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Abstract

ABSTRACT

Dissolution experiments of alumina and magnesia in silicate and aluminate melts were
conducted at 1450, 1500 and 1550 °C in high temperature confocal laser scanning microscope
(HT-CLSM) and continuous wear testing device (CWTD) to determine diffusivities. CLSM
studies were performed with spherical sapphire and fused magnesia particles in three silicate
and one calcium aluminate slags, whereas finger test of alumina and magnesia fine ceramics
in CWTD were carried out in two silicate slags. Effect of rotational speed was also examined
for alumina dissolution at 1550 °C in both slags. Laser measurement of CWTD includes the
wear profile of whole sample surface with high resolution, as a result, the dissolution
parameters calculated from these, are expected to be more accurate than the manual
measurements of the post-mortem analysis. Three models were applied to determine
diffusivity from CLSM studies. Shrinking core models with (M2) and without (M1) convective
part of mass flux suffer from the fact they cannot represent the dissolution curve shape well,
as their assumption regarding the effective diffusive boundary layer thickness proofs to be not
accurate enough. Whereas the third model (M3) is more scientifically sound for quasi-steady
state dissolution which incorporate the Stefan condition correctly, moving boundary condition
and effect of bath movement. Dissolution time of the particle in CLSM increases with
decreasing temperature, due to lower diffusivity. For the dynamic experiments of alumina fine
ceramics with 200 rpm, Reynolds numbers were sufficiently high to suppress the Marangoni
convection; however, this was not the case for magnesia dissolution. In these experiments,
diffusivity was determined using Sherwood relations and simulation from dynamic corrosion
experiments and the diffusivities show good agreement. Furthermore, these results are very
similar to diffusivities of M3 from CLSM studies.



Problem definition

1. Problem Definition

Refractory wear may largely impact process feasibility due to extreme processing conditions
and elevated temperatures. Two important mechanisms of continuous wear are dissolution in
slags and melts (also known as corrosion) and erosion by the action of shear stresses caused
by fluid flow on the slag/refractory interface. In this thesis, focus will be on the corrosion. The
dissolution kinetics of refractory components and quantification of the mechanisms of wear in
the corresponding slags is of essential importance for the refractory industry as well as for the
ferrous and non-ferrous industries. Necessary low dissolution rates trigger the development of
more wear resistant materials and have a positive effect on the service life of refractory
products. On the other hand, in the field of metallurgy, non-metallic inclusions are absorbed by
the slag, in which case rapid dissolution of the particles is important to ensure high product
quality. One task of this thesis is the investigation of the dissolution kinetics, including the
determination of effective binary diffusion coefficients of ideal spherical alumina particles and
real fused magnesia particles in synthetic slags using high temperature confocal laser
scanning microscope (HT-CLSM). There are several publications on the dissolution study of
refractory particles in slags using HT-CLSM, but scientifically sound models for diffusivity
determination out of HT-CLSM experiments are still missing. The aim of this works is to apply
critical and scientific interpretation of dissolution process and methods for the determination of
diffusivity.

In case of HT-CLSM experiments a relative motion between dissolving particle and slag may
occur, but the fluid flow is not well defined. Normally, characteristics of the fluid flow like e.g.,
Reynolds number are required to determine effective boundary layer thickness and accurately
quantify dissolution. To fulfil this requirement, dynamic finger test of alumina and magnesia
fine ceramics were carried out in a molten slag bath using a so-called continuous wear testing
device (CWTD). A laser scanner attached to CWTD measures surface profiles before and after
corrosion steps. Dissolution parameters were extracted from the laser measurements.

Slag and material properties are required for the quantification of dissolution mechanisms.
Slags were prepared using high purity limestone, magnesia powder, calcined alumina, and
quartz powder. Chemical analysis of each raw materials was carried out using X-Ray
fluorescence spectroscopy (XRF). Saturation limits of dissolving species in the slags at
experimental temperatures and viscosities were calculated using FactSage 7.2.
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2. State of art
2.1. Fundamentals of refractory dissolution in melts

Refractory corrosion due to thermo-chemical attack generally is caused by disequilibrium with
other chemical species in contact with the material. In this thesis work corrosion is defined in
a narrower sense as dissolution of a refractory component in a molten phase. Figure 1 shows
a graphical representation of the main processes of refractory corrosion by dissolution [1].
Usually, refractory wear by erosion also concurs with refractory corrosion as dissolution of the
refractory matrix weakens the bond and promotes following erosion. Corrosion of refractories
is considered to be a diffusion-controlled mechanism and the pure diffusive mass flux (j) is
governed by Fick’s 15t law [1].

(cf=ch)  (ck=cb) (1)
D - 5 =D- 5

j=
Here, D is effective diffusion coefficient of dissolving species, c} and c(l) are the concentration
of the dissolving species at the refractory-slag interface and bulk slag respectively, c! is the
solubility limit of the component in the slag and é is the boundary layer thickness.
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Figure 1: Schematic representation of the main processes of refractory corrosion [1].

Justification of the substitution of c} by c! will be discussed later. Further this equation is
simplified by introducing mass transfer coefficient § which equals the ratio D /6 [1].

j=B-(ct—ct) @

Fluid flow is a major factor which influences mass transfer coefficient by altering effective
boundary layer thickness, §. Impact of fluid flow on mass transfer was originally quantified
analytically especially with the help of boundary layer theory. Additionally, nowadays it can be
determined by computational fluid dynamics (CFD) for by far more complex arrangements.

2
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The Sherwood number (Sh), the Reynolds number (Re), and the Schmidt number (Sc) are the
dimensionless quantities which are applied to relate the mass transfer coefficient to other
independent variables [1].

_B-L 3
Sh_T (3)
Re =2t (4)

v
Sc:% ()

Here L and u are spatial dimension and a velocity chosen as significant quantities for the case
study, respectively, and v is the kinematic viscosity. As per the actual case, further simplexes
or complexes I; involving geometrical parameters may contribute. These dimensionless
numbers can be correlated and represented by a power law [1], [2]:

Sh = const.- Re® ScP - IT - I (6)
l

The constant coefficient and the exponents of equation (6) can be determined by fitting the
results of several simulations. Explicitly expressing g from equation (6), substituting into
equation (2) and rearranging as equation (1), the diffusive flux can be represented as:

~
Il
o {T

.D7P . const.-vP~@. 2. [a"1. IZ : FiCi - (es = ¢5) (7)

1/5 Ac

This equation shows the dependency of corrosive mass flux on various parameters. The
combination of refractory and slag will majorly influence the concentration difference and
further effective diffusion coefficient. Fluid dynamics and geometrical conditions influence the
corrosion process through influencing 1/6 or §.

The following comments focus on the relation between ¢! and c! and follow the representation
in [3]. The mass flux balance of the dissolving flux of a solid species with the diffusive flux at
the interface is shown in Equation (8):

Z e ag—a; D

a ert as R cS—V (Cl C(l)) (8)

Dissolution kinetics lefuswn

c*

Here, D is effective binary diffusion coefficient, { is the frequency factor, a is a distance
characterizing the dissolving species(~ ion diameter), a, is the activity of the dissolving species

in saturated slag, a, is activity of species in the slag at the interface, Ay, is difference of Gibbs
3
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energy of dissolving species in the solid minus the pure liquid state, c¢® is concentration of
dissolving species in the solid (refractory), ¢! is the concentration at the solid-slag interface, c:
is concentration of slag saturated by species, c}, is the bulk concentration of species in the slag
unaffected by the dissolution, § is the boundary layer thickness and V;, is the partial volumetric
volume [1].

Equation (9) can be obtained from equation (8) after cancelling the equal quantities and
rearranging [3]. Due to the fact that “a” is in the size range of an ion diameter and therefore
much smaller than the effective boundary layer thickness (a/8 ~ 1077), a; — a, is very small
and it can be concluded that a; = a; and ¢} = c!. Furthermore, we can say that the diffusion is
the rate determining step of the dissolution process, mainly because of the relatively larger

boundary layer thickness (6 >> a). It means, dissolution is a diffusion-controlled process.

aue ¢l —¢
e RT—L 0 (9)

While representation of ¢! by c§ is believed to be accurate enough in all cases considered in
this thesis work, deviations from this are not impossible. It might be a point of discussion
whether diffusivity relay is the same on both sides of equation (8), or whether it is lower on the
left side. The latter case would tend to increase the difference between ¢! and ct.To quantify
the dissolution, two types of experimental setups are widely used. First one, high temperature
confocal laser scanning microscope (HT-CLSM) is used for particle dissolution in melts. There
may be relative motion between refractory particle and slag due to a temperature gradient
inside the crucible, but this is uncontrolled and immeasurable. Second one is the rotating finger
test or disc test. In this case, boundary layer thickness can be defined clearly with known fluid
flow or Reynolds number.

In general, dissolution is controlled by the diffusion in the liquid phase, the diffusivity is
therefore the most important parameter to quantify dissolution. Here the approach of effective
binary diffusivity will be used. In various references some approaches are reported to
determine diffusivity. First those related to CLSM studies will be discussed. In [4] which was
prepared in course of this thesis work deficiencies of various approaches reported in the
literature, possible remedies and the verification of results with a reference method are
exemplified.

For the exact evaluation of the general case of particle dissolution, a relatively complex
problem would need to be represented for determination of diffusivity by inverse simulation.
This includes the diffusion-convection equation together with the fluid dynamical problem
according to Navier-Stokes equations. Further, the moving boundary would have to be
considered by the so-called Stefan condition. Also, without any additional source of fluid
motion, viz. in the case of pure molecular diffusion, solution of the diffusion equation alone
would not exactly suffice, as a convective part of the mass flux originates from the fact that the
solid/liquid interface is impermeable for the not dissolving species. This case, the diffusion-
convection equation with moving boundary in infinite space and spherical symmetry, was

4
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investigated by Readey and Cooper [5]. Solution of the general problem including additional
fluid flow and arbitrary geometry is so far normally not applied for evaluation purposes.
Probably one reason is the fact that the geometrical conditions (e.g., the position of the particle
relative to the crucible and the free surface) are not registered in dependence of time. A more
satisfying reason is that simple approximations may be suitable in several cases.

Most of the researchers have used the simplest classical shrinking core model (SCM) to
confirm the dissolution mechanism and to determine diffusivity for spherical particle dissolution
in CLSM experiments [6]-[12]. This model is based on diffusion through a boundary layer.
Equation (10) represents the ordinary differential equation for diffusion according to SCM. The
boundary layer thickness is assumed equal to the particle radius in this model. The accuracy
of this approach is questionable, especially for cases where fluid motion is observed. This
model follows a steady state diffusion problem, viz. neither time dependence nor the impact of
the convection is represented exactly, and the Stefan condition is not considered. Deficiencies
of SCM and counter measures will be discussed later.

dR __D-(es—co) (10)

dt R - pP

Here, R is particle radius, t time and pP? is the particle density.

Some researchers observed that in many cases classical SCM is not sufficient to describe the
dissolution behavior. They used one dimensional diffusion equation (11) to obtain
concentration profiles for the diffusion-controlled dissolution of spherical particle into a
stagnant melt.

dc 1 0 dc
L_p. .22 (11)
ot b r2 6r<r 6r>

Here, r is the radial coordinate and c is the concentration of the dissolving species.

Liu, Verhaeghe and their research group used a lattice Boltzmann model (LBM) to solve this
diffusion equation [13]-[16]. Yi et al. [17] introduced three dissolution parameters Dul = R/t,
Du2 = R'®/r and Du3 = R?/t. Here, R is the observed radius (um) of the inclusions (which
changes with time, t) and t is the time for complete dissolution of a particle of radius R. Each
parameter will have a constant or nearly constant value when a particular mechanism
dominates. Dul and Du3 are constant when a surface reaction or boundary layer diffusion are
the respective controlling mechanisms [17].

Whelan reported equation (12) for the diffusion controlled dissolution of a spherical particle
based on the complementary error function [18]; originally this equation was applied for solid
state. The term R™! on the right of the equation (12) arises from the steady-state part of the
diffusion field and the term in t=1/2 arises from the transient part. Here, it was tried to address
the deviation from the steady state, however, it doesn’t fully consider Stefan flow [18].
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dR ct—ct D ck=cb | D (12)
T

Feichtinger et al. modified the equation (12) by introducing a factor f [19]. The value of f varies
from 0 to 1 and was considered to be related with slag viscosity.

dR ct—cl D ct—ct | D (13)

s _ s_l. .
dt c ¢ R c Co A|TT

~

Equations (12) and (13) consider the deviation from steady state, however, these equations
approximate the solution of the diffusion equation only, not for the diffusion-convection
equation and they don’t fully consider the Stefan flow. In equations (10) and (11), the Stefan
flow is neglected. It is essential to include the Stefan flow in the evaluation methods. It arises
from the fact that the interface is impermeable for the non-dissolving species 2, which
comprises all non-dissolving constituents of the melt in the case of effective binary diffusion.
This triggers a flow perpendicular to the interface, balancing the diffusion of species 2 and
contributing to the mass transfer of species 1 [4]. Equation (14) combines both diffusive and
convective transport due to Stefan flow and describes the entire mass flow of a dissolving
species from the boundary layer into the Slag [3]. This mass balance is known as Stefan
condition.

dx, dct dx,

—_——C f— P —

— . C
dt dx T (14)
X=X
—————— (Convective term
Dif fusive term

l
Here, Z—C is the concentration gradient at the slag-refractory interface, x, the interface

X lx=xq

coordinate, and % is the velocity of the interface.

Here the Stefan condition is applied for a dissolution of a particle in a molten slag and the
sphere radius R is introduced in place of x,. The concentration derivative is replaced by the
difference quotient and the effective diffusion boundary layer thickness is assumed equal to
the sphere radius R (Particle radius). Equation (15) is obtained from the mass balance of the
equation (14) after rearrangement and represents the SCM including the convective part of the
mass flux.

drR __ _D-(s—-c) (15)
dt R-(CS—V,,-Cé)

The inaccuracy of equation (15) may be due to convection in addition to the Stefan flow and

deviation from the steady state. The assumption of effective boundary layer thickness, § = R
6
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is based on steady state, under this condition, it holds for the diffusion not for the diffusion-
convection equation, which is not accurate enough in all cases. All equations ((10)-(13), (15))
quoted here so far for the diffusivity determination from CLSM studies, do not include the
impact of additional slag motion. This has been observed to occur frequently for several
reasons. Thermal heterogeneity causes liquid flow not only because of density differences, but
also possibly owing to Marangoni convection driven by temperature-dependent slag surface
tension. Furthermore, the Marangoni effect may also occur owing to concentration differences
at the liquid surface, which also results in surface tension gradients. In all cases, fluid motion
decreases the effective diffusive boundary layer thickness and therefore, increases the mass
transfer. In [4] the effect of bath movement was considered in a more realistic manner. The
approach used there originates from a Sherwood relation for a sphere and assumes that the
relative velocity between solid and fluid is proportional to R? /v [4], [3], [20]. This results in the
equation (16) below, from which the effective boundary layer thickness according to equation
(17) can be seen.

dR 1+K-RY™ cl—cf (16)
dat R cs—V, - ck
P S (17)
1+K -RLS

The parameters D and K can be determined from an experiment by an inverse calculation
procedure.

Mass transfer equations can be used to determine diffusivity from rotating finger or disc test
experiments. Sherwood correlations are frequently used to calculate mass transfer coefficient.
Using Cochran’s equation [21], Levich introduced the famous equation (18) for the mass
transfer of a disc shaped surface of infinite radius submerged in a semi-infinite medium [22].
This equation provides an accurate approximation to the mass flux density for real finite
geometries when the velocity boundary layer thickness is much smaller than the disc radius.
Furthermore, the mass flux density is uniform throughout the disc surface, as a result this
equation can be applied to estimate the change in length of a cylindrical sample which was
reported by Cooper and Kingery [23].

‘R R?
Sh = ﬁ—D = 0.62Re!/25c!/%;  Re =" (18)

Here, R is the disc radius and w is the angular velocity.

Amini et al. described the dissolution of disc shape lime samples in Al,03-CaO-SiO; slags
through rotary disc experiments. They added up the individually calculated mass flux of the
dissolving species from bottom of the disc (based on Levich [22] equation) and cylindrical side
surface of a rotating disc (based on Kosaka and Minowa [24] equation). They derived equation
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(19) to develop the correlation between mass transfer coefficient and effective diffusion
coefficient under forced convection [25].

Ju

5
R 3 Pmeit\12
Brotar = m 0.621-D3 - w me )

% (pmelt (1 9)

6
Ui ) +R1+2l

Disc surface Side surface

2 13
.ooss-Da.Rf.w4(

Here, R, is radius of rotating sample, [ is immersion depth in the melt, D is diffusivity of the
dissolving species in the melt, w is angular velocity, p,,.;; is the density of the melt, and n is
melt viscosity.

Kosaka and Minowa reported Sherwood relations for the dissolution of cylindrical metallic
samples into liquid metals [24]. They characterized the dissolution process in terms of change
in chemical composition of the liquid metal. They reported two Sherwood relations (cylinder
radius as characteristic length) (equations (20) and (21)) for two different range of validity.

3. Sc3 3 < Re? 8 (20)
Sh = 04935 - Rez-Sc3; 103 < Re?-Sc < 10

2 1 (21)
Sh=0.1390 - Re3-Sc3; 108 < Re?-Sc < 1011

Eisenberg et al. reported the work on ionic mass transfer. Their proposed equation can be
implemented for the dissolution of solid in melt. Equation (22) represents the Sherwood relation
for the dissolution. One limitation is that the Schmidt number was 2230 to 3650 for the
experiments from which equation (22) was deduced. But usually for the dissolution of oxide in
slags, Schmidt number is much higher [26].

Sh = 0.0642 - Re®7. 5¢0356 (22)

In many cases it is found that a heat/mass transfer analogy is used and Nusselt correlations
are translated into Sherwood relations for estimating mass flux density. Tachibana and Fukui
reported different empirical equations for heat transfer in different setups [27]. Heat transfer in
annuli with a rotating inner cylinder is quite similar to the dynamic finger test for dissolution.
Equation (23) is the Sherwood relation transformed from the Nusselt relation for the aforesaid
setup, where specimen radius is considered as characteristic length. When Sherwood relation
is transformed from Nusselt relation and this Sherwood relation is utilized to calculate mass
flux density, one should incorporate moving boundary condition due to relative motion of
solid/melt interface and Stefan’s velocity. These two phenomena are missing in case of heat
transfer problem. This incorporation will be discussed later in section 3.3.2.5.

1 R 1 1 /R, — R\ 4
Sh=0.21-(Ta?-Sc)z - ( 1 ) = 0.21- Re2- Sc# - ( 2 1) i Ta<10* (23)
R, — Ry Ry
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1 3
w-R?-(R;—R1)Z w-R?

with Ta = and Re = ”

Here, R, is the radius of cylinder specimen and R, is the radius of crucible.

Guarco et al. reported a method for determination of diffusivities in the dissolution of dense
ceramic materials even for large Schmidt number [28]. This method also considered the
advection that occurs in an orthogonal direction to the solid/melt interface and the effect of the
Stefan’s velocity on the boundary layer thickness. They applied two different ways in this
methodology to determine effective binary diffusion coefficients. The first approach equalized
the experimental mass flux density with the average mass flux density that was calculated with
the simulation. The second method applied curve fitting along the end worn profile with a
simulated profile. They believe that the latter approach is the most accurate because it includes
fewer approximations for the unknown geometry of the tip sample; however, both methods are
consistent in that they deliver similar results. They used the experimental results from
continuous wear testing device (CWTD) [28]. Details of CWTD will be discussed later in this
thesis.

2.2. Experimental setups for dissolution studies
2.2.1. Static corrosion test

In static corrosion test, there is no relative motion between refractory and slag bath. As a result,
the species boundary layer thickness grows with corrosion time which decreases the
aggressiveness of dissolution [29], [30]. Due to this and further considerable drawbacks the
result of this test method may largely deviate from actual refractory corrosion in the industrial
vessels. Static tests will generally give lower corrosion rates compared to that is observed
under real working conditions. Anyway, these tests are beneficial to study the interaction and
chemical reactions that take place between the refractories and the corrosive media [31].

2.21.1. Cup or crucible test

A cubic sample of specified dimension as per testing standard is cut from a refractory brick or
sample is prepared by pressing or casting with appropriate recipe. A vertical central bore is
prepared by core drilling, truncation of core and milling of bottom. Required amount of
slag/other charge materials (e.g., raw mix, clinker) is fed in the borehole of the refractory
sample and placed in a laboratory furnace to heat up to the elevated temperature according to
the specified heating schedule. If required, the atmosphere in the furnace can be controlled.
After cooling, the sample is cut diagonally so that the borehole axis is on the cutting plane and
evaluated to measure the corroded and penetrated depth. Advantage of this approaches are
that the test can be performed easily, and number of samples can be tested at a time. But
there are many severe drawbacks: one can receive only comparative information about
corrosion resistance of the refractories, there is no bath movement, no temperature gradient
and aggressiveness of the slag decreases with saturation of slag [29], [31]-[35]. For the aims
of this thesis work it provides no information. Figure 2 is the schematic representation of
crucible test [31].
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Corrosive Corrosion
medium test
Refractory

Figure 2: Schematic of crucible test; Dq is the dissolved refractory thickness, Di is the infiltration
depth and H;s is the remaining slag level [31].

2.21.2. Static finger test

The static finger test can also be called immersion or dipping test. A cylindrical refractory
sample is prepared by core drilling of the refractory. The typical size of the samples is 10 to 30
mm in diameter and 50 to 120 mm in length, but samples with other dimensions can also be
used. Figure 3 a) is a schematic representation of static finger test setup and the typical
evolution of sample shape during this test is indicated in Figure 3 b). The large ratio of charge
to sample weight or charge renewal during the experiment helps to avoid the saturation of the
corrosive liquid. To carry out the experiments, the corrosive medium is heated up in a furnace
to the designated temperature. The refractory samples are usually maintained above the
crucible to heat them up before the dipping to avoid thermal shock [36], [37], then they are
dipped (by 30 to 70% of their length) into the molten liquid for a specified corrosion time. If the
furnace is in a closed chamber the atmosphere can also be controlled [31]. Static finger test
setup for more than one sample at a time can be established.
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Figure 3: a) Schematic diagram of vertical tube furnace with the setup for static finger test [38];
b) sample evolution during the static finger test, here Diis the original sample diameter,
Dm is the diameter of corrosion neck and D. diameter of the corroded sample away
from corrosion neck [31].
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After the experiment, the extent of wear can be evaluated by measuring the mass loss or
dimension change at the slag-refractory-air triple-point (D) where the highest degradation
takes place due to Marangoni convection [39], [40] and at mid-height of the bottom part of the
sample (D¢). The evaluated results can also be used to obtain a rough approximation of the
average corrosion rate [31]. The infiltration depth can be measured in addition to the decrease
in diameter when the sample is cut. The static finger test has many advantages. It is relatively
easier to measure, in some cases several samples can be used at a time, and as the sample
is dipped in the melt this prevents solid state reaction before start of corrosion time as it is the
case for the cup test. If this test is applied for determination of diffusivity, it is essential to exactly
know details of the mass transfer conditions. The cases of pure molecular diffusion, Marangoni
convection, buoyancy diffusion and combinations of these have to be considered. Therefore
the evaluation of the test procedure may be hindered by badly defined mass transfer
conditions. One way to overcome this difficulty is to overrule other influences by a sufficiently
high specimen rotation, as it will be exemplified in the next sections.

2.2.2. Dynamic corrosion test

In case of dynamic corrosion, there is a relative motion between refractory and corrosive melt.
The fluid flow or Reynolds number is important to define effective boundary layer thickness,
which leads to accurate estimation of dissolution parameters. Also the experimental conditions
are usually closer to the actual industrial operating conditions compared to static test, but the
experiments are more difficult to realize [29]-[31], [41]-[43].

2.2.21. HT-CLSM study

High Temperature — Confocal Laser Scanning Microscopy is an important tool for in-situ
observation of the dissolution of micro-particles in a corrosive melt. A gold coated elliptical
chamber is used as a furnace. One halogen lamp is placed at the lower focal point as energy
source and sample holder is situated at the upper one point where all reflected light beams
coincide to heat the slag filled crucible. Videos of the dissolution of micro-particles in the slag
at experimental temperature are recorded and later evaluated to determine the dissolution rate
[6], [44]. A possible relative motion between particle and melt impacts the mass transfer.
Nevertheless this method enables an in situ investigation with limited effort. Figure 4 shows
the schematic diagram of HT-CLSM setup [44].
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Figure 4: Schematic diagram of high temperature confocal laser scanning microscope setup [44].

2.2.2.2. Rotary slag test

A cylindrical drum is lined with refractories to be tested for corrosion resistance against
corrosive charge. Solid slag and/or steel is introduced in the cylindrical chamber and melted
with a burner as shown in Figure 5 a) [31]. The cylindrical chamber is lined with refractory bricks
to create a chamber with 6 to 12 faces as shown in Figure 5 b) [31]. The drum is rotated
horizontally at low speed with the charge causing a relative motion between refractory lining
and molten slag. To avoid saturation slag is discharged after some dissolution time by tilting
of the drum and new slag is fed [45]-[47]. After testing, the samples can be examined by visual
inspection, and the dissolution and infiltration of different materials can be compared in relative
terms if they are tested together; the phases and the composition can be analyzed using X-ray
diffraction (XRD) and combined scanning electron microscopy — energy dispersive X-ray
spectroscopy (SEM-EDS) [31]. In this test setup, there is a temperature gradient similar to the
actual industrial operation. A further advantage of this experimental setup is that many samples
can be tested and compared at a time. Attention should be paid to their compatibility and
comparable corrosion rates for specimens lined in different rings [31], [48]. It may be difficult
to control the temperature accurately and as a result, reproducibility of the test may be limited.
Relatively large amount of refractory and charge materials are required for this test [29].

Metal shell
a ) l
I Refractoy I
Rotation _ . ;
2-3 rpm Solid corrosive medium
e - - = | 1
‘ =I‘.=:;...., Molten corrosive medium pBumer |
Refractory

Figure 5: a) rotating chamber; b) Schematic of refractory lining in the rotating chamber [31].
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2.2.2.3. Rotating finger test

The rotating finger test is quite similar to the static finger test, only a motor assembly is
additional here to rotate the refractory cylinder. Sample is dipped in molten slag in a laboratory
furnace and rotated with a suitable chosen speed inside the molten slag in order to provide
well defined mass transfer conditions. Experiment can be conducted with varying experimental
temperature, rotational speed (rpm), and corrosion time. In general, after each experiment, the
corroded sample is evaluated to determine the corrosion rate at different experimental
conditions. But with some advanced setups like the CWTD established and used here,
corrosion parameters can be measured at experimental temperature with varying corrosion
time steps in one experiment. Details of CWTD will be discussed in section 3.1.2. A well-
defined boundary layer thickness is the main motivation and advantage for the rotating finger
test. [23], [25], [30], [41], [43], [49]-[62].

Table 1 compares of corrosion parameters for the above mentioned setups and shows
advantages and disadvantages. Reynaert et al. reported a similar comparison table in their
review paper [31]. Only both finger tests and the HT-LSCM show the potential to allow
diffusivity calculations.

Table 1: Comparison of corrosion test parameters.

Test type = Static corrosion test Dynamic corrosion test
Parameters ﬂ» Cup test Static finger HT-CSLM Rotary slag .Rotatlng
test test finger test
Thermal gradient No No No Yes No
Slag/Refractory Low High Very high Medium High
(volume) & yhig g
Slag renewal No No No Yes No
Temperature Good Good Very good Difficult Good
control
Atmosphere Possible Possible Possible Impossible Possible
control
Slag agitation No No Medium Strong Strong
derate t . derate t .
Cost Cheap modera .e © Expensive modera .e © Expensive
expensive expensive
Scale Low Medium Very low High Medium

2.3. Evaluation techniques for dissolution index

One of the important steps in corrosion experiment is evaluation of the corroded refractory
sample to determine the results in a revealing manner. Evaluation can be carried out in-situ or
as a post-mortem analysis. Corrosion of refractory can be represented through different
approaches which have been discussed below.

2.3.1. Dissolution rate in terms of change in dimension

The most popular evaluation technique is change in dimension of the refractory sample with
time. It is observed that some researchers reported directly the dimension change, e.g. change
in diameter or radius [23], [53]-[55]. On the other hand normalized dimension e.g. normalized
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diameter is a tool to represent the corrosion trend [61], [62]. Normalized dimension is the ratio
of a particular dimension after corrosion experiment to initial dimension. Sometimes the
surface of corroded refractory sample becomes highly rough, and it is hard to measure the
dimension with accuracy due to unevenness. In this case an equivalent radius is calculated
from weight (w), height (h) and density (p) of the refractory as per equation (24) [52]. This
equivalent radius is used to determine the corrosion index.

i (24)

2.3.2. Relative remaining volume

Relative remaining volume of the corroded refractory sample is another way of expression for
corrosion index. It indicates remaining volume of refractory sample after corrosion experiment
with respect to initial volume [41].

2.3.3. Reaction area

When the degree of corrosion reaction is low, the change in dimension and weight are also
significantly small. In this case, one section from the bottom of the refractory sample is cut after
corrosion experiment. Polished section is analyzed by optical microscope and reaction area is
measured by the image processing software to represent the corrosion index [52].

2.3.4. Change of dissolving refractory species concentration in the slag

Refractory species dissolve in molten slag in every corrosion experiment. The concentration
of dissolving refractory species in slag is a function of the dissolved amount. Change in
concentration of dissolving species in slag can be measured after corrosion experiment. It can
serve as a corrosion index in correlation with other corrosion experiment parameters [25], [30],
[561], [58], [59].
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3. Experiment
3.1. Experimental setup

It was exemplified above (2.2) that the experimental setup is very important to yield reliable
and realistic results from a corrosion experiment. Dynamic corrosion experiments with an in-
situ measurement system can provide more accurate results which can be used to calculate
diffusivities. Due to this advantage, in this study HT-CLSM and CWTD have been adopted for
dissolution experiments.

3.1.1. High temperature confocal laser scanning microscope (HT-CLSM)

High-temperature confocal laser scanning microscopy facilitates high-resolution images at
both room and very high temperatures (approx.1650°C). It combines the advantages of a gold
coated elliptical mirror furnace with those of confocal optics including a laser system with
camera to capture images. The elliptical mirror furnace allows for high heating and cooling
rates.

3.1.1.1. Construction

The HT-CLSM used in this research work is situated at the Chair of Ferrous Metallurgy at the
Montanuniversitaet Leoben [63], [64]. Figure 6 shows the photograph of the HT-CLSM, it
consists of a (1) laser head, a (2) laser confocal microscope from Lasertec (type VL2000DX)
with a (3) objective turret, the (4) mirror furnace from Yonekura (type SVF17-SP) including the
(5) furnace control unit and a (6) gas cleaning system. Inlet/outlet lines for the water cooling of
mirror furnace and compressed air-cooling system for the halogen lamp are attached to the
furnace. In addition, a PC is employed for furnace control and video recording, as well as
controllers for the laser head and the horizontal movement of the furnace.

Figure 6: Photograph of HT-CLSM situated at the Chair of Ferrous Metallurgy at
Montanuniversitaet Leoben: (1) laser head, (2) laser confocal microscope, (3)
objective turret, (4) mirror furnace, (5) furnace control unit and (6) filter for gas
cleaning [2].
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The high-temperature chamber has the shape of an ellipsoid, at the lower focal point of the
ellipsoid, a 1500 watt halogen lamp is situated, which heats a sample on a sample holder in
the upper focal point to a maximum temperature of approx. 1650°C. This heating method
enables heating rates of up to 1200°C/min and cooling rates of a maximum of 1000°C/min.
The S-type thermocouple is situated at the lower surface of the sample holder to measure the
furnace temperature. The furnace chamber is coated with gold because it reflects the infrared
light very well [65], thus facilitates to achieve very high heating rate and also it is chemically
inert. The halogen lamp is enclosed in a quartz glass tube through which compressed air flows.
The flow rate can be regulated and thus the lamp can be cooled. The furnace chamber is water
cooled to maintain lower temperature at the outside of furnace chamber and to achieve higher
cooling rate. A temperature sensor at the outside of the furnace chamber is interlocked with
the furnace program as a safety feature. If the temperature at the outside exceeds 50°C due
to insufficient water cooling, the furnace program will automatically stop, and the furnace will
start to cool. It is possible to evacuate the furnace chamber and the furnace atmosphere can
be adjusted to be inert, oxidizing or reducing by means of various purging gases. The control
unit for the laser head of the laser confocal microscope enables the head to be moved vertically
for focusing. The controller for the mirror furnace allows for the horizontal movement in order
to set the desired sample area or to follow a dissolving particle in a slag. The brightness of the
image can be adjusted by this controller during the capture of images. Figure 7 shows the
radiography of the mirror furnace available at Chair of Ferrous Metallurgy at
Montanuniversitaet Leoben.

Laser beam L
Crucible on Objective lense
sample holder / Guaitz giasa
furnace window

Gas purging 3

-~

Furnace

thermocouple
Halogen lamp

with quartz glass
protection and
cooling tube

Gold coated elliptical
furnace chamber

¥acuum pump

o

Figure 7: Radiography of the mirror furnace at the Chair of Ferrous Metallurgy at
Montanuniversitaet Leoben [2].

In addition to the furnace, the imaging system is particularly important to get information about
the sample as much as possible at high temperatures. The beam path of a confocal optic can
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be seen in Figure 8 [66]. In the HT-CLSM, a laser beam is focused on the sample via a pinhole
through an objective and the light reflected (and also fluorescent radiation) by the sample is
then focused on a photon detector through another pinhole and a beam splitter. An image of
the sample surface is created by scanning it [67]. Detailed description of the HT-CLSM
technique can be found in the publications of Chikama and Yin [68], [69].

objective lens

sample
dicroic o :

illumination mirror

pinhole

detection

D detector

Figure 8: Beam path of confocal optic used in HT-CLSM for higher resolution at focal plane [66].

The CLSM technique works with a confocal pinhole, which only allows the incident light from
the focal plane to pass through to the detector. The pinhole blocks the scattered light and the
thermal radiation emitted from the specimen other than the focal plane [67]. This can be seen
in Figure 8. Jones et al. examined the image resolution of the CLSM in comparison to
conventional microscopy [67]. They observed that the maximum intensity in CLSM occurs only
for the focused plane which implies that the axial resolution of the CLSM technique is high with
short depth of field, though the depth of field increases with decreasing magnification. Figure
9 shows this comparison. Hence, only the polarized reflection of the high intensity laser beam
reaches the imaging sensor, thereby it is possible to observe samples at high resolution at
elevated temperatures [67].
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Figure 9: Comparison between confocal (a) and conventional microscopy (b), with Z being the
(vertical) distance from the objective lens [67].

In case of high-temperature chamber in combination with a light microscope, the contrast is
reduced at elevated temperatures, since the characteristic spectrum of glowing bodies
approaches that of the standard illumination of microscopes with increasing temperature. The
HT-CLSM overcomes this limitation by using a laser as a radiation source whose wavelength
(408 nm in the present work) is far below that of the characteristic spectrum of the thermal
radiation from a body glowing at around 1600°C [63].

3.1.1.2. Application

Confocal laser scanning microscopy covers a wide range of application at extensive
temperature range. It is a powerful optical tool to observe the dissolution of particle in melt at
elevated temperature, phase transformation with temperature, crystallization of melt,
temperature of first melt formation and structure of biopolymer mixtures and food product in
micrometer range. For this research work, it is used to observe the dissolution behavior of
oxide particles in slags at varied experimental temperatures.

Velde et al. used CLSM to visualize the biopolymer mixtures to get the added advantage of
sample thickness over light microscopy [66]. Tromp et al. studied the texture development in
food biopolymer (gelatin, polysaccharides) in three dimensions using CLSM [70]. Blonk et al.
used CLSM based method to determine the phase behavior of aqueous mixtures of
biopolymers [71].

Sridhar presented the summary about application of confocal scanning laser microscopy in
steel research at high temperature [72]. T. Emi and coauthors at Tohoku University, Japan did
innovative research work in the field of metallurgy using HT-CLSM [68], [69], [73], [74].
Chikama et al. used HT-CLSM for real time observation of cellular and cellular to dendritic
transition of crystal growing in Fe-C alloy melts [68]. Shibata et al. reported the peritectic
solidification in Fe-C alloys [73]. In a further research work they also performed real time
observation of nonmetallic inclusions interaction with advancing melt/solid interface of steel
[74]. Yin et al. published their research work on the in-situ observation of the dynamic
behaviors of grain and interphase boundaries of low carbon steel at high temperatures [69].
Bernhard and coworkers of Montanuniversitaet Leoben also published innovative research
work in the field of metallurgy using HT-CLSM [75]-[78]. Fuchs et al. presented the use of HT-
CLSM as atool for indirect determination of precipitates by real-time grain growth observations
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[75]. Fuchs et al. also reported the potential and limitations of direct austenite grain growth
measurement by means of HT-CLSM [76]. Bernhard et al. reported the research work on high
temperature phase equilibria in the iron rich part of the Fe-P and Fe-C-P system [77]. They
tried to link the differential scanning calorimetry (DSC) measurements with HT-CLSM
observations to visually identify phase stabilities and estimate transformation temperatures.
Fuchs et al. also reported in-situ investigation of austenite grain growth processes in steels
using HT-CLSM [78].

HT-CLSM is also a powerful tool to investigate the crystallization behavior of melts. Sohn and
Dippenaar compiled the research work on crystallization of continuous casting slags using HT-
CLSM [79]. Prapakorn et al. compared the different techniques for the determination of
crystallization temperatures of slags including HT-CLSM [80]. Ryu et al. reported the
investigation of the crystallization behavior of TRIP-steel slags with varying alumina contents
and with different basicity [81]. Zhang et al. investigated the influence of basicity on the
crystallization behavior of fluorine-free casting slag using single hot thermocouple technique
(SHTT) and HT-CLSM [82]. Kircher investigated crystallization behavior in his doctoral thesis

[2].

Dissolution of non-metallic refractory particles in slags using HT-CLSM is a major part of this
research work. On this topic, several publications have been made available in last two
decades. In various references the dissolution of Al,03, MgO, MgAl>04, SiO2, ZrO; and SiC in
different kind of slags at varied experimental temperatures are reported. Mostly, synthetic slags
were used for those dissolution experiments using HT-CLSM, as the HT-CLSM is limited to
only transparent or at least translucent slags for dissolution experiments. It means only very
small amount of coloring elements are permitted in the slag composition.

Liu et al. studied the dissolution of fused MgO particles in CaO-Al,03-SiO, (CAS) (CaO/SiO2
wt. ratio of 0.65) and CaO-Al,03-SiO,-MgO (CASM) (CaO/SiO, wt. ratio of 0.76) slags at
1600°C [6]. They used shrinking core model (SCM) to interpret and describe the dissolution
process. They observed a secondary layer formation around the dissolving MgO particle in
CASM slag which consisted of MgAl.O4 spinel and CaMgSiO,s (CMS, Monticellite) phases.
They also believed that spinel was formed in-situ during the dissolution process at
experimental temperature whereas CMS was formed during cooling. They explained the
dissolution of MgO in CASM slag as an indirect dissolution [6].

Liu et al. in-situ observed dissolution of spherical Al,Os particles in a CAS slag at temperatures
from 1470°C to 1630°C [13]. They concluded that neither the chemical reaction nor the
boundary layer diffusion in the classical SCM can fully explain the dissolution behavior of
spherical Al,Os particles. They applied the concept of diffusion-controlled dissolution in a
stagnant liquid. In this case, the reaction kinetics are assumed to be infinitely faster compared
to the diffusion process so that at the interface the saturation concentration is developed very
fast. The solid phase dissolves at the rate at which the diffusion flux can remove the dissolving
species away from the interface toward the bulk of the liquid. They derived the one dimensional
diffusion equation in spherical coordinates and solved it with lattice Boltzmann model (LBM)
[13].
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Liu et al. also investigated the dissolution of ZrO, particles in mould fluxes at 1450°C, 1480°C
and 1510°C [14]. They used CaO-Al203-SiO2-Na>0-B.03; (CASNB) slags with CaO/SiO2 wt.
ratio of 1.0 and 0.5. Here they also first used classical SCM and later diffusion-controlled
dissolution in a stagnant liquid. They compared the normalized experimental dissolution curves
for ZrO, with the theoretical curves to determine the rate limiting step. They concluded that the
dissolution of ZrO; in the mould flux with CaO/SiO, wt. ratio of 1.0 can be described by SCM
as diffusion controlled, whereas dissolution in other flux with CaO/SiO, wt. ratio of 0.5 follows
the proposed diffusion equation [14].

Monaghan et al. studied the dissolution of Al,Os micro particle in a CAS slag using HT-CLSM
over the temperature range of 1477°C to 1577°C [7], [9]. They used SCM to determine the rate
controlling mechanism and diffusivity. They also investigated the dissolution of Al,O3, MgAl,O4
spinel and ZrO; inclusions in a CAS (CaO/SiO wt. ratio of 0.25) slag [8]. They found that the
rate of alumina dissolution is slower than that of spinel. They faced problems with the
evaluation of ZrO; inclusion due to the bubble formation on the ZrO; inclusion [8].

Yi et al. investigated the dissolution behavior of Al,O3 and MgO inclusions in Al,O3;-CaO-MgO
slags over the temperature range of 1450°c to 1550°C [17]. To analyze the dissolution
mechanism, they considered the surface reaction control and boundary layer diffusion
according to SCM as well as diffusion of the dissolving species into a stagnant fluid. In the
latter case the relations between radius and time in the diffusion model are calculated using
numerical simulation, because it is difficult to obtain an analytical solution of the spherical
diffusion equation with moving boundary. They also found that sometimes it is difficult to verify
the dissolution mechanism by direct comparison of normalized experimental curves with
theoretical one, because the differences between the curves, especially between diffusion
according to SCM and proposed diffusion equation, are comparable to the experimental
scatter. To overcome this problem, they introduced three dissolution parameters, one of them
is constant over measured radius for a particular dissolution mechanism. They observed that
for the dissolution in Al,03-Ca0O-MgO slag, Al,O3 dissolution was best explained by a diffusion
controlled dissolution process, whereas MgO dissolution appears to be controlled by chemical
reaction kinetics (R/Ry = 1 — t/t;,:), Where R is particle radius at time t, R, is initial radius,
t:o¢ is total dissolution time. They also observed that alteration of the slag composition away
from the level of Al,O3; or MgO saturation by a few percent resulted in a drastic increase in the
rate of dissolution. They quantified this change in terms of activation energy [17].

Sridhar and Cramb studied the kinetics of Al,Os dissolution in CASM (CaO/SiO2 wt. ratio of
0.84) slags over the temperature range of 1430°C to 1550°C [10]. They investigated dissolution
of fused alumina particles in ultra-high purity argon atmosphere with the classical SCM.

Valdez et al. investigated the dissolution of fused alumina particles in CAS and CASM slags
at 1470°C, 1500°C and 1530°C [11]. The slags used in this investigation are representative for
ladle and tundish slags. They observed the particle morphology during the dissolution
experiments. Alumina particle surface was smooth when dissolving in CAS slag, but it was
rough in CASM slag. They predicted that the surface roughness was due to secondary reaction
layer, and it was confirmed as MgAl2O. spinel reaction layer by SEM-EDS. To investigate the
mechanism responsible for dissolution, the classical SCM was used. They concluded that the
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average dissolution curve fits the boundary layer diffusion model for the low silica slag and lies
between reaction control and diffusion in boundary layer control for the high silica slags. They
concluded that this latter behavior could be caused by a change of mechanism during the
dissolution process from reaction controlled (R/R, =1—t/t;,;) to diffusion controlled
(R/Ry = (1 — t/t;0r)*/?) once the boundary layer is formed [11].

Valdez et al. also investigated the dissolution behavior of Al,O3, MgO and MgAl.O4 particles in
a CAS slag in the temperature range of 1470°C to 1550°C [12]. Here also they used classical
SCM to investigate the mechanism responsible for the dissolution. They found that the
dissolution mechanism curves lie between the reaction control and diffusion in boundary layer
mechanism for Al.O3 and the MgAl.O. dissolution. The dissolution of MgO seems to follow the
boundary layer diffusion mechanism [12].

Fox et al. studied the dissolution behavior of ZrO,, Al,O3, MgO and MgAI,O4 particles in a B2O3
containing commercial fluoride-free mould slag [83]. Non-metallic inclusions composed of
ZrO3, Al,O3, MgO and MgAl,O4 are associated with the problems during the continuous casting
of steels and so it is necessary that such particles dissolve completely. Therefore, the
dissolution rate of the above-mentioned oxides plays an important role to design the mould
flux. They investigated the dissolution behavior in HT-CLSM over the temperature range of
1250°C to 1500°C. They found that the dissolution rates of Al.Os, MgO and MgAl.O4 are
comparable to one another whereas the dissolution rate of ZrO; is four times slower. Empirical
relationships have been derived which may be used to approximately predict the dissolution
time for particles of these compositions in the slag. They used classical SCM and one-
dimensional finite difference model (FDM) to investigate the mechanism responsible for
dissolution. They observed that in all cases the rate of dissolution is surface reaction controlled,
except 20% of the ZrO, cases where some intermediate behavior between surface reaction
and diffusion in boundary layer controlled was observed. They also concluded that the
dissolution of ZrO- is very slow at all investigation temperatures, hence, the removal of such
particles by dissolution in the slag is not feasible. Adjusting the slag composition to further
reduce the solubility of ZrO; is suggested as a possible means to decrease the attack of ZrO,
containing refractory and hence reduce the uptake of these particles [83].

Verhaeghe et al. investigated the dissolution behavior of Al,O3 in a CAS (CaO/SiO; wt. ratio of
0.65) slag with experimental-numerical approach [15], [16]. Dissolution experiments over the
temperature range of 1470°C to 1550°C were carried out. Simulation for the dissolution of
particle keeping the similarity with HT-CLSM setup was performed. Lattice Boltzmann model
was applied to analyze the dissolution phenomena of arbitrarily shaped solids in
multicomponent liquids. The experimental results were compared with classical SCM and
lattice Boltzmann model. Good agreement of experimental results was observed with the
simulation results, rather than SCM [15], [16].

Park et al. studied the dissolution behavior of SiC particle in the Ca0O-SiO>-MnO slags at
1600°C [84]. The wetting between SiC and slag phase was observed more dominant for higher
CaO/SiO; ratio. According to their observation, the dissolution of SiC particle in the slag
through the reaction with MnO is enhanced for higher CaO/SiO; ratio not only due to greater
thermodynamic driving force but also due to accelerated mass transport kinetics.
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Feichtinger et al. investigated the dissolution of SiO, particles in CAS slags at 1450°C and
analyzed the dissolution mathematically [19]. They used six types of slags with varied
CaO/SiO;ratio and viscosity. They modified a diffusion equation reported in [18] by introducing
a factor f. This factor f denotes the weight of the contribution of the unsteady part of the
solution. Remarkably, for some slags, the correlation of f with slag viscosity and tridymite
activity has been shown [19].

Michelic et al. studied the dissolution of oxide inclusion in secondary steelmaking slags at
1450°C and 1600°C in argon atmosphere [64]. Experimental results were compared with
different models to identify dissolution mechanism [19].

Kircher reported a wide range of results for the dissolution of Al,O3 and ZrO; in seven different
mould slags and three synthetic slags at 1550°C [2]. He used four different models for
diffusivity determination. He observed faster dissolution of Al.O3 than ZrO; for a particular set
of experiment.

3.1.1.3. Crucible and thermocouple

Size and shape of the crucible are very important to produce accurate measurements and to
minimize problems during experiments. Size of the crucible must be optimum so that it can be
placed on the sample holder safely and it can accommodate sufficient amount of slag to
maintain proper slag to particle weight ratio. In this research work this ratio has been
maintained at 1000 or more to avoid any adverse effect of change in bulk concentration. If the
size is too big, more amount of slag can be accommodated to maintain the ratio, but the
peripheral portion of the crucible will be out of visible area. As a result, if the particle travels
towards periphery during dissolution experiment, it will be missing in the video. Shape of the
crucible is also vital for visibility especially at the peripheral area of the crucible. Visibility at the
vicinity of the wall is poor for the crucible with straight wall and this can be improved by
changing the crucible wall from straight to inclined (diameter at the top of the crucible is higher
than that of bottom). Platinum and 10% rhodium (Pt-Rh10) crucibles have been used for this
research work. Figure 10 shows the drawing and photograph of the newly designed crucible
for HT-CLSM experiments.

Figure 10: Drawing and photograph of crucible used for HT-CLSM experiments.

As discussed in section 3.1.1.1, the S-type thermocouple to measure the furnace temperature

is situated at the bottom surface of the sample holder. For the current setup of HT-CLSM
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experiment a thin alumina plate is placed between platinum base of the sample holder and
crucible. The slag in the crucible is situated few mm above the furnace thermocouple. It is
important to measure the actual slag temperature by an external S-type thermocouple
embedded in the slag. The relation between furnace and sample temperatures is investigated
and adopted in the temperature program to perform the experiments at actual slag
temperature. Wires of 0.127 mm diameter have been used for the sample thermocouple. Due
to thinner diameter of the wires, sample thermocouple is able to measure the slag temperature
accurately. Temperature calibration will be discussed in details in the section 3.2.1.2.

3.1.2. Continuous wear testing device (CWTD)

CWTD is the most contemporary finger test device with in-situ wear profiles measurement at
experimental temperature. It is suitable for static and dynamic corrosion experiments and
erosion experiments. A high-precision laser device is attached with it to measure the sample
profiles at room temperature as well as experimental temperature.

3.1.2.1. Construction

The CWTD was assembled by the company NET-Automation GmbH, and it is based on a high
temperature chamber furnace (type HTK 40/17/S; Tmax 1750°C; Thermconcept GmbH) [85].
The dimensions of the chamber are (width x depth x height): 360 mm x 350 mm x 380 mm.
The furnace is connected to a control board located inside an electric cabinet, where process
control, data recording, and the management of the test procedure are performed digitally. An
industrial PC is used for visualization, input of the digital schedule of the test procedure, data
storage and laser scanner configuration [85]. The exterior view of the Continuous Wear Testing
Device (CWTD) is shown in Figure 11 [85]. Design of CWTD, operation, sample preparation,
experimental procedure and evaluation procedure have been reported by Kircher et al. [85].
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Figure 11: Exterior view of the Continuous Wear Testing Device (CWTD) [85], [86].

Six MoSi; heating elements are used to attain a homogeneous temperature distribution inside
the furnace chamber in order to avoid free convection in the slag bath caused by thermally
induced density differences [85]. The maximum experimental temperature is limited to 1650°C
because platinum-rhodium parts are used for the measurement. Furnace is lined with high
temperature insulating material. Two thermocouples (type B) are used to measure the furnace
temperature and another two thermocouples (type B) are located directly underneath the Pt-
Rh10 crucible to accurately measure the slag temperature. Additionally, the temperatures of
the laser sensor housing and of the load cells are measured by resistance temperature
detectors (RTD; 100 Q). An alumina rod is used for the vertical connection of a Pt-Rh10 sample
holder to the lift-able drive which offers an adjustable speed in the range of 0-3000 rpm. The
sample holder is attached to the rod with a horizontal alumina bolt, which is safeguarded
against slipping by an alumina sleeve. Due to the two joints in sample assembly to the rotor
system, the maximum rotational speed is limited. Above a critical speed the sample rotation
largely deviates from concentric motion. A vibration sensor has been installed as a safety
measure in the event that the whole rotor runs unbalanced or breaks at high speeds. In analogy
to Van Ende et al. [38] the ceramic sample is fixed with a central hole in the top of the specimen
and a second hole perpendicular to it. Instead of Mo wires [38], the cylinder is fixed to the
central Pt/Rh sample holder (&d 5 mm) with another alumina fixing bolt (& 3 mm). This setup
offers the opportunity to conduct experiments with different diameters from @ 20 mm to @ 40
mm (limited by crucible diameter). The entire measuring equipment of the rotor is mounted on
two parallel supports and two load cells are situated between the supports and the rotor
assembly to provide information of the mass loss during a corrosion experiment. Figure 12
shows the inside view of the furnace chamber at room temperature with a worn alumina fine
ceramic specimen during a laser measurement. Apart from the laser device, the window at the
back wall of the furnace is closed with a plug that is lined like the furnace. The laser scanner
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situated at the reverse side of the furnace can be seen in Figure 12 through a sapphire window
mounted close to the inner lining, when the furnace plug was pulled out for the laser
measurement. A fan is attached at the reverse side of the furnace which is used only during
the laser measurement to cool the laser measurement system. In addition to this, there is an
industrial water chiller especially to cool the laser device. Figure 13 shows the laser scanner
assembly and furnace plug at the reverse side of the CWTD. All the moving parts in CWTD
are equipped with position sensors to direct their movement [85].
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Figure 12: Chamber furnace of the CWTD during a laser measurement of a worn Al.O; specimen
at room temperature [85].

Whenever required the oxygen partial pressure in the furnace chamber can be reduced by
means of inert gas or Varigon (98% Ar, 2% H:) purging. In order to prevent the system from
oxygen contamination, the furnace window is sealed with a sapphire glass and the gap
between main rotor and the top of the furnace is also gas purged [85].

3.1.2.2.  Principle of 3D laser measurement using laser line triangulation

The laser device with a laser power < 8 mW (laser class 2 M) is installed at the reverse side of
the furnace and the main components are shown in Figure 13 [85]. The high-precision laser
scanner of type LLT2900-100/BL (Micro- Epsilon Messtechnik GmbH & Co. KG) uses a
semiconductor laser diode with a wavelength of 405 nm (violet-blue). Due to the fact that the
wavelength is much shorter than the visible emission at test temperature, the scanner enables
optical surface profile measurements of specimens at elevated temperatures. The profile
sensor uses laser line triangulation for two-dimensional profile detection on the target surface
[85]. Lenses enlarge a laser beam to form a static laser line that is mapped onto the sample
surface and an optical system projects the diffusely reflected light of this laser line onto a highly
susceptible sensor matrix. From the position of the light spots on the receiver element and the
distance from the sender to the receiver element, the controller calculates the distance
information (i.e., distance from the specimen axis, here addressed as z-axis) and the position
alongside the laser line (i.e., height longitudinal to the specimen axis, here addressed as x-
axis). The profile scan rate (i.e. the number of line scans per second) was adjusted to 100 s
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and due to a the sample rotation (at 2 rpm) during the laser measurement, it is possible to
obtain a full 3D measurement including circumferential values (y-axis) [85], [87].
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Figure 13: Laser scanner assembly, cooling system and furnace plug at the back side of the
CWTD [85].

The laser scanner scans 3000 profile lines for a complete rotation of the sample and assembles
them in a particular manner to produce the 3D pattern of the flattened sample mantle. As an
example, Figure 14 shows 3D view made of all scanned profile lines of a corroded Al2O3 fine
ceramic sample measured at 1500°C.

Pt-Rh10 connector

Artifacts

Al, O, rotor

Crucible edge

Figure 14: 3D view of a corroded Al,O; fine ceramic sample surface at 1500°C.

3.1.2.3. Application

CWTD is a newly developed contemporary wear measurement device. It is suitable for static
and dynamic corrosion experiments of fine ceramics with in-situ wear measurement at
experimental temperature. It is also possible to conduct erosion experiment of coarse grain
materials at varied temperature range. The device has a provision of atmosphere control,
erosion experiments of carbon bonded refractories are also possible. Because a Pt-Rh10
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connector is used to fix the cylindrical sample to the rotor shaft, samples with varying diameter
(20 mm — 40 mm) can be used. Rotation speed can be varied as per the experimental need,
which allows the study of its effect on the wear rate. It is also possible to determine the critical
rotational speed or critical Reynolds number, for which the effect of Marangoni convection can
be suppressed. In this research work, this device has been used for static and dynamic
corrosion experiments of AlbOs; fine ceramics in silicate slags at different temperatures.
Dynamic corrosion experiments of MgO fine ceramics have also been conducted at three
temperatures.

As it was mentioned, this is a newly developed device and as per author’s best knowledge,
nobody has reported in-situ wear measurement at experimental temperature except Yuan et
al. [88]. They used X-ray radiographic apparatus to take X-ray photographs at experimental
temperature. Otherwise, static, and dynamic corrosion experiments and erosion experiments
with post-mortem analysis have been quite popular for several decades. Some interesting
research works on finger test are discussed below to understand the applications of this type
of experimental setup.

Yuan et al. investigated the local corrosion of magnesia-chrome refractories due to Marangoni
convection at slag-metal interface [88]. They did static corrosion experiments of seven
magnesia-chrome refractories with varying MgO-Al,O3; spinel content at 1600°C. They used a
high-temperature X-ray radiographic apparatus for X-ray photographs of the corroded
specimen inside the charged filled crucible at experimental temperature. But the sample was
not clearly visible inside the melt. It is possible to estimate the shape of the corroded sample
from the side where the X-ray photograph was taken, but not the extent of corrosion throughout
the sample surface. They reported X-ray photographs of bath movement at slag-metal
interface due to Marangoni convection. It is clear to depict the Marangoni convection path from
these photographs [88].

Cooper and Kingery studied the molecular diffusion, natural convection and forced convection
of sapphire dissolution in CAS melts [23]. They measured dissolution rate of single crystal
sapphire in the temperature range of 1340°C to 1550°C. They found that the rate of dissolution
was controlled by mass transport in the melt. They used cylindrical and disc sample for free
and forced convection studies respectively. They investigated the dependency of corrosion
rate on experimental temperatures and corrosion time [23].

Amini et al. investigated the effect of additives and temperature on dissolution rate and
diffusivity of lime in CAS slags [25]. They carried out dynamic corrosion experiments of dense
lime specimens over the temperature range of 1430°C to 1600°C. They measured the
dissolution rate in terms of change in lime concentration in the slag. A strong impact of
rotational speed, temperature, and slag composition on the dissolution rates was observed.
They also checked the effect of additives to the slag: CaF2, MnOy, FeOx and TiOz increased
the diffusivity of CaO, whereas SiO, had opposite effect. Levich equation [22] for the mass
transfer coefficient from the disc surface and Kosaka and Minowa [24] equation for the lateral
cylinder surface have been applied. It was concluded that diffusion in slag phase is the rate
limiting step [25].
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Wang et al. investigated dissolution of MgO based refractories in CASM ladle slag at 1600°C
[61]. Instead of a rotating finger test, a new setup for the dynamic corrosion was used, where
the refractory sample is situated in the slag filled crucible and the slag is stirred with a
molybdenum stirrer. After the experiment, the corroded MgO sample imbedded in solidified
slag was examined under an optical microscope [61].

Wang et al. studied the kinetics of solid dissolution into liquids at elevated temperature with a
new experimental design [89]. A rotating cylinder was placed concentrically in a crucible
fabricated by boring four holes into a blank material for creating an internal volume with a
quatrefoil profile. A strong flow in the radial direction in the liquid was created, which was
evidently shown by computational fluid dynamic (CFD) calculations and experiments at both
room temperature and elevated temperature. The new setup was able to quench the sample
as it was at experimental temperature, particularly the interface between the solid and the liquid
to understand the reaction mechanism. At room temperature they used sugar rod and water
to validate the setup and at high temperature graphite crucibles were used as slag container
for the experiment with MgO-Al,Os spinel and porous MgO refractories [89].

Chen et al. investigated the effect of Marangoni convection on the dissolution of a MgO
refractory by a SiO2-CaO-(Alz03)-FeOx-MgO slag with or without Al,O3 keeping CaO/SiO-
constant [40]. They observed that the rate of dissolution was marginally lower in the case of
alumina containing slag.

Dunkl and Brickner studied dynamic corrosion of refractory materials in container glass melt
at 1500°C and compared with results of 1400°C [90]. They used fused cast alumina bricks,
two types of fused cast alumina-zirconia-silica bricks and alumina-chrome bricks.

Um et al. investigated the wear behavior of a MgO-C refractory in ferromanganese slags over
the temperature range of 1450°C to 1600°C [52]. Three CaO-SiO; slags with varying basicity,
three CaO-SiO,-Al,0O3 slags with fixed basicity but varying Al,Os; content and one CaO-SiO»-
Al,O3-MnO slag have been used for dynamic corrosion experiments with 200 to 600 rotations
per minute and immersion times from 60 min to 360 min. Reaction area of a polished section
served as a corrosion index when the radius of the specimen was not significantly affected,
otherwise average radius reduction was employed. They observed that the corrosion of MgO-
C in Ca0-SiO; slags increases with increasing rotational speed and immersion time but
decreases with increasing basicity. In case of CaO-SiO»-Al,O3 slags corrosion decreases with
increasing Al,O3 content due to higher slag viscosity and spinel formation at the interface when
the Al2O3 content is higher than 20%. They also observed that the degradation of the MgO-C
refractory immersed in CaO-SiO>—Al03—MnO slag is very intense due to the oxidation of the
carbon in contact with MnO [52].

Jansson et al. studied the rate of dissolution of solid MgO-C and doloma refractories in in CaO-
Al,O3-SiO,-MgO slags at the temperature range of 1500°C to 1650°C under forced convection
by rotating finger test [53]. They varied the dissolution time from 15 to 120 minutes at rotational
speeds of 100 to 400 rpm to check their effect on dissolution. Corrosion rate was measured by
diameter change. It was found that the corrosion rate of MgO-C and doloma refractory
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materials increased with increasing rotational speed and temperature. Further, they observed
linear dependency of corrosion rate with time [53].

Wang et al. investigated the corrosion behavior of a sintered high purity a-Al,Os refractory in
contact with soda-lime-silicate (SLS) glass under dynamic conditions [41]. Experiments were
conducted as function of rotation speed, contact time and temperature. The phase composition
and microstructures of the glass-refractory interface of the corroded samples were studied by

X-ray Diffraction (XRD) and combined Scanning Electron Microscopy — Energy Dispersive X-

ray Spectroscopy (SEM-EDS), respectively. They compared the dynamic corrosion test results
with static crucible test results and found good agreement [41].

Liang et al. studied the effect of dynamic slag/refractory interaction of a lightweight Al,Os—MgO
castable during steel refining [43]. For the castable microporous alumina aggregate was
applied as a coarse grain. They observed almost similar corrosion rate compared to
conventional Al,03-MgO castable and concluded that a light weight refining ladle lining can be
applied with the same lifetime as common castables [43].

3.2. Experimental procedure

Sample preparation, accurate sample temperature measurement and experiments with
required parameters have to be carried out carefully to generate valid results. In this section
experimental procedures for HT-CLSM and CWTD will be discussed in detail.

3.2.1. Experimental procedure of HT-CLSM measurements
3.21.1. Slag quenching and pre-melting

Synthetic slags have been used in the current studies. Slag batch has been prepared from
pure oxide. Quartz, calcined alumina, magnesium oxide, and calcium carbonate have been
used as SiO,, Al,O3, MgO and CaO sources respectively. First decarburization of calcium
carbonate and dehydration of magnesium oxide (to get rid of hydration by atmospheric
moisture) were carried out at 1050°C for 3 hours. Every time, the weight loss was checked to
ensure the complete decarburization and then immediately slag components were weighted
to avoid prior hydration by atmospheric moisture. 100 g of batch for each slag were prepared.
In a first step, slag batch was melted in a platinum crucible in a preheated furnace at 1450°C
for 15 min and quenched on a steel plate. To enhance homogeneity and to facilitate its
application, the solidified quenched slag was powdered in a tungsten carbide lined cup mill.

As few air bubbles as possible are desired in the slag after melting in the Pt-Rh10 crucible.
Contact of the dissolving particle to the air bubble may alter the dissolution rate in CLSM
experiment due to the surface tension gradient. To avoid this, the required amount of slag is
pre-molten in the Pt-Rh10 crucible before the CLSM experiment. Also, it is convenient to fix
the sample thermocouple inside the slag at the center of the crucible during slag pre-melting.
Otherwise, if the sample thermocouple is situated at the vicinity of the crucible wall, it may
touch the wall at high temperature and thus not measure the true slag temperature. Figure 15
shows a small setup to fix the sample thermocouple at the center of the crucible. 0.2 g slag
was pre-molten in each crucible in a preheated furnace at 1450°C for 15 min. For crucibles
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with thermocouple, slags were pre-molten in one step and for crucibles without thermocouple
in two steps (0.08 g + 0.12 g) for easy removal of air bubble during pre-melting.

Sample thermocouple at
the center of the crucible

Figure 15: Setup for thermocouple fixing at the center of CLSM crucible.
3.21.2. Temperature measurement

The furnace thermocouple is situated a few mm below the slag-filled crucible which can cause
differences in slag and furnace temperatures. The offset of both may change when the halogen
bulb is replaced as it also depends on the filament position. Therefore, before starting the
dissolution experiments, the relation between furnace and sample temperature was always
investigated. The sample temperature was measured using an S-type thermocouple
connected to a data logger. It was made of 0,127 mm diameter wires which were guided to the
furnace opening through a corundum tube with two channels. The determined relation was
adopted in the temperature program to actually achieve the desired slag temperature. Figure
16 shows the temperature referencing results as an example.
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Figure 16: Furnace and sample temperature referencing for HT-CLSM experiments.
3.21.3. Dissolution experiments

The slag-filled Pt-Rh10 crucible is placed on a thin alumina plate which itself rests on the
platinum sample holder plate. The particle is dropped at the center of the crucible with the help
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of forceps at room temperature and the furnace lid is closed. The compressed air supply and
water supply are turned on. Then the mirror furnace is heated according to the schedule. The
heating rate is 50°C per min till 150°C and 1 min holding at 150°C to keep initially lower load
on the halogen bulb, then 500°C per min till 50°C below the maximum temperature and the
rest is heated at the rate of 100°C per min. The heating program is kept on hold just before
reaching the experimental temperature and manually controlled to avoid overheating.
Experimental temperature is maintained until the complete dissolution of the particle and then
the furnace is cooled at the rate of 400°C per min. Video is captured starting at 150°C and
including the whole dissolution process at experimental temperature. Particle tracking,
focusing of camera and brightness adjustment are controlled manually. Experiments were
carried out in ambient atmosphere. Several experiments were carried out at similar
experimental conditions to check the repeatability and get an average result. The inner wall of
the mirror furnace was cleaned after every experiment with ethanol-soaked cotton pads and
flushed with compressed air.

3.2.2. Experimental procedure of CWTD
3.2.21. Slag preparation

Slag was prepared using decarburized CaCOs, alumina powder, quartz powder and MgO
powder. Slag batch preparation is identical to the CLSM experiments (3.2.1.1), only the
quantity is higher for CWTD experiments. For each experiment, 580 g slag was molten in two
steps in a platinum-10% rhodium (Pt-Rh10) crucible of 65 mm inner diameter and 100 mm
height [91]. At first, around 380 g slag was pre-molten, and rest of the slag was molten during
the CWTD experiment. The target slag bath height was around 70 mm without submerged
sample and around 75 mm with sample.

3.2.2.2. Corrosion experiment

The slag-filled crucible is placed on a crucible holder in a high alumina safety crucible inside
the furnace. Sample thermocouples are situated inside the crucible holder and position can be
adjusted near to the crucible bottom for accurate sample temperature measurement. A
cylindrical sample is fixed to the alumina rotor shaft using the Pt-Rh10 sample holder and the
alumina bolts. Gap between sample bottom and crucible top edge is measured by lowering the
sample till the crucible top edge. Clearance between crucible bottom and sample tip is
calculated from this measured gap, the crucible height, the laser measurement position and
the rotation position of the sample assembly. Initially, the clearance between crucible bottom
and sample tip was set to 20 mm and this increases continuously with proceeding dissolution
of sample [85], [91].

Experimental parameters can be individually chosen by a digital schedule with up to 10 steps
for each experiment [85], [91]. Temperature, holding time, rotational speed of the sample, slag
dropping time before laser measurement, gas purging (yes or no) and laser measurement (yes
or no) can be defined for each step. Heating and cooling rates as well as the submersion
temperature above which sample assembly goes down to rotation position are applicable for
all steps. Figure 17 shows an example of experimental parameters in digital schedule.
Additionally, the lower position of the sample assembly i.e., rotation position and the upper

rotor position for the laser measurement must be defined in the software. During the
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experiment, values of all the experimental parameters are stored in a csv file and the saving
frequency can be chosen between 1 and 10 per second [85], [91].

Rezept 3 \ 4
I Speichern
Aufheizsteigung ['C/Min.]| | 5

Abkiihlwert [/C/Min]] | 5

Eintauchtemperatur [°C] ‘ 1492

| Rezeptschriee B 4§ 2 § 3 | 4+ ] s J 6 § 7 J 8 J o |

Sollwert [°C]\ 200 1490 1495 1495 1495 1495 1495 1495 1495 1495
Haltezeit [Min.]\ 1 30 90 90 90 90 90 90 90 90
Probenentnahme [0=Neinl1=Ja]‘ 0 0 0 0 0 0 0 0 0 0
Vermessung 3D [0=Neinl1=Ja]\ 1 1 1 1 1 1 1 1 1 1
Abtropfdauer [Sek.]\ 60 1800 1800 1800 1800 1800 1800 1800 1800 1800
Rotor [Ulmin.]\ 0 0 200 200 200 200 200 200 200 200
Inertgas [0=Neinl1=Ja]\ 0 0 0 1] 0 0 0 0 1] 0

Figure 17: Experimental parameters in the digital schedule.

The offset between the slag temperature and the furnace temperature was measured using S-
type thermocouple immersed in the slag-filled crucible. From the temperature offset
measurement, it was found that the slag temperature was 4-5°C higher at 1500°C and 1550°C
where at 1450°C the difference was 9°C. These temperature differences were incorporated in
the experimental heating schedules. Heating and cooling rate were defined to 5°C per min.
Immersion temperature was set 3°C less than the experimental temperature. 30 min holding
time was set at 5°C less than the target temperature to ensure homogeneous temperature
distribution and complete as well as homogeneous melt formation. Corrosion time per step
was defined dependent on the slag-refractory combination and the experimental temperature.
Dynamic corrosion experiments were mainly carried out at 200 rpm. Some experiments also
were conducted at 0 and 100 rpm to investigate the effect of the rotational speed on dissolution.
After each corrosion step, the corroded sample was lifted and rested at measurement position
for 30 minutes to allow the slag to drop down from the sample surface and then the laser device
scanned the whole sample surface. The corrosion step and the sample scan cycle are
repeated at the isothermal experimental temperature until the last step specified or until the
test is terminated due to reasonably small sample diameter [85].

3.2.2.3. Slag drain out

After the experiment the slag quantity was in the range of 600 — 630 g which is not feasible to
leach out with acid. The only feasible option to remove the slag from Pt-Rh10 is to drain it out
at elevated temperature in a furnace. A setup for this was prepared in-house with self-flow high
alumina castable. This setup consists of a holder to support the crucible in inclined condition,
a refractory cup partially filled with bubble alumina to retain the slag and a safety crucible.
Figure 18 shows the slag drain out setup. The assembly with slag filled crucible was placed in
a furnace and heated well above the liquidus temperature of the slag for 5 — 10 min.
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Crucible holder

Safety crucible

Figure 18: Setup for slag drain out at elevated temperature; crucible before and after drain out.

3.3. Evaluation methods

Evaluation of the experimental results is the next important step. After CLSM experiments,
videos are evaluated to receive the particle diameter over dissolution time. Processing of laser
measurement data is carried out to receive the dissolution parameters from CWTD
experiments.

3.3.1. Evaluation methods for HT-CLSM experiments
3.3.1.1.  Evaluation of particle diameter over dissolution time

Videos of the CLSM dissolution experiments were analyzed with image processing software
Imaged. Time, furnace temperature and scale bar are available with every frame of the video.
Scalein factor was defined by the scale bar of the video. A line was drawn through the boundary
of the particle image to determine the area which was used to calculate the equivalent diameter
of the dissolving particle and recorded in dependence of time. Figure 19 shows an example for
evaluation of CLSM video.
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Time 387.61sec
Temp. 1461.8C

398.2 s, 1462.1°C,
199.1 ym

387.61s, 1461.8°C, 413.18 s, 1465.0°C,
249.5 um 127.1 pym

Figure 19: Video frames at different time with the measurement line through the boundary of the
particle.

This measurement procedure was repeated in intervals from the beginning of isothermal
experimental temperature till complete dissolution and produced the curve of equivalent
diameter over dissolution time, hereafter referred to as dissolution curve. Diffusivity was
determined using these data. As the measured initial particle diameters are not same in all
experiments, a trend function was used to calculate the corresponding dissolution time of each
experiment at the same initial diameter for comparison. Figure 20 shows the measured
equivalent diameter over dissolution time for the above-mentioned example.
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Figure 20: Equivalent diameters over dissolution time from CLSM experiment.
3.3.1.2.  Evaluation of dissolution rate

After obtaining the equivalent diameters over dissolution time, third order polynomial
regression was applied and the equation of the fitting curve was obtained. The first order
derivative of the equation with respect to time was calculated to get the dissolution rate over
the time. Figure 21 shows an example of equivalent diameters over time with the polynomial
fitting curve and dissolution rate over time. Dissolution rate was calculated for each experiment
and the average of several experiments with similar experimental condition will be presented
as representative dissolution rate. The equation of the fitting curve and first order derivative
are also mentioned in the diagram.

300 0
E
=250 -2
& —
200 4 L
- £
Q =
€ 150 6 =
o s
a ~
2 100 )
2 ® Dissolution curve o
S 50 ‘" -10
'S — Dissolution rate .'.'-
S o -12

0 10 20 30 40 50

Dissolution time (s)

Figure 21: Dissolution rate over dissolution time from CLSM experiment.
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3.3.1.3.  Evaluation of diffusivity

Diffusivity was determined for each individual CLSM experiment using raw data of equivalent
diameters over time and other experimental parameters with three different models. First one
(M1), is the classical shrinking core model (SCM) for the boundary layer diffusion, and the
equation (10) was applied to calculate diffusivity. Second one (M2), is also SCM, but including
the convective part of mass flux and equation (15) was used. In these two cases, particle radius
was considered as the effective boundary layer thickness. In the third case (M3), the equation
(16) was used and the fitting parameters (D and K) were determined, where the sum of the
residual square is minimized.

3.3.2. Evaluation methods for CWTD experiments

Laser measurement data have to be evaluated to get the information about dissolution
experiment. First, the 3D measurement was visualized to depict the sample geometry and then
it was evaluated to obtain a representative continuous wear (CW) curve. The dissolution
parameters can be extracted from this CW curve. All these details have been reported in the
publication [85] which was prepared in course of this thesis work.

3.3.2.1. 3D data visualization

After each leaser measurement, the data are stored in video format and the 3D view and
individual profiles can be visualized with the laser scanner software. For better visualization of
the profile scanning, Figure 22 a) shows the photograph of the sample, b) one profile line
scanned by the laser device and c) the 3D view made out of all scanned profile lines. The width
of the non-corroded sample part in 3D view corresponds to the initial circumferential length.
This width is used as reference dimension. If the 3D view is observed from left to right, at the
very left one can see the mantle surface of the alumina sleeve that safely locks the Pt/Rh-
sample holder, then small part of alumina rotor and the Pt-Rh10 sample holder. Afterwards,
the mantle surface of the corroded cylinder specimen can be seen where the left part of the
mantle surface is un-corroded and the right part is corroded. 2 cm below the upper edge of the
cylinder specimen, both ends of an alumina fixing bolt are visible, which fixes the cylinder
sample to the sample holder. At the very right of the 3D view, Pt-Rh10 crucible top edge is
visible. In this 3D view a low amount of laser scattering (artifacts) is observed and the
measurement represents the shape of the worn specimen very well. The reduction in diameter
and the slightly larger diameter in the middle of the slag-corroded part are clearly visible [85].
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Figure 22: Profile line scanning of a corroded Al;O; fine ceramic sample surface at 1500°C. a)
Photograph of the same corroded sample at room temperature, b) line scan of a single
profile and c) 3D view made out of all scanned profile lines.

3.3.2.2. Mean value curves

3000 (or more usually 2974 profiles) profiles of laser measurement construct the 3D view, and
each profile contains the dimension information for a particular azimuth [85]. It is unfeasible to
analyze each individual profile to receive the dimension information. The corroded sample is
not exactly uniform in circumferential direction which necessitates calculation of a mean
interface profile. Furthermore, the sample axis may deviate slightly from the axis of rotation.
The rotating body thus depicts a cone of very small, apex angle with the lower end showing
the greatest deflection. During a laser measurement of 360°, the individual profiles of the
corroding body may be slightly inclined with a positive or negative angle to the theoretical
rotation axis [85]. To explain this, an example of static corrosion experiment of alumina ceramic
is considered here. Two sample profiles of the static experiment are shown in Figure 23 [85].
The dotted line shows minor inclination towards the laser scanner (8 um/mm) of a single profile
(1). Therefore, the lowest point of the sample surface is displaced by an additional 0.8 mm
from the dashed-dotted theoretical axis of rotation [85]. For this reason and because of laser
scattering from diffuse reflection of slag-covered areas at high temperature, a single corrosion
profile is not representative for the entire sample surface. To ensure reliable results for
corrosion or erosion measurements, mean value curves (2) are calculated from raw data of all
profiles, resulting in a perfectly aligned axis of rotation and leveling out of erroneous values.
Nevertheless, mean value curves calculated form the raw data show a different trend at the
top end of the cylinder specimen as they do not end straight. The laser scanner detects either
the Pt/Rh-sample holder or the sample surface at the top edge, causing the profile to shift
towards the rotation axis. Because of this slope and to minimize the influence of artifacts on
mean values, the raw data for mean value curves must be pre-processed [85].
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Figure 23: Representation of a corroded alumina fine ceramic cylinder specimen as single
corrosion profile (1) and as mean value curve (2) [85].

3.3.2.3. Identification and elimination of artifacts

During continuous wear measurements of dissolution experiments in slags, artifacts occur
primarily when the laser measures through a slag layer that exceeds a certain thickness, but
minor scattering could also be found at sharp edges. Therefore, laser scattering is observed
mainly at slag-filled pores and at the bottom tip of the ceramic cylinder, where a slag droplet
forms during slag dropping time and this affects the measurement. The method of identification
and elimination of artifacts is reported in [85].

If artifacts are located far enough from the surface, like the artifact in Figure 23 [85], it is easily
possible to distinguish them by a maximum or minimum z-value from evaluable information. It
was found that in the regions with a scatter in z-direction also errors in x direction can be
observed but are by far smaller [85]. Data received after erasing of obvious artifacts are called
cleansed raw data here. Due to this procedure no profiles but single data points only are
removed. For not obvious artifacts, i.e. those closer to the sample surface, a different
procedure is performed with the cleansed raw data. In the following, the measurement position
is defined by the subscripts i,j for the i -th point on the j -th profile. Approximately 1100 points
are measured on any of 2974 profiles representing one revolution. A value z; ; or x; ; of the
cleansed raw data is considered as evaluable information for a mean value curve if it follows
the restrictions of equation (25) or equation (26), respectively. u,; and u, ; are the mean z and
x values of all profiles from the cleansed raw data at the position i,
respectively. o, ; . and o, ; ., are the associated standard deviations of the cleansed raw data
of z; and x;, respectively. In the following conditions ¢ is a constant to be determined that
defines possible outliers which have to be neglected for further evaluation:

Hzi = € Oz S Zjj < Uzj + € Oz (25)
Hxi = € Oy S Xjj < Hyjt € Oy (26)
The refined data set comprises all measurements satisfying these conditions [85]. The most

justified € value is determined by comparison of results received for different choices where
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the unwanted artifact are eliminated with minimum loss of data points. Due to the indicated
conditions, the number of z; ; and x; ; values in the refined data sets decreases. For given ¢, a
higher percentage of z; ; values fails to fulfil condition (equation (25)) than x; ; values violate
condition (equation (26)). Nevertheless, an x; ; value associated with a z; ; value not satisfying
(equation (25)) is also erased for the sake of data consistency. The standard deviations
calculated from the refined data set are denominated by o,,; . and o, ; . [85].

Figure 24 a) shows the 3D view of in-situ laser measurement of the static corroded alumina
sample and Figure 24 b) the standard deviations along u, ; [85]. It is clear that the highest
deviations can be found at the top, at the onset of the corrosion groove and at the corroded
lower part of the sample where more laser scattering occurred. The benefit of outlier removal
from the raw data can be seen from Figure 24 b) by comparing the standard deviations of z for
pure raw data o, ; ., and cleansed raw data o ; , [85]. Furthermore, it can be seen from the
diagram that the standard deviations from the refined data o,; . decrease with decreasing «.
The evaluation of the cleansed raw data with € = 2.25 smoothed the standard deviation of the
upper sample edge, the artifacts of the alumina bolt (x, ;= 20 mm) and the lower sample part
from 100 to 105 mm without distorting the sample geometry. The standard deviation in x-
direction is low and increases only at the top of the cylinder specimen due to slight
misalignment between rotation and specimen axis and maybe scattering at the sharp edge
[85].

=—O0giraw Oz — Ozie=225 — Ozie=15 " Ogzie=1.25" Oxie=2.25

o(mm)

0 10 20 30 40 50 60 70 80 9 100 110
“x,i (mm) b)

Figure 24: Static corroded alumina sample as a) visualized in situ 3D laser measurement [39] and
b) diagram of standard deviations of profiles in dependence of p, ; [85].
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The dimensions of the static cylinder sample were measured manually with a vernier caliper
as post mortem analysis and the thermal expansion was considered for comparison with the
high temperature laser measurement [85]. In Figure 25 a), the differences 4r received by
subtracting hand gauged radii from measurements of the laser scanning device are
represented. For the latter the following options have been chosen: The radii calculated from
mean cleansed raw data 7; o,, the radii of a single profile of the cleansed raw data set r; ., as
well as radii calculated from refined mean value curves 7; .. For the dotted linear trend line of
the single profile (black), 4r at 20 mm (fixing bolt) was not considered to show that the trend
line mirrors the inclination of the specimen at the measurement position, while the trend line
for 7; =2 25 shows a perfect alignment with the x-axis. For the latter curve Ar is well distributed
over the whole sample length. Lower ¢ values seem to partly underestimate the cylinder radius,
while results for values up to 3 are not depicted here because they do not differ significantly
from those for 2.25 [85].

Fixing bolt
0 10 20 30 40 50 60 70 80 90 100 110
x(mm) a)
2.5 __.100
~ xX 90
£ 1.5 E 80
£ =
~ o 70
g 1.0 = 60
(N w 50 —— measurement
0.5 © 40 - - normal distribution
05 1 15 2 25 3 0.75 1.25 1.75 2.25 2.75
€ b) € c)

Figure 25: Diagrams of 3D measurement raw data evaluation of corroded Al.O; fine ceramic
cylinder. a) Radius difference Ar, from hand measured radii to radii from cleansed raw
data and refined data over x-axis. b) XAr? plotted against: and c) percentage of data
points after evaluation, plotted against & [85].

For a suitable choice of e, ZAr? (Figure 25 b)) as well as the percentage of data points after
evaluation with different € (Figure 25 c)) have to be considered. Figure 25 b) follows from Figure
25 a). All Ar (refined data) are squared and summed for the 12 radii at the corresponding x-
axis positions. XAr? is higher for £ < 1.75 with exception of ¢ = 1 where Ar?is similar to
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higher ¢ values. For 2 < ¢ < 2.75 XAr? remains constant in the range of 0.91 + 0.01 mm?2. This
constant behavior for 2 < ¢ < 2.75 also shows the percentage of remaining data points in
Figure 25 c). The percentage of data points increases with increasing €. Around & = 1.75 the
curve flattenes and remains stable for 2.25 < ¢ < 2.75 with a mean data point amount of
92.64 £ 0.12%. As Figure 25 c) also shows the percentage of data points of refined data (solid
curve) is somewhat smaller than would be expected from a normal distribution (dashed curve);
this means that the cleansed raw data are not normally distributed with good accuracy [85].

A high percentage of remaining data points and an accurate identification and erasure of
artifacts shows that the evaluation of CWTD 3D laser measurements with equations (25) and
(26) and € = 2.25 is reasonable. Mean value curves refined in this way are hereafter referred
to as CW curves, where CW stands for continuous wear [85]. The intersection point of the
initial curve of the un-corroded sample and the actual CW curve defines the onset for the
corroded part. The immersion length is defined from the sample tip to the onset of the corroded
part [85].

3.3.2.4. Accuracy of the laser measurement

Resolution along the sample length depends on the specification of the laser device (resolution
and angle of the laser beam) and distance between sample and laser device. Whereas, the
resolution along circumferential direction depends on the scan rate, sample diameter and
rotational speed during laser measurement. In case of present setup of CWTD, the laser
scanner projects a line with a vertical angle of 21.4°. The cylindrical sample is situated at a
distance of 325 mm from the laser device and the laser line extends along the height of the
sample. The laser scanner provides 1280 measurement points (i) per profile and as the sample
is situated to close to allow for the maximum measurement range around 1070 points per
profile are sampled from the surface of a 110 mm long specimen, resulting in a resolution of
100 pm along the sample height (x-axis). In circumferential direction (y-axis) a higher resolution
of 20 pym could be achieved for cylinder specimens with 20 mm diameter, due to a high scan
rate of 100 per second and rotational speed of 2 rpm during laser measurement [85]. To assess
the accuracy of the laser measurement, a cylindrical polymer sample was produced with a
lathe and the dimensions were measured manually with a caliper (mean of three
measurements) and by laser device in CWTD. Figure 26 [85] compares the sample dimensions
of a) the visualized 3D data from the laser measurement in front view and the profile with b)
the hand gauged dimensions. Actual dimensions can be extracted from the CW curve of the
laser measurement. In the visualized laser measurement, the depth information in z-direction
is colored. The compared sample dimensions are in good agreement, since the mean
difference between the five manually measured mean radii and those calculated from CW
curve (average of 3000 profiles) was 111 um. The mean calculated sample height differed only
by 20 uym [85].
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Figure 26: Cylindrical polymer sample as a) visualized 3D laser measurement and b) photograph
[85].

3.3.2.5. Evaluation of diffusivity

In the present work, dissolution of alumina and magnesia fine ceramics have been studied in
silicate slags. It is evident from many references that the dissolution of alumina and magnesia
in molten slag is controlled by the diffusion through a boundary layer [6]-[13], [16], [17], [55],
[92], [93]. The most important aim of this work is the determination of the effective binary
diffusion coefficient, this being necessary to quantify the dissolution process. While simulation
of diffusion by CFD methods is promising with respect to include realistic boundary conditions
and to consider the actual fluid flow, it is hindered by the high Schmidt numbers of slags which
would necessitate an inefficiently fine spatial resolution. This could be overcome by a
combination of computational fluid dynamics (CFD) with an asymptotic boundary layer
approach. Guarco et al. has reported this technique for the case of laminar flow and used
alumina dissolution in silicate slag as an example to describe the method [28]. Diffusivities for
dynamic corrosion experiments have been determined in this work.

To quantify the dissolution process, it is important to know the flow field around the dissolving
body. In the already quoted reference [28], the flow field was resolved with CFD simulations
and the volume of fluid (VOF) multiphase approach was employed for the resolution of slag
and atmosphere phases. In the current system of interest, effects of surface tension cannot be
neglected and these are incorporated with the continuous surface force (CSF) model. The
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employed model was laminar, 2D and axisymmetric, what was supported by the experimental
range of Reynolds number. The flow regimen was characterized by the Taylor number, which
gives the ratio of the centrifugal to the viscous forces. In annular set-ups with rotating cylinders,
centrifugal instabilities are known to develop after a critical Taylor number is exceeded [28].
The first appearing regimen is known as the Taylor-Couette regime, which was described by
Taylor [94]. Taylor numbers for the current experimental setup are far lower than the critical
one and this confirms the absence of such instabilities.

Guarco et al. [28] conducted simulation for the third corrosion step of a dissolution experiment
performed with above described CWTD where the shape of the corroded sample significantly
deviates from a perfect cylindrical surface. The specimen shape resulted from the CW curve
and was smoothed for CFD model. The sample tip was complemented with arbitrary curvature.
The CFD simulations were employed exclusively for the resolution of the flow field. The
transport equations for the species were not solved within the CFD model [28]. It was treated
by a post-processing step using an approach based on the boundary layer theory. This
methodology accounts for the advection that occurs in an orthogonal direction to the
solute/solvent interface due to Stefan flow and the effect of this Stefan flow on the boundary
layer thickness. Mass transfer coefficients g;,; were calculated using equation (27) [28].

_ Xp D-Shg (27)
ﬁtot_l_ws L

Here, w; is the alumina saturation mass fraction, D the effective diffusivity, L the characteristic
length (gap width, d and tip radius, R; for mantle surface and bottom surface
respectively), Sh,the Sherwood number without considering the influence of the interface
advection on the boundary layer thickness and y, is a correction factor for this effect. Shy was
calculated according to equation (28) [28].

[V

1
Sho(x) =%-JR-&(x)-UR- R-a({)-ds] ’ (28)
93-v3-T(3) !

Here, x is the local coordinate along the worn profile, I' the gamma function, « is a directional
derivative of the velocity that is tangential to the surface in the direction normal to it, and R the
radius of the revolution surface at position x. The last two variables vary along the profile,
unlike the case of the mantle of an ideal cylindrical surface where only a is a function of the
coordinates. This line integral is evaluated numerically with the trapezoidal rule. Variable « was
calculated with equation (29) and the wall shear stresses were defined by equation (30) [28].
The axial wall shear stress t, considers the derivative of the axial velocity in the direction
normal to the surface. In addition, the radial wall shear stress t,. considers the derivative of the
radial velocity in the normal direction. t, and t, are the components of tangential vector [28].
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v (30)

This method allows the calculation of local, steady-state mass transfer coefficients. The
obtained mass transfer coefficient profile is employed for the computation of the wear rate,
which is used to predict the end worn profile and the prediction was validated with experimental
results. Furthermore, the model is employed to calculate the diffusivities by using two different
approaches [28].

In the first approach, the experimental average mass flux density j.,,, was applied to determine
the diffusivity value that results in the same simulated mass flux density j,,.oq4e1- The average
experimental mass flux density and other parameters were calculated as per Table 2. The
average simulated mass flux density for the model was computed from the area weighted
average between the mantle (m) and the tip (b). The former was calculated from Sh, - Sc~1/3
over corroded sample length data and the latter was calculated by using Levich equation. This
results in the equation (31) [28].

Jmodet = Brot - Ac = ) (A - Bm + A4y - By) - Ac (31)

An+A
The mass transfer coefficient B;,: was calculated from equation (27) together with the identity

jtot :IBIfot 'ps '(Ws _WO)

what gives:

D3 = B ftost 'LG _ (32)
XD . . p . . V

p=YsTWo (33)
1—wg

Here, j:,: is the total experimentally determined mass flux density, B is the dimensionless
concentration difference; p®and v are the slag density and viscosity respectively, L the
characteristic length. The quantity G = Sh, - Sc~'/3 uses equation (28) and the Levich equation
applying an area weighted average of the bottom and mantle contributions. Sh, from the
bottom of the sample was modified by multiplying it with d/R; so it uses the same characteristic
length, L = d, as the mantle and this was substituted in equation (32) [28].
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The second approach was based on the good agreement between the measured and
simulated sample profiles for the end of that particular corrosion step. A least-squares problem
was formulated in which the diffusivity is the design variable. The advantage of this method is
that no assumptions are needed for the mass flux from the tip of the sample. This is because
only focus was on fitting of the predicted simulation profile to the laser measurement at the end
of that particular step. The minimization problem was solved by using MATLAB and yields the
global minimum [28].

Though the method reported by Guarco et al. [28] produces reliable diffusivity results as it
considers flow field around the actual sample geometry of that particular step, its application
takes much effort. Trustworthy diffusivity can be determined if reliably mass transfer equations
are available and mass flux has been determined experimentally. In this work, diffusivities have
been calculated by the method according to Guarco et al. [28] for some corrosion steps of
different experiments. Additionally to this, diffusivities for all corrosion steps of all dynamic
corrosion experiments have been determined from total mass flux density using modified
Sherwood relation translated from Nusselt correlation reported by Tachibana and Fukui [27]
for the mantle and Sherwood relation reported by Levich [22] for the bottom of the sample. All
the corrosion parameters required for diffusivity calculation change with dissolution time within
the corrosion step, so it is wise to evaluate the diffusivity at the middle of the corrosion step
which will be representative for that particular interval. The parameters are defined in Table 2.
Before dipping the sample into the slag its surface is scanned yielding the initial profile at ¢,.
Profiles are measured at time stepst. 1 < c <m, where m is the number of laser scans
performed additional to the first one at t,. Corrosion step between laser measurements at t._,
and t., can also be denominated as c. This diffusivity determination procedure using mass
transfer equations has been reported in [91] and is exemplified below.
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Table 2: Definition of parameters required to evaluate diffusivity for the interval (t._,, t.) [91].

Quantity

Measured at

Evaluation at

te (te+tc-1)/2
Refractory volume v yr o= VI+ v,
P 2
Volume loss avr =vi-vr AV =Vg =V
relative to initial 2 €2
volume

Mass loss relative
to initial mass

AmlL = p" - AVS Am” 1 =p" - AV 4
C—E C—E

Bulk concentration s 178 r r s 178 P -
. .. s CO,[,OVO +Amc—1/2wk CO,[,OVO +Amc—l/2vvi s
of species i in slag Coietjy = - = - -
Vi my +Am,_,
cgioV§+am” w]
s - _ ‘3
O,i,c—l

Dimension less
concentration B

1
difference 3
Viscosit
y n=n
Immersion l
specimen length c -2

Specimen effective
radius

Submerged surface | A,
area

Mass flux density

From equation (27) the below quoted equation (34) follows which represents the total mass
flux density including diffusion, convection, and the influence of Stefan flow on the fluid flow
field [91].

=yt Shy -4
]—XDLl_WS 0 4c¢

(34)

Here, j is the mass flux density, D the effective binary diffusivity, L a characteristic length, w;
the mass fraction of dissolving species in the saturated slag, Sh the Sherwood number and Ac
the concentration difference. The quantities used in equation (34) are defined in equations
(35), (36), and (37) [91].
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She) = ﬁ(Z)L = Sh(oy(Re, Sc, I (35)
—Sh(B=0) B=2; By=P(B = (36)
Sho = Sh(B = 0); f==; fo=F(B=0)

Sh
_ _ (37)
Xp = xp(B,Sc) S—ho

Here, w, the mass fraction of dissolving species in the slag bulk, Re the Reynolds number, Sc
the Schmidt number, I the ratio of gap width of annuli to cylinder radius, ¢ the effective diffusive
boundary layer thickness and g is the mass transfer coefficient [91].

For high Sc numbers the quantity y, can be approximated by a linear expansion in B:

Sh 1
_ . (38)
=SB =0) 4?11 05668B

Tachibana et al. reported different empirical equations for heat transfer in different setups [27].
Heat transfer in annuli with a rotating inner cylinder is similar to the dynamic finger test for
dissolution with exception of the bottom gap. Equation (39) is the Sherwood relation
transformed from the Nusselt relation for aforesaid arrangement [91].

1
(B2 —R L L 1 (R, — R\
Sh = W =021 (Ta?-Sc)& = 0.21 - ReZ- Sc7 - ( 2R 1) . Ta<10* (39)
1
1 3
W|th Ta:M and Re =LU'R1'(R2—R1)

Here, R, is the mean cylinder radius, R, is the crucible radius, Ta the Taylor number, w the
angular velocity of the rotating cylinder and v is the kinematic viscosity of the melt.

According to Guarco et al. [28] modification of exponent of Sc number from % to % showed
better agreement with the already described calculation procedure based on equ. (28) for the
corroded sample. After this modification, Sh number from this equation is in very good
agreement with the simulation results for CWTD dissolution experiment. Equation (40)
represents the modified Sherwood relation for the mantle of the cylindrical sample [91].

)

1
(R —R 1 1 /R, —R\% R, - (R, — R
Sho,m=W=o.21-Rezsc§.(2 1). Re =& R (vz 1) (40)
1
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Equation (41) represents the Sherwood relation for the bottom of a rotating cylinder in a finger
test setup according to Levich [22].

1 1 wWR?
= 0.62Re2 S c3; Re = —~ (41)

BoR¢
horn =
Shop D
Here, R; is the tip radius.

According to equation (34) total mass flux can be represented by equation (42) and equation
(43) for the submerged mantle and cylinder bottom.

Jeot " Ator = Jm * Am +Jip - Ap; Ay = 2Ry7il; Ap = R Aror = Am + Ay (42)
] Sho, Shojb
Aot =10 D At Ay 22 0 (43)

Here, jiot) jm, Jp @Nd Asor, A, Ap are the mass flux densities and surface areas of total surface,
mantle and bottom of the cylinder respectively, [ the immersion length and p* is the density of
the slag. Combining equations (38), (40), (41) and (43) yields the equation (44) [91].

5
l-R?

L - +0.62 R} (44)
(RZ - Rl)Z

_ 1 1 wZ-p-B
] 1 :
6

T 1+0566-B 20-R, +R}

After rearranging equation (44) the effective binary diffusivity (D.) for an individual corrosion
step ¢ (step between laser measurements at t._; and t.) can be determined using equation
(45) [91]. In one dissolution experiment, there are data of several in-situ measured profiles.
Average of the diffusivities of all corrosion steps can provide a representative diffusivity (D )
[91].

3

2

1 1
p _ | (+0566-B)-(2L-Ry +RE) - (Rp — Ry)*-v6 (45)
c — = -

1 =
lwz.ps-B-{0.42-1-Rf+0.62-Rg-(Rz—Rl)Z}J

4. Materials
4.1. Slags

Three silicate and one calcium-aluminate slags were selected for this research work. Slag
batches were prepared from pure oxide components. Quartz powder, calcined alumina,
magnesium oxide powder and calcium carbonate (S3 Handel und Dienstleistungen UG) were
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used as SiOz, Al,O3, MgO and CaO source respectively. Slag preparation has been described
in the section 3.2.1.1. First, all the raw materials were analyzed using wavelength dispersive
X-ray fluorescence (WDXRF) and inductively coupled plasma (ICP) to get accurate chemical
analysis. As per the chemical analysis of raw materials and targeted slag compositions, raw
materials were weighed and mixed afterwards.

Table 3 shows the chemical compositions and liquidus temperatures of the slags as calculated
with FactSage 7.2. Slags are tabulated in Table 3 with increasing basicity.

Table 3: Chemical compositions and liquidus temperatures of slags.

Slag No. Slag type [C\:,?oz] [I\V/\Iltgo/co) : S\I/i%] [?vitgjj] [;I' é]
S1 CASM, C/(S+A)=0.53 3242 6.86 11.16 49.56 1265
38.07 - 21.00 40.93 1301

S3 CASM, C/(S+A)=0.90 45.03 5.00 11.33 38.64 1317
S4 CASM, C/(S+A)=0.94 46.00 5.00 46.00 3.00 1334

Densities of the slags at 1450, 1500 and 1550°C were determined according to density
calculation model of Xin et al. [95]. This model is based on constant thermal expansion
coefficients and composition dependent excess molar volume. Figure 27 represents the
calculated densities which slightly decrease with increasing temperature. The composition of
S4, partially lies beyond the validity range of the model.
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Figure 27: Densities of slags at 1450, 1500 and 1550 °C.

Viscosities of virgin, alumina saturated and magnesia saturated slags as well as saturation
limits over the temperature range were calculated using FactSage 7.2. Figure 28 a)-d)
represent the viscosities of virgin slags, alumina saturated slags and saturation limits of
alumina at different temperatures in S1, S2, S3 and S4 respectively. The viscosities are higher
for the alumina saturated slags, and the viscosity increase at a lower temperature is larger
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than that at a higher temperature. Saturation limit of alumina increases with increasing

temperature and basicity.
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Figure 28: a), b), c) and d) viscosities of virgin slags, alumina saturated slags and saturation
limits of alumina at different temperatures in $1, S2, S3 and S4 respectively.

The viscosities of virgin slags, magnesia saturated slags and saturation limits of magnesia at
different temperatures in S1, S2, S3 and S4 are represented by Figure 29 a)-d) respectively.
Viscosities of magnesia saturated slags are lower than that of virgin slags due to the network
modification by introduction of magnesia. The viscosity decrease due to dissolution at lower
temperature is larger than at higher temperature in S1, S2 and S3 slags, whereas this trend is
missing in S4. Saturation limit of magnesia increases with increasing temperature and
decreasing basicity.
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Figure 29: a), b), c) and d) viscosities of virgin slags, magnesia saturated slags and saturation
limits of magnesia at different temperatures in S1, S2, S3 and S4 respectively.

4.2. Refractory materials

Oxide particles were used for the dissolution experiments with CLSM. Mono-crystal sapphire
(Sandoz Fils SA, Switzerland) polished spheres of 350 um diameter were used for alumina
dissolution. Alumina content was 99.99 wt% and density 3.99 g/cm®. The sapphire particles
dissolved almost completely before reaching isothermal temperature in S4 at 1550 °C due to
extremely high dissolution rate. White fused alumina (WFA) particles (99.5 wt% Al>O3, 3.96
g/cm?®) of 500 to 1000 um were used for the dissolution experiments in S4 at 1550 °C. 300 to
500 ym fused magnesia particles with a magnesia content 98.66 wt% and a density of 3.58
g/cc were used for the dissolution experiments in CLSM.

Alumina and magnesia fine ceramics served for the dissolution experiments in CWTD: alumina
fine ceramics (Ants Ceramics Private Limited, India) with 99.7 wt% Al.Os and a bulk density of
3.87 g/cm?® and magnesia fine ceramics (Surtec Research Europe GmbH, Germany) with 99.6
wt% MgO and a bulk density of 3.40 g/cm?®. The fine ceramic cylinders of 20 mm diameter and
110 mm length were used. All samples had an axial drill of 5 mm diameter and 32 mm depth,
and a side drill of 3.5 mm diameter to fix the cylinder with the rotor shaft [91].

52



Experiment

5. Results and discussion
5.1. HT-CLSM studies for alumina dissolution

CLSM studies for alumina dissolution were conducted at 1450, 1500 and 1550 °C in ambient
atmosphere in all above mentioned slags (Table 3). Dissolution times, rates and diffusivities
were determined.

5.1.1. Dissolution curves

Dissolution times of a particular size of particles can be compared by the dissolution curves.
Figure 30 a)-d) represent the dissolution curves for alumina in S1, S2, S3 and S4 at 1450, 1500
and 1550 °C, respectively. Represented dissolution curve for a particular temperature is the
average of several dissolution experiments. The number of experiments conducted at each
temperature, the average standard deviations and coefficient of variations of the dissolution
time are tabulated in Table 4. It was not possible to start the dissolution curves for S3 and S4
from 300 pm due to higher dissolution rates. Dissolution time rises with decreasing
temperature. Dissolution time at 1450 °C in S3 abruptly increased relative to 1500 °C. Clear
correlation between slag basicity and dissolution time of alumina is not observed here. Results
of alumina dissolution in S1 is reported in [4].

Table 4: Number of alumina dissolution experiments conducted at each temperature, average
standard deviations and coefficient of variation of dissolution time.

Number of experiments Standard deviation of Coefficient of variation
Slag conducted dissolution time (s) of dissolution time (%)
1450 °C | 1500°C | 1550 °C | 1450 °C | 1500 °C | 1550 °C | 1450 °C | 1500 °C | 1550 °C
S1 5 5 5 23.0 9.8 8.0 7.2 6.2 12.4
5 5 4 23.8 29.8 9.1 7.5 12.6 7.4
S3 4 5 5 45.4 4.7 4.0 7.8 8.8 13.3
S4 5 5 5 0.8 0.2 0.5 4.7 3.2 22.2
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Figure 30: a), b), c¢) and d) dissolution curves for alumina in S1, S2, S3 and S4 respectively at
1450, 1500 and 1550 °C. Shaded area represents the standard deviation of dissolution

time.

5.1.2. Dissolution rate

Figure 31 a)-d) show the dissolution rates in S1, S2, S3 and S4 respectively at 1450, 1500 and
1550 °C. Absolute rate of dissolution rate increases with rising temperature [4]. At a particular
temperature, absolute value of dissolution rate decreases at the beginning to a minimum due
to the development of boundary layer and then again increases because of higher ratio of
surface area to volume of the particle at the later phase of dissolution. Absolute values of
dissolution rates of alumina in S4 are very high compared to others presumably due to lower
slag viscosity and higher concentration difference of alumina in bulk and saturated slags.
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Figure 31: a), b), c) and d) dissolution rates of alumina in S1, S2, S3 and S4 respectively at 1450,
1500 and 1550 °C.

5.1.3. Diffusivity

Diffusivities of all individual experiments in four slags and at three experimental temperatures
were determined with three models M1, M2 and M3 (see section 3.3.1.3). The average of
diffusivities at a particular temperature and slag is considered as the representative diffusivity
for these experimental conditions. Figure 32 a)-d) depict the average diffusivities of alumina
with three different models at 1450, 1500 and 1550 °C in S1, S2, S3 and S4 slags respectively.
Diffusivity increases with rising temperature in all cases. M1 shows highest and M3 shows
lowest value of diffusivity at a particular temperature. Diffusivities of alumina in S4 are largest
among others and at 1450 °C in S3 are lowest. Fitting quality of model and measured radius
can be quantified with the squared correlation coefficient 2. The average r? values for the
models at different experimental conditions are mentioned on the bar chats. Always the fitting
quality is far better for M3 than the other two.
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Figure 32: a), b), ¢) and d) diffusivities of alumina at 1450, 1500 and 1550 °C in S1, S2, S3 and S4
respectively.

According to [4], to assess the diffusivity determination models for CLSM experiments, as an
example, the measured and the model radius (R) and the effective boundary layer thickness
(6) in dependence on time at three experimental temperatures have been compared in Figure
33 b)-d) for alumina dissolution in S1. For M1 and M2 diffusivity has been calculated from the
total dissolution time. For M3 the information of the whole curve is considered and K and D
are determined by minimization of sum of square residuals. For comparison of the models and
assessment of their suitability, the effective diffusive boundary layer thickness is calculated in
two ways. Results of the first procedure are denominated by &, ; where the subscript j, j =

1, 2,3 refers to the methods M1-M3. These &, ; are defined by:
8, = R(Dj) =RUD; j =12 (46)
813 = 8(Ds,K); R(D3, K) = R® (47)

Here RU) is calculated according to the Models M1 and M2 with the respective diffusivity D;
already identified before [4]. For §, 3 the calculation was performed according to equation (17)
with the parameters K and D as identified by minimization of sum of square residuals before
and applied for calculating the resulting radius R® according to equation (16). Contrary to

this, experimental boundary layer thickness (8,;) is calculated from the derivative of the
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measured radius R,,, (m= measured) radius with respect to time. For this, a curve fit with a third
order polynomial of the measured R,, over time t curves is employed. Then, in accordance
with equations (10), (15) and (16) boundary layer thicknesses are calculated by:

s __ Dl(Cé - C(l))/dRm (48)

_Dils - ) dRm; j=23 (49)

02 = (cs=V,-c)/ dt

M3 shows the most satisfying results with respect to both the fit of the radius curves and the
agreement between §; and §,. For M1 and M2 — which differ in D, but not in the resulting radii
and boundary layer thicknesses — a systematic offset between measured and calculated radius
and a remarkable discrepancy between §, ; and §, ; falsifying the assumption of § = R applied
in equations (10) and (15) can be observed. Of course, the radius offset could be decreased
by not using the final dissolution time only but also the information of all measured radii by a
regression procedure like it was done for M3. But this has the disadvantage that the time of
total dissolution then shows a disruptive deviation of the measured and calculated total
dissolution time. Models M1 and M2 suffer from the fact they cannot represent the curve shape
well, as their assumption regarding the effective diffusive boundary layer thickness proofs to
be not accurate enough [4].
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Table 5: Statistical comparison of the three models [4].

Time (s)

a) dissolution rates in S1 at 1450, 1500 and 1550 °C, b), ¢) and d) measured and model
radius and effective boundary layer thickness over dissolution time at 1450, 1500 and
1550 °C respectively [4].

Parameters Model 1450 °C 1500 °C 1550 °C
) M1 & M2 0.72 0.73 0.70
M3 0.96 0.99 0.99
) M1 & M2 13.9 20.5 242
M3 6.1 3.8 25

Y Coefficient of determination (r;?), calculated from measured radius and that of the respective

model

2) For definition of this mean relative error see equation (50) and corresponding text.

The superiority of M3 is also shown in Table 5 by the coefficient of determination. Further, this
table shows that for M3 §; is closer to the experimental §, than for the other two models. This
is expressed by the quantity A; representing an average relative error defined in the following

way:

58



Experiment

A:

5.~ 5,
;= —2—21100%; j = 1,2,3 (50)

2,j

Here Sl,j and SZJ are the mean of §; ; and &, ; with respect to the time, respectively. These
values show that the approach used for the effective diffusive boundary layer thickness for M3
is more suitable than that of M1 and M2 [4]. Further, the accuracy of the model will be tested
later by comparison with diffusivity results obtained from CWTD experiments, where the
boundary layer thickness is defined accurately.

Figure 34 a)-d) show the Arrhenius plots of diffusivities of alumina in S1, S2, S3 and S4,
respectively for all three models. The linear tendency of Arrhenius plot confirms the plausibility
of diffusivities. Though the diffusivities from the shrinking core models with and without
convective part of mass flux also show linear trend in Arrhenius plot (maybe due to the
consistency of experiment with respect to temperatures) they have many fundamental
deficiencies. Table 6 shows the activation energies of diffusion calculated from the Arrhenius
plots. For alumina dissolution, activation energies are higher for S3 and S4 slags.
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Figure 34: a), b), c) and d) Arrhenius plot of diffusivities of alumina in S$1, S2, S3 and S4
respectively.
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Table 6: Activation energy of diffusion.

Activation energy of diffusion (kJ/mol)

Model s S3 sS4
M1 316 142 724 503
M2 285 108 624 472
M3 264 89 549 587

5.2. HT-CLSM studies for magnesia dissolution

CLSM studies for magnesia dissolution were conducted using fused magnesia particles at
1450, 1500 and 1550 °C in ambient atmosphere in all above mentioned slags (Table 3).
Dissolution times, rates and diffusivities were determined.

5.2.1. Dissolution curves

Dissolution times of a particular size (300 um) of particles were compared in the dissolution
curves. Figure 35 a)-d) represent the dissolution curves for magnesia in S1, S2, S3 and S4
respectively at 1450, 1500 and 1550 °C. Here also the represented dissolution curve for a
particular temperature is the average of several dissolution experiments. The number of
experiments conducted at each temperature, the average standard deviations and coefficient
of variations of the dissolution times are tabulated in Table 7. In case of magnesia dissolution,
it was possible to compare from 300 um initial particle diameter at isothermal conditions in all
experiments. Dissolution time rises with decreasing temperature and the effect of temperature
is clearly visible from the distinguished dissolution curves. As expected, the dissolution time of
magnesia increases with rising slag basicity especially at higher temperature.

Table 7: Number of magnesia dissolution experiments conducted at each temperature, average
standard deviations and coefficient of variation of dissolution time.

Number of experiments Standard deviation of Coefficient of variation
Slag conducted dissolution time (s) of dissolution time (%)
1450 °C | 1500°C | 1550°C | 1450 °C | 1500 °C | 1550 °C | 1450 °C | 1500 °C | 1550 °C
S1 5 5 4 17.9 9.2 5.4 15.5 15.5 14.6
5 5 5 27.5 10.7 3.4 9.9 7.2 6.8
S3 5 5 5 31.6 8.7 4.7 13.0 8.7 7.1
S4 3 3 3 62.4 44.6 7.1 10.8 11.1 2.8
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Figure 35: a), b), ¢) and d) dissolution curves for magnesia in S1, S2, S3 and S4 respectively at
1450, 1500 and 1550 °C. Shaded area represents the standard deviation of dissolution
time.

5.2.2. Dissolution rate

Figure 36 a)-d) show the dissolution rates of magnesia in S1, S2, S3 and S4 respectively at
1450, 1500 and 1550 °C. Absolute value of dissolution rate increases with rising temperature.
Similar to alumina dissolution, at a particular temperature, absolute value of dissolution rate
decreases at the beginning to a minimum absolute value due to the development of boundary
layer and again increases because of higher ration of surface area to volume of the particle at
the later phase of dissolution. Absolute value of dissolution rate of magnesia decreases with
rising slag basicity. S4 show the lowest absolute value of dissolution rate for magnesia contrary
to alumina dissolution.
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Figure 36: a), b), c) and d) dissolution rates of magnesia in S1, S2, S3 and S4 respectively at
1450, 1500 and 1550 °C.

5.2.3. Diffusivity

Similar to alumina dissolution, diffusivities of all individual experiments in four slags and at
three experimental temperatures were determined with three models M1, M2 and M3 (see
section 3.3.1.3). Figure 37 a)-d) represents the average diffusivities of magnesia with three
different models at 1450, 1500 and 1550 °C in S1, S2, S3 and S4 slags, respectively. Diffusivity
increases with rising temperature in all cases. Diffusivity of magnesia in S2 at 1450 °C is the
lowest. Diffusivities of magnesia show no clear trend with slag basicity, though absolute value
of dissolution rate of magnesia decreases with rising slag basicity. This means that decrease
of solubility with rising slag basicity is a major factor impacting dissolution rate. The average
r2 values for the models at different experimental conditions are mentioned on the bar charts.
Also here the 72 values are always far better for M3 than other two. Compared to alumina
dissolution, shrinking core models show better fits for magnesia dissolution.
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Figure 37: a), b), c¢) and d) diffusivities of magnesia at 1450, 1500 and 1550 °C in S1, S2, S3 and

S4 respectively.

Figure 38 a)-d) represents the Arrhenius plot of diffusivities of magnesia in S1, S2, S3 and S4,
respectively for all three models. The linear tendency of Arrhenius plot confirms the plausibility
of diffusivities. Table 8 shows the activation energies of diffusion, calculated from the Arrhenius
plots. For magnesia dissolution, activation energies are lowest for S4 slags.
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Figure 38: a), b), c) and d) Arrhenius plots of diffusivities of magnesia in S1, S2, S3 and S4
respectively.

Table 8: Activation energy of diffusion.

Activation energy of diffusion (kJ/mol)

Model S1 S3 s4
M1 266 397 315 50
M2 264 394 313 45
M3 213 185 259 95

5.3. Dissolution studies of alumina fine ceramics in CWTD

Dynamic and static dissolution experiments of alumina fine ceramics were carried out in S1
and S2 slags in ambient atmosphere. Dynamic experiments with 200 rpm were conducted at
1450, 1500 and 1550 °C to study the effect of temperature on dissolution. The effect of
rotational speed on dissolution rate was examined by the experiments at 0 and 100 rpm
additional to 200 rpm at 1550 °C. S3 and S4 slags were excluded from the CWTD experiments
due to their crystallization tendency during cooling after the experiment and the harmful
stresses on the Pt-Rh10 crucible caused by crystallization. Table 9 and Table 10 show the test
conditions for CWTD experiments of alumina fine ceramics in S1 and S2 slags, respectively.
Bottom clearance was measured at room temperature (RT) at the beginning of the experiments
and increases with dissolution time. Dissolution results of alumina fine ceramics in S1 at 1450,
1500 and 1550 °C with 200 rpm is reported in [91].
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Table 9: Test conditions for CWTD experiments of alumina fine ceramics in S1.

Target temperature (°C) 1450 1500 1550 1550 1550
Rotational speed (min") 200 200 200 100 0
Dropping time (min) 30 30 30 30 30
Corrosion time per step (min) 135 105 90 90 90
Number of corrosion steps targeted (1) 9 8 8 8 8
Bottom clearance at RT (mm) 23.8 23.8 23.3 23.8 20.8
Corrosion steps conducted (1) 9/9 8/8 6/8 7/8 6/8
Total corrosion time (min) 1215 840 540 630 540

Table 10: Test conditions for CWTD experiments of alumina fine ceramics in S2.

Target temperature (°C) 1450 1500 1550 1550 1550
Rotational speed (min") 200 200 200 100 0
Dropping time (min) 30 30 30 30 30
Corrosion time per step (min) 150 90 60 60 60
Number of corrosion steps targeted (1) 8 8 8 8 8
Bottom clearance at RT (mm) 23.8 21.4 21.4 22.8 22.8
Corrosion steps conducted (1) 8/8 8/8 8/8 8/8 8/8
Total corrosion time (min) 1200 720 480 480 480

5.3.1. CW curves for alumina dissolution

Figure 39 a)-c) show the CW curves for the alumina dissolution with 200 rpm in S1 slag at
1450, 1500 and 1550 °C, respectively [91]. CW curves for dynamic corrosion experiments with
200 rpm in S2 slag at 1450, 1500 and 1550 °C are depicted in Figure 41 a)-c), respectively.
Figure 40 [91] and Figure 42 represent the virgin and corroded alumina samples in S1 and S2
slags, respectively, at all experimental temperatures with 200 rpm. The CW curves for the last
corrosion steps show good agreement with corroded sample shape. The un-corroded parts of
all the CW curves coincide with each other and also with the CW curve of the virgin sample
[91]. The onset of the corroded part shifted upwards with time because of an increase in the
slag quantity with dissolution. The corroded parts of all the CW curves can be well
distinguished and do not coincide. The corroded sample radius and length decrease with the
dissolution time, and for a particular dissolution time, the decrease was greater with increasing
temperature [91]. At a particular temperature and dissolution time, the decreases of radius and
length are higher in S1 slag, may be because of relatively lower viscosity. In all cases, there is
no Marangoni groove at the triple points (refractory/slag/atmosphere). Reynolds numbers are
sufficiently high for the dynamic experiments with 200 rpm to suppress the Marangoni
convection. At 1500 and 1550 °C in S1 and 1550 °C in S2, the reductions of radius at the
middle of the corroded part are less compared to other parts.
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Figure 39: a), b) and ¢) CW curves for alumina dissolution with 200 rpm in S1 slag at 1450, 1500
and 1550 °C respectively [91].
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Figure 40: Virgin and corroded samples with inserted CW curves of last steps of alumina
dissolution with 200 rpm in S1 slag [91].
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Figure 41: a), b) and ¢) CW curves for alumina dissolution with 200 rpm in S2 slag at 1450, 1500
and 1550 °C respectively.
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Figure 42: Virgin and corroded samples with inserted CW curves of last steps of alumina
dissolution with 200 rpm in S2 slag.
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Effect of rotational speed on the dissolution of alumina was studied at 1550 °C in both slags.
Figure 43 a)-c) show the CW curves in S1 with 0, 100 and 200 rpm, respectively. The CW
curves in S2 with 0, 100 and 200 rpm are represented by Figure 45 a)-c), respectively.
Marangoni grooves are observed at the triple points for the experiments with 0 and 100 rpm.
Figure 44 and Figure 46 show the virgin and corroded alumina samples in S1 and S2 slags,
respectively, with different rpm at 1550 °C. The CW curves for the last corrosion steps show
good agreement with corroded sample shape. Grooves are more pronounced in case of S1
slag, may be because of lower viscosity. Groove depth is the highest for the static experiment
in S1 for a specified dissolution time. At a particular rotational speed and time, dissolution of
alumina is higher in S1. At lower rotational speed the corroded sample surfaces are more
uneven. Reduction of corroded sample radius and length increases with rising rotational
speed.
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Figure 43: a), b) and c) CW curves for alumina dissolution at 1550 °C in S1 slag with 0, 100 and
200 rpm respectively.

68



Experiment

| o

® Orpm __}

|

_qf,__
Slag droplet ¥

100 rpm

\__

4\-/\

1
200 rpm |
: i

X

Figure 44: Virgin and corroded samples with inserted CW curves of last steps of alumina
dissolution at 1550°C in S1 slag.
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Figure 45: a), b) and ¢) CW curves for alumina dissolution at 1550 °C in S2 slag with 0, 100 and
200 rpm respectively.
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Figure 46: Virgin and corroded samples with inserted CW curves of last steps of alumina
dissolution at 1550°C in S2 slag.

5.3.2. Dissolution parameters

The dissolution parameters, namely corroded volume, surface area, mean radius, tip radius,
and immersion length were extracted from the CW curves [91]. As these parameters were
determined from the CW curves, they are expected to be more accurate than the manual
measurements of the post-mortem analysis [91]. The intersection point of the initial curve of
the un-corroded sample and the actual CW curve defines the onset for the corroded part. The
immersion length is defined from the sample tip to the onset of the corroded part. The
remaining volume and mantle surface area were determined by integration along the
immersion length. The area of the disc shape tip was added to get the total surface area. The
mean radius along the immersion length was used as the representative cylinder radius for the
diffusivity determination and is larger than the tip radius [91].
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Figure 47: a), b), c) and d) change in length, mean corroded radius, volume and mass,
respectively, for alumina dissolution in S1 slag with 200 rpm at 1450, 1500 and 1550
°C. The numbers inserted give the average rate of change over the total dissolution
time [91].

The change in the sample length, mean corroded radius, volume, and mass over dissolution
time are represented in Figure 47 a)-d) [91], respectively, for alumina dissolution in S1 slag
with 200 rpm at 1450, 1500 and 1550 °C. The effect of temperature on the dissolution is clearly
visible in the diagrams. All these parameters increased in their absolute value with the rising
experimental temperature, because of lower slag viscosity and larger solubility limit at higher
temperature. The average rates of change in the mean corroded radius, volume, and mass
increase 1.6—1.7 times with an increase in temperature from 1450 °C to 1500 °C and 1500 °C
to 1550 °C. The average rate of change in the sample length increases 3.27 times with an
increase in temperature from 1500 °C to 1550 °C, contrary to the 1.83 times increase for the
temperature rise from 1450 °C to 1500 °C [91]. The higher average rate of change in length at
1550 °C may have occurred because of the faster dissolution of the relatively thinner sample
(compared to sample thickness at lower temperatures), especially at the ending steps in the
low viscosity slag [91]. A slightly decreasing slope or almost linear trend of the dissolution
parameters indicates a quasi-steady dissolution [91].
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Figure 48: a), b), c) and d) change in length, mean corroded radius, volume and mass,
respectively, for alumina dissolution in S2 slag with 200 rpm at 1450, 1500 and 1550
°C. The numbers inserted give the average rate of change over the total dissolution
time.

The change in the sample length, mean corroded radius, volume, and mass over dissolution
time are represented in Figure 48 a)-d), respectively, for alumina dissolution in S2 slag with
200 rpm at 1450, 1500 and 1550 °C. In this case also, all these parameters increased in their
absolute value with the rising experimental temperature, because of the same reasons
mentioned for S1. The average rates of change in the mean corroded radius, volume, and
mass increase 1.5—-1.7 times and 2.0-2.3 times with an increase in temperature from 1450 °C
to 1500 °C and 1500 °C to 1550 °C, respectively. The average rate of change in the sample
length increases 2.6 times and 2.3 times with an increase in temperature from 1450 °C to 1500
°C and 1500 °C to 1550 °C, respectively. Here also, a slightly decreasing slope or almost linear
trend of the dissolution parameters indicates a quasi-steady dissolution. Average rates of
change of all of these dissolution parameters at a particular temperature are higher in S1.
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Figure 49: a), b), c) and d) change in length, mean corroded radius, volume and mass,
respectively, for alumina dissolution in S1 slag at 1550 °C with 0, 100 and 200 rpm.
The numbers inserted give the rate of change over the total dissolution time.

The effect of rotational speed on change in the sample length, mean corroded radius, volume,
and mass over dissolution time were studied and are represented in Figure 49 a)-d),
respectively, for alumina dissolution in S1 slag at 1550 °C with 0, 100 and 200 rpm. All these
parameters increased in their absolute value with the rising rotational speed, because of higher
mass transfer through thinner effective boundary layer at higher speed and this confirms that
the dissolution is a diffusion controlled process. The average rates of change in the mean
corroded radius, volume, and mass increase 1.25-1.33 times and 1.52—-1.60 times with an
increase in rotational speed from 0 to 100 rpm and 100 to 200 rpm respectively. The average
rate of change in the sample length increases 3.2 times and 2.25 times with an increase in
rotational speed from 0 to 100 rpm and 100 to 200 rpm respectively.
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Figure 50: a), b), c) and d) change in length, mean corroded radius, volume and mass,
respectively, for alumina dissolution in S2 slag at 1550 °C with 0, 100 and 200 rpm.
The numbers inserted give the average rate of change over the total dissolution time.

The effect of rotational speed on change in the sample length, mean corroded radius, volume,
and mass over dissolution time were studied also for alumina in S2 slag at 1550 °C with 0, 100
and 200 rpm and which are represented in Figure 50 a)-d), respectively. Here also, all these
parameters increased in their absolute value with the rising rotational speed, because of higher
mass transfer through thinner effective diffusive boundary layer at higher speed. The average
rates of change in the mean corroded radius, volume, and mass increase 2.0 times and 1.7
times with an increase in rotational speed from 0 to 100 rpm and 100 to 200 rpm, respectively.
The average rate of change in the sample length increases 3.25 times and 2.3 times with an
increase in rotational speed from 0 to 100 rpm and 100 to 200 rpm, respectively. The average
rates of change of these parameters at a specified rotational speed are higher in S1.
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5.3.3. Diffusivity

The diffusivities for all the steps of dynamic corrosion experiments with 200 rpm were
calculated with equation (45) using the dissolution parameters extracted from the CW curves
[91]. These parameters for individual corrosion step (c) are listed in Table 11 for alumina
dissolution in S1 with 200 rpm at 1450, 1500 and 1550 °C [91]. The mean sample radius, tip
radius, and immersion length continuously decrease with the dissolution time. Whereas the
bulk concentration of alumina and slag viscosity increase with the alumina dissolution. Figure
51 a) represents the diffusivities (D, and D, ) of alumina for all the corrosion steps at three
temperatures in S1 slag with 200 rpm. The diffusivity increases with rising temperature. The
Arrhenius plot was produced with the diffusivities (D, .) of those corresponding corrosion steps
¢y (corrosion step ¢ at temperature T) which show a similar mass, relative to the initial mass,
at different temperatures. The diffusivities received are functions of temperature and slag
composition, which changes during dissolution [91]. For the Arrhenius plot, the diffusivities
were converted to those of the virgin slag composition using the Stokes-Einstein relation that
defines the product of diffusivity and viscosity to be constant [91]. This conversion eliminates
the composition influence, else the alumina content of slag would have been another
parameter. Figure 51 b) represents the Arrhenius plot which shows a linear tendency, thereby
confirming the plausibility of diffusivities. The test intervals used for the Arrhenius plots together
with the associated mass loss, bulk concentrations of alumina and the corresponding activation
energies are tabulated in Table 12. The linear fit is better when the mass losses of the corrosion
steps are comparable. The activation energy of diffusion decreases with increasing mass loss
and bulk concentration.
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Table 11: Dissolution parameters used for diffusivity calculation of alumina in S1 slag at 1450,

1500 and 1550 °C with 200 rpm [91].
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1 [0.00997 | 0.00979 | 0.11654 | 1.0448 | 0.05090 | 0.000229709
2 |0.00949 | 0.00873 | 0.12656 | 1.0949 | 0.05000 | 0.000263853
3 ]0.00899 | 0.00777 | 0.13573 | 1.1422 | 0.04985 | 0.000232004
4 10.00854 | 0.00702 | 0.14353 | 1.1863 | 0.04974 | 0.000228111
1450°C | 5 |0.00813| 0.00638 | 0.15038 | 1.2263 | 0.04960 | 0.000208675
6 |0.00774| 0.00578 | 0.15625 | 1.2603 | 0.04935 | 0.000195567
7 ]0.00734| 0.00521 | 0.16164 | 1.2958 | 0.04917 | 0.000206012
8 [0.00695| 0.00473 | 0.16689 | 1.3302 | 0.04904 | 0.000215812
9 |0.00660 | 0.00447 | 0.17142 | 1.3585 | 0.04869 | 0.000175272
1 | 0.00984 | 0.00933 | 0.11859 | 0.7495 | 0.05186 | 0.000419619
2 [0.00927 | 0.00799 | 0.13043 | 0.7885 | 0.05074 | 0.000337636
3 ]0.00871| 0.00700 | 0.14048 | 0.8227 | 0.05001 | 0.000393276
1500°C |4 | 000810 0.00614 | 0.15046 | 0.8602 | 0.04927 | 0.000420668
5 |0.00751| 0.00537 | 0.15934 | 0.8949 | 0.04886 | 0.000391632
6 [0.00692 | 0.00483 | 0.16719 | 0.9275 | 0.04832 | 0.000417434
7 |0.00636| 0.00436 | 0.17400 | 0.9565 | 0.04771 | 0.000369672
8 [0.00582 | 0.00384 | 0.17990 | 0.9827 | 0.04701 | 0.000406564
1 | 0.00967 | 0.00883 | 0.12317 | 0.5533 | 0.05486 | 0.000791799
2 |0.00875| 0.00693 | 0.14222 | 0.5969 | 0.05198 | 0.000666008
1550 °c |3 |0.00795| 0.00587 | 0.15546 | 0.6297 | 0.04967 | 0.000578386
4 10.00729 | 0.00509 | 0.16602 | 0.6576 | 0.04744 | 0.000613556
5 |0.00669 | 0.00438 | 0.17584 | 0.6850 | 0.04451 | 0.000709582
6 |0.00675| 0.00395 | 0.18354 | 0.7081 | 0.04037 | 0.000523108
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Figure 51: a) Diffusivity of alumina in S1 slag at 1450, 1500 and 1550 °C with 200 rpm b) Arrhenius
plot of diffusivities of alumina in S1 slag with 200 rpm [91].

Table 12: Test intervals as applied for Arrhenius plot with associated mass loss, bulk
concentrations of alumina and corresponding activation energies for alumina in S1
slag with 200 rpm.

Mass loss (g) Bulk concentration | Corresponding corrosion Activation
(wt%/100) steps, cr Energy (kJ/mol)

m1| 14.9+1.33 0.127+0.0036 21450 °c> 21500 °c 11550 °C 313

m2| 24.5+1.53 0.142+0.0015 41450 °c 31500 °C> 21550 °C 288

m3| 35.5+1.25 0.159+0.0031 71450 °c> 51500 °c7 31550 °C 262

m4| 42.5+0.90 0.168+0.0028 91450 °c> 61500 °c7 41550 °C 259

The dissolution parameters for alumina dissolution in S2 with 200 rpm at 1450, 1500 and 1550
°C are tabulated in Table 13. Here also, the mean sample radius, tip radius, and immersion
length continuously decrease with the dissolution time. Whereas the bulk concentration of
alumina and slag viscosity increase with the alumina dissolution. Figure 52 a) represents the
diffusivities (D.and D,.) of alumina for all the corrosion steps at three experimental
temperatures in S2 slag with 200 rpm. In this case also, the diffusivity increases with rising
temperature. The very beginning step at 1500°C shows lower diffusivity, may be because of
unsteady state when dissolution starts and reaction layer formation during slag dropping time
after the corrosion step which leads to the measurement of lower corrosion depth. Afterwards,
this reaction layer would have been dissolved at the beginning of next corrosion step and
quasi-steady state was achieved. The Arrhenius plot was produced as discussed in case of
alumina dissolution in S1 slag. Figure 52 b) represents the Arrhenius plot of alumina diffusivities
in S2 slag with 200 rpm and the plausibility of diffusivities is confirmed by the linear tendency
of the Arrhenius plot. The test intervals used for the Arrhenius plots together with the
associated mass loss, bulk concentrations of alumina and the corresponding activation
energies are tabulated in Table 14. The activation energy of diffusion decreases with increasing
mass loss and bulk concentration. Diffusivities of alumina are higher for the dissolution in S1
compared to S2.
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Table 13: Dissolution parameters used for diffusivity calculation of alumina in S2 slag at 1450,
1500 and 1550 °C with 200 rpm.
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1 [0.00987 | 0.00969 | 0.21500 | 1.3721 | 0.05238 | 0.000231587
2 |0.00947 | 0.00909 | 0.22248 | 1.4362 | 0.05165 | 0.000128688
3 |0.00922 | 0.00856 | 0.22697 | 1.4772 | 0.05069 | 0.000104679
1450°c |4 |0.00897 | 0.00765 | 023116 | 15155 | 0.04978 |0.000129327
5 |0.00870 | 0.00667 | 0.23538 | 1.5558 | 0.04953 | 0.000121398
6 |0.00841 | 0.00583 | 0.24004 | 1.6011 | 0.04913 | 0.000174978
7 ]0.00808 | 0.00526 | 0.24502 | 1.6525 | 0.04838 | 0.000163322
8 |0.00771] 0.00464 | 0.25013 | 1.7046 | 0.04771 | 0.000214699
1 [0.01008 | 0.00962 | 0.21269 | 0.9271 | 0.05339 [ 0.000200001
2 |0.00981 | 0.00847 | 0.21878 | 0.9592 | 0.05210 | 0.000274607
3 |0.00945 | 0.00745 | 0.22585 | 0.9974 | 0.05063 | 0.000327908
1500°c |4 | 000909 | 0.00675 | 0.23244 | 1.0354 | 0.04914 | 0.000285098
5 |0.00876 | 0.00622 | 0.23821 | 1.0700 | 0.04799 | 0.000303372
6 |0.00850 | 0.00577 | 0.24299 | 1.0993 | 0.04729 | 0.000217864
7 ]0.00829 | 0.00555 | 0.24689 | 1.1242 | 0.04632 | 0.000235736
8 |0.00804 | 0.00521 | 0.25100 | 1.1505 | 0.04522 | 0.000275129
1 [0.00986 | 0.00949 | 0.21683 | 0.6652 | 0.05301 | 0.000787979
2 |0.00930 | 0.00820 | 0.22810 | 0.7045 | 0.05120 | 0.000604934
3 |0.00882 | 0.00710 | 0.23629 | 0.7354 | 0.04999 | 0.000547042
1550°Cc | 4 |0.00837 | 0.00616 | 0.24333 | 0.7624 | 0.04921 | 0.000558788
5 |0.00796 | 0.00539 | 0.24957 | 0.7877 | 0.04828 | 0.000519282
6 | 0.00756 | 0.00474 | 0.25538 | 0.8118 | 0.04677 | 0.000596967
7_|0.00724 | 0.00431 | 0.26066 | 0.8335 | 0.04523 | 0.000519916
8 | 0.00701 | 0.00420 | 0.26466 | 0.8514 | 0.04350 | 0.000406874
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Figure 52: a) Alumina diffusivity in S2 slag at 1450, 1500 and 1550 °C with 200 rpm b) Arrhenius
plot of alumina diffusivity in S2 slag with 200 rpm.

Table 14: Test intervals as applied for Arrhenius plot with associated mass loss, bulk
concentrations of alumina and corresponding activation energies for alumina in S2
slag with 200 rpm.

Mass loss (g) Bulk concentration Corrt_asponding Activation
(wt%/100) corrosion steps, cr Energy (kJ/mol)
m1 | 18.0£1.10 0.231+0.0022 41450 -0 41500 °C0 21550 °C 406
m2 | 23.9+1.11 0.238+0.0019 61450 °c> 51500 °c7 31550 °C 360
m3 | 29.0+0.89 0.245+0.0018 71450 °c> 71500 °c> 41550 °C 342
m4 | 33.2+0.30 0.250+0.0007 81450 °c’ 81500 °c* 51550 °C 299

5.4. Dissolution studies of magnesia fine ceramics in CWTD

Dynamic corrosion experiments of magnesia fine ceramics were carried outin S1 and S2 slags
in ambient atmosphere. Dynamic experiments with 200 rpm were conducted at 1450, 1500
and 1550 °C to study the effect of temperature on dissolution. Table 15 and Table 16 show the
test conditions for CWTD experiments of magnesia fine ceramics in S1 and S2 slags,
respectively. Bottom clearance was measured at room temperature (RT) at the beginning of
the experiments, and this will increase with dissolution time. Marangoni grooves were
observed at even 200 rpm experiments, therefore rotational speed was not decreased. It was
not possible to complete the targeted number of corrosion steps except at 1450 °C in S1 slag,
because of higher groove depth which may lead to sample fracture during experiment.
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Table 15: Test conditions for CWTD experiments of magnesia fine ceramics in S1.

Target temperature (°C) 1450 1500 1550
Rotational speed (min") 200 200 200
Dropping time (min) 30 30 30
Corrosion time per step (min) 30 25 20
Number of corrosion steps targeted (1) 8 8 8
Bottom clearance at RT (mm) 23.0 23.0 23.0
Corrosion steps conducted (1) 8/8 7/8 4/8
Total corrosion time (min) 240 175 80

Table 16: Test conditions for CWTD experiments of magnesia fine ceramics in S2.

Target temperature (°C) 1450 1500 1550
Rotational speed (min") 200 200 200
Dropping time (min) 30 30 30
Corrosion time per step (min) 60 60 20
Number of corrosion steps targeted (1) 8 8 8
Bottom clearance at RT (mm) 22.5 22.5 22.5
Corrosion steps conducted (1) 7/8 4/8 6/8
Total corrosion time (min) 420 240 120

5.4.1. CW curves for magnesia dissolution

Figure 53 a)-c) show the CW curves for the magnesia dissolution with 200 rpm in S1 slag at
1450, 1500 and 1550 °C respectively. CW curves for dynamic corrosion experiments with 200
rpm in S2 slag at 1450, 1500 and 1550 °C are shown in Figure 55 a)-c) respectively. Figure 54
and Figure 56 show the virgin and corroded magnesia samples in S1 and S2 slags,
respectively, at all experimental temperatures with 200 rpm. Similar to the experiments with
alumina, the CW curves for the last corrosion steps show good agreement with corroded
sample shape. Here also, the un-corroded parts of all the CW curves coincide with each other
and also with the CW curve of the virgin sample. The onset of the corroded part shifted towards
the un-corroded part with time because of an increase in the slag quantity with dissolution [91].
The corroded parts of all the CW curves can be distinguished and do not coincide. The
corroded sample radius and length decreased with the dissolution time, and for a particular
dissolution time, the decrease was greater with increasing temperature. In all cases, there is a
Marangoni groove at the triple points. The groove depth and width increase with rising
temperature and dissolution time. Corrosion at the groove and sample tip is higher than at
other locations. Dissolution rate in dependence of slag is related to experimental temperature.
At 1450 °C dissolution is faster in S2, whereas it is reverse at 1550 °C and it is marginal at
1500 °C.
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Figure 53: a), b) and ¢) CW curves for magnesia dissolution with 200 rpm in S1 slag at 1450, 1500
and 1550 °C respectively.
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Figure 54: Virgin and corroded samples with inserted CW curves of last steps of magnesia
dissolution with 200 rpm in S1 slag.
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Figure 55: a), b) and c) CW curves for magnesia dissolution with 200 rpm in S2 slag at 1450, 1500
and 1550 °C respectively.

Figure 56: Virgin and corroded samples with inserted CW curves of last steps of magnesia
dissolution with 200 rpm in S2 slag.
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5.4.2. Dissolution parameters

The dissolution parameters were extracted from the CW curves also for magnesia dissolution.
Determination methods and applications are similar to alumina dissolution. Only difference is
Marangoni groove. As the mass flux due to Marangoni convection is not included in Sherwood
relations for diffusivity determination, mean corroded radius, immersion length, and mass flux
density were determined excluding the groove. Nevertheless mass flux from the groove was
included to calculate bulk concentration of magnesia and slag viscosity as they are dependent
on total dissolved amount.
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Figure 57: a), b), ¢) and d) change in length, mean corroded radius, volume and mass respectively
for magnesia dissolution in S1 slag with 200 rpm at 1450, 1500 and 1550 °C. The
numbers inserted give the average rate over the total dissolution time.

The change in the sample length, mean corroded radius, volume, and mass over dissolution
time are represented in Figure 57 a)-d) respectively for magnesia dissolution in S1 slag with
200 rpm at 1450, 1500 and 1550 °C. The diagrams reflect the effect of temperature on the
dissolution. All these parameters increased in absolute value with the rising experimental
temperature, because of lower slag viscosity and larger solubility limit at higher temperature.
The average rates of change in the mean corroded radius, volume, and mass increase 2.0—
2.2 and 1.7-2.0 times with an increase in temperature from 1450 °C to 1500 °C and 1500 °C
to 1550 °C, respectively. The average rate of change in the sample length increases 2.27 times
and 1.16 times with an increase in temperature from 1450 °C to 1500 °C and 1500 °C to 1550
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°C, respectively. A slightly decreasing slope or almost linear trend of the dissolution
parameters indicates a quasi-steady dissolution [91].
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Figure 58: a), b), ¢) and d) change in length, mean corroded radius, volume and mass,
respectively, for magnesia dissolution in S2 slag with 200 rpm at 1450, 1500 and 1550
°C. The numbers inserted give the average rate over the total dissolution time.

The change in the sample length, mean corroded radius, volume, and mass over dissolution
time are represented in Figure 58 a)-d), respectively, for magnesia dissolution in S2 slag with
200 rpm at 1450, 1500 and 1550 °C. The diagrams reflect the effect of temperature on the
dissolution, but the effect is less compared to other slag-refractory combinations examined
here. All these parameters increased in absolute value with the rising experimental
temperature. The average rates of volume and mass increase 1.33-1.42 times with an
increase in temperature from 1450 °C to 1500 °C and 1500 °C to 1550 °C. The average rate
of change in the mean corroded radius increases 1.1 times and 1.25 times with an increase in
temperature from 1450 °C to 1500 °C and 1500 °C to 1550 °C, respectively. The average rate
of change in the sample length increases 1.5 times with an increase in temperature from 1450
°C to 1500 °C and 1500 °C to 1550 °C. A slightly decreasing slope or almost linear trend of
the dissolution parameters indicates a quasi-steady dissolution [91]. The average rates of
these parameters are higher in S2 than in S1 at 1450 °C but the trend is reverse at 1550 °C
and they are quite similar at 1500 °C.
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5.4.3. Diffusivity

The diffusivities for all the corrosion steps were calculated with equation (45) using the
dissolution parameters extracted from the CW curves and the parameters are tabulated in
Table 17 for magnesia dissolution in S1 with 200 rpm at 1450, 1500 and 1550 °C. The mean
sample radius, tip radius, immersion length and slag viscosity continuously decrease with the
dissolution time. Whereas the bulk concentration of magnesia increases with the dissolution.
Figure 59 a) represents the diffusivities (D, and D, ;) of magnesia for all the corrosion steps at
three temperatures in S1 slag with 200 rpm. The diffusivity increases with rising temperature.
At a particular temperature, the diffusivity increases with dissolution time, probably because of
decrease in viscosity with magnesia dissolution. This increase of diffusivity is more pronounced
at higher temperature. The Arrhenius plot was produced similar to alumina dissolution (section
5.3.3). Figure 59 b) represents the Arrhenius plot which shows the linear tendency, thereby
confirming the plausibility of diffusivities. The test intervals used for the Arrhenius plots together
with the associated mass loss, bulk concentrations of magnesia and the corresponding
activation energies are tabulated in Table 18. The activation energy of diffusion decreases with
increasing mass loss and bulk concentration except for the very last.

Table 17: Dissolution parameters used for diffusivity calculation of magnesia in S1 slag at 1450,
1500 and 1550 °C.

£ c |8 | 4F S = s | 5§ = x :.\A
gy 5g%| 8% =ETE| gL | g8 2<%
o o2 05 5| 83 |[3E 3| 9« | 82| woxE
g E4lcsel| gL |O8SE| 8- | ES T 8% 2
§ S° 85| & °x3 | &1 | ET+| 28
= = 9 = 35
1 0.01008 | 0.00959 | 0.07042 1.0032 | 0.04758 | 0.000320497
2 | 0.00991 | 0.00858 0.07459 0.9624 | 0.04716 | 0.000428470
3 | 0.00975 | 0.00783 0.07952 0.9173 | 0.04662 | 0.000533042
1450 °C 4 |0.00961 | 0.00726 | 0.08412 0.8775 | 0.04570 | 0.000421395
5 | 0.00946 | 0.00679 0.08783 0.8477 | 0.04433 | 0.000321630
6 | 0.00929 | 0.00642 0.09158 0.8186 | 0.04297 | 0.000487186
7 10.00912 | 0.00610 | 0.09549 0.7907 | 0.04184 | 0.000450847
8 | 0.00896 | 0.00590 0.09889 0.7675 | 0.04075 | 0.000422825
1 0.01003 | 0.00950 0.07252 0.7014 | 0.05022 | 0.000844155
2 10.00973 | 0.00802 | 0.08059 0.6505 | 0.04776 | 0.000878329
3 | 0.00942 | 0.00699 0.08925 0.6023 | 0.04501 | 0.001127460
1500 °C 4 10.00912 | 0.00625 | 0.09669 0.5648 | 0.04347 | 0.000811192
5 |0.00884 | 0.00549 | 0.10269 0.5375 | 0.04188 | 0.000902163
6 |0.00857 | 0.00517 | 0.10848 0.5130 | 0.03960 | 0.000878389
7 10.00836 | 0.00518 | 0.11371 0.4929 | 0.03710 | 0.000915946
1 0.00992 | 0.00944 | 0.07435 0.5026 | 0.04845 | 0.001412109
1550 °C 2 10.00949 | 0.00813 | 0.08548 0.4560 | 0.04646 | 0.001476643
3 | 0.00902 | 0.00697 0.09562 0.4194 | 0.04434 | 0.001491665
4 |0.00858 | 0.00599 | 0.10419 0.3920 | 0.04237 | 0.001480528
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Figure 59: a) Magnesia diffusivity in $1 slag at 1450, 1500 and 1550 °C with 200 rpm b) Arrhenius
plot of magnesia diffusivity in $1 slag with 200 rpm.

Table 18: Test intervals as applied for Arrhenius plot with associated mass loss, bulk
concentrations of magnesia and corresponding activation energies for magnesia in

S$1 slag with 200 rpm.

Mass loss (g) Bulk concentration Corrt_asponding Activation
(wt%/100) corrosion steps, cr Energy (kJ/mol)
m1 | 4.84£0.71 0.074+0.0011 21450 °c> 11500 °c3 11550 °C 462
m2 | 11.7+1.31 0.088+0.0019 51450 °C> 31500 °C7 21550 °C 437
m3 | 15.8+0.51 0.096+0.0007 71450 ° 41500 °c3 31550 °C 426
m4 | 18.9+1.45 0.102+0.0027 81450 °> 51500 °c7 41550 °C 431

The dissolution parameters for magnesia dissolution in S2 with 200 rpm at 1450, 1500 and
1550 °C are tabulated in Table 19. Here also, the mean sample radius, tip radius, immersion
length and slag viscosity continuously decrease with the dissolution time. Whereas the bulk
concentration of magnesia increases with the dissolution. Figure 60 a) represents the
diffusivities (D.and D,.) of magnesia for all the corrosion steps at three experimental
temperatures in S2 slag with 200 rpm. In this case also, the diffusivity increases with rising
temperature. At a particular temperature, the diffusivity increases with dissolution time,
probably because of decrease in viscosity with magnesia dissolution. Arrhenius plot was
produced similar to alumina dissolution (5.3.3). Figure 60 b) represents the Arrhenius plot of
diffusivities of magnesia dissolution in S2 slag with 200 rpm and the plausibility of diffusivities
is confirmed by the linear tendency of the Arrhenius plot. The test intervals used for the
Arrhenius plots together with the associated mass loss, bulk concentrations of magnesia and
the corresponding activation energies are tabulated in Table 20. Diffusivities of magnesia are
higher for the dissolution in S2 than in S1 at 1450 and 1500 °C, but the trend is opposite at
1550 °C.
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Table 19: Dissolution parameters used for diffusivity calculation of magnesia in S2 slag at 1450,

1500 and 1550 °C.
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1 0.00988 | 0.00942 | 0.00482 1.2567 | 0.04928 | 0.000395804
2 10.00934 | 0.00798 | 0.01726 1.0909 | 0.04735 | 0.000781864
3 |0.00862 | 0.00670 | 0.03186 0.9347 | 0.04463 | 0.000860989
1450 °C 4 |0.00785 | 0.00570 | 0.04436 0.8274 | 0.04290 | 0.000810446
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3 |0.00832 | 0.00597 | 0.04297 0.5921 | 0.04099 | 0.000916475
4 | 0.00760 | 0.00514 0.05551 0.5322 | 0.03754 | 0.000883250
1 0.01000 | 0.00969 | 0.00462 0.6121 | 0.04806 | 0.001105520
2 10.00974 | 0.00859 | 0.01307 0.5614 | 0.04643 | 0.000987176
1550 °C 3 | 0.00945 | 0.00742 0.02036 0.5231 0.04540 | 0.000979316
4 |0.00914 | 0.00665 | 0.02810 0.4871 | 0.04371 | 0.001356068
5 |0.00883 | 0.00606 | 0.03568 0.4551 | 0.04157 | 0.001084805
6 |0.00850 | 0.00546 | 0.04272 0.4288 | 0.03950 | 0.001483303
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Figure 60: a) Magnesia diffusivity in S2 slag at 1450, 1500 and 1550 °C with 200 rpm b) Arrhenius
plot of magnesia diffusivity in S2 slag with 200 rpm.
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Table 20: Test intervals as applied for Arrhenius plot with associated mass loss, bulk
concentrations of magnesia and corresponding activation energies for magnesia in
S2 slag with 200 rpm.

Mass loss (g) Bulk concentration Corresponding Activation
9 (wt%/100) corrosion steps, cr Energy (kJ/mol)
m1 | 19.5+1.31 0.032+0.0040 31450 °c’ 21500 °c> 51550 °C 109

5.5. Comparison of diffusivities

In the present study, diffusivities of alumina and magnesia were determined using two
experimental setups and several determination methods. Three different models were used to
determine diffusivities from CLSM experiments. Sherwood relations were used to calculate
diffusivities of each corrosion steps of all dynamic corrosion experiments. In addition to this, a
simulation method according to Guarco et al. [28] was applied to determine diffusivities for one
step at each temperature in both slags for alumina dissolution and the results have been
compared with diffusivities obtained from Sherwood relations and CLSM results. Table 21
shows the diffusivities of alumina obtained from CLSM and CWTD experiments using different
determination methods. As the simulation was conducted for one step at each temperature,
steps with similar mass loss relative to initial mass were chosen. Both results of simulations
and Sherwood relation show good agreement for alumina diffusivities and these results are
also in good agreement with M3 model for CLSM studies. M1 and M2 models of CLSM
overestimate the diffusivities in all cases for the alumina dissolution. The better fitting quality
of M3 could also be a consequence of one further parameters. The agreement with CWTD
where the boundary layer thickness is very well defined gives an additional verification of the
suitability of the M3 model.

Table 21: Diffusivities of alumina obtained from different experimental setups and determination
methods.

. Diffusivities from CWTD Diffusivity from CLSM
Experimental
Slag | temperature Sh?rWOOd Simulation
(°C) relatlo_ns (D), (D,) M1 M2 M3
equation (45) ¢
1450 2.80E-11 (D,) | 2.09E-11 (D,) | 1.34E-10 | 8.33E-11 | 2.71E-11
$1 1500 4 56E-11 (D;) | 4.74E-11 (D3) | 2.26E-10 | 1.33E-10 | 4.25E-11
1550 7.56E-11 (D,) | 7.31E-11 (D,) | 4.49E-10 | 2.49E-10 | 7.44E-11
1450 2.82E-11 (D) | 3.04E-11 (Dy) | 1.64E-10 | 8.51E-11 | 3.60E-11
S2 1500 4.12E-11 (Ds) | 3.88E-11 (D) | 1.61E-10 | 8.84E-11 | 4.07E-11
1550 6.59E-11 (D;) | 4.80E-11 (D3) | 2.52E-10 | 1.29E-10 | 5.07E-11

In this work, diffusivities of magnesia from CWTD experiments were determined only with
Sherwood relation, but all three model were applied for CLSM studies. It was observed that,
at particular temperature, the diffusivity of magnesia reasonably increased with time in CWTD
experiments. Because of this, diffusivities of first corrosion steps have been compared with the
CLSM results and tabulated in Table 22. Here also, results obtained from M3 model of CLSM
studies show better match with the diffusivities from CWTD experiments. The agreement
between M3 of CLSM and CWTD results in all cases is not as good as the case of alumina,
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maybe because of interference of Marangoni convection in CWTD experiments of magnesia
and use of fused magnesia real particles of irregular shape in CLSM experiments.

Table 22: Diffusivities of magnesia obtained from different experimental setups and
determination methods.

Experimental Diffusivities from CWTD Diffusivity from CLSM
Slag temperature using Sherwood relations

(°C) (D,), equation (45) M1 M2 M3

1450 5.45E-11 3.93E-10 | 2.81E-10 | 1.63E-10
S1 1500 2.17E-10 6.48E-10 | 4.61E-10 | 2.67E-10

1550 4.27E-10 1.09E-09 | 7.71E-10 | 3.67E-10

1450 1.05E-10 1.84E-10 | 1.47E-10 | 1.29E-10
S2 1500 2.94E-10 3.22E-10 | 2.56E-10 | 1.81E-10

1550 3.70E-10 8.46E-10 | 6.66E-10 | 2.62E-10

6. Conclusion

Dissolution experiments for alumina and magnesia specimens were successfully carried out
with CLSM and CWTD at three temperatures. The accuracy of the laser measurement of
CWTD supports satisfying results. The CW curves represent the wear of the whole sample
surface with high resolution, and as a result, the dissolution parameters calculated from the
CW curve are expected to be more accurate than the manual measurements of the post-
mortem analysis. In addition to this, another advantage of CWTD is the possibility of several
corrosion steps in a single experiment.

Among three models for diffusivity determination from CLSM studies, M3 is more scientifically
sound for quasi-steady state dissolution which incorporate the Stefan condition correctly,
moving boundary condition and effect of bath movement. It is found that models M1 and M2
suffer from the fact they cannot represent the dissolution curve shape well, as their assumption
regarding the effective diffusive boundary layer thickness proofs to be not accurate enough.
Fitting quality of measured and model radius of M3 is far better than other two in all
experiments. The diffusivity results from CWTD also show good agreement with results of M3
from CLSM, which further validates the model.

In CLSM studies, time for total dissolution rises with decreasing temperature in all cases.
Dissolution time of alumina in S3 at 1450 °C is highest among all slags, whereas for magnesia
dissolution, it is highest in S4 at 1450 °C. There is no clear correlation between dissolution rate
and slag basicity for alumina dissolution, but dissolution rate of magnesia decreases with rising
basicity. Dissolution rates of alumina and magnesia are highest in S4 and S1, respectively.

In CWTD studies, there was no Marangoni groove at the ftriple points
(refractory/slag/atmosphere) in case of alumina dissolution with 200 rpom. Reynolds numbers
were sufficiently high for the dynamic experiments with 200 rpm to suppress the Marangoni
convection. But groove was observed with lower rotational speed. Contrary to the case of
alumina 200 rpm was not sufficiently high to suppress the Marangoni convection during
magnesia dissolution. Average rates of change of relevant dissolution parameters length,
radius, volume and mass for alumina at a particular temperature are higher in S1. In case of
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magnesia dissolution, the average rates of these parameters are higher in S2 than in S1 at
1450 °C but the trend is reverse at 1550 °C and they are quite similar at 1500 °C. A slightly
decreasing slope or almost linear trend of the dissolution parameters indicates a quasi-steady
dissolution [91]. The diffusivities for all the steps of dynamic corrosion experiments were
calculated with Sherwood relations using the dissolution parameters extracted from the CW
curves. A Simulation method which considers the actual sample shape and flow field around
it was also applied to determine diffusivity of alumina for one corrosion step at each
experimental temperature. Results obtained from both methods show good agreement. The
linear tendency of Arrhenius plot confirms the plausibility of diffusivities.
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