. Compared to the
viscosity of the other mold powders, the viscosity at 1300°C of the CSA_TM2 was very high
(385.3 P). As the temperature of 1300°C is lower than that determined as 73, (1307.68°C),
the viscosity measured value lies into the region where the viscosity increases very fast due to
precipitation of crystals.
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Figure 4.1.7 Viscosity profile of CSA_ TM2 mold powder obtained from rotation viscometer measurements.

4.1.1.5 CSA_TM3 Mold Powder

The CCT curves of the CSA_TM3 mold flux exhibited a considerable increase on the cooling
rate range (Figure 4.1.8). The critical cooling rate has an increment of 1.16°C.s” with
increasing MgO content (from 6.35 wt-% to 9.13 wt-%). For higher MgO content (13.40 wt-
%), the increment in the critical cooling rate was less preeminent, performing 0.34°C.5". The
viscosity measured at 1300°C for the CSA_TM3 mold flux was 97.59 P (Figure 4.1.9).
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Figure 4.1.8 CCT diagrams of the CSA_TM3 mold powder in inert atmosphere.
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Figure 4.1.9 Viscosity profile of CSA_ TM3 mold powder obtained from rotation viscometer measurements.

A decrease of crystallization temperature with increasing cooling rate was observed as a
tendency for most of samples. At a given temperature, a higher cooling rate implies in a more
viscous behavior of the melt, requiring a greater driving force (undercooling) for
crystallization. This suggests the existence of a relationship between viscosity and cooling
rate. Considering that crystal growth rate is dependent on atomic mobility, an increase of
viscosity will act as a barrier for atomic diffusion and structural rearrangement of molecules,
retarding the crystallization onset, i.e. the crystallization temperature tends to decrease with
increasing cooling rate. A limit for nucleation and growth of crystals, CCR, is expected to
occur, even though high cooling rates provide the necessary undercooling for crystallization.

Figure 4.1.10 shows the crystallization temperature as a function of the cooling rate. An
increase of critical cooling rate with increasing MgO content can be observed. The
crystallization temperature range is wider at both ends of magnesium oxide content interval.
Furthermore, for the mold fluxes tested, the presence of TiO, mitigates the effect of MgO on
the crystallization temperature.

Prapakorn and Cramb [11] show CCT curves carried out in DHTT for the slag system CaO-
Al,O3-MgO with different MgO contents. The mold fluxes were tailored to present a
CaO/Al;O; ratio around to the unit. They found an increase of the critical cooling rate
increasing the MgO content, from 15°C.s™ (7 wt-% MgO) up to 23°C.s™ (9 wt-% MgO). The
discrepancy between the CCRs reported by Prapakorn and Cramb and this work, 1.67°C.s™
(15 wt-% MgO) may be attributed to the strong glass forming tendency of SiO,. The effect of
lowering CCR is more evident for slags with addition of titanium dioxide, the higher the TiO,
content, the higher the tendency to form glass.
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Figure 4.1.10 Effect of the MgO content and cooling rate on the crystallization temperature.

Regarding to the effect of TiO, content on mold powders, the absence of crystallization in the
slags with 1 and 5 wt-% TiO,,— even with the addition of 5 wt-% MgO (CSA_TM1) — denotes
its strong glass former character. Such behavior is consistent with the tendency of TiO, to
work as a network former oxide in a range 1 — 7 wt-% TiO; [12]. Similar results were found
by Klug [8] for CaO-Si0,-(18.1 wt-%) TiO, (CST) slag system; although the addition of
Na,O to the CST system enables the crystallization with evident effect on the critical cooling
rate. From Figure 4.1.10, it can be seen a crystallization temperature drop with addition of
TiO,. On the other hand, Li et al. [13] — from CCT diagrams constructed using DTA
technique — reported an increase of crystallization temperature of CaO-Al,O3-based mold flux
with increasing titanium dioxide content, from 0 to 10 wt-%, and an enhancement of overall
crystallization. Such divergence between the results on the crystallization behavior may be
related to differences in the slag composition; presence of fluorides (CaF, and NaF) and other
oxides (LiO,, NayO, etc.) alter the crystallization characteristics of the slag. Comparison of
the viscosity results from the viscometer measurements exposes the complexity which
involves the variation of slag properties with their chemical composition (Figure 4.1.11).

60 -

—O—CSA_T CSA_M: 0.0 % TiO,
50 - —[—CSA_TM1 13.40 % MgO
—A—CSA TM2 CSA_T: 4.95 % TiO,
- 0.0 % MgO
40 ®—CSA_TM3 CSA_TMI: 0.99% TiO,
& —0—CSAM 4.60 % MgO
> 30 - CSA_TM2: 0.77% TiO,
@ 6.35 % MgO
o CSA_TM3: 0.53% TiO,
S 20 -
2 9.13 % MgO
10 % Ca0/% Si0; ~ 1 [wt-%)]
O T T T T T 1
1300 1350 1400 1450 1500 1550 1600

TEMPERATURE [°C]

Figure 4.1.11 Viscosity- temperature profile of the mold powders at a temperature range above the 7},.
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Ohno and Ross [14] found that TiO, in slags under reducing atmosphere acts as a network
former, increasing the degree of polymerization of the slag and, consequently, the viscosity
(TiO; behaves as a weak acidic oxide when in a basic slag system). Several researchers have
been pointed to the fact that additions TiO; tend to decrease the slag viscosity [13,15-19]. Xin
et al. [20] found two distinct behaviors of titanium dioxide: (i) reduction of viscosity with
increasing Ti0; for amounts below 6 wt-% and, (ii) increase of viscosity for amounts of TiO,
above 6 wt-%. The viscosity reduction with TiO, additions is in accordance with the results of
the present study for the TiO, content range investigated.

The effect of TiO, additions on lowering viscosity is more evident at lower temperatures,
while above 1450°C the effect is strongly attenuated. Similar results were reported by Sohn et
al. [16] for CaO-Si0O,-17 wt-% Al,03-10 wt-% MgO slag system with additions 5 and 10 wt-
% TiO, and distinct CaO/SiO; close to unity. It is obvious that, beside of different amounts of
components of (Ca0O-Si0,-Al,05-MgO-Ti0O,), the presence of other components as B,Os,
LiO,, Na,O and CaF,, as well as different V-ratios affect the properties of mold powders. The
viscosity results obtained from rotate viscometer measurements showed an increase of the
viscosity with increment of the TiO, amount at lower temperature, while to high temperatures
(above 1500°C) the effect of TiO, in the reduction of viscosity is strongly attenuated.

From the viewpoint of the MgO in the CSA_TM(1, 2 or 3) slags, an increase of viscosity
with increasing magnesium oxide content is observed. Following the compositional
MgO/TiO; trend, the slag containing 15 wt-% MgO (CSA_M) should exhibit the highest
viscosity; however, the opposite behavior was observed. Increasing MgO content from 5 wt-
% (CSA_TM1) to 10 wt-% (CSA_TM3) promoted the viscosity increment; the increase of
viscosity was much more expressive for the CSA TM3 mold powder than the others.
Contrasting results were found by Xin et al. [20]. Whitin 3.0 — 8.0 wt-% MgO range, a
decrease about 0.16 P for each 1.0 wt-% average increase in the amount of MgO was
reported. Nevertheless, a minor effect of MgO on viscosity was observed.

For the CSA_TM1, CSA TM2 and CSA TM3 slags (containing both TiO, and MgO) an
increase of viscosity with increasing MgO content was observed. These results are in
accordance with those reported by Song et al. [7] (see Table 4.1.1); whereas, a decrease of
viscosity was observed with increasing TiO, content, with viscosity values for CSA TM3
being markedly higher with additions of MgO from 5 wt-% (CSA TM1) to 10 wt-%
(CSA_TM3). Without the presence of TiO,, for the slag containing 15 wt-% MgO (CSA_ M),
the lowest viscosity values were found. Without the presence of MgO, containing 5 wt-%
TiO, (CSA_T), viscosity values were intermediate, equivalent to CSA_ TM2 mold flux. Feng
et al. [21] point to a decrease in the viscosity values with increasing MgO content for a CaO-
Si0,-Al,03-V,05 with different MgO and TiO, contents (CaO/SiO, = 1.07). The same
behavior was observed by the authors with respect to TiO, additions.

Break Temperature

With one exception (CSA_T, Figure 4.1.5), all slags exhibited break temperature. This is in
agreement with the results obtained by He et al. [22], in which no obvious 7, for CaO-SiO;-
TiO, mold fluxes systems with high titanium dioxide content was observed. Feng et al. [21]
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reported an initial decrease, followed by a subsequent increase of 7p, with increasing TiO;
content from 5 wt-% to 9 wt-%. The absence of 73, for CSA T mold powder is in accordance
with its strong tendency to form glass. The break temperature is an important property of
mold powders, since it indicates the temperature upon which the caster mold lubrication
potential of the liquid slag breaks down. It represents the crystallization onset [9,22]; for
instance, the viscosity of CSA M mold flux increases strongly from approximately
1269.90°C — which is the break temperature for this slag.

Based on the concept of 7, it is possible to establish a relation between break temperature
from viscosity measurements and temperature correspondent to onset of crystallization, from
SHTT continuous cooling experiments, for a cooling rate of 0.17°C.s™. A good agreement
between the break temperature from viscosity measurement and continuous cooling for CaO-
AL O3 system have been reported, suggesting a correspondence between rotation viscometer
and SHTT continuous cooling results [8]. Sridhar et al. [9] propose the following equation to
calculate the T3, from dynamic measurements of slag viscosity based on their chemical
composition:
Ty, = 1120 — 8.43%Al,05; — 3.30%Si0, + 8.65%Ca0 — 13.86%Mg0 —
18.40%Fe, 05 — 3.21%Mn0O — 9.22%Ti0, + 22.86%K,0 —
3.20%Na,0 — 6.46%F 4.1)

The mold powders investigated in the present study do not contemplate all components of the
Equation (4.1). Therefore, only the components which integrate the slag systems proposed
were considered. Table 4.1.2 presents the 73, results from Equation (4.1), the 73, obtained
from viscosity measurements, the viscosity at 1300°C and the start of the crystallization at a
cooling rate of 0.17°C.s™".

Table 4.1.2 Comparison of the 7}, calculated, 7}, measured and the temperature of onset of crystallization from a
cooling rate of 0.17°C.s™.

Onset of crystallization

Viscosity [P] at

Slag system Calculated T}, [9] [°C] Measured 7, [°C] 1300°C (from CCT coolling rate of
0.17 °C.s™) [°C]
CSA M 1146.28 1269.90 16.50 1149.75
CSA_TM1 1137.46 1121.42 21.73 no crystallization
CSA_TM2 1082.38 1307.68 385.30 1007.43
CSA_TM3 999.65 1281.45 97.59 1061.87
CSA_T 1050.40 no break temperature 43.72 no crystallization

From the Table 4.1.2 it is possible to note a considerable difference between the calculated
and the measured break temperatures. The measured 73, are higher than those obtained from
Equation (4.1). The exception was the CSA TM1 mold powder, for which the break
temperature deviation lies in the range proposed by Sridhar et al. [9] of = 20 K. On the other
hand, when comparing the calculated 73, with the onset of crystallization at a cooling rate of
0.17°C.s™, such discrepancy is attenuated. The difference between measured break
temperature and the start of crystallization is attributed to the different measurement
conditions of the applied techniques. In the SHTT the sample is stable, i.e. it was not
submitted to any kind of external force (shear strain). In the rotating viscometer there is a
shear strain on the molten slag caused by the rotation of the molybdenum bob. Such shear
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strain affects the crystallization behavior of the slag [10,23]. The higher break temperature
observed with the viscometer, in comparison with the onset of crystallization temperature,
may be attributed to shear strain. The shear strain present in the viscosity measurements
promotes the crystallization at higher temperatures. Such phenomenon is clearly visible in the
CSA_TMI1 mold flux, where a Tj, was measured, but no crystallization was detected under
the undisturbed conditions of SHTT experiment, as previously mentioned. The results in the
Table 4.1.2 show an increase of the 7}, with decreasing of MgO content up to a maximum (7
wt-% MgO), returning to decrease with subsequent reduction of the MgO content. The
increment of content of some oxides as MgO in mold fluxes will decrease the 73, [9]. On the
other hand, an increase of the break temperature of coal slag with addition of magnesia has
been observed [24].

From the CCT diagrams (item 4.1.1) it could be seen that the crystallization temperature
decreases with increasing cooling rate as a consequence of the accelerated raise of viscosity
[25]. Abrupt changes of the temperature require a larger time to rearrange the structure of the
slag. The heat loss rate of the slag is higher than the velocity of ordering of the melt structure;
thus, beyond the diffusivity barrier imposed by the increase of viscosity to the nucleation and
crystal growth, the required undercooling for crystallization will increase. Taking the T}, as
the start of crystallization, it is possible to verify that the break temperature decreases with
increasing cooling rate, until the point where its physical meaning not any more exist. At this
point, the critical cooling rate was exceeded and the material will exhibit only glassy
structure.

Crystalline Phases

X-Ray diffraction (XRD) analysis was applied to determine the crystal phases obtained in the
CCT diagrams. The slag preparation and the XRD diagrams are shown in the Appendix B.
The present sub-item will discuss only the results provided from thermal history (ii) described
in the Appendix B. The XRD analysis for the CSA M slag samples (Figure 4.1.12) indicated
the presence of the follow crystalline phases: akermanite (Ca;MgSi,O7), spinel (MgAl,O4)
and quartz (Si0,). Some peaks show concomitant precipitation of akermanite and spinel, and
akermanite and silica. XRD results from Park et al. [26] for solidified CaO-Si0,-20 wt-%
AlO3-10 wt-% MgO-5 wt-% CaF, (CaO/Si0, = 1) system pointed to the presence of melilite
— defined as a solid solution between gehlenite (Ca,SiAl,07) and akermanite (Ca,MgSi,07) —
spinel (MgAl,0,) and anorthite (CaAl,Si,0g). These results are consistent with those found in
the present study. Figure 4.1.12 shows the solidified microstructure of the CSA M mold flux
from SEM analysis and the respective XRD pattern. The samples for XRD and SEM analysis
were submitted to slow cooling from 1600°C to room temperature in nitrogen atmosphere.
The SEM of the solidified CSA M mold powder shows a microstructure composed of an
akermanite matrix (light gray) with spinel and some well dispersed small quartz crystals.
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Figure 4.1.12 EDS mapping and XRD pattern of the CSA M mold powder holding at 1600°C and continuously
cooled at a low cooling rate.

The backscattering electron images of CSA T and CSA_ TM slag system are available in the
Appendix B.

CSA T mold powder exhibited the formation of gehlenite (Ca,Al,Si07) with some rutile
(TiO,) clusters (Figure B.9). XRD analysis results indicate the presence of melilite
(Al,Ca;Mg) 50581, 5) [27] in all slag samples compositions of the CSA TM(1, 2 and 3)
systems; with additional SiO, phase in the CSA TMI mold powder (Figure B.10); and
(Al,CaMg 506Si; 5), plus silica in the CSA_TM3 (Figure B.12). For CSA _TM2 sample, only
melilite was detected (Figure B.11), although SEM image apparently exhibits the SiO, phase.
Following the increase of MgO content, there is a replacement of gehlenite (present in
melilite) by spinel.

The existence of a slight bulge between 26 = 20°-40° in the baseline of CSA T mold
powder XRD analysis result (Figure B.3) is related to the presence of amorphous (vitreous)
material [28]. This is consistent with crystallization behavior exhibited by the CSA T and
CSA TMI1 mold powders, where no crystal precipitation was observed; additionally, the
viscosity-temperature profile of the CSA T (contain highest TiO, content) do not exhibited
inflection point (or 73,). Such baseline bulge is also visible to a lesser extent in the XRD result
of CSA_TMI mold powder (Figure B.4), which suggests an increase in crystallinity of the
mold powder with the addition of MgO.

This fact is in accordance with the CCT and viscosity experimental results, where a strong
reduction of crystallization tendency with increasing TiO, content could be observed. Similar
results were found by Wang et al. [29] where an reduction on crystallization temperature and
crystallization tendency with the addition of TiO, to the P-bearing steelmaking slags; both
results are consistent with those found by Wang et al. [15], which reported a decreasing of
crystallization tendency for slags with increasing TiO, content. XRD analysis results of
samples with low TiO, (up to 3 wt-%) showed the presence of gehlenite (Ca,Al,Si07) and di-
calcium silicate (0-Ca;SiO4) as main crystalline phases. As mentioned, these slags exhibited
no obvious inflection points in viscosity curves. For the slag without break temperature (slags
with or above 5 wt-% TiO,), no crystal was found in the XRD patterns. No 7}, was exhibited
by these slags. As previously mentioned, 7}, is related to the point at which the first solid
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precipitated in the melt. Nevertheless, the XRD analysis of CSA T sample indicates the
presence of some crystal phases. This suggests that the precipitation of crystals was not
enough to promote any significant alteration in the viscosity.

In order to estimate which crystal phases are thermodynamically able to precipitate for the
slag system proposed, thermodynamic simulations were carried out by means of the FactSage
6.4 thermochemical software (Appendix C). The crystalline phases obtained from
thermodynamic simulations are summarized in the appearance order with the decreasing of
temperature in the Table 4.1.3. Some crystalline phases results provided by FactSage
apparently do not agree with some of the crystalline phases determined by XRD analysis.
According to the FactSage FToxid database documentation, there is a limitation of the
available data of systems containing Ti for the group of components Al,Os;, CaO, MgO, TiO,
among others. Furthermore, due to the lack of experimental data, the liquid phase model for
ternary and higher-order systems is only estimated. On the other hand, the Ostwald’s step
rule establishes that the parent phase which will crystallize first is not the more
thermodynamically stable phase, but a metastable phase that is closest in free energy to the
parent phase. The Ostwald’s rule is supported by several experimental results; however, it is
not a universal rule. In addition, this fact can be related to different crystallization pathways of
the materials which do not follow the thermodynamic precepts. Durinck et al. [30] bring out
to the substantial difference between the phase predicted by the thermodynamic equilibrium
model and the experimental results. The solidification process of the slag occur in a non-
equilibrium state, since kinetics factors as time, in which plays an important role in
determination of precipitated phases, is not contemplated by the thermodynamic. Finally,
from the XRD results, it is possible to observe an appearing of Mg-melilite phase with
increasing MgO content; in the present study, such phase is a conjunction of the gehlenite and
arkemanite species. Similar results are reported by Feng et al. [21], where melilite is the basic
phase founded in slags with different MgO and TiO, contents. Gehlenite specie is present
only in the CSA T mold flux. With additions of MgO to the mold powders as CSA TM1,
CSA TM2 and CSA_ TM3, the proportion of akermanite increase in relation to the gehlenite
one until only akermanite, as in the CSA M mold flux. Also, a strong reduction of
crystallization tendency with increasing TiO, content could be noted. Analyzing the XRD
patterns it is possible to verify this effect (see Appendix B, Figures B.3 and B.4).

One relevant aspect is the fact that the mold powder working in real processing condition is
exposed to severe thermal gradients and operational parameters, such as mold oscillation
frequency, mold water cooling flow, casting speed and atmospheric humidity, which may
alters significantly the crystallization behavior of the slags. Considering these conditions,
experiments that are able to reproduce, as close as possible, the crystallization behavior of the
mold fluxes at casting operation are more useful to industrial mold fluxes design. The
continuous casting operational conditions do not occur isothermally but in a continuously
cooling process [31]. Therefore, the CCT diagrams are more representative of the real thermal
environment which the molten slag is submitted during the solidification. Cramb [31] pointed
to necessity of developing CCT diagrams based on the actual continuous casting processing
where there is an intense thermal gradient between the steel shell (hot side) and the copper
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mold wall (cold side). The application of the DHTT with a difference of temperature between
both thermocouple following the cooling curves of hot and cold sides might provide more

representative results.

Table 4.1.3 Crystalline phases from XRD analysis and those obtained from thermodynamic simulations.

CRYSTAL PHASES
MOLD FLUX SAMPLES XRD FaciSage 6.4
CSA_ M Ca,MgSi,0; (akermanite) MgAlLO, (spinel)
MgAl,O, (spinel) Ca,MgSi,0; (akermanite)
Si0, (quartz) Mg,SiO, (fosterite)
Mg,Si,05 (clinoenstatite)
CSA T Ca,Al,S10; (gehlenite) Ca,Al,S10; (gehlenite)
TiO, (rutile) CaAl,Si,03 (anorthite)
CaTiOj; (perovskite)
CaSiO; (pseudo-wollastonite)
Ca3AIZSi3012 (garnet)
CSA_TM1 AlCa,Mg s0,Si; 5 (melilite) Ca,MgSi,0; (akermanite)
Si0, (quartz) CaAl,Si,O3 (anorthite)
CaTiOs (perovskite)
CaSiO; (pseudo-wollastonite)
CSA_TM2 AlCa,Mg s04Si; 5 (melilite) Ca,MgSi,0; (akermanite)
CaAl,Si,Og (anorthite)
CaTiOj; (perovskite)
CaSiO; (pseudo-wollastonite)
CSA_TM3 AlCa,Mg 50581 5 (melilite) Titania-spinel

AlCaMg0_506Si1 5
Si0, (quartz)

Ca,MgSi,0; (akermanite)
CaAl,Si,O3 (anorthite)

CaTiOs (perovskite)

As aforementioned (see Chapter 2 - section 2.5), the heat flow crossing the mold slag layers
deals with severe temperature gradient, and the rate in which the slag is cooled can alter the
crystallization behavior predict mainly by CCC and TTT diagram. For instance, a study
performed by Petajajarvi et al. [32] correlates the crystallization behavior result from SHTT
measurements of commercial mold slags, and the heat flux obtained from an industrial caster.
The results exhibited an opposite behavior between heat flux and crystallization. The mold
slag with higher crystallization tendency showed the highest heat flux, instead a higher
inhibition of the heat flux, as expected. According to the authors, the viscosity and the break
temperature are dominating factors over the basicity and crystallization tendency, when the
thermal properties are considered. However, external factors — as presence of the humidity in
the atmosphere and the dynamism of the industrial caster as well as the intense thermal
gradient — affect directly on the kinetics of crystallization of the mold slag. Isothermal
analysis or TTT diagram of the crystallization behavior of the mold powders is extremely
useful in the characterization of the slags, providing the onset of crystallization at several
temperatures. The effect of water vapor on crystallization at different temperatures can also be
evaluated. Furthermore, information about the crystallization temperature range (maximum
and minimum temperatures where the crystallization occurs) can be obtained.

4.1.2 Time-Temperature-Transformation (TTT) Diagrams

Preliminary Experiments
The crystallization behavior of five mold powders constituted by CaO, Si0,, Al,03;, MgO and

TiO, oxides was investigated using the single hot thermocouple technique (SHTT). The
humid atmosphere used were an argon-water vapor gas mixture with water vapor partial
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pressures of 3.384 kPa (0.0334 atm) and 12.349 kPa (0.1219 atm), corresponding to 100%
humidity at 26°C and 50°C, respectively. First of all, an experimental series in humid
atmosphere was carried out taking as base the slag sample referred to as CSTNA_ 3 (31.6 wt-
% CaO, 48.1 wt-% SiO,, 1.1 wt-% Al,O;, 15.5 wt-% TiO, and 3.7 wt-% NaO), from
crystallization studies conducted by Klug [8]. The preliminary experiments have two main
purposes: (1) adjustment of the water vapor partial pressure in order to ensure a more precise
humid content in the experimental atmosphere gas mixture, and (ii) to observe the effect of
water vapor on the crystallization behavior of the slag. The results for a mixture of argon +
3.35 % H,O0 are presented in the Figure 4.1.13.
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Figure 4.1.13 TTT curves of CSTNA 3 in argon [8] and humid atmospheres for a water vapor pressure of 0.334
atm (3.335 kPa).

TTT diagram shows a decrease of incubation time in presence of humid atmosphere. For
instance, the nose at 950°C (the nose is defined by Jung et al. [33] as the critical minimum
time required to form a given degree of crystallization, here referred as the nose point) was
reduced about 13.4 seconds with introduction of water vapor in the atmosphere. This effect is
more prominent in an intermediate temperature range (about 950°C — 1050°C); and seems to
be more discrete at lower temperatures. In addition, an increase in the extent of crystallization
temperature range and no significant dislocation of the nose position can be observed. The
CSTNA 3 differ in components of the mold fluxes analyzed in the present study by presence
of Na,O rather than MgO. In the Na,O-SiO, system, the addition of Na,O to pure silica
promote a sharp decrease in the liquidus temperature; for the MgO-SiO; system, additions
beyond 2 mole% MgO leads to a region of liquid immiscibility. Such behavior suggests that
Na,O is a more effective network modifier than MgO [34]. Studies about the solubility of
water in alkali borate melts have been shown a decrease of solubility with increasing alkali
oxide content [35]. Additions of K;O and Na,O to alkali borate melts promote a decrease of
H,O solubility until a minimum; in the case of Li,O this minimum in water solubility was not
reached [35,36]. The effect of MgO oxide on the solubility of water in the mold powders will
be discussed later.

4.1.2.1 CSA_M Slag System

Inert Atmosphere Experiments

Figure 4.1.14 shows the TTT diagram of the CSA M slag system in argon atmosphere. Two
nose points were indentified (at 1000°C and 1090°C). The existence of double noses in the

85



4.1 Crystallization Behavior Results

TTT diagram is generally related to the occurrence of different crystallization events (more
than one kind of crystals) [37]. According to thermodynamic calculations carried out with
FactSage, the first precipitated crystals are spinel (MgAl,O4) and akermanite (Ca,MgSi,O7)
which appears about 1538°C and 1393°C, respectively. Such results are in accordance with
the XRD — although the calculated crystallization temperatures are above that the
experimental — in which the main possible phases detected were Ca,MgSi,07; and MgAl,04
(see Appendix B, Figure B.3). The thermochemical simulation results are available in the
Appendix C.
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Figure 4.1.14 TTT diagram of CSA_M mold powder from SHTT measurements carried out in inert atmosphere.

In order to situate the thermal region for crystallization of CSA_M slag system (33.75 wt-%
Ca0O, 33.89 wt-% Si0;, 19.69 wt-% Al,O3 and 13.40 wt-% MgO), the TTT diagram was
compared to results found in literature for slags with similar composition. The results
obtained by Prapakorn ef al. [11] for a MgO-bearing slag (CAM3: 44.88 wt-% CaO, 46.06
wt-% AlO3 and 9.03 wt-% MgO), and by Kashiwaya et al. [37] for a blast furnace (BF) slag
(42.99 wt-% CaO, 33.52 wt-% SiO,, 13.77 wt-% Al,Os3 and 6.28 wt-% MgO) are shown in
the Figure 4.1.15. The presence of double noses for all slags is observed. The positions of the
nose points of BF in relation to temperature are at 1250°C and 1000°C; while for the CSA M
the noses are positioned at 1090°C and 1000°C. The XRD results from TTT diagram of BF at
the nose temperatures pointed to the presence of gehlenite and merwinite (CazMgSi,Og). For
CAM3 slag, the X-ray diffraction results exhibit a mixture of Ca;Al,Og and Ca3;AlsMgO at
temperatures above 1200°C; for temperatures below 1200°C, the crystalline phase is a
mixture of CasAlsO14 and MgAl,O4. Considering the compositional similarity between both
CSA M and BF slags, the crystalline phases are suitable inasmuch as gehlenite and
akermanite are constituents of the melilite. Figure 4.1.16 shows the pseudo-ternary phase
diagram of liquidus surface for the system CaO-SiO;,-Al,03; with 10 and 15 wt-% MgO, for
BF and CSA_ M, respectively [12].

86



4 Results and Discussion

1500

—

~
/ ~4— Prapakorn et al.
(CAM3)
1400 = .
Kashiwaya et al. / -l
(Blastfurnace—-BF)\_, | ___ oceeeecccccccecce=="
......
P
1300 'v' )
0
,’ p—
. / present study
20 H (CSA_M)
) / o
— ]\ S N
9 ¢ e
= 4 .-
s 'r
1100 | (4 /e
AN Ki
\ *
-—
K &
1000 ‘e \ v,
Seel Ve,
- N
P, e
BRRAAL LTS 24 T eilenngan
a0 b See=< L LY ey
800 L L
1 10 Time [S] 100 1000

Figure 4.1.15 Time-temperature-transformation curves of CSA M, CAM3 [11] mold powders and blast furnace
(BF) [37].
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Figure 4.1.16 Pseudo-ternary diagrams of liguidus surface for the CaO-SiO,-Al,05 with 10 wt-% and 15 wt-%
MgO [12]; the red points represent the blast furnace (BF) [37] for 10 wt-% MgO and CSA_ M mold flux for 15
wt-% MgO diagrams, respectively.

Although the compositional similarity can be extended to the three mold slags — regarding to
the major components — the differences in the crystallization temperature range and
incubation are significant. The TTT curve from Prapakorn et al. [11] (CAM3) exhibited the
highest crystallization temperatures and the largest crystallization temperature range. In the
case of BF and CSA M slags, the presence of SiO, in the chemical composition, with
concomitant reduction of Al,Os; content, promoted the narrowing of the crystallization
temperature range and a reduction in the temperature of crystallization, i.e. the first crystals
raise at lower temperatures than those exhibited by the CAM3 ternary slag system. The effect
of the binary basicity (wt-% CaO/wt-% SiO;) must also be taking account, since an increase
on the crystallization rate of the slags with increasing basicity has been reported [38-40]. Even
a little difference in the basicity can alters significantly the incubation time. The basicities of
the CSA M (present study) and the BF slag are 0.973 and 1.285, respectively; however, in the
Prapakorn’s work is a ternary system without SiO, in his constitution. Therefore, an analysis
of the influence of the binary basicity on the crystallization is prejudiced for comparison. As
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can be seen in the Figure 4.1.15, the incubation time of the BF slag is shorter than that of
CSA M.

Regarding to the influence of the chemical composition, the MgO content has also strong
influence on the crystallization kinetics of the mold fluxes. For the case of the three slags
showed above, the incubation time increase by increasing the quantity of MgO from 6.28 to
13.40 wt-%. As will be discussed later, the incubation time of the mold powders investigated
in the present study decreases with increasing MgO content. It is worth to keep in mind that
the binary basicity of the mold fluxes were tailored to be the same for all slags and equal to
unity (CaO/SiO, = 1); thus, the effect of the binary basicity on the crystallization rate of the
slags could be ignored. Focusing back on the three cases exposed in the Figure 4.1.15, the
effect of MgO content exhibited opposite behavior, i.e. the incubation time increases with
increasing MgO.

Water Vapor Atmosphere Results

The TTT diagrams in water vapor atmosphere for CSA M mold powder are shown in the
Figure 4.1.17. For a water vapor partial pressure of 0.0344 atm (3.34 % H,O — water vapor
1), the effect of humidity on crystallization rate and crystallization temperature range was not
significant. A similar behavior was observed for a water vapor partial pressure of 0.1219 atm
(12.19 % H,0O — water vapor 2). In order to provide a better visualization of the effect of water
vapor on the crystallization behavior of CSA M mold flux, the TTT curves obtained from
CSA M experiments carried out in argon atmosphere and in water vapor atmospheres at two
different water partial pressures of are shown in the Figure 4.1.18.

1250 - 1250 -
G 1200 | 3.34H,0% .- 1200 1 12.19 H,0% N
< 1150 L ' L 1150 - \ a8 A
S 1100 - s B 1100 | 4
< 1050 - " E 1050 - S
& s s AT A
£ 1000 - . £ 1000 - N
W 950 - S 950 - 4 4
"a - E 4 AA
900 - .. 900 - s,
850 : : | 850 : . |
1 0 100 1000 1 0 100 1000
TIME (s) TIME (s)

Figure 4.1.17 TTT curve of CSA_M mold powder in humid atmosphere with water vapor partial pressure of
0.0334 atm and 0.1219 atm, respectively.
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Figure 4.1.18 TTT diagrams of CSA M mold powder in inert atmosphere, 0.0334 atm (water vapor 1) and
0.1219 atm (water vapor 2).

The TTT diagram shows a double nose for both inert and humid atmospheres. These two
regions — above and below 1050°C — indicates the formation of two different crystal phases,
as previously discussed [4,37]. The presence of water minimizes the incubation time, but in a
subtle way, depending on the temperature range. Figure 4.1.19 shows the incubation time
deviation (A7) — which was considered as the difference between the incubation time of the
mold powder in inert and the humid atmospheres; the indexes 1 and 2 correspond to the
difference of incubation time between argon and water vapor 1 and argon and water vapor 2,
respectively. Positive values of A¢ indicate shorter incubation time, whereas negative values
indicate longer incubation times. From Figure 4.1.19 it is possible to observe positive values
of At for a wide temperature range. Nevertheless, this trend exhibits different behaviors at
temperature range extremes. At low temperatures (around 900°C and 960°C), the values of
the incubation time deviation are positive, with some dispersion. In these temperatures, the
effect of the lower water content was pronounced; further increment in the water vapor
content increased the incubation time. At high temperature range (between 1150°C and
1190°C) 4t was intermittent showing positive and negative values; however, the negative
values were more prominent, showing a higher tendency to retard the crystallization onset. As
with the lower temperature range, the lower water vapor content was more effective than the
higher one. In the Figure 4.1.19 the notation 47/ and 4¢2 indicates the measurements carried
out in water vapor 1 (3.34 % H,0) and water vapor 2 (12.19 % H,0), respectively.
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Figure 4.1.19 Incubation time deviation as effect of water vapor in the atmosphere for CSA_M mold powder.
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At intermediary temperature range (between 960°C and 1140°C), the effect of the water vapor
on the crystallization kinetics was subtle regarding to the enhancement of the rate
crystallization, indicating a low effect of water vapor on the crystallization. Similar results
were reported by Parpakorn et al. [11] for a CaO-Al,03-MgO ternary system using DHTT.
The crystallization temperature range was kept unaltered in presence of humidity. At high
temperatures (about 1300°C — 1500°C) the TTT diagram shows an increase of the incubation
time with increasing water partial pressure; while at low temperatures (about 950°C —
1100°C) the opposed behavior could be observed — the incubation time has become shorter in
the presence of water vapor. Nevertheless, the difference of the incubation time between the
different water vapor partial pressures is negligible. For intermediary temperatures, the effect
of water vapor on the crystallization rate is not significant. Results from continuous cooling
experiments for the same slag system showed a considerable delay in crystallization onset for
lower cooling rates in humid atmosphere; this difference in crystallization temperatures
decreases with increasing the cooling rate until the crystallization is promoted in presence of
water vapor. As previously discussed, the crystallization temperature decreases with
increasing cooling rate due to changes in the viscosity of the mold slags.

According to Prapakorn et al. [11], MgO additions make the solidification of the slag less
sensitive to atmospheric humidity. This apparent insensibility to the water influence on
crystallization behavior in MgO-bearing slags can be related to condition of magnesia in the
slag structure. As referred in Chapter 2 - section 2.4, increasing alkali earth oxides content
decrease water solubility if it replaces an alkali oxide in the structure of the slag [41].
Sosinsky et al. [42] draw attention to the ambiguity effect of MgO on the solubility of water
in the molten slags. Iguchi and Fuwa [43] reported an increase on the solubility of water as
CaO is replaced with MgO. On the other hand, the results obtained by Zuliani et al. [44]
pointed to a minimum effect on the water vapor solubility when lime is replaced by magnesia.
However, based on the CSA_M results, the relation between solubility of water and his effect
on the crystallization behavior is unknown. This issue will be taken up later (section 4.2).

From Figure 4.1.19, it is possible sketch out some consideration about the influence of
temperature on the crystallization behavior of the mold slag, mainly on the extremes of the
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crystallization temperature range. Cramb [45] reported an enhance of crystal growth velocity
in isothermal experiments below to 1170°C for Ca0O-Al,03-MgO slag system. For
temperatures above 1170°C it was observed a hinder of the growth velocity. Prapakorn et al.
[11] found that water hinders crystallization only at temperatures above 1200°C for the same
slag system studied by Cramb. In the present study, the incubation time deviation exhibited
some negative values at temperatures higher than 1150°C. At low temperatures, the
incubation time decreases with increasing water vapor content in the atmosphere. Such
behavior suggests an influence of temperature on the effect of water on the crystallization
characteristics of the slag.

Figure 4.1.20 shows images taken in situ of the CSA M sample in three different
atmospheres — inert and water vapor atmospheres (0.0334 atm and 0.1219 atm) at 1100°C.
The images represent the progress of crystallization from the liquid state to a certain degree of
crystallization in a similar time interval, except to those that correspond to the onset of
crystallization, since they are different due to effect of atmosphere on the crystallization.
From the images, the delay of crystallization onset of the sample in presence of water can be
observed (Figures 4.1.20 (b) and (f)); however, the incubation time slightly decreases with
increasing water content (Figures 4.1.20 (d), (h) and (1)).

Figure 4.1.20 Effect of water on the crystallization of the CSA_M slag samples; images (a), (e) and (i) are liquid
slag at 1650°C in argon, 0.0334 atm and 0.119 atm H,O partial pressures, respectively. The other images were
taken at 1100°C: images (b), (c) and (d) in argon atmosphere in 38.97s (onset of crystallization), 118.72s and
211.63s, respectively; images (f), (g) and (h) in a partial pressure of 0.0334 atm of H,O in 50.23s (onset of
crystallization), 118.77s and 211.70s, respectively; and images (j), (k) and (1) in a partial pressure of 0.1219 atm
H,0 in 36.91s (onset of crystallization), 118.76s and 211.70s, respectively.

Results obtained from FTIF-IR and Raman analysis indicate that the presence of water vapor
in the atmosphere increases the degree of polymerization of silicate anions of the slags, and
consequently the viscosity [1]. According to the authors, water stabilizes the more
polymerized silicate anions rather than the depolymerized monomers. Shelby [41] reported a
large effect of hydroxyl on viscosity and 7, of glasses as a consequence of formation of
additional non-bridging species in the network caused by conversion of these non-bridging
oxygens into non-bridging hydroxyls. The formation of these non-bridging species allows the
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relaxation of the structure and motion of the flow units to occur at lower temperatures, leading
to the reduction of viscosity. According to the water mechanisms reactions showed in the
Chapter 2 (Equations (2.28) — (2.31)) the formation of non-bonding OH" due to the reaction
with atmospheric water vapor implies in the polymerization of the melt; such mechanism is
suggested to occur in depolymerized melts (basic slags). The polymerization leads to
“stiffening” of the silicate melt structure and, consequently, increasing its viscosity.

Although the effect of water on the viscosity of slags and glasses reported by Mohassab and
Sonh [1] and Shelby [41] are in a sense conflicting, both effects may be present, depending on
the temperature. At high temperatures, the water dissolved in the slag acts as a network
former, increasing the degree of polymerization and, consequently, the viscosity. Such
increment on the viscosity affects the mobility of the germ nuclei, retarding the nucleation and
crystal growth. On the other hand, the water seems to act as a network modifier, promoting
the depolymerization of slag due to formation of non-bridging hydroxyls. Such contradictory
function exerted by water may be related to stability of water at high temperatures. The
gaseous system C-O-H is composed by a large number of different species which have low
thermodynamic stability at high temperatures [1]. According to the thermodynamic
calculation carried out with FactSage, the water decomposes at 1600°C, showing the
following equilibrium composition: 99.5 mol% H,0, 0.29 mol% H; and 0.12 mol% O,.
However, water is stable in a temperature range between 950°C and 1200°C (range of
temperature upon which crystal precipitation has occurred in the present study). The
decomposition of water in this range of temperature produces the follow components: 99.975
- 99.999 mol% H,0O, 0.000 — 0.015 mol% H, and 0.000 — 0.007 mol% O,. Since in the
experimental temperature range over 99.9 mol% is H,O, the possible effect of decomposition
of water on the crystallization of slags is considered negligible. Although the influence of
temperature on the solubility of water vapor in the slag has been reported as low or even
negligible [42,46,47], its effect on the crystallization rate in presence of humidity was evident.
Thus, the influence of the triple relation temperature/water solubility/viscosity on the
crystallization behavior of the slags requires a more elaborated analysis and discussion.

Figure 4.1.21 shows the visual aspect from an optical microscope of a CSA M sample taken
at 940°C for experiment carried out in a water vapor partial pressure of 0.1219 atm (12.349
kPa).
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Figure 4.1.21 Optical microscope image of a CSA M sample took after a SHTT in a water vapor partial
pressure of 12.19 %H,0 at 940°C.
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Crystallization morphology of CSA_M system

The nucleation and crystal growth of the CSA M mold fluxes was predominantly
heterogeneous at high temperatures for both inert and humid atmosphere. In lower
temperatures the crystal nucleation was predominantly homogeneous. Fine crystals dispersed
in the slag bulk were formed in temperatures between §890°C — 1010°C; with some columnar
crystals growing from the thermocouple surface. At first, the columnar structure fraction was
very low, increasing as temperature increases. For a temperature range of 1020°C — 1110°C
only columnar crystals were observed. Theses columnar crystals were formed in different
places along of thermocouple surface. In some cases the crystal growth took place at different
times from distinct crystallization sites in a same sample. However, the formed crystals
attained similar sizes and merged forming a ‘wall’, which growths towards the center of the
sample. Equiaxied crystals emerged concomitantly with columnar structure at temperatures
above 1120°C. The maximum crystallization (fully crystalline sample) was archived only at
temperatures above 990°C. A markedly decrease of the crystalline fraction was observed at
higher temperatures; the columnar structure is replaced by few dendritic crystals formed in
discrete points of thermocouple surface. The presence of water in atmosphere do not
promoted any variation on the crystal morphology. The crystal morphology images of a
CSA M slag sample at different temperatures are shown in the Figure 4.1.22. The different
structures of the solidified samples denote a markedly influence of the solidification thermal
conditions as reported by Orrling et al. [48].
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Figure 4.1.22 Crystal morphology of the CSA M samples at 930°C, 1030°C and 1130°C, respectively.

4.1.2.2 CSA_T Slag System

Inert Atmosphere Results

TTT diagram of the CSA T system (5 wt-% TiO2) from measurements carried out in argon
atmosphere is shown in Figure 4.1.23. For this mold powder the crystallization tendency was
very low, which is in accordance to the results obtained in the CCT experiments — where no
crystal had precipitated, regardless of the cooling rate applied. The crystallization temperature
range is very narrow, exhibiting evident crystal formation only at temperatures between
1000°C and 1020°C. Furthermore, the samples never reached full crystallization during the
experimental time (see Figure 4.1.27). The presence of TiO,, even at low contents, may affect
the visualization of crystallization onset due to its effect on the transparency of the sample.
Significant quantities of metal oxides as FeO, MnO and TiO; increases the translucency of the
samples, making it difficult to observe the crystallization onset [31,49]. This problem is
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aggravated at lower temperatures. Owing to this factor the onset of crystallization, which
could be occurring at low temperatures, probably can be hidden by the enhancement of
opacity of the sample. The beginning of crystallization have been reported as 0.5% crystalline
fraction for experiments using SHTT [4,50].
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Figure 4.1.23 TTT diagram of CSA T mold powder from SHTT measurements carried out in inert atmosphere.

Ti0; has been widely investigated as a central component in F-free mold powders to replace
CaF,. Since it can lead to formation of crystals with high melting point (as perovskite —
CaTiOs), it has been pointed out as suitable candidate to replace cuspidine as a predominate
crystal to controlling the horizontal heat transfer in the mold level [22,38,51,52]. However, in
the present study, the addition of 5 wt-% TiO, was not enable to promote the crystallization of
the slag, denoting a strong network forming characteristic of the titanium dioxide.
Crystallization results reported by Klug [8] for the ternary system CaO-Si0O,-TiO; using the
SHTT showed a large crystallization temperature range (940°C — 1100°C). DTA results
obtained by Nakada and Nagata [51] for the CaO-SiO,-TiO, slag systems exhibited two
different crystallization temperature range, depending on the TiO, content: the slag with
higher titanium dioxide content promoted the appearance of crystals at a high temperature
range; while slag with lower TiO, content exhibited crystallization at a low temperature
range. On the other hand, Rocabois et al. [53] reported that additions of TiO, as nucleating
agent to mold powders containing less than 30 wt-% SiO,, does not decrease the onset of
crystallization and the crystallization rate remains unchanged.

Based on crystallization results reported by literature, it is important to point out the wide
TiO; content range investigated — beside the presence of different oxides — which may modify
the titanium role in the structure of the molten slag. TiO,-rich melts probably forms titanium
cations with sixfold oxygen coordination [Ti®], while in SiO,-rich melts, a fourfold
coordination cation [Ti*'] can be formed [54,55]. Most Ti10;-bearing mold powders found in
the literature regard to F-free mold powders and slags is considerably high (12.05 - 37.19 wt-
% TiOy) [8,22,51,56]; although crystallization results of Ti-bearing mold slags with low
titania content are also reported for some researches (1.1 - 9.9 wt-% TiO;) [38,52]. In all of
these studies just mentioned above, for slags containing TiO,, the presence of crystal phases
such as CaTiOs;, CaSiTiOs and CaSiO; were detected. Electron Probe Micro Analysis
(EPMA) results reported by Nakada et al. [51] show the formation of glassy phase in most of
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the mold powders tested, either together with crystalline phases or fully glassy. Results based
on Raman spectroscopy have been shown that Ti*" ion can also act as a network forming
cation, enhancing the oxygen bridging [57]. According with Mysen and Neuville [58], the
structural role of the Ti*" in alkali silicate melts and glasses is a complex function of Ti
concentration and temperature. At low TiO, content, Ti*" acts predominantly as a network
modifier; whereas Ti*" assumes a four-fold coordination either as TiO,-cluster or in
substitution for Si*" in the structure, or a combination of both, i.e., it acts as a network former
at high TiO, content. As will be seen later, the Ti*" ion works as a network former, although
the TiO, content of the mold powder systems in present study is very low compared to that
reported in literature (0.5 — 5 wt-% TiO;). As a comparative of the crystallization behavior of
the CSA_T mold powder (5 wt-% TiO,), the TTT curves obtained by Zhang et al. [38] for
MS-4 (5.5 wt-%Ti0O,), MS-5 (4.89 wt-%TiO;) and MS-6 (5.60 wt-%Ti0,), and by Klug [8]
for CST 2 (18.1 wt-% TiO;) and CSTNA 3 (15.5 wt-%TiO,) are shown in the Figure 4.1.24.
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Figure 4.1.24 Comparison of the TTT curves of CSA T mold powder with TiO,-bearing slags with different
compositions from literature [8,38].

From the Figure 4.1.24 it is possible to observe the discrepancy of incubation time and
temperature crystallization range between the slags, even for those with similar TiO, content
(case of CSA_T and MS-4, -5 and -6). In this case, it is obvious the influence of the other
components on the crystallization behavior of the mold powders.

Water Vapor Atmosphere Results

Figure 4.1.25 shows the TTT diagram of the CSA_T mold powder in humid atmosphere for
the water vapor 1 (0.0334 atm) and water vapor 2 (0.1219 atm), respectively. The effect of
water vapor on the crystallization behavior of the slag was well pronounced: the temperature
crystallization range was markedly improved, increasing from a narrow range in argon
(1000°C — 1020°C) to a wide one (940°C — 1050°C) accompanied by a reduction of the
incubation time; however, such behavior was properly verified for lower water vapor partial
pressure. For higher water vapor partial pressure, the increasing in the crystallization
temperature range was less intense.

95



4.1 Crystallization Behavior Results

1040 - 1040 -
1030 - . 3.34 H,0% 12.19 H,0%
ol . 1030 - .
G 1010 - . g 1020 - .
E 1000 - . g 1010 - s
=) d
e 990 - 2 1000 - .
< 930 - . e
§ 970 . & 990 | .
S 960 - . & 980 - .
gig 1 . 970 | .
- a
930 . | 960 : .
100 1000 10000 100 1000 10000
TIME ) TIME (s)

Figure 4.1.25 TTT curve of CSA T mold powder in humid atmosphere with water vapor partial pressure of
0.0334 atm and 0.1219 atm.

An apparent formation of two noses, one above and other below 990°C can be observed.
These noses became more evident in higher water vapor content (Figure 4.1.25); however,
there was an upward displacement of the noses with increasing water vapor partial pressure.
The comparison between the incubation times in argon and in water vapor atmosphere is
prejudiced due to the low crystallization temperature range exhibited by the sample in inert
atmosphere. The confrontment of these results in different atmospheres and partial pressures
are shown in the Figure 4.1.26. Notwithstanding that the interaction of the slag sample with
water vapor promoted a mild decrease of the incubation time, it do not changes significantly
with further increase of water vapor partial pressure.

One interesting phenomenon that could be observed was an apparent relation between the
experimental temperature, the water vapor partial pressure and the nucleation and crystal
growth. The quantity of crystals decreases with increasing temperature and water vapor partial
pressure. Figure 4.1.27 shows images taken in situ from CSA T samples at two different
temperatures. All these images were taken at the end of the experimental time (20 min);
consequently they represent the maximum crystallization reached by the samples within the
stipulated time; the low crystallization tendency is evident. An increasing of the number of
crystals could be observed as the slag sample was kept in contact with humid atmosphere.
However, the number of crystals decreased with increasing water content. The quantity of
crystals was lower even those obtained in dry atmosphere. Such behavior suggests that high
water contents hinder the crystallization of the slag. This effect was more pronounced at
higher temperatures. As the isothermal temperature was increased, the size of the crystals had
a little increment, but accompanied by reduction of the quantity of crystals. The maximum
crystallization rate occurs at a temperature significantly low compared to that for maximum
crystal growth rate, i.e. at relatively high temperature, the nucleation rate is low and the
crystal growth is high. As the temperature decreases, the drive force for nucleation increases;
however, the mobility of atoms or ions decreases, promoting a reduction of crystal growth
rate [59,60].

Regarding to the influence of water vapor and temperature on the crystallization behavior, a
comparison with the CSA M results shows great influence of chemical composition on the
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effect of water on the crystallization behavior of slags. Results reported by Cramb [45] and
Orriling et al. [61] exhibited a strong increase of the crystallization rate for a CaO-Al,O3
system; on the other hand, Prapakorn et al. [11] and Cramb [45] pointed to a mitigation of
influence of water on the crystallization of CaO-Al,05-MgO slag system. As previously
mentioned, the less sensitivity of the slag to the effect of water is attribute that the presence of
MgO.

As could be observed, the presence of water vapor enlarged the crystallization temperature
range of mold powder containing 5 wt-% TiO,. For the sake of exemplification, at
temperatures in which any crystal nucleation was observed in the experiments in argon
atmosphere during experimental time — 20 minutes — some crystallization occurred when this
same sample was exposed to the humid atmosphere during the same experimental time. This
effect was more pronounced for water vapor 1 than that with higher partial pressure, more
precisely at lower temperatures.
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Figure 4.1.26 TTT diagrams of CSA_T mold powder in inert atmosphere, 0.0334 atm and 0.1219 atm.
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Bearing in mind the definition of 73,, changes in the viscosity caused by water necessarily
will promote alteration on the break temperature, thus an increase of the crystallization
temperature range suggest that the water acts toward to the increase of break temperature.
Hurley et al. [24] reported an increase of viscosity and 73, (referred by authors as critical
temperature) of coal slag in presence of an air+ 10 % water vapor mixture. For the CSA T
mold powder, water acts as a crystallization agent, promoting crystal precipitation at
temperatures above the highest temperature obtained in argon atmosphere; this suggests a
decrease of viscosity in presence of humid atmosphere. Conversely, there is a shortening of
the crystallization temperature range with the increment of water vapor in the atmosphere,
suggesting an increase of viscosity with increasing water vapor partial pressure.
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Figure 4.1.27 Effect of water atmosphere content and temperature on the crystallization behavior of the CSA T
mold powder.

According to Shelby, [41] the effect of water concentration on the glass transition temperature
(Tg) and on the isothermal viscosity of glasses is more evident for glass former oxides. A
reduction of 7, with increasing water content have been reported for several glasses and melts
[35,62,63]. Since in the present study, the TiO, seem to act as network former oxide, it is
expected a decrease of the glass transition temperature of the slag when in presence of water.
This decreasing of the 7, can be thought to increase the tendency to precipitate crystal. Fokin
et al. [64,65] reported an increase of maximum nucleation rate with decreasing the reduced
glass transition temperature 7, (defined as the ratio between the 7, and the melting point or
liquidus temperature); i.e. the crystallization is favored with reduction of 7, Nevertheless, as
Ty as T, are phase transition temperatures and they can increase or decrease, depending on
the applied cooling rate [41,66]. Results from differential thermal analysis (DTA) has pointed
out to a decrease of glass-formation and crystallization temperatures of potassium
metaphosphate with increasing the content of residual water by 4T, = 40°C and 4T, = 80°C,
respectively [67]. Although these temperatures are not properly a property, they are a useful
indicator of the approximate temperature where the supercooled liquid converts to a solid on
cooling, in the case of T, [41]; and as the starting of crystals precipitation [9].

Result provided by X-ray photoelectronic spectroscopy (XPS) indicated a decrease in the
fraction of bridging oxygen (O°) and non-bridging oxygen (O), while the fraction of free
oxygen (O%) increases with increasing TiO, content (0 — 10 wt-%) — for a CaO-SiO; 17 wt-%
AlLO; and 10 wt-% MgO system [16]. Such increasing of the O* concentration in the melt
probably gives rise to a slag with lower polymerization degree. According to reaction for
highly basic slags (Chapter 2 — Equation (2.31)), water reacts with the free oxygen ions
promoting the depolymerization of the slag. This would imply in an increase of tendency of
the slag forms crystals. Therefore, although the CSA T system exhibited a strong trend to
form glass structure, the crystallization behavior was improved in presence of humidity.

Water solubility results indicate an increase of hydroxyl capacity (Cy,o) with increasing of
MgO content in slags [42,43,68]; whereas TiO, addition decreases the water vapor solubility
in the melt [69]. Comparing the Cp,o results to the crystallization behavior represented by
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TTT diagrams, the higher the hydroxyl capacity, the lower the effect of water on the
crystallization behavior of the slag. Such behavior indicates that, as temperature, the melt
structure is an important factor on the effect of water on the crystallization. Hydroxyl capacity
calculations are preformed using FactSage (see Section 4.2 — Figure 4.2.3).

Crystallization morphology of CSA_T system

Figure 4.1.28 shows an optical microscope image of CSA T sample taken after isothermal
experiments exposed to argon-12.19 H,0% gas mixtures at 1000°C for 20 minutes. It was
observed two different kind of crystallization: heterogeneous (from internal surface of
thermocouple) and homogeneous (from the sample melt bulk). The heterogeneous
crystallization was characterized by formation of columnar crystals growing toward the center
of the sample (positive temperature gradient). For homogeneous crystallization, very fine
crystals dispersed in the melt bulk were observed. Again, the morphology and size of the
crystals were dependent of temperature. At higher temperatures, the crystals were
predominantly equiaxial with a few sites of heterogeneous crystallization (columnar crystals).
At lower temperatures, only homogeneous crystallization was observed, and the size of the
crystals became smaller (see Figure 4.1.27). Considering that the crystal growth is diffusion
controlled, the viscosity increases with decreasing temperature, acting as a ‘blockage’ to ion
mobility. Based on the result obtained, the effect of the water on the morphology and the
crystal growth is not so clear. There was a slight increase in the crystal size with addition of
water to the atmosphere. With the increment of water vapor partial pressure, the increase of
crystal was much more inconspicuous. For higher temperature, the increase of the crystal size
was a little more evident, ratifying the influence of temperature on the crystal growth rate;
however, a strong reduction of the crystal density with increment of water vapor partial
pressure was unexpected.

1000°C
12.19 % H20

Figure 4.1.28 Optical microscope image of CSA T sample after SHTT isothermal experiment at 1000°C in
argon — 0.1219 % H,0O gas mixture.

4.1.2.3 CSA_TM1 Slag System
Inert Atmosphere Experiments
The CSA_TM1 system shows a similar crystallization trend of that exhibited by CSA T mold
powder. Addition of 5 wt-% MgO with concomitant reduction of TiO, content (from 5 wt-%
to 1 wt-%) did not provided any improvement on the crystallization behavior of the slag
system. Apparently, this composition was easier to form glass than the other TiO,-bearing
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mold powder. For instance, the crystallization temperature range is reduced to only two
crystallization points: at 1040°C and 1050°C with an average incubation time of 560.86 s and
427.45 s, respectively. Comparing to the TTT diagram obtained from CSA T measurements
performed at the same experimental conditions, there was a considerable reduction in the
crystallization temperature range. Although crystallization has been occurred for a reduced
temperature range, the crystallization temperatures were higher and the incubation times were
shorter than those exhibited by CSA T mold flux.

Water Vapor Atmosphere Results

In contrast to the behavior exhibited by the CSA T mold powder, the crystallization range of
the CSA_TMI1 system remained unchanged in presence of water vapor. Crystal precipitations
also occurred only at 1040°C and 1050°C, but with a strong increment in the incubation time
(539.69 s and 524.89 s, respectively). Similar effect on the incubation time was observed by
Cramb [45] and Prapakorn et al. [11], where the presence of water dissolved in the slag
hindered the crystallization onset at temperatures higher than 1170°C. Assuming the
diffusivity as governing mechanism of crystal growth, the delay on the crystallization onset at
the referred temperatures can be attributed to an increase of the ion mobility barrier due to
structural changes of the slag caused by the water. According to Mohassab and Sohn, [1] there
is an increase of the polymerization degree of silicate anions of a multicomponent slag (CaO-
S10,-Al,03-MgO-MnO-FeO-Ca,P,07-FeS), leading to an increase of its viscosity.

Furthermore, the influence of MgO addition on the reduction of the effect of water vapor on
the crystallization behavior reported by Prapakorn and Cramb [11] is apparently reduced by
the TiO, addition. This can be attributed to structural changes promoted by compositional
variations. As aforementioned, Raman results of glasses and melts containing Ti showed that
Ti** can be present in at least three different structural positions (as Si*" replacement, TiO,
clusters, and as a network modifier), which is a function of temperature and TiO, content [58].

Further increase in the water atmosphere content (12.19% H,O) promoted an expressive
expansion of the crystallization temperature field (Figure 4.1.29); being the enlargement of
the crystallization temperature range more pronounced at lower temperatures. Similar
behavior was observed for the CSA T mold slag, however, for the lower water vapor
pressure. This effect is in accordance to that reported by Orrling [3], were the presence of
water vapor in the atmosphere not only increased the nucleation and crystal growth rate, as
expanded region of thermal stability of the crystalline phase.
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Figure 4.1.29 TTT diagram of CSA_TM1 mold powder in an atmosphere with a water vapor partial pressure of
0.1219 atm.

From Figure 4.1.29 it is possible to observe some scattering of the experimental data at the
temperature range from 1000°C to 1060°C. In the SHTT experimental images, some
peculiarities (in the direction of decreasing temperature) were identified: (i) at the 1090°C —
1060°C temperature range, a mass motion similar to Marangoni convection was noticed; (ii)
at 1050°C no mass convection was found; (iii) at the 1040°C — 1030°C temperature range, a
less intense mass convection was detected; (iv) and finally, from 1020°C to 970°C no longer
mass motion was detected. Figure 4.1.30 shows a sequence of images take in situ of a
CSA_TMI1 sample at 1090°C with atmosphere containing 12.19% of water. Migration of few
crystals from the center toward sample periphery during the growing step can be observed
Many of the crystals proved unstable, dissolving after reaching the peripheral region of the
samples (e.g. crystal indicated as number 1 in the Figure 4.1.30).

Figure 4.1.30 CSA_TM1 sample at 1090°C and 12.19 % H,O: (a) 133.73 s (no crystallization); (b) 532.54 s; (c)
625.87 s; (d) 993.32 s; (¢) 1057.47 s; (f) 1175.21 s.

Crystal motion was observed during the isothermal experiments. Initially, some crystals
forming around the sample core migrate to its peripheral region. Over time, crystals formed
on the thermocouple side move toward the center of the sample. In both cases, the crystals
which reached the peripheral sample zone were not stable. The movement of the crystals
advanced slowly and became slower as the temperature decreases due to the increase of
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viscosity. Assuming that in isothermal experiments, the temperature of the sample is
homogenous, i.e. absence of temperature gradient throughout the sample, the crystal motion
cannot be attributed to the Marangoni effect.

Large bubbles were observed in the experiments carried out in presence of humidity (Figure
4.1.31). In the most of the cases, the bubbles disappear after spending some time at high
temperature; however, some bubbles were trapped during the quenching process. Bubbles
may cause some interference on the overall temperature distribution through the sample
(formation of thermal gradient zones); besides it can acts as nucleation sites (heterogeneous
crystallization) [70]. However, in the present study, the occurrence of crystallization on the
bubble surface was not detected. Swanson [71] observed that the presence of vapor bubbles —
present in certain bulk composition of synthetic granitic systems — did not act as nucleation
sites for feldspars or quartz. However, it is worth to emphasize that, in the case of geological
experiments, high pressures are involved in the crystallization processes, which are far away
of the scope of the present study.

Due to the low crystallization tendency (strong glass network former character) of the
CSA_TMI1 mold powder, the analysis of the effect of water on the incubation time is
somehow impaired. However, based on the few crystallization points available from
measurements in argon and water vapor 1 (3.34 % H,0), a considerable hindering of the
crystallization took place when in the measurement carried out in humid atmosphere. Such
effect was also observed in the CSA M system at high temperatures and in higher water
vapor partial pressure. Unfortunately, the absence of a wider crystallization temperature range
for the referred atmospheres it is not favorable to a more refined analysis about the effect of
water on the crystallization hindering. On the other hand, the crystallization rate was
markedly improved with the increase the water vapor partial pressure to 0.1219 atm (water
vapor 2). Such behavior can be attributed to a decrease of the viscosity promoted by the
depolymerization of the slag structure in presence of higher water content in the atmosphere.

According to Mohassab and Sohn [1], the higher the water vapor content in the gas
atmosphere, the higher the degree of polymerization of the silicate in the slag. Although the
experiments carried out by Mohassab and Sohn only contemplated the glassy portion of the
sample (low presence of crystals) at high temperature (1550°C), the results can be extended to
the crystallization behavior of the mold powders. Bringing these results for the crystallization
field, the polymerization of the silicate anions would imply in an increase of the viscosity. As
aforementioned, such increase of the isothermal viscosity naturally imposes a ‘barrier’ to the
atom mobility, affecting directly the nucleation and the crystal growth rate. The crystallization
results obtained for the mold powders discussed until now (CSA M, CSA T and CSA_TM1)
indicate that the effect of the water on the crystallization rate can acts neither as a network
former or a network modifier, i.e. it will polymerize or depolymerize the silicate structure,
depending of the chemical composition of the slag. Moreover, there is an apparent influence
of the temperature regarding to the effect of water in the crystallization rate.
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Crystallization morphology of CSA_TM1 system

The morphology of the crystals of the CSA_TM1 mold powder was similarly to that exhibited
by CSA_T system, independently of the existence of crystal movement during the growth
phase in some slag samples. For the temperature range 1060°C — 1090°C, in which the crystal
migration was more intense, the crystallization was predominantly homogeneous, being
composed by equiaxed morphology (see Figure 4.1.31). At temperatures between 1030°C
and 1040°C, a reduction of the crystal migration was observed. The reduction on the mobility
of the growing crystal follows the temperature decreasing. In this temperature range the
precipitated crystals exhibited a morphology predominantly equiaxied dendrites. In some
experiments at 1040°C (approximately 50%) heterogeneous crystallization took place forming
a columnar crystal which grew from the thermocouple surface toward the core of the sample.
At temperatures below 1030°C, small equiaxied crystals were formed. A gap in this
morphological trend was observed at 1050°C. For this temperature the crystal morphology
was purely columnar; probably a consequence of heterogeneous crystallization on the
thermocouple wall.

ITM1
1060°C
12.19 H20%

-

o5 1. ¥ AR
Figure 4.1.31 Optical microscope and take in situ images from SHTT measurements of CSA TMI1 sample at
1060°C and 12.19 % H,O atmosphere.

4.1.2.4 CSA_TM2 Slag System

Inert Atmosphere Experiments

The isothermal measurement results of CSA TM2 mold powder in argon atmosphere are
shown in the Figure 4.1.32. The temperature crystallization range was significantly increased
with the increment of MgO content (to 7 wt-%) accompanied by the reduction of TiO, content
(from 1 wt-% to 0.75 wt-%); however, the crystallization tendency of the slag remained low,
reinforcing the strong network former tendency of the TiO,. For instance, at the temperature
range where the crystallization rate was more intense (1070°- 1090°C), the maximum
crystalline percentage was between 50 % and 85 %; the incubation time was shorter than that
showed by CSA T and CSA_TMI samples, but longer than that obtained by CSA_M mold
flux.
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Figure 4.1.32 TTT diagram of CSA TM2 mold powder from DHTT measurements carried out in inert
atmosphere.

Compared to the others TiO,-beraing mold powders, the increase of the extent of
crystallization was more intense at the higher temperatures; this can be attributed to the effect
of the higher MgO content, which was able to promote an increase in the crystallization
temperature of the slag system. Some data scattering at temperatures between 1010°C and
1070°C was observed. Such scattering was a problem to accurately identify the inflexion
point or nose position of the curve (shortest incubation time point). Nevertheless, it is possible
to observe the formation, however tenuous, of two noses (one below and other above
1050°C); the inflexion points were estimated in 239.5 s and 249.4 s at 1040°C and 1070°C,
respectively.

Water Vapor Atmosphere Results
The effect of the water vapor on the crystallization tendency of the CSA TM2 mold powder
for an Ar-3.34 H,0% and an Ar-12.19 H,O% gas mixtures are shown in the Figure 4.1.33.
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Figure 4.1.33 TTT curve of CSA__TM2 mold powder in humid atmosphere with a water vapor partial pressure of
0.0334 atm and 0.1219 atm, respectively.

As can be seen in Figure 4.1.33, there is a reduction of the scattering data and a clear
formation of a double nose occurred in presence of the Ar-3.34 H,O% gas mixture. For this

104



4 Results and Discussion

water vapor partial pressure, a displacement of the TTT curve about 10°C down was
observed. The occurrence of the double nose regions — above and below 1020°C — the nose
positions were, approximately, 132.7 s and 135.8 s at 960°C and 1050°C, respectively.

Sporadic crystallization occurred in the temperature range of 1110°C — 1140°C; however, the
crystallization started few seconds after archive the isothermal temperature. In this case, the
crystallization occurred in the same site of some thermocouples; this suggests that the
thermocouple surface works as a nucleation site (no longer crystallization was observed after
replacement of the thermocouples). Due to these reasons, the experimental data from
crystallization which took place in such conditions was ignored. Also it is worth to remember
that each point in the TTT diagram is an average of the several experiments results for each
isothermal temperature, where the discrepant results (data with significant deviation) were
suppressed.

As aforementioned, the existence of the two distinct curves can be related to two separate
nucleation events, i.e. the occurrence of more than two kind of crystals [4]. However, the
results obtained from X-ray diffraction for the CSA TM2 samples continuously cooled at
argon atmosphere had indentified only one crystalline phase (AlCa,Mg(s0Si; s — see Table
4.1.3 and Appendix B, Figure B.6). Some studies have been shown that the presence of
dissolved water in the molten slag can alters the precipitated crystal phase. For instance, the
molecular level of Al,03 and SiO, mixtures in synthesized mullite (3A1,05.2S510,), from sol-
gel method, decreases with increasing water content using different precursors. Results of
DTA and XRD indicates the crystallization of Al-poor mullite at 1000°C in absence of water
(ethanol-based alkoxide solution); for low water content, Al-rich and spinel crystallize
together; and only spinel crystallized using water-based alkoxide solution. The authors
attributed a water content dependence of the chemical homogeneity in the precursor to the
formation of lager oligomers (compound of low molecular weight comprised of a few
monomer units) with increasing water concentrations [72].

As previously discussed, change on the crystalline phase in presence of water was observed
by Orrling [3], in which the precipitated phase were CasAlgO;4 and the Ca3Al,Og for a sample
cooled at 1°C.s™" in argon atmosphere, while the precipitated phase was Ca;;Al14033 for the
same cooling rate in humid atmosphere (see Chapter 2, pg. 50). This change in the crystal
phase was also observed in samples from isothermal experiments: the same crystalline phases
(CasAlgO14 and CaszAl,Og) were found for samples held at 1200°C in argon atmosphere;
whereas, for a sample held at 1400°C in saturated water vapor atmosphere, the precipitated
phases were determined as been Ca3;Al,O¢ and CaAlQ,. It is important to note the difference
of temperature between the above mentioned isothermal experiments (about 200°C), which
can be an influent factor on the crystal phase, beyond of the atmosphere. However,
thermodynamic simulations results of CSA TM2 mold slag in humid atmosphere did not
exhibited change in the crystal phase with introduction of water in the atmosphere (see
Section 4.2 Thermodynamic Simulation Results and the Appendix C).

Influence of water on the activation energy for crystallization has been also reported by some
researches. Wagstaff and Richards [73] found a marked decrease in the activation energy for
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crystallization of cristobalite with increasing of H,O concentration, from 134 kcal.mole™ to
77 kecal.mole™. This is in accordance with the reduction of the energy barrier for nucleation.
Assuming that crystal growth rate is limited by mass transfer in the liquid, a reduction of the
viscosity of the slag due to the incorporation of OH" ions in the melt can be a reason of the
increase of crystal growth rate in humid atmosphere. Orrling [3] suggests that the interface
kinetics is affected by a decrease in the interface energy between crystal and liquid melt,
reducing the barrier for nucleation, as reported by Wagstaff ef al. [73] and Li et al. [74]. In the
case of the previous mold powder (CSA_TM1), in special, the crystallization was markedly
improved in presence of water vapor, but only for higher water vapor content. The
introduction of 3.34 % H,O was not enough to promote any alteration in the crystallization
behavior of the slag. Such insensitivity to water was unexpected and, due to experimental
limitation, any explanation in present work about this will be merely speculative.

The determination of both inflexion point and formation of the double-nose were hindered for
the CSA_TM2 mold flux due to an intense scattering of the results with the increment of the
water vapor partial pressure (from 3.34 % H,O to 12.19 H,0%). Figure 4.1.34 shows a
comparative of the crystallization data obtained from measurements carried out in argon
atmosphere and the different water contents of the CSA TM2 system, where the data
scattering occurred in 12.19 % H,O atmosphere can be clearly seen. The scattering of the data
in HTT measurements have been attributed to many factors, namely: (i) presence of
impurities in the slag will affect the crystallization behavior, mainly in the beginning of the
crystallization; (ii) enhancement of crystallization due to the water content in the slag; (iii)
optical properties of the slag, which is an important property to visualization of the crystals
and finally; (iv) the size of the crystal at beginning of the crystallization, which is important
with respect to its visualization. The last will depend of the resolution of the optical system
[37].
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Figure 4.1.34 TTT diagrams of CSA_TM2 mold powder in inert atmosphere, 0.0334 atm (water vapor 1) and
0.1219 atm (water vapor 2).

Despite the high scattering of data is a barrier to a clear interpretation of the influence of
water on the crystallization tendency of the CSA TM2 slag system, its effect on the
incubation time could be better evaluated considering the incubation time deviation (4¢).
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Figure 4.1.35 Incubation time deviation as effect of water vapor in the atmosphere for the CSA_TM2 mold
powder.

In the Figure 4.1.35 it is possible to observe a similar trend regarding to the effect of different
water vapor pressures on the incubation time — A¢/ and A¢2 — until a temperature about
1060°C. At temperatures above 1060°C, the incubation time shows opposite trends for each
water vapor content presents in the Ar-H,O gas atmosphere. At temperatures between 940°C
— 1000°C, the water vapor promoted a positive effect on the crystallization rate, being more
intense for measurements carried out in higher water vapor partial pressure. In this “low”
temperature range, there is an apparent hindering of crystallization with increase of water
content in the atmosphere. For a short intermediate temperature range (approximately 1000°C
- 1030°C) a negative effect was predominant, i.e. the start of “visible” crystallization was
retarded with addition of water in relation to that obtained in inert atmosphere. At
temperatures above 1040°C, the crystallization rate of the slag back to being favored, mainly
by the higher water vapor pressure; however, at temperatures higher than 1060°C the
incubation time exhibited opposite effect on crystallization rate, according to the water
content in the atmosphere: negative to lower water content (water vapor 1) and positive to
higher water content (water vapor 2). Similar behavior was observed in the CSA M mold flux
for both water vapor contents, but the hindering of crystallization was less prominent.

Crystallization morphology of CSA_TM2 system

Crystal nucleation of the CSA TM2 exhibited a similar behavior with respect to morphology
to the CSA M mold flux. The main difference lies in the temperature range, which the
CSA TM2 is shorter than that of CSA_M mold powder. In the temperature range of 940°C —
990°C, the crystals were fine and dispersed. Columnar crystal growth was observed in a
temperature range of 1000°C — 1080°C, derived from the thermocouple surface; however, the
columnar crystal fraction was very low and increased with increasing temperature. The
maximum crystallization (fully crystalline sample) was archived only at the temperature of
1090°C. The samples exhibited a decrease of the crystalline fraction at higher temperatures.
Identically to the CSA M samples, the columnar structure did not developed beyond a few
dendritic crystals formed in discrete points of thermocouple surface. Again, presence of water
in atmosphere did not promoted any variation on the crystal morphology. Figure 4.1.36
shows the visual aspect of the crystal morphology at different temperatures.
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fine crystals

Figure 4.1.36 Morphological aspect of the
CSA TM2 crystal samples at different
temperatures: (a) 950°C; (b); 1000°C (c)
1050°C and (d) 1100°C.

4.1.2.5 CSA_TM3 Slag System

Inert Atmosphere Experiments

Figure 4.1.37 shows the TTT diagram of the CSA TM3 mold powder from experiments
carried out in argon atmosphere. Compared to the previous TiO;-bearing mold powders, the
crystallization temperature range was enlarged with increasing MgO content from 7 wt-% to
10 wt-%. This slag composition exhibited a clear double nose positions (temperature
correspondent to the shorter incubation time) at 1130°C and 990°C. The double nose has been
shown to be characteristic of MgO-bearing mold powders of the present study and those
found in literature [11,37]. The upper nose curve has narrow crystallization temperature range
and with longer incubation time, about 483.18 s; while the nose lied below 1090°C
encompasses a larger temperature range and the incubation time at nose position was about
58.68 s. The CSA TM3 system exhibited high crystalline fraction, even at low temperature,
making up about 100 % crystalline structure for a temperature range of 1020°C — 1150°C. For
temperatures below 1000°C, the crystalline fraction decrease gradually, as expected, once the
increase of slag sample viscosity is a barrier to ion mobility assuming a crystallization growth
controlled by mass diffusion.
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Figure 4.1.37 TTT diagram of CSA TM3 mold powder from SHTT measurements carried out in inert
atmosphere.
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Water Vapor Atmosphere Results

The effect of water vapor on the crystallization behavior of the CSA TM3 system at
isothermal conditions is shown in Figure 4.1.38. Similarly to CSA_TM2 mold powder, the
insertion of water into the atmosphere promoted a narrowing of the crystallization
temperature range at the higher temperatures — from 1150°C to 1130°C — with a concomitant
enlargement at lower temperature — from 910°C to 900°C. There was also a decrease of the
temperature of the upper nose position — from 1130°C to 1080°C — and a lower nose position
rise — from 990°C to 1000°C. For this slag, the general effect of water on the crystallization
was a subtle displacement of the TTT curve to down and to left. The crystallization field at
high temperatures (C curve above 1050°C) was enlarged by presence of water. The incubation
time for upper and lower nose position was 30.0 s and 76.98 s, respectively.
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Figure 4.1.38 TTT curve of CSA_ TM3 mold powder in humid atmosphere with water vapor partial pressure of
0.0334 atm and 0.1219 atm, respectively.

At first view, the increase of the water vapor content promotes the displacement of the TTT
curve little more down and the incubation time became subtly shorter than that obtained at
lower partial vapor pressure. The nose positions remain unaltered with increment of water
content from 3.34 % H,0 to 12.19 % H,O. An important characteristic was a decreasing of
crystallization temperature of about 30 °C for higher temperatures. Such decreasing of
crystallization temperature can be related to increasing of viscosity reported by Mohassab and
Sohn [1], as a consequence of stabilization of more polymerized silicate anions. This
argument was also applied for those mold powders which exhibited a certain degree of
hindering of crystallization at higher temperatures, which also occurred for the present mold
powder as can be seen in the Figure 4.1.39 and Figure 4.1.40. Comparing the isothermal
crystallization results for the different atmospheres (Figure 4.1.39) it is possible to verify that
the lower nose position remains practically unchanged, while the upper nose position is
substantially altered.
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Figure 4.1.39 TTT diagrams of CSA_TM3 mold powder in inert atmosphere, 0.0334 atm (water vapor 1) and
0.1219 atm (water vapor 2).
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Figure 4.1.40 Incubation time deviation as effect of water vapor in the atmosphere for CSA_TM3 mold powder.

Figure 4.1.40 shows the deviation of the incubation time as effect of water content on the
crystallization. Following the same observed characteristic of water influence on the
crystallization behavior of the previous mold powders, the incubation time at low
temperatures exhibited positive values, in a general way. For a temperature range of 910 °C —
970 °C, the incubation time was improved with introduction of water in the system, becoming
shorter with increasing water content in the atmosphere. On the other hand, the incubation
time deviation is predominantly negative at high temperatures, denoting a tendency to retard
the crystallization.

Crystallization morphology of CSA_TMa3 system

The morphology of the crystals is similar to the other MgO-bearing mold powders analyzed in
the present study. At low temperatures, the crystals are fine and the nucleation is
predominantly homogeneous. With the increase of temperature, the crystals became larger
and a concomitant heterogeneous nucleation could be observed. In the temperature range from
1030°C to 1150°C, the crystal morphology was essentially columnar crystals with some
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dendritic growth, attaining 100% crystal fraction. At this point, heterogeneous crystallization
is predominant.

4.1.3 General Discussion

In order to establish a better visualization of the effect of different atmospheres on the
crystallization behavior based on slag chemical compositions, the TTT diagrams of the five
mold powders investigated were grouped by applied atmosphere. Figure 4.1.41 shows the
TTT results from measurements carried out in argon atmosphere.
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Figure 4.1.41 Comparison of the TTT diagrams of the mold powders investigated in argon atmosphere.

From TTT diagram in inert atmosphere was possible to observe that the CSA M and CSA T
positioned at the extremes of the diagram, representing the maximum and minimum
incubation time and temperature crystallization range, respectively (although the shorter
crystallization temperature range is exhibited by the CSA_TM1 mold flux). The effect of the
MgO on the crystallization tendency of the mold powders was evident. Additions of MgO
from 0 wt-% (CSA_T) to 5 wt-% (CSA_TMI), 7 wt-% (CSA_TM2), 10 wt-% (CSA_TM3)
and 15 wt-% (CSA_M) exhibited an accentuated increase of the crystallization temperature
range and a shortening of the incubation time. Another visible characteristic was the
formation of double nose for additions above 7 wt-% MgO, which suggests the occurrence of
two separate nucleation events. Figure 4.1.42 shows the visual aspect of the CSA M slag
sample take in situ from the nose positions, more precisely at 1000°C and 1090°C. Cramb
[45] reported change in the position and the shape of TTT curves as MgO content increases —
for a CaO-Si0,-MgO based slags with binary basicity about 1. Increasing the MgO content
from 0.0 wt-% to 3.6 wt-% moves the curve slightly upward in temperature and toward lower
incubation times. Further MgO additions, from 3.6 to 7.1wt-%, promoted the formation of a
double nose curve with distinct incubation times. The nose formed at higher temperatures has
higher incubation times than those of the nose formed at lower temperatures. In the present
study, similar behavior was obtained for the MgO-bearing mold powders. Nevertheless,
addition of 5.0 wt-% MgO (CSA_TMI) does not promoted any significant change with
respect to crystallization temperature range, being similar to that exhibited by that with
absence of magnesium oxide (CSA_T) — there was a little shortening of the crystallization
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range accompanied by a raise of the crystallization temperature — which denotes a low
crystallization tendency of these slags (glass structure formers).

The extension of crystallization is dependent of both temperature and chemical composition,
i.e. the fraction of crystalline phase obtained during the pre-determinate experimental time (20
min) varies with the temperature, type and contents of the components. The percentage of
crystal phase was higher in the temperature range around the noses of the TTT curves.
However, in many cases, the slag sample did not achieve the full crystallization during the
experimental time. For instance, the crystalline fraction of the CSA T mold powder was
restrict to few small crystals in all the crystallization temperature range, not being greater than
20% - 25%, approximately. On the other hand, the extent of crystallization was enhanced with
MgO additions. The percentage of crystalline phase is increased considerably with additions
of MgO above 5 wt-%, which promoted full crystallization for a lager crystallization
temperature range. Assuming the nucleation and growth of the crystals as controlled by mass
diffusion, the crystallization behavior of the slags can be attributes to structural changes as a

response to temperature changes, which is clearly reflect on the viscosity of the slag. In
addition, the increment of MgO content increases the crystal growth velocity of the slag
systems, since the slag structure is also a function of its chemical composition. Similar effect
was also observed by Prapakorn and Cramb [11] and Jung and Sohn [33] for the CaO-Al,0s-
MgO system.

(b)

Figure 4.1.42 Visual aspect of CSA_M slag samples: (a) at 1000°C and 222.5s and (b) at 1090°C and 147.9s.

The isothermal temperature affects the crystal morphology significantly [8,31,38]. Figure
4.1.42(a) shows two different crystal morphologies at 1000°C: (i) columnar grains formed on
the thermocouple surface growing towards the center of the sample and (ii) dispersed
equiaxed crystals formed into the slag bulk. In the Figure 4.1.42(b), only columnar crystals
growth is observed at the temperature of 1090°C. These temperatures correspond to the nose
temperatures of the C curves formed above and below 1040°C of the CSA M mold powder.
Similar behavior was found by Klug [8] for slags containing Na,O. The morphology of
crystals changed from dendritic appearance at high temperatures to small and dense crystals.
For temperatures below 900°C, very fine crystals were formed and the density of crystals
increased until it appears “cloud-like” morphology. In the present study, such crystal
morphological phenomena as a function the temperature was observed in all investigated
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mold powders. According to Avrami [75], the crystallization rate varies with the temperature.
At high undercooling temperatures, the crystallization rate is low. As the temperature is taking
lower, the time to the formation of crystals becomes shorter until reaches a minimum,
becoming higher upon further lowering undercooling temperatures. Avrami attributes such
behavior as the “rigidity of the phases involved with respect to the movements of the
constituent particles”. The nucleation rate tends to increase with decreasing temperature,
while the mobility of atoms or ions decreases with decrease of temperature. At a certain low
temperature, the nucleation rate is high and the crystal growth rate is low; the opposite
behavior at a certain high temperature. Therefore, there is a specific intermediate temperature
where both nucleation and crystal growth rates are equivalents [59]. Zhang et al. [38]
attributed the morphology change as a function of the temperature to decreasing of ion
mobility as the undercooling temperature is continuously reduced. Based on this fact, the
authors concluded that the formation of very fine crystals occurs due to the low ion mobility
and high nucleation rate. On the other hand, high ion mobility and crystal growth are
responsible to the formation of equiaxed individual dendrite crystal. In the present study, the
most of cases showed heterogeneous crystal growth at higher temperatures associated to
columnar dendrite crystal morphology. As the temperature is reduced, the homogeneous
crystal growth became evidently stronger and equixed crystals rose into the melt bulk. For
further temperature reductions, the crystal growth mechanism became predominant
homogeneous and the crystals were increasingly fine. Some crystals with morphology needle-
like dendrites preceded the formation of columnar dendrite. In these cases, the crystal growth
was exclusively homogeneous. Figure 4.1.43 shows the evolution of the crystal growing of
CSA M mold powder at 1190°C.

D PP

(a)0s (b)495s (c) 1290 s

PPD

(d) 13165 (e) 13465 (f)1382s

Figure 4.1.43 Crystal morphology evolution of CSA_M mold powder in argon atmosphere and 1190°C.

4.1.3.1 Effect of Water Vapor Atmosphere

An interesting aspect which could be observed in the SHTT measurement results was the
influence of temperature on the effect of water vapor on the crystallization behavior of the
mold powders. For instance, for a same mold powder, the crystallization kinetics at higher
temperature range differs from those at intermediate and lower temperature range. In a
general way, a shortening of the incubation time was observed at temperatures below 1000°C,
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approximately. In this temperature range, the incubation time deviation exhibited positive
values, i.e. the crystallization was improved at such a temperature range. At intermediate
temperatures, between 950°C and 1080°C — according to the mold powder composition — the
effect of water on the crystallization was markedly reduced (the changes in the incubation
time was considered negligible). However, at temperatures higher than 1080°C -
approximately — water tends to hinder the crystallization onset (reflected in the negative
values of the incubation time deviation). Such effect was clearly observed for CSA M,
CSA TM2 and CSA TM3 mold powders (see Figures 4.1.19, 4.1.35 and 4.1.40,
respectively). Similar results were obtained by Prapakorn and Cramb [11]. For instance, the
crystallization temperature range exhibited by the CaO-Al,03-MgO (9.03 MgO wt-%) system
was about 950°C — 1500°C. When in presence of water vapor atmosphere, the incubation time
of the mold powders increases promoting an inhibition of the crystallization onset. The
referred authors conclude that, for this slag system, water hinders the crystallization at
temperatures above 1200°C, as aforementioned. On the other hand, at low temperatures, the
incubation time became shorter with increasing water vapor atmospheric content, but still
higher than those at argon atmosphere. In the present study, the evaluation of influence of the
water on the incubation time of the CSA T and CSA_TM1 systems is disfavored due to their
low crystallization tendency exhibited in argon atmosphere measurements. The crystallization
temperature range was very narrow, even at lower water vapor partial pressure in the case of
the CSA_TMI1 mold powder.

In general, water has shown a strong effect toward the enhancement of the crystallization rate
in a large range of different slag systems and glasses. As reported by Orrling [3] for a binary
Ca0-Al,0O5 system, and by Orrling and Cramb [61] for the CaO-SiO,-Al,03;-Na,O-CaF,
system, the presence of water in the atmosphere increases significantly the nucleation and
crystals growth rates. Similar results were obtained in the experiments performed with Na,O-
bearing mold flux in humid atmosphere in the present study (see Figure 4.1.13). In the same
way that the chemical composition influences the slag crystallization behavior, its influence
on effect of water on the crystallization is equally evident. Such influence can alters the way
as water acts either on enhancement or retardation of the crystallization. For the sake of
specificity, results obtained from humid atmosphere measurements using HTT (single or
double) for different oxide systems are shown in the Figure 4.1.44. Comparing all systems
shown in the Figure 4.4.44, it is possible to observe the effect of addition of MgO (CAM3)
[11] and SiO, (CSA_M) on the crystallization behavior of CaO-Al,O3 binary system (CA)
[3], and its relation with the effect of water on the crystallization rate. For the CA system, the
extension of crystallization range increased significantly in presence of water vapor; however,
for temperatures lower than 1350°C, the onset of crystal precipitation are not available. With
“addition” of MgO to the CA slag system (CAM3) an increment of crystallization temperature
range can be observed. Such behavior can be related to the network breaker characteristic of
the MgO. The covalent oxygen bondings of silicon tetrahedron are broken by Mngr cations,
creating non-bridging oxygens. The increase of the number of the non-bridging in the melt
structure decreases the degree of polymerization of the slag, leading to a reduction of the
viscosity.
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Figure 4.1.44 Comparison of the effect of chemical composition and water vapor on the crystallization behavior
of: 48.83 wt-% CaO — 49.32 wt-% ALO; (CA) [3], 44,88 wt-% CaO — 46.06 wt-% Al,O; — 9.03 wt-% MgO
(CAM3) [11] and 33.75 wt-% CaO — 33.89 wt-% SiO, — 19.69 wt-% ALO; — 13.4 wt-% MgO (CSA_M)
systems.

Conversely to the effect of the MgO, the “introduction” of SiO; to the system (CSA M)
promoted the narrowing of the temperature crystallization range, the increasing of incubation
time and the lowering of crystallization temperature, as expected. This reflects directly on the
structure of the slag. Silicon dioxide is well-known as a network former; it forms structural
chains in the polymeric network of the melt, decreasing the number of non-bridging oxygens
and, consequently, increasing its degree of polymerization. For all slag systems showed in
Figure 4.1.44 the binary basicity was approximately 1 (considering the CA binary basicity as
CaO/Al,O;j ratio).

Unfortunately, experimental solubility data for the slags referred in the Figure 4.1.44 are not
available; however, water solubility data from slags with similar chemical composition are
found in the literature, providing a good prediction of the influence of determined oxides on
the water capacity of the slags (which definition is found in Chapter 2, section 2.4). Daya
[47] compares the water solubility data of several oxide systems as is shown in the Figure.
4.1.45; for instance, taking the slag labeled with the number (1) [76] (50 wt-% CaO - 50 wt-%
Al,O3) as a reference — and for a specific water vapor pressure (0.2 atm"/ %) — additions of
MgO (slags (6) [69] and (7) [43]) or SiO, ((2) [69], (3) [46], (4) [77] and (5) [69]) decrease
the water solubility. The water solubility have been reported to be proportional to the square
root of the partial pressure of water vapor and increase with increasing the basicity of the slag
[46,76,77].
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Figure 4.1.45 Solubility data for molten slag systems: (1) 50 wt-% CaO —50 wt-% Al,O5 at 1600°C [76]; (2) 37
wt-% CaO — 63 wt-% SiO, at 1500°C [69]; (3, 4, 5) 40 wt-% CaO — 40 wt-% SiO, — 20 wt-% Al,O3 from
1350°C to 1550°C [46,69,77]; (6, 7) 35 wt-% CaO — 45 wt-% SiO, — 20 wt-% MgO from 1475°C to 1575°C
[43,44]. Figure adapted from Daya [47].

Bringing the water solubility data to the field of the effect of water on the crystallization of
the slags, as those showed in the Figure 4.1.44, it is possible to suggest that the presence of
SiO, apparently decreases the solubility of water in the melt; in addition, it alters the
incubation time deviation (4¢) of the CSA M mold powder compared to the CAM system.
Based on the data shown in the Figure 4.1.45, the follow water solubility sequence can be
suggested: CA > CAM3 > CSA M. A superficial analysis can lead to a direct relationship
between water solubility and crystallization enhancement. For the sake of specification, the
higher water solubility, the higher the effect of water on the crystallization. However, such
relationship was not observed in the crystallization behavior of the mold powders investigated
in the present study. The TTT curves obtained from measurements carried out in water vapor
atmospheres with H,O partial pressures of 0.0334 atm and 0.1219 atm are shown in the
Figure 4.1.46 and Figure 4.1.47, respectively. The addition of water vapor to argon
atmosphere produced some interesting aspects regarding to the displacement of TTT curves
among the different compositions. One is the accentuated hindering of crystallization
exhibited by the CSA_TM1 sample, upon which the incubation time became larger than that
obtained with the CSA T mold powder in argon atmosphere. In addition, the presence of the
humid atmosphere promoted an expressive increase of the crystallization temperature range of
the slags which has exhibited strong glass-forming feature, as CSA T and CSA_TMI slag
systems. Such effect shows be mitigated with increasing crystallization tendency of the mold
flux.

Silicate melts are formed by a distribution of structural anionic units with different NBO/T,
which proportion depends on SiO, content and the type of metal cation present. The
abundance of some structural specie — with higher or lower NBO/T — determines the overall
degree of polymerization of the slag [58]. However, the presence of water alters the
abundance of this species; the proportion of the more polymerized anionic structures can
either increase or decrease with increasing water content [1,78].
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Figure 4.1.46 Comparison of the TTT diagrams of the mold powders investigated in the water vapor partial
pressure of 0.0334 atm.

As discussed so far, the CSA T and CSA_TMI1 mold powders exhibited a markedly tendency
to form glass. Samples of referred slags do not exhibit any trace of crystallization during
continuous cooling process, even at lower cooling rates (see sections 4.1.1.2 and 4.1.1.3). In
the isothermal experiments, the crystallization was restricted to few isothermal temperatures,
with a crystallization temperature range not higher than 30°C. In presence of humid
atmosphere, the extent of crystallization of the CSA_T mold powder increased considerably,
even in the lower water vapor partial pressure. Regarding to the CSA TMI1 mold flux, such
effect of water on the crystallization was perceptible only with higher water content in
atmosphere. Water solubility simulation performed using the thermodynamic tool FactSage
6.4 (see section 4.2, Figure 4.2.3) showed the lowest H,O solubility for the CSA T and
CSA_TMI mold fluxes, respectively.
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Figure 4.1.47 Comparison of the TTT diagrams of the mold powders investigated in the water vapor partial
pressure of 0.1219 atm.

These results indicate that water solubility and its effect on the crystallization are independent
events. This fact can be dealt with on some aspects. One concerns to the relation chemical
composition—water solubility. Comparing the crystallization behavior of the mold powders in
different atmospheres, it is possible to note controversy results concerning to water solubility
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and effect of water on crystallization kinetics of the slags. Based on the experimental and
predicted data reported in literature, MgO-bearing mold fluxes are more susceptible to
dissolve water, and such “predisposition” to water dissolution increases with increasing
magnesia content [43,68]. On the other hand, the solubility of water decreases with increasing
TiO, content [69]. In addition, the relating data of water solubility from Figure 4.1.45 and the
TTT diagrams shown in the Figure 4.1.44 indicates that the effect of water on crystallization
is higher for slag with higher water capacity. When such information is confronted with the
crystallization behavior of the mold powders in present study, it would be expected a more
prominent effect of water on the crystallization kinetics of mold powders with higher MgO
content. However, the TiO, based slag systems were more reactive to water content than
MgO-bearing mold powder. In this context, the relationship between water solubility and the
effect of water on the crystallization behavior is unclear.

Other aspect is concerned to the relation water vapor partial pressure—water solubility.
According to a large number of experimental results found in the literature, the solubility of
water in slags and molten glasses increase with increasing the partial pressure of water
[76,77,79]. However, such an increase in the water content in the mold powder was not
necessarily translated as improvement of the crystallization rate of the slag. For the CSA M
mold powder, the increase of the partial pressure had few influence on the crystallization rate,
i.e. as the crystallization temperature range as the incubation time do not exhibited significant
changes in presence of water vapor atmosphere. Other interesting characteristic found in the
experimental results was a subtle reduction of the crystallization extent at high temperatures
with increasing water vapor partial pressure. Furthermore, there was an enlargement of the
crystallization temperature range toward the lower temperatures. Such effect was observed
for CSA TM2 and CSA TM3 mold powders. In the case of the mold powders less
susceptible to dissolve water, namely CSA T and CSA_TMI, the response to the presence of
humid atmosphere as well as to the increase of pressure of water showed some similarity,
however, both slags present some peculiarities. The CSA T mold powder exhibited
considerable enlargement of the crystallization temperature range with addition of moisture to
the argon atmosphere. Further increasing of humidity in the atmosphere promoted a reduction
of the crystallization temperature range about 30°C at lower temperatures. In the case of the
CSA_TMI mold powder, the introduction of water vapor into the atmosphere does not alter
the crystallization temperature range, which remained very narrow. On the other hand, the
crystallization temperature range was enlarged about 70°C at the lower temperatures region
with increasing the water content in the atmosphere.

The most remarkable behavior observed is the apparent influence of temperature on the effect
of water vapor on the crystallization. In general, water promotes, in a certain degree, the
hindering of the crystallization onset at higher temperatures. For lower temperatures, such
onset of crystallization has an inverse behavior, i.e., the incubation time became shorter in
presence of humidity. This effect could be well observed in the MgO-bearing mold powders
(see Figures 4.1.18, 4.1.34 and 4.1.39). Similar results were reported by Prapakorn and
Cramb [11] and Cramb [45] for a CaO-Al,03;-MgO based slag (see Figure 4.1.44). The
authors pointed out that the water hinders the crystallization of the high temperature phases
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(3Ca0.A1,03+3Ca0.2A1,05.Mg0), while the crystallization behavior of the phases formed at
low temperature (3Ca0.2A1,05+Mg0.Al,03) is not affected by the presence of dissolved
water in the slag. It was concluded that the addition of MgO to CaO-Al,O3 system minimize
or eliminate the effect of water on the crystallization behavior of the slag. However, this
relationship between temperature and the water effect on the crystallization path is hitherto
unclear. In their study, about the role of water in the structure of slags, Mohassab and Sohn
[1] concluded that H,O stabilizes the more polymerized silicate anions rather than the
depolymerized monomers. Such stabilization of more polymerized silicate anions results in an
increasing of the degree of polymerization and, consequently, the viscosity of the slag. They
were based on XRD analysis in addition to NBO/T (non-bridging oxygen atoms/number of
atoms in tetragonal coordination), as well FTIR-RAS (Fourier transform infrared-reflection
absorption spectroscopy) and Raman spectroscopy, for slag samples with CaO/SiO; equal to
the unit. The samples were quickly quenched from 1550°C in ice water. This succinct
description of the referred study was necessary, at this point, it intends to clarify the
experimental conditions in which the results were obtained. In a previous work based on
Raman spectroscopy results, Mysen et al. [80] report that water tends to form non-bridging
oxygens in silicate melts with three-dimensional network structure. For melts with non-
bridging oxygens, water acts towards the increase of the degree of polymerization of the slag
network. Such a behavior was attributed to the reaction of water with non-bridging oxygen
and network modifiers forming Si-OH bonds and M(OH) or M(OH), complexes, where M is
a modifying cation. Cao et al. [81] reported a beneficial effect of water to formation of
amorphous substances in detriment of crystalline ones for coal slags at high temperatures. On
the other hand, a depolymerization effect of water on the structure of these same coal slags
was also observed. For coal slags with high Si0,-Al,0O3, the polymerization degree was
enhanced with increasing water vapor proportion in the atmosphere [82].

The increasing in viscosity promoted by stabilization of the more polymerized silicate anions
can be related to the hindering of crystallization onset at high temperatures. Since the mass
diffusivity of the slag is frequently considered as the inverse of the Einstein-Stokes viscosity,
an increase of viscosity will act as a barrier to ion mobility according to Equation 2.41,

reproduced below.
KT
D, = p— (2.41)

where 7 is liquid viscosity [61].

However, the conclusions reported by Mohassab and Sohn [1] and Mysen et al. [80] can be
related to the hindering of crystallization only at high temperatures. For intermediate and low
temperatures, the role of water on the crystallization behavior remains unclear. The
crystallization results obtained from SHTT exhibited, in a general way, three distinct
characteristics, as previously mentioned: (i) hindering of the crystallization onset at high
temperatures, (i1) relatively insensitive to water vapor at intermediate temperatures, and (iii)
enhancement of crystallization rate at low temperatures. Assuming mass diffusion as the

119



4.1 Crystallization Behavior Results

control process of crystal growth, it is worth to consider the viscosity-temperature dependence
of the slag: viscosity variations with temperature impose different mass-transfer rates.

Given that the viscosity of the slag is related to its structural condition — the higher the degree
of polymerization, the higher the viscosity of the melt — it is expected that changes in the
structure of the slag will occur with the variation of temperature. For instance, the NBO/T
index of Na,Si,0s-Na,Ti,0s5 melts and glasses slightly increase when they are heated above
the Ty; with a maximum value reached at a specific temperature range [58]. This increase in
the NBO/T value was attributed to changes in the degree of polymerization of the melt with
the temperature by altering the proportion or abundance of the anionic structural units or
species, as will be discussed below.

Based on the SHTT crystallization results, reinforced by those reported by Prapakorn and
Cramb [11], it is evident the influence of the temperature on the way as the water acts on the
structure of the slag. Such influence of temperature will affect directly the role of water on the
nucleation and growth of the crystal. In the present study, water acts as a network former,
increasing the degree of polymerization of the slag at higher temperatures. On the other hand,
water decreases the degree of polymerization of the slag, and accordingly the viscosity at
lower temperatures. For the higher temperatures, such propose is supported by the study
carried out by Mysen et al. [80] and Mohassab and Sohn [1], in which an increase of viscosity
with increasing water vapor content was reported.

As aforementioned, NBO/T provides a measure of the degree of depolymerization of the slag.
Although this structural parameter do not differentiate between the effects of different cations
on the silicate structures [66], as well as the binary basicity, it have been used continuously as
a polymerization index of the slag structure. The NBO/T has been correlated to slag properties
as viscosity, water capacity, thermal diffusivity and so on. The Table 4.1.4 shows the nominal
NBO/T for the mold fluxes of the present study calculated using the Equations (2.2), (2.3)
and (2.4) (Chapter 2).

Table 4.1.4 Calculated nominal non-bridging oxygen atoms per number of tetrahedrally-coodinated atoms
(NBO/T) of the mold fluxes.
NBO/T
(NOMINAL)

MOLD FLUX

According to the nominal NBO/T results, the investigated mold powders are predominantly
composed by different anionic structural units as sheet (NBO/T = 1) and chain or single ring
(NBO/T = 2); except to CSA_T system, where the structure comprehend three-dimensionally
(3D) interconnected (NBO/T = 0) and sheet units. This is in accordance with the expression
suggested by Mysen et al. [83] (Equation 4.2) which describe the equilibrium between
anionic units for binary melts with NBO/T between 1.0 and 2.0:
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35i,0¢~ (chain) = 2Si,0%~ (sheet) + 2S5i04~ (monomer) (4.2)

For a NBO/T between 0.1 and 1.0, the equilibrium of coexisting anionic species is expressed
in the equation 4.3 as follow:

25i,0%" (sheet) = 2Si,0¢™ (chain) + 2Si0, (3D) (4.3)

The mold fluxes that are situated into this NBO/T range differ in the proportion of each
structural units in the melt i.e. which kind of structural unit is predominant.

Assuming that the equations (4.2) and (4.3) describes adequately the anionic equilibrium of
the mold powders, the higher reactivity of CSA T mold powder (NBO/T between 0 — 1) in
presence of water can involve the possible presence of three-dimensional units in the
structure. Based on the crystallization measurements result carried out with the SHTT, it was
possible identify a higher reactivity of water with the more polymerized melts.

Changes in the structural units in more polymerized species of the NaO,-SiO, and CaO-MgO-
Si0, systems when in presence of water have been reported by Myssen [78]. Such changes
were attributed to the formation of bonds between some OH groups and the network modifier
metal instead of breaking oxygen bridges by hydroxyl ions (e.g., Na..OH, Ca..OH and
MgO..OH). On the other hand, a decrease in the polymerization degree of the NaO,-Al,O3-
Si,0-H,0 system due to an increasing of the proportion of the less polymerized species as
detriment of the more polymerized species was also reported. According to the dissolution
mechanism (see Chapter 2, section 2.4), H,O can acts a polymerizing or depolymerizing
agent of the silicate melt, according to the slag basicity. For instance, in acidic slags, water
tends to react with doubly bonded oxygen, promoting the depolymerization of the slag. When
in basic slag, water can acts either as polymerization or depolymerization agent. In the case of
highly basic slags, water reacts with free oxygen ions causing depolymerization of the slag. In
the present work, all slag systems investigated were tailored intentionally to have the same
basicity (about unity). According to Mohassab and Sonh [1], such a basicity is considered
moderately basic. Thus, it would be expected that the effect of water on the crystallization of
the slag exhibit similar behavior in all slags. However, the influence of water was distinct for
some slag, namely CSA T and CSA TMI systems. Based in the results obtained in the
present study, the utilization of the basicity of the slag as a parameter related to the effect of
water on crystallization of slag seems not be appropriate. On the other hand, the degree of
polymerization seems to provides a better parameter to explain the interaction water-slag
crystallization.

The effect of water on the viscosity of glasses, silicate melts and slags varies according to the
chemical composition. For instance, the effect of hydroxyl on the viscosity of glasses is
evident for glass former oxides, as commercial vitreous silica and vitreous boric oxide; for
silica-lime glasses, such effect is smaller. It is suggested that addition of more non-bridging
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species has little additional effect on the viscosity of fragile' melts due to its high structural
disruption [41]. Measured viscosity values of coal slags showed no substantial difference
between measurements carried out in atmospheric air and in an air + 10% H,O mixture [24].
In turn, an increase of the viscosity in presence of water was reported by Mysen et al/ [80] and
Mohassab ef al.[1] in melt silicates and ironmaking slags, respectively.

Important physicochemical properties of the slags — as viscosity — are directly connected to
structure of these systems [84]. Taking into account the temperature dependence of viscosity,
changes in the viscosity are related to structural changes as a consequence of variations of the
proportions of anionic unities. Accordingly, the degree of polymerization of a slag may also
change with the temperature, as well as it implicates directly on the kind and proportion of the
anionic species will constitute the slag structure. For a determined mold powder, the extent of
polymerization is altered according to the temperature; thus, the both dissolution reactions for
basic slags (described by Equations 2.29 and 2.30 — Chapter 2) may occur at different
temperature ranges. Accordingly to anionic model proposed by Mysen et al. [83] (see
Chapter 2 — equations 2.6, 2.7 and 2.8), there are three distinct compositional regions (or
NBO/T) in which a combination of three anionic structural units may occur. Assuming that
the degree of polymerization of the mold powders is altered with the temperature (increasing
or decreasing), the types and proportions of structural anionic units present in each NBO/T
range will also change with the temperature. This suggests that a determined slag will exhibit
different structural anionic units which will interact with the water in distinct manner,
according to the temperature.

At higher temperatures, the viscosity of the slag decreases as a consequence of increasing
number of non-bridging oxygen. Thus, it will be expected an increase of the proportion of the
anionic species with higher NBO/T as monomers (SiO;~), dimmers (Si,0%7) and chains
(Si,0¢7), at the expense of the lower ones as sheet (Si,027) and three-dimensional units
(§i0,). When in presence of humid atmosphere, the degree of polymerization tends to
increase, promoting the retardation of the onset of crystallization in high temperatures.
According to Mohassab et al. [1], water promotes the stabilization of the more polymerized
anionic unit instead the depolymerized monomer. Assuming the stabilization of the more
polymerized structure by water in the present study, such phenomenon was observed only in
the higher temperature range. This is consistent with the results reported by Mohassab et al.,
take account that their slag samples were quenched from a considerably high temperature
(1550°C). In practice, such stabilization of the more polymerized structures results in an
increase of viscosity. Considering the mass diffusion as a crystal growth control process, an
increase of viscosity implicates in a hindering of the crystallization onset. Nevertheless, such
behavior was not completely observed.

At intermediate temperatures, the effect of water on crystallization is apparently mitigated, i.e.
the crystallization behavior of the slag did not exhibit significant alterations in presence of
water compared to its behavior in inert atmosphere. This suggests that in these temperatures,

! Fragile melts are characterized by less defined short range order, high configurational degeneracy, and ionic
bonds. Their structures disintegrate rapidly with increases in temperature above 7T, [32].
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the distribution of polymerized and the depolymerized silicate anions tend to be more
“equilibrated”, even in presence of humidity.

On the other hand, the viscosity of the slag is high at lower temperatures as a consequence of
increment of the degree of polymerization (lower NBO/T). At this temperature range, the rate
of crystallization was enhanced in presence of water in the atmosphere. Such effect of water
vapor on the crystallization can be attributed to the depolymerization of the slag structure and
accordingly decreasing the viscosity. Therefore, the effect of the water on the crystallization
behavior of the present systems varies with its extent of polymerization degree which, in turn,
changes with the temperature. Water acts toward to polymerization the more depolymerized
anionic units; and as a depolymerizing agent of the more polymerized structural units. Mysen
et al. [80] reported that H,O increases the NBO/T in highly polymerized silicate melts; while
in melts with high depolymerization degree, H,O results in decreased NBO/T.

Naturally, the chemical composition of the slag has strong influence on the stabilization of the
coexisting three-dimensionally interconnected units. The type of metal cation present affects
the distribution of structural units in the slag [12]. For instance, the presence of Mg*"
stabilizes the SiO, and SiO% structural units, which are the extreme cases of polymerizing
silicate anions; however, the overall NBO/T ratio remains unchanged [12]. Based on the
Equation 4.2, such behavior suggests that the SiOj anionic units are more stabilized by
presence of MgO than Si, 02~ and Si,02. This fits well with the crystallization trend of the
present mold fluxes where the crystallization rate and temperature range of crystallization
were enhanced with increasing MgO content.

The effect of the temperature on the water solubility has been reported as low or even
irrelevant at temperatures over 1370°C [42,46,47]. Assuming that the solubility of water is
unaffected to temperature variations, it has not been treated as a relevant factor on the
crystallization behavior of the mold powders investigated in the present study. However, it is
worth to keep in mind that the structure of the slag changes with the temperature, and this has
direct influence on the solubility capacity of the slag systems. A relationship between the
hydroxyl capacity and NBO/T of the mold fluxes are shown in the Section 4.2.

In a general way, that the water acts as a depolymerization agent in highly polymerized slags
(NBO/T between 0.1-1.0) and in highly depolymerized slags (NBO/T > 2), independently of
temperature. For instance, water increased significantly the crystallization temperature range
of the CSA_T mold powder (NBO/T < 1), while the crystallization rate of slags with NBO/T
> 2 as the CSATN 3 [8] (see Item 4.1.2, Figure 4.1.13) and others [61], was improved by
H,O in the gas atmosphere. For the slags with higher NBO/T, the structure is so disrupted due
to high concentration of NBO so that water is not able to polymerize the structure. Shelby and
McVay [62] reported that the presence of Na,O in sodium trisilicate glasses provides a high
depolymerization to the structure — due to a formation of a high concentration of NBO — that
additional depolymerization due to small additions of water (as much as 1 mol% H,0O) do not
provide significant decrease in the degree of polymerization. In the case of the slag with
intermediate polymerization degree (2 > NBO/T > 1) water tends to polymerize the more
depolymerized anionic units at high temperatures, increasing the viscosity; conversely, water
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act toward to the depolymerization of the more polymerized structural units at lower
temperatures. It was the case of the CSA_ M, CSA TM1, CSA TM2 and CSA_TM3 mold
powders, where the effect of the water on crystallization is a function of the temperature.

Based on the SHTT measurements results carried out in argon and water vapor atmospheres,
with some “support"” from Raman spectroscopy analysis results reported in literature
[1,78,80], it is possible to suggest that the occurrence of structural changes with temperature
affects the proportion of the structural unities which, in turn, affects the effect of water on the
crystallization behavior. In other words, structural changes promoted by temperature denote
the amphoteric characteristic of water, which have reflex on the crystallization behavior of the
mold fluxes. In addition, the solubilized water may alter the abundance of determined
coexistent anionic specie in detriment of another one. Assuming mass diffusivity as the
limiting process to crystal nucleation and crystal growth, either the crystallization rate
improvement at lower temperatures, or the crystallization hindering at higher temperatures are
a consequence of the viscosity variations caused by the reported structural changes. In the
present work, it is suggested that such “distinct” crystallization behavior promoted by the
presence of water as function of temperature occurs more intensely for mold powders with a
nominal NBO/T between 1 and 2.
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4.3 Thermodynamic Simulations Results

4.3.1 Water Solubility Predictions

In the present section, the results of calculations of water solubility in the CaO-SiO,-Al,03-
MgO-TiO, slag systems — carried out using FactSage 6.4 for two distinct water vapor partial
pressures — are presented below. The thermodynamic calculation results are confronted to the
crystallization behavior experimental results from SHTT measurements.

The thermodynamic calculations were validated by means of experimental water solubility
data provided by Iguchi, Ban-ya and Fuwa [1], and Iguchi and Fuwa [2]. Curves of iso-
hydroxyl capacity or iso-water capacity (iso-Con) from solubility data of CaO-SiO,-MgO,
Ca0-Si0,-Al,0;3 and Ca-Si0,-TiO;, ternary systems were adopted as guidelines (Figure
4.2.1). Thus, the chemical composition of the investigated mold powders (see Table 3.2) were
adjusted to ternary slag systems and inserted in its correspondent ternary hydroxyl capacity
(Con) diagram. This adjustment was carried out suppressing the components that were not
contemplated by the three ternary diagrams, CaO-Si0,-MgO (CSM), CaO-Si0,-AL,0; (CSA)
and Ca0O-Si0,-TiO; (CST). The chemical composition of the adjusted mold powders is shown
in the Table 4.2.1. The binary basicity (CaO/SiO;) was kept constant equal to unity.

Table 4.3.1 Adjusted chemical composition of the mold powders used in the thermodynamic calculations and
concentration values H, H,O and hydroxyl capacity (Coy).
Mold flux Components

Ternary system sample C20 Si0, MgO H[ppm] H,O [ppm] Cgigl[l%%m
CSM1 40.74 40.74 18.52 96.172 865.548 1413.434
. CSM2 47.06 47.06 5.88 50.322 452.898 739.5793
OSSR CSM3 45.78 4578 8.43 55.647 500.823 817.8405
CSM4 4375 43.75 12.50 67.013 603.117 984.8859

CaO Slo: A1203
CSA1 36.84 36.84 26.32 35.959 323.631 528.4872
CSA2 38.82 38.82 2235 36.753 330.777 540.1566
Ca0-Si0,-AL,0; CSA3 4255 4255 14.89 38.728 348.552 569.1830
CSA4 41.19 41.19 17.62 37.948 341.532 557.7194
CSA5 39.11 39.11 21.79 36.883 331.947 542.0672
CST1 46.67 46.67 6.67 34.478 310.302 506.7210
. . CST2 4938 4938 1.23 40.257 362.313 591.6547
DAL CST3 4951 4951 0.98 40.557 365.013 596.0637
CST4 49.65 49.65 0.71 40.884 367.956 600.8696

CaO Al:Oj,

CAl 44 .44 55.56 = 38.756 348.808 1559.916
Ca0-ALO;" CA2 50.00 50.00 = 48.028 433.869 1940.320
CA3 54.55 4545 = 60.474 544.269 2432.045

T = 1550°C and Py,0 = 0.370078 atm (0.375 bar)
"Water vapor partial pressure = 0.0507 bar and T = 1600°C.

The thermodynamic calculations were set to the temperature of 1550°C and a water vapor
partial pressure of 0.375 bar; same conditions whereon the hydroxyl capacities of the ternary
diagrams were constructed [1,2]. The data of absorbed hydrogen content by the slag systems
were converted to water content by the Equation 4.4

1 _ 1 _
Py 0? (slag) T Py HZO(gas) = OH (slag) (4.4)
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The hydroxyl capacity (also named as water capacity — Cpy0) was calculated using the
Equation (2.34) — reproduced as follows
ppm Hy0

OH = Pm0'? (2.34)
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Figure 4.2.1 Iso-hydroxyl capacities ternary diagrams for (a) Ca0O-Si0,-MgO; (b) Ca0O-Si0,-Al,0;, and (c)
Ca0-Si0,-TiO, ternary slag systems at 1550°C and 0.375 bar. Figure adopted by (a) Iguchi and Fuwa [2]; and
(b) and (c¢) Iguchi, Ban-ya and Fuwa [1]. The dotted line represents the CaO/SiO, ratio.

The hydroxyl capacities results for the ternary systems containing MgO (Figure 4.3.1(a))
showed good agreement with the iso-Cyy curves from experimental solubility data. The CSM
system exhibited the highest hydroxyl capacities, as expected [3-5] with the larger water
solubility range. For the CSA (Figure 4.3.1(b)) and CST (Figure 4.3.1(c)) ternary systems,
the calculated Cpy results showed some discrepancies with the experimental data: according
to the iso-Cpy ternary diagrams, the hydroxyl capacities of the CSA compositions are in a
range of 750 — 800 ppm bar'"’?; whereas for the calculated data the solubility data lies in a

range between 520 — 570 ppm bar?. Similarly, Cy,o experimental data for the CST
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4.3 Thermodynamic Simulations Results

composition exhibited a range of 600 — 650 ppm bar’? while the calculated capacities are
between 500 and 600 ppm bar’%. A certain divergence in experimental results can also be
seen in the literature; for instance, the water solubility results from CaO-Si0,-MgO system
reported by Sosinsky et al. [3] are lower than those from Iguchi ef al. [2].

Figure 4.2.2 (see also Table 4.2.1) shows the hydroxyl capacity data from FactSage
calculations. The hydroxyl capacities of the CSA and CST ternary systems are lower and
close to each other in a very narrow solubility range, in contrast to those obtained with the
CSM system. This suggests that Al,O; and TiO, behave similarly regarding to water
solubility potential within the chemical composition range investigated, i.e., TiO; at low
content is found as Ti*", which has a role equivalent to AI’" in the structure, acting as network
forming element. According to Mills [6], TiO, in steelmaking slags works as network former
in a range 1 - 7 wt-%. With respect to the influence of chemical composition, it is possible to
observe a substantial increase of water solubility with increasing MgO content; conversely,
there is a slight decrease of water solubility with increasing content of Al,O3 and TiO,.
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Figure 4.2.2 Cyy calculated from FactSage water solubility results for the CSM, CSA and CST ternary systems.

Considering the experimental error range inherent to the experimental procedures, the Cy, o
calculated data for ternary systems are assumed to be in good agreement with the
experimental results, giving support to the thermodynamic prediction of higher order systems.
It is noteworthy that, despite the discrepancy in some systems, the water solubility in the
ternary slags shows the same tendency between experimental and calculated data.

The water solubility thermodynamic calculations, based on the chemical composition of the
original mold fluxes (see Chapter 3, Table 3.2), are shown in the Figure 4.2.3. Two
different aspects can be highlighted: (i) the effect of water vapor partial pressure and (ii) the
influence of chemical composition on the water solubility of the slags. The solubility of water
increases linearly with square root of partial pressure of water, which is in accordance with an
extensive literature concerned to water solubility from atmosphere in slags, glasses and oxide
melts [3,7-11]. The water vapor partial pressures used for the calculations were approximately
the same applied in the isothermal crystallization experiments in the present study.
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Figure 4.2.3 Water solubility of the mold powders as a function of water vapor partial pressure at 1550°C from
thermodynamics calculation using the FactSage.

Concerning the chemical composition, the results for higher order systems are consistent with
the tendency exhibited by the ternary systems discussed earlier; i.e., the water solubility
increase with increasing MgO concentration in the slag. Reverse effect was demonstrated by
AlL,O3 and TiO, additions (see Figure 4.2.1(a) and (b)). The calculation results are consistent
with the tendency exhibited by the ternary systems discussed earlier. These data are also in
agreement with those from experimental [1-3,11-14] and from mathematical model
estimations [4,5,15] reported in literature. For example, Jung [4] — by means a thermodynamic
model — reported a general tendency of increasing water capacity with additions of MgO into
the CaO-Si10,-Al,03 system.

Ban-Ya et al. [15] point out to the fact that, despite the water vapor solubility in the molten
slag have the same characteristic behaviors, a quantitative analysis of the water dissolution as
a function of composition and temperature, in a wide slag compositional range, has not yet
been established. Thereby, the aim of these thermodynamic calculations was not to quantify
the water content absorbed by slag from the atmosphere, but to evaluate the solubility trend of
the slags and establish a relation with the crystallization behavior of each slag system.

As mentioned in the section 4.1, the CSA T and CSA TMI mold powders were more
susceptible to changes in their crystallization behavior when in presence of water vapor
atmosphere. The crystallization extend (or crystallization temperature range) of CSA T was
markedly enlarged with addition of 3.34 % H,O to the atmosphere. In the case of CSA TM1
mold flux, such effect on extend of crystallization temperature range was observed only for
the higher water vapor content (12.19 % H,0) in the argon mixture.

The solubility of gases in glasses, slags and oxide melts has been reported as a function of
structure of the slag [16]. For example, at a given pressure and temperature, the solubility of
CO; in silicate melts is preferentially associated with NBO's of the melt. Correlations with
NBO/T pointed to an increase CO; solubility with increasing non-bonding oxygen [17-19]. In
the present work, a correlation between the nominal NBO/T and C,y for CA, CSM, CSA,
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CST and CSA TM systems was investigated based on the results which are shown in the
Figure 4.2.4 together other with experimental data from literature [3,13,14,20-22].
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Figure 4.2.4 Water capacity of the mold slag as a function of the number of non-bridging oxygen atoms per
number of tetrahedrally-coordinate atoms at 1550°C for CA, CSM, CSA, CST and CSA_TM systems together
with experimental data from Sosinsky et al. [3], Jo et al. [13], Brandberg et al. [14], Daya [20], Yindong et al.
[21] and Schwerdtfeger ef al. [22].

From the Figure 4.2.4 it is possible to observe the existence of a trend toward an increase of
the hydroxyl capacity with increasing NBO/T, i.e. the higher the degree of depolymerization,
the higher the water solubility in the slag. Similar tendency was observed by Deubener ef al.
[23] where OH concentrations are significantly higher in more depolymerized sodium
trisilicate (NBO/T = 0.66) than in the fully polymerized rhyolitic glass (NBO/T = 0). Study
conducted by Le Losq et al. [24] — based on variations of water solubility with ionic radius of
the alkali oxide at a given temperature and pressure — concluded that the existence of a
relationship between chemical composition, solubility mechanisms and melt structure affects
the water solubility in tetrasilicate melts. Mysen [25] reported an increase of molar water
concentration with increasing NBO/T of Na,O-Si0,; glass system for high pressure (1.5 GPa).

Other important aspect observed is the existence of distinct Cpy curves as a function of
NBO/T ratio for each oxide system, i.e. the use of the NBO/T as a structural parameter to
predict the hydroxyl capacity of the mold fluxes can be applied only to similar oxide systems,
independent of the order of system: binary, ternary or higher order systems. Different
hydroxyl capacity values were obtained for distinct oxide systems with a same fixed NBO/T
value. Such behavior can be attributed to the presence and proportion of different anionic
structural unities, which can be altered by the type of coordinating cations and temperature in
a multicomponente melt, denoting a high influence of the chemical composition on the water
solubility potential. Although Bouhifd ef al. [26] suggest that the calculated NBO/T values
should be treated only as a guideline — once non-bridging oxygens can be present in the
nominally full polymerized compositions — it can be used to reveal the existence of a water
solubility-slag structure relationship.
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The slag basicity index has also been used as a representative structural parameter of the slags
[27,28]. As aforementioned in the Chapter 2 - item 2.1.1.2, the concept of binary basicity is
somewhat questionable due to the high structural disruption of the melt, which constantly
alters the concentration of the non-bridging oxygens. Even structural parameters as NBO/T
and Q-notation experience problems to describe the structure since they do not take account
the effect of different cations on the slag structure [6,28,29]. In this case, the optical basicity
is suggested as being an appropriate method to characterize slags according to their chemical
composition. The formula of optical basicity and the data used to calculation are described in
the Chapter 2. Relation of optical basicity (A) and water vapor capacity was calculated using
the following equation suggested by Sosinsky ef al. (Equation 2.38) [30].

log Cy,o = 12.04 — 32.63A + 32.71A% — 6.62A3 (2.38)

Table 4.2.2 shows the estimated Cy, o values calculated by means FactSage.

Table 4.2.2 Optical basicity and water capacity results derived from Eq. 4.6 and FactSage calculations.

Mold Flux log (Ciao) Cuo (Eq. 4.6)  Cipo (FactSage) log (Cop) (FactSage)
CSA T 0.646 2.826 670.821 469.676 2.672
CSA_TM1 0.655 2.839 691.826 639.765 2.806
CSA_TM2 0.660 2.848 705.231 687.291 2.837
CSA_TM3 0.661 2.851 709.187 780.309 2.892
CSA M 0.664 2.856 718.797 1056.882 3.024

*Calculed Esing the Pauling eletronegativity data [6] (see Table 2.1).

Hydroxyl capacity results from FactSage simulations show some alternating result when
compared to those from Eq. 2.38. The simulated Cy,, of mold powders with highest MgO
level was higher than that obtained from Eq. 2.38. Opposite result was obtained for the
highest TiO, mold powder, where the calculated Cy,o was higher than that provided by
FactSage simulation. Figure 4.2.5 shows a comparison between the data obtained from
FactSage simulations and from Eq. 2.38 calculations for all proposed systems in the present
study (see Table 3.1 and Table 4.2.1). On the other hand, the difference between Cy,, data
derived from FactSage and Eq. 2.38 calculations of CSA(_ TM1, TM2 and TM3) systems
were lower than those exhibited by the CSA T and CSA M mold powders. In addition, the
Ch,o FactSage results of these slags systems were lower than those provided by Eq. 2.38.

Figure 4.2.5 shows a comparison between the FactSage Cyy values and the hydroxyl
capacity data as a function of the optical basicity found in the literature. The quaternary
systems — namely CSA M and CSA T mold powders — show the highest deviations from the
optical basicity curve (Eq. 2.38). Nevertheless, the estimated Cyy values lie within the
experimental data dispersion; furthermore, CSA M system shows good agreement with
Daya’s [20] experimental point for an equivalent system (36 wt-% CaO, 35.8 wt-% SiO,, 18.5
wt-% Al,O3 and 9.7 wt-% MgO). It can also be seen that experimental points concerning the
TiO;,-bearing system (CST and CSA T) show lowest water capacity values. The
thermodynamic calculation results show a large variation of the hydroxyl capacity in a very
narrow optical basicity range — except for CaO-Al,O3 binary system.
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Figure 4.2.5 Comparison between FactSage hydroxyl capacity results (Cyno) and equation 4.6 (solid line) data
as a function of Optical basicity (A).

FactSage Cyy values were also compared to literature data as a function of the optical basicity
(derived from Pauling electronegativity) based on the Equation 2.39, suggested by Daya [20].

log Cy,o = 41.92 — 164.92A + 226.42A% — 100.31A3 (2.39)

The results are shown in Figure 4.2.6. A large dispersion of experimental results around the
minimum of hydroxyl capacity can be seen. In addition, for the CaO-Al,O; system, data
calculated by FactSage show better adjustment with the Daya’s curve. The ternary systems —
CSM, CSA and CST — show a Cpy distribution that corroborates the information giving in
Figure 4.2.2, with MgO-bearing mold powder at higher and wider position than fluxes
containing alumina and titania, above and below the C,y curve as a function of 4,
respectively. The quartenary systems — CSA_M and CSA T mold fluxes — show the highest
deviations from the optical basicity curve (Eq. 2.39). Nevertheless, the estimated Cyy values
lie within the experimental data dispersion; furthermore, CSA M shows a relatively good
agreement with Daya’s [20] experimental point (36 wt.% CaO, 35.8 wt.% SiO,, 18.5 wt.%,
ALO3; and 9.7 wt.% MgO) of an chemically equivalent system. It can also be seen that
experimental points concerning the TiO,-bearing system (CST and CSA T) show lowest
hydroxyl capacity values. Summarizing, the effect of the chemical composition on the
hydroxyl capacity of the ternary systems is reproduced for the higher order systems.
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Figure 4.2.6 FactSage water capacity (Cy,o) as a function of Optical basicity (A); comparison of mold fluxes
proposed in the present study and from different slag systems available in the literature [1-3,9,11,20,22,30-40].
Figure adapted from Daya [20].

In the Fig. 4.2.6, a minimum of Cyy as a function of the optical basicity can be clearly seen;
in case of other usual indices to express basicity, a minimum at about unity basicity or near to
the metasilicate composition has also been reported [3,15,31,41]. As the mold powders
tailored from the CSA TM system were proposed to have a CaO/Si0, ratio equal to unity,
Coy data distribution around the region of minimum solubility in the curve was expected;
however, the mold fluxes exhibited a large water capacity distribution data for a narrow A
range — yet, still within the experimental data scatter.

Based on the reliability of calculated data, such a hydroxyl capacity variability exposes the
high sensitivity to the chemical composition of the FactSage, i.e. small changes in a
component content of the oxide system reflects in a large variation in hydroxyl capacity
results. This fact raises the question that, although the optical basicity provides a unique curve
for a large chemical composition range — differently to NBO/T index — it is not an adequate
parameter to serve as a basis for the hydroxyl prediction of the fluxes under study. It can be
seen for the ternary system containing TiO, that slags with approximately the same optical
basicity may present variations in hydroxyl capacity. Assuming that the structure of the slag
has an important role on the water solubility control, such variability in H,O capacity may
indicate that the relation water capacity-slag structure needs complementary information.
According to Mills [29], the NBO/T ratio is probably superior to 4 as a measure of the
depolymerization, however, it shows some limitations when used to predict water solubility,
as previously mentioned.
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The curve characteristic of the solubility plotted in terms of basicity is attributed to the
amphoteric behavior of the water dissolved in the melt, i.e. it can act either as a polymerizing
agent in acidic slags or as a depolymerizing agent in basic slags. The calculated optical
basicity values lie in a range which indicates a basic character to the mold fluxes, according to
the different dissolution mechanisms represented by the reactions 2.28 — 2.31 [4,19,21].
Nevertheless, the amphoteric behavior of water is not reveled taking C,y as a function of
NBO/T, i.e. , the possible existence of a minimum in solubility could not be confirmed for the
oxide systems investigate; since such a minimum in solubility has been found as a function of
the slag basicty, and the fact that the basicity of all proposed oxide systems — ternary,
quaternary and quinary — is equivalent (CaO/SiO, = 1), the observation of a minimum when
H,0 is expressed as a functions of NBO/T is obscured. However, based on the observations
made from results showed in the Fig. 4.2.4, the existence of a minimum in solubility
correlated to structural assignment is not expected.

Comparing the water solubility results with their respective crystallization results (TTT
diagrams — see section 4.1), it is possible to observe that the effect of water vapor on
crystallization of the slags is more pronounced in those with lower water solubility (CSA T
and CSA TM1mold powders) than those slags with high water solubility capacity. Such slags
have higher polymerization degree than the others, indicating that water have a stronger
crystallization effect on the more polymerized mold powders. This is in accordance with the
water solubility reaction mechanisms presented in the Chapter 2 (reactions 2.28 — 2.31). The
CSA TMI and CSA TM2 mold powders, which are more polymerized than the CSA_TM3,
exhibited higher hydroxyl capacity (the values of NBO/T are showed in Table 4.1.4). Bouhifd
et al. [26] reported more intense effect of water on the 7, of aluminosilicate glasses in the
more polymerized melts albite (NBO/T = 0) than those with lower degree of polymerization
phonolite (NBO/T = 0.19) and trachyte (NBO/T = 0.21), as previously mentioned in Chapter
2 - section 2.4. On the other hand, the effect of water on 7, of the leucogranite DK89 (NBO/T
= 0) was equivalent to that the phonolite and trachyte melts. Assuming the basic nature of the
investigated mold powders, the solubility must to follow one of the reaction mechanisms
represented by reaction 2.29 and reaction 2.30. As concluded from the TTT experimental
results (section 4.1), both solubility mechanisms can occur for a same mold flux as a function
of the temperature. This implicates in a structural rearrangement by means of a change in the
proportion of the coexisting anionic unities; thus, a change in the basicity could be also
expected.

Structural parameters of the slag as NBO/T and optical basicity can be calculated from its
chemical composition, giving a good indicative of the degree of polymerization of the slags.
Nevertheless, the effect of the temperature on the structure of the slag — which is reflected on
the slag properties as viscosity — is not contemplated by such parameters; even experimental
results about the effect of water on the structure of the molten silicate and slags are restricted
to high temperature (above 7).

Thus, it is possible to establish a relation between the structure and the water capacity, and its
effect on the crystallization behavior of the slags. The structure of the slag dictates the ability
of slag to dissolve water — higher polymerized melts are less able to solubilize water than
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those with lower degree of polymerization. In addition, the structure of the slag is affected by
the temperature, not to the point to significantly alter the overall degree of polymerization, but
enough to influence the effect of water on the crystallization behavior of the mold flux.

4.2.2 Some observations about the structural parameters

The structural parameters adopted in the present work to describe the degree of
polymerization of the proposed mold powders — NBO/T and A — are calculated based on the
chemical composition of the slags (Equations 2.2 — 2.4 and 2.10, respectively). These
equations do not take account the effect of temperature on the structure of the slag. Such a
temperature influence on the structure of the slag, in some way, may perhaps be irrelevant in
the steelmaking processes, since they usually occur at high temperatures (above the melting
temperature of the slag). Nevertheless, for continuous casting, the temperature changes are
essential in the solidification process and on the structural variations, which have strong
influence on several physicochemical parameters of the slag. Thus, these structural parameters
must to be “faced” as a polymerization index which provides a structural tendency of the slag
based on its chemical composition. As previously metioned, Bouhifd et al. [26] suggest that
the NBO/T should be treated as a guideline, because nominally fully polymerized
compositions can contain some non-bridging oxygens. Even these parameters are calculated
from the bulk chemistry, qualitative discrepancies can occur. For example, assuming Ti*"
tetrahedrally-coordinated and Mg*" as a network breaker, it would be expected an increase of
polymerization with increasing TiO, content — with concomitant decreasing MgO content.
This tendency could be observed from optical basicity results, where a polymerization
hierarchy obtained was CSA T > CSA TMI1 > CSA TM2 > CSA TM3 > CSA M. On the
other hand, the NBO/T calculated values show the CSA TM3 more polymerized than
CSA_TMI1 and CSA_TM2 mold fluxes. In this case, the difference between the NBO/T and 4
values in the present study shows an advantage of optical basicity over the NBO/T ratio.
According to Mills [29], the optical basicity can provide an alternative measure of the degree
of polymerization. When corrected to compensates the cations used for charge balancing of
the alumino-silicate, the optical basicity has advantages over the NBO/T — which is reported
as superior to optical basicity — since these cations do not contributes to the depolymerization
of the melt. Although these peculiarities about NBO/T ratio, it is a strong and widely used
parameter to represent the degree of polymerization of the silicates melts and slags. In the
present work, the calculated NBO/T is referred as nominal and was adopted as the main
polymerization degree parameter, providing a good polymerization tendency index of the
mold fluxes investigated.
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Chapter 5 — Conclusions

Taking the main functions of mold powders (lubrication and horizontal heat transfer control)
into account and their importance regarding the quality of final product, the study of
crystallization behavior assumes an important role for the optimization of the continuous
casting process. In the present Chapter, the findings and conclusion based on in-situ
crystallization behavior results using the SHTT, with support of thermodynamics calculations,
are as following.

Crystallization Behavior

Inert Atmosphere

TiO; as a glass former: CCT and TTT diagrams constructed from SHTT experiments in inert
atmosphere showed TiO; as a effective glass former in the content range used in the mold
powders investigated (0.5 wt-% - 5.0 wt-%), i.e. titania component do not was, in low
quantity, on its own a crystallization agent. On the other hand, the crystallization rate was
markedly improved as MgO was incorporated to the mold powder composition (up to 5 wt-%
MgO), providing the expanse of the temperature crystallization range and decreasing the
incubation time.

MgO increases the CCR: The critical cooling rate (CCR) exhibited a huge increase (from
0.17°C.s™ to 1.33°C.min™") with increasing MgO content from 7 to 10 wt-%; for further
addition (up to 15 wt-% MgO), the increase in the CCR was attenuated (from 0.17°C.s™ to
1.37°C.s™).

Distinct effect of MgO (and TiO;) on the viscosity: the CSA M slags system (15 wt-%
MgO) exhibited the lowest viscosity values; on the other hand, for the slags containing TiO;
and MgO concomitantly (CSA_TMI1, CSA_TM2 and CSA_TM3) the viscosity increases with
increasing MgO content — where the highest viscosity values was observed for the CSA TM3
mold slag (10 wt-% MgO). For CSA_T mold powder (5 wt-% TiO,) the viscosity values
showed intermediary values (similar to CSA_ TM2 system).

Relation between T;, and start of crystallization: Comparison between measured break
temperature and the temperature of onset crystallization (from CCT experiments at a cooling
rate of 10°C.min'1) shows higher values for the measured 73, than those obtained with the
continuous cooling measurements. This may be attributed to the presence of an external force
(shear strain), characteristic of the rotating cylinder, which can promotes the crystallization.
This can be inferred from the existence of a 73, in the sample CSA TMI1, in which case no
crystals traces were detected during the continuous cooling measurements.
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Effect of Humidity

The effect of water vapor on the crystallization behavior of the mold powder is a
function of the temperature:

TTT diagrams from SHTT measurements carried out in water vapor atmosphere exhibited —
inside of the respective crystallization temperature range of each mold powder — the hindering
of crystallization at higher temperatures. At intermediary temperatures, the effect of water on
crystallization was negligible. On the other hand, an increase in the crystallization rate
(shortening of the incubation time) at lower temperatures could be observed. Such a behavior
was more evident in the mold powders with higher nominal NBO/T (calculated based on the
chemical composition).

The structure of the slag changes with temperature and dictates the role of water on the
crystallization behavior (polymerization/depolymerization): The behavior aforementioned
reveals the amphoteric character of water on the crystallization tendency of the mold powders.
The effect of water on the crystallization of the slags is affected by temperature.

A reason for this phenomenon can be attributed to the structural changes caused by
temperature variations. Based on the crystallization results, with some support from Raman
spectroscopy found in the literature, it is suggested that water interacts according to the
polymerization degree of the slag, which, in turn, is temperature dependent.

The temperature implicates directly on the type and the proportion of the coexisting anionic
structural units in the melt: (i) at higher temperatures, the proportion of more depolymerized
anionic structure is higher, and the water acts as a polymerizer agent (as Equation 2.19),
increasing the viscosity of the melt. Such increment on the viscosity affects the mobility of
the germ nuclei, retarding the nucleation and crystal growth; (ii) at lower temperatures, the
proportion of more polymerized anionic structures is higher, and water acts as a
depolymerizer agent (as Equation 2.20), decreasing the viscosity. This enhances the ion
diffusivity, and accordingly the crystallization rate.

Influence of the chemical composition of the slag on the distinct crystallization behavior
in presence of water as a function of the temperature: The mold powders proposed in the
present study were assumed as slightly basic. The results suggest that the change in the
structure of slag with temperature, which alternates the effect of water on the crystallization
tendency of slag, occurs for a nominal (bulk) range about 1.0 < NBO/T <2.0 — in the present
study, the CSA M, CSA TMI1, CSA TM2 and CSA TM3 mold powders are exhibit this
condition. For NBO/T < 1.0, the mold flux is highly polymerized; in this case, water tends to
depolymerize the slag, leading to an increase of NBO/T — condition exhibited by CSA T
mold flux (as Equation 2.18). For highly depolymerized slags (NBO/T > 2), the structure is
so disrupted that any additional effect promoted by water tends to depolymerize the slag,
enhancing the crystallization rate, as exhibited by CSTNA mold powder.
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The crystal morphology remains unaltered in presence of humid atmosphere: The
presence of water in atmosphere do not promoted significant changes on the crystal
morphology.

Thermodynamic Calculations

Water solubility equivalence between TiO, and Al,O3;: The water capacities of the CSA
and CST ternary systems are lower and close to each other, in a very narrow solubility range.
In contrast, the water capacities of the CSM systems were much higher and well distributed in
a large solubility range. This suggests similar behavior between Al,O3 and TiO, regarding to
water solubility potential, within the chemical composition range investigated, i.e., TiO, at
low content is assumed be present as Ti*", which has a role equivalent to AI*" in the structure,
acting as network forming element.

Water solubility is a function of the chemical composition of the mold powders: The
water capacity of the CSM ternary system increases substantially with increasing MgO
content; while the water solubility of the CST and CSA ternary systems decreases with
additions of TiO, and Al,O3, respectively. The same behavior was also observed in the water
solubility of the CSA TM compositions, where the H,O solubility increases with increasing
MgO content, with TiO, and Al,O; exhibiting inverse effect.

Water solubility increases with increasing degree of depolymerization of the slag: A
relationship between water solubility and the structure of the mold powders could be
established. Correlation between Cpy and NBO/T exposes a trend to increase water capacity
with increasing NBO/T. This suggests that the higher the degree of depolymerization, the
higher the water solubility of the slag.

Relation Coy-NBO/T are distinct according to the oxide system: distinct Cyy curves as a
function of NBO/T ratio for each oxide system were observed, indicating that the use of the
NBO/T as a structural parameter to predict the hydroxyl capacity of the mold powders can be
applied only within similar oxide systems — independent of the order of system: binary,
ternary or for higher order systems, individually — denoting a high influence of the chemical
composition on the water solubility potential of the slags.

No minimum in water solubility was observed: Since the mold slags proposed in the
present study have a CaO/Si0,=1, which could to implicates in the presence of a minimum in
solubility; the possible existence of such minimum could not be confirmed; however, the
existence of a minimum in solubility correlated to the polymerization degree of the slag
(NBO/T) has no fundamental reason and was not expected.

Water capacity increases linearly with increasing ./py,o: Thermodynamic calculations

confirm the linear relation between water solubility and the square root of water vapor partial
pressure well established in the literature.
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Water Solubility and Crystallization Behavior
Relation between crystallization behavior results and solubility calculations:

Mold powders with lower water capacity are more sensitive to the effect of water on the
crystallization behavior: The slags with lower water solubility (CSA T and CSA TM1) -
strongly glass forming tendency - exhibited markedly increase of crystallization rate and
enlargement of crystallization temperature range. In the case of CSA TMI, in special, the
crystallization was markedly improved in presence of water vapor, but only at higher water
vapor pressure. The introduction of 3.34 % H>O do not was enough to promote any alteration
in the crystallization behavior of the slag.

For slags systems with higher water solubility as CSA_ M mold powder, the effect of water on
the crystallization was less intense, mainly with respect to changes in the crystallization
temperature range.
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Chapter 6 - Proposal to Future Work

The effect of water vapor on the slag properties and its influence on the main slag functions is
still a wide study field. Crystallization behavior is an important factor in mold powder design
due its direct influence on the main duties, lubrication and horizontal heat transfer control in
the caster mold, since it affect several thermo- and physicalchemical properties. Aiming to
enhance the knowledge and improve the understanding about the atmosphere interaction with
the slag, the following studies are proposed:

- Study of the influence of the structural changes (degree of polymerization) of the slag with
the temperature and its consequence on effect of water on the crystallization behavior
(polymerization/depolymerization).

- Investigate the influence of the cooling rate on effect of water on the crystallization behavior
of the slags.

- Investigation of the effect of water on the viscosity of mold powders and the relation water
capacity (or water solubility)/crystallization tendency of the slags.

- Analyze the influence of water content on the thermophysical properties of the slags.

- Analyze the effect of water on the thermal diffusivity of slags using radiation techniques as
the infrared radiation emitter.
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Appendix A — Complementary Calibration: validation of the SHTT accuracy with the
Ca0-AlL, O3 (CA) binary system

The CA system was chosen as a complement of calibration measurements for SHTT setup.
Since the experimental calibration was performed using pure components as CaF,, the
utilization of a binary oxide system is suitable to verify the accuracy and reliability of the
results obtained from the SHTT measurements. The CCT curves and the crystallization
temperatures are compared to results found in the literature using the same technique. The CA
oxide system contains some SiO, and MgO impurities in very low contents (0.01 and 0.19 wt-
%, respectively) so that their presence could be considered negligible. Figure A.1 shows the
CCT diagram of the CA system. The observed melting temperature for the CA system was
1433.75°C, approximately, while the Factsage provides a liquidus temperature of 1538°C.
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Figure A.1 CCT curves of the CA binary system (48.89 wt-% CaO — 49.93 wt-% Al,O3) and those reported by
Klug [1] (43.7 wt-% CaO — 56.3 wt-% Al,0O,); Prapakorn and Cramb [2] where: Sample A (48 wt-% CaO — 52
wt-% Al,O;), Sample B (50 wt % CaO — 50 wt-% Al,O3) and Sample C (53 wt-% CaO — 47 wt-% Al,O;); and
Orrling[3] (48.83 wt-% CaO — 49.32 wt-% Al,O3).

The start of the crystallization at 0.17, 0.50 and 1.17°C.s” cooling rates shows good
agreement with the crystallization line tendency exhibited by the Sample B from the
experiments carried out by Prapakorn and Cramb [2], due to their compositional proximity —
CA (48.99 wt-% CaO — 49.83 wt-% Al,O3) and Sample B (50 wt-% CaO — 50 wt-% Al,Os).
CA system exhibited an increase on the crystallization temperature with increasing cooling
rate from 0.083 to 1.67°C.s”. For higher cooling rates, the onset crystallization temperature
became lower than those indicated by the crystallization tendency line of the Sample B.
Orrling [3] has observed an increase of crystallization temperature up to a cooling rate of
8°C.s™!, followed by decreasing of crystallization temperature for higher cooling rates. From
these preliminary results, a dependency correlation between cooling rate and crystallization
temperature can be observed, i.e. the crystallization temperature is a function of the applied
cooling rate. The critical cooling rate for the glass formation of the CA system was 3.33°C.s™
while the Sample B attained a critical cooling rate of the 5°C.s™"; Orrling [3] reported a critical
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cooling rate of 45°C.s! for a 48.83 wt-% CaO — 49.32 wt-% Al O3 (with 1.85 wt-% Si05)
slag system.

An interesting aspect which is important to make mention is the superheating temperature and
time which the sample is held before the cooling start. According to Avrami [4], temperature
and duration of superheating can alter the effective number of germ-nuclei. Klug [1] reported
an increase of incubation time as superheating time is extended. In the present study, the
sample stated to cooling as from 1650°C and maintained in this temperature for 5 minutes;
Klug [1], Prapakorn and Cramb [2], and Orrling [3] the parameters are 1700°C for 1 min,
1600°C for 5 min and 1550°C, respectively'.

Based on the results, the distinct crystallization behavior (crystallization temperature and
CCR) observed for the CaO-Al,O3 system can be attributed to the differences on component
contents, the superheating temperature and time in which the samples are maintained.
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Appendix B - EDS and XRD Results

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) analyses
were conducted with slag sample originated from two different thermal histories (i)
isothermal and (i1) continuous cooling treatments. In the (i) the EDS analyses were performed
with slag samples taken directly from the SHTT crystallization measurement in isothermal
experimental conditions for measurements carried out in inert and humid atmospheres. The
chosen isothermal temperatures of the mold powders were 1050°C for CSA_ M, CSA TMI,
CSA TM2 and CSA_TM3 samples, and 1000°C for the CSA T sample. The preparation of
the mold flux samples are described in the Chapter 3, Section 3.1 - Materials and Samples
Preparation. In the (ii) the mold powders were heated at a heating rate of 0.25 °C.s™ and
melted at 1600°C for 15 minutes in an electrical furnace in an argon atmosphere. After, the
samples were left to rest inside the closed furnace per approximately 24 hours to room
temperature. The X-ray diffraction (XRD) analyses were performed using the same mold
fluxes from thermal treatment (i1).

SEM images and corresponding EDS results (from SHTT experiments)

Table B.1 EDS of crystals taken from SHTT samples in argon and two different water vapor pressures.

Atmosphere Atmosphere Atmosphere
Element argon 3.34 %H,0 3.34 %H,0 Element argon 3.34 %H,0 3.34 %H,0 Element argon 3.34 %H,0 3.34 %H,0
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Mg 8.72 9.76 795 Mg 0.05 0.12 0.26 Mg 3.04 0.06 131
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Si 15.39 16.21 14.19 Si 20.61 13.17 15.08 Si 18.52 16.99 24.17
Ca 11.23 10.53 12.3 Ca 18.65 12.82 20.34 Ca 15.98 16.13 24.38
Ti 0.11 0 0.05 Ti 2.05 14 243 Ti 0.44 1.88 0.77
CSA_M CSA_T CSA_TM1
Atmosphere Atm osphere
Element argon 3.34 %H,0 3.34%H,0 Element argon 3.34 %H;0 3.34 %H;0

wit witie wik with with wilh

C 33.19 S.64 6.09 C 15.66 g 157

(4] 26.57 34.05 32.67 ] 32.37 36.41 33.52

Mg 3.07 4.62 4.68 Mg 6.31 777 6.88

Al 6.44 5.96 10.43 Al 10.56 12.16 12.04

Si 12.7 19.93 21.29 Si 16.72 18.64 15.01

Ca 17.63 21.34 24.33 Ca 17.65 15.84 20.71

Ti 0.38 0.46 0.51 Ti 0.28 0.19 0.28
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CSA T™™1 CSA TM2
Figure B.1 EDS images taken from SHTT measurements of the CSA M, CSA T, CSA TM1 and CSA TM2
mold powders samples from different atmospheres carried out at 1050°C (except CSA_T analyzed at 1000°C);
images (a) and (b) from measurements in argon atmosphere; images (c) and (d) from measurements in water
vapor partial pressure of 0.0334 atm and; images (e) and (f) from measurements in water vapor partial pressure
0f0.1219 atm.
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CSA_TM3

Figure B.2 EDS images taken from SHTT measurements of the CSA_TM3 mold powder samples from different
atmospheres carried out at 1050°C; images (a) and (b) from measurements in argon atmosphere; images (c) and
(d) from measurements in water vapor partial pressure of 0.0334 atm and; images (e) and (f) from measurements
in water vapor partial pressure of 0.1219 atm.

X-ray diffraction patterns (from natural cooling treatment)
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Figure B.4 X-ray diffraction pattern of CSA_T mold powder slowly cooled until room temperature.

Figure B.3 X-ray diffraction pattern of CSA M mold powder slowly cooled until room temperature.
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Figure B.5 X-ray diffraction pattern of CSA_TM1 mold powder slowly cooled until room temperature.
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Figure B.6 X-ray diffraction pattern of CSA_TM2 mold powder slowly cooled until room temperature.

Figure B.7 X-ray diffraction pattern of CSA__TM3 mold powder slowly cooled until room temperature.
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SEM images and corresponding EDS analysis (from natural cooling)
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Figure B.8 SEM images and the corresponding EDS of the CSA M slag samples after melting and natural
cooling.
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Spectrum 2
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Figure B.9 SEM images and the corresponding EDS of the CSA T slag samples after melting and natural
cooling.
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Spectrum 1
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Figure B.10 SEM images and the corresponding EDS of the CSA_TMI slag samples after melting and natural

cooling.
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Figure B.11 SEM images and the corresponding EDS of the CSA TM2 slag samples after melting and natural

cooling.
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Figure B.12 SEM images and the corresponding EDS of the CSA_TM3 slag samples after melting and natural
cooling.




Appendix C

Appendix C - Equilibrium Phases Calculations

FactSage 6.4 software was applied aiming to predict the crystalline phases that
thermodynamically are able to precipitate during solidification of the mold powders for the
different atmosphere conditions applied in the SHTT crystallization measurements. The
following database were used in the thermodynamic calculations, according to FactSage
database documentation: solution phase (FACT-SLAG); and the FToxid compound database,
which contains all stoichiometric solid and liquid oxide compounds evaluated/optimized to be
thermodynamically consistent with the FToxid solution database. The calculation results for
inter and humid atmospheres are shown follow.
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Figure C.1 Crystalline phases formation of the CSA M mold powder (a) in argon atmosphere; and humid
atmospheres (b) with 0.0334 atm H,O; and (c) with 0.1219 atm H,0.




Equilibrium Phase Calculations

CSA_T (35.56 wt-% CaO - 35.21 wt-% SiO, - 25.33 wt-% AL O; - 4.95 wt-% TiO,)
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Figure C.2 Crystalline phases formation of the CSA_ T mold powder (a) in argon atmosphere; and humid
atmospheres (b) with 0.0334 atm H,O; and (c) with 0.1219 atm H,O.

CSA_TM1 (39.07 wt-% CaO - 40.24 wt-% SiO, - 14.23 wt-% AL O; — 0.99 wt-% TiO, 4.60 wt-% MgO)
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Figure C.3 Crystalline phases formation of the CSA_TM1 mold powder (a) in argon atmosphere; and humid
atmospheres (b) with 0.0334 atm H,O; and (c) with 0.1219 atm H,O.
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CSA_TM2 (39.00 wt-% CaO - 38.44 wt-% SiO; - 16.44 wt-% AL O; — 0.77 wt-% TiO; 6.35 wt-% MgO)
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Figure C.4 Crystalline phases formation of the CSA_TM2 mold powder (a) in argon atmosphere; and humid
atmospheres (b) with 0.0334 atm H,O; and (c) with 0.1219 atm H,O.

CSA_TM3 (36.01 wt-% CaO - 35.29 wt-% SiO; - 19.94 wt-% ALO; — 0.53 wt-% TiO; 9.13 wt-% MgO)
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Figure C.5 Crystalline phases formation of the CSA_TM3 mold powder (a) in argon atmosphere; and humid
atmospheres (b) with 0.0334 atm H,O; and (c) with 0.1219 atm H,O.
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Equilibrium Phase Calculations

Some observations:

There is a decreasing of the crystallization temperature of the Ist crystal with increase water
content in the atmosphere.

The thermodynamic simulation result do not exhibited phase change in presence of water in
the atmosphere. However, there is an increase of the crystal phase amount with increasing the
water vapor partial pressure in the gas mixture Ar-H,O. Although kinetic factors are not
considered by the thermodynamic precepts, the increase content of the first crystalline
precipitate can be interpreted as an indicative of the increase of the crystallization rate with
the presence of water in the atmosphere.

The crystalline phase CaSiOs(s2) in the CSA TM1 mold powder simulation in argon and
0.0334 atm H,O (Figure C3(a) and (b), respectively) was simulated using temperature range
between each data (step) of 25°C instead a step of 1°C as used in the simulation in 0.1219 atm
H,0 atmosphere (Figure C3(c)).




