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Abstract

Methods for the characterization of mould slag crystallization with special emphasis on the single/double hot thermocouple
technique (SHTT/DHTT) are reviewed. In the continuous casting process of steels, horizontal heat transfer is mainly
influenced by the crystallization behaviour of the mould flux film. Here, both precipitation of crystals out of a liquid phase
and devitrification of the glassy film in contact with the mould are of main interest. Therefore, various investigation
methods are implemented to characterize different slag properties related to crystallization: a viscometer for determining
the break temperature, differential thermal analysis (DTA), confocal scanning laser microscopy, and the water-cooled
copper finger test. For near-service conditions, DHTT reveals the most detailed information, including not only the
crystallization or devitrification temperature but also the morphology as well as the crystallization velocity. Due to
improvements in the device and the representation of the results, a comparison of different samples is possible. Never-
theless, the application field of SHTT/DHTT is restricted to slag systems with low contents of evaporating components.
Furthermore, the time required for data analysis is significantly longer than that required for other methods, e.g. DTA.
Therefore, the application of DHTT is mainly advisable for mould slag research and development, whereas DTA can also
be used for incoming inspections.

Keywords Single hot thermocouple technique - Double hot thermocouple technique - Mould slag - Near-service condition -
In situ investigation - Crystallization

1 Introduction the solidified slag film mainly affects the horizontal heat

transfer and, furthermore, the strand quality [2], attention

In the continuous casting process of steels, the mould slag
is entrapped in the gap between the mould wall and the
strand. In the meniscus area, the flux viscosity influences
slag entrapment and, subsequently, mould lubrication. The
slag film between the strand and the mould is divided into
three layers: a liquid layer in contact with the strand, a
glass at the mould side, and a crystalline layer in between
[1]. The ability to form crystals, the crystalline structure
and the crystalline fraction depend not only on the chem-
ical composition of the slag but also on the temperature
conditions during the operation. Because the structure of
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has been focused on investigating the crystallization
behaviour. Crystallization from a liquid phase has been
studied for decades [3—7]. Nevertheless, this process is only
valid for the middle area of the slag film. In contrast, recent
studies [8—11] have focused on the devitrification of crys-
tals from the glassy phase, which is formed upon contact
with the water-cooled copper mould immediately after
infiltration. With increasing casting time, partial reheating
of this glassy area occurs and enables the crystal formation,
which in turn influences the heat transfer throughout the
whole slag film [8]. Therefore, various methods are used to
investigate the crystallization behaviour of the slags.
Differential thermal analysis (DTA) enables the detec-
tion of exothermal and/or endothermal reactions that occur
when a sample is exposed to a defined temperature pro-
gram. Generally, cooling rates of 5-20 K/min are used
[12—15]. For investigations of the crystallization process,
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Pt/Rh or, in some cases, graphite crucibles are used.
However, especially for platinum crucibles, the crucible
surface roughness influences the precipitation of the first
crystals. To overcome this disadvantage, a platinum wire is
inserted into the crucible acting as nucleation sites and
providing consistent conditions [16]. Using this method,
information about the number of different crystal species
and their crystallization temperature is obtained.

An example of a DTA result for a newly developed
Ca0-Al,03-based mould flux is given in Fig. 1 with dif-
ferent cooling rates [15]. In this diagram, two exothermal
heat events are evident, indicating the formation of two
different crystal species during the cooling. It can be seen
that with increasing cooling rates, the highest peaks are
shifted to lower temperatures.

This device is also used to identify the effects on the
crystallization behaviour due to changes in the slag com-
position by reactions between the liquid slag and the steel
(e.g. silica reduction by aluminium from the steel and
absorption of alumina into the slag), because the curves
representing the heat events and their temperature depen-
dence can be easily compared. Furthermore, the recrystal-
lization of a glassy sample during the reheating can be
investigated, which is also observed for the glassy layer
formed upon contact with the copper mould during the
operation [17].

One of the most common investigation methods is the
determination of the temperature dependence of the vis-
cosity via the rotating cylinder method. During the cooling
of the liquid with a defined temperature program, the tor-
que of a cylindrical rotor at selected rotational speeds is
measured. Based on these results, the viscosity, depending
on the temperature, can be calculated from the torque. The
break temperature, which is assumed to be the temperature
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Fig. 1 DTA results for newly developed CaO-Al,05-based mould
flux with various cooling rates (adapted from Ref. [15])
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at which crystallization starts, is defined by the intersection
of the two tangents of the curve branches [18-21].

The confocal scanning laser microscope (CSLM)
enables the in situ observation of a mould slag [22-25]. If it
consists of only small amounts of colouring oxides (e.g.
Fe,03), the precipitation of the first crystals is observed;
otherwise, only crystallization at the slag surface can be
detected, which does not necessarily mean that these are
the first crystals formed out of the liquid phase. The sample
is heated in a special furnace under a microscope. Its
sample chamber is of oval shape and sputter coated with
gold. The sample is located in the focus and is heated by a
halogen bulb. The main advantages are the high heating
rates (e.g. 1200 K/min can easily be achieved), which
reduce the evaporation of volatile components during the
heating, as well as the high possible cooling speed, which
enables the simulation of the first slag contact with the
water-cooled copper mould. Furthermore, the application
of laser provides an exceptional level of detail facilitating
the observation of crystallization [26].

To emulate the contact of the liquid slag with the mould,
a cold finger is immerged into the liquid slag pool for a
defined dwell time. It is then removed, and the slag film
solidified on its surface is investigated and compared with
that of samples extracted from the continuous caster [27].

Even though all of these methods reveal important
information regarding the crystallization behaviour of
fluxes, an experimental set-up enabling the simulation of
the temperature gradient between the mould and strand as
well as simultaneous in situ observation of the slag film
was necessary. Therefore, the single/double hot thermo-
couple technique (SHTT/DHTT) has been established by
Kashiwaya et al. [28, 29] and further modified [30-32].
Thus far, a critical assessment of the set-ups used is given
in the present paper.

2 Experimental
2.1 Experimental set-up of SHTT/DHTT

Based on the principle of the apparatus of Ordway [33] and
Welch [34], SHTT/DHTT method was developed by
Kashiwaya et al. [28, 29] for the in situ observation of
crystallization in mould slag under isothermal (SHTT) or
near-service (DHTT) conditions. The original set-up,
which was only slightly modified in some cases, has been
used by several research groups for mould flux character-
ization [35-46]. The devices include the experimental unit,
the hot thermocouple drivers and a video capture system. A
schematic of the experimental unit is shown in Fig. 2a. It
consists of a sample chamber (5) housing the platinum
wires made from B-type thermocouples welded without a
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Fig. 2 Schematics of SHTT/DHTT devices according to Kashiwaya
et al. [28] (a) and Kolbl et al. [32] (b, ¢). 1—U-shaped B-type
thermocouple; 2—slag film; 3—additional heater; 4—ceramic rod of
stretching device; 5—furnace chamber; 6—opening for observation;
7—H-shaped platinum wire with additional B-type thermocouple
(11); 8—Ileg of H-shaped platinum wire; 9—U-shaped platinum wire
with additional S-type thermocouple (11); 10—refractory lining; and
11—additional S-type thermocouple

bead (1). The wires are connected to the hot thermocouple
driver, enabling simultaneous temperature measurement
while the wire is heated. For this purpose, the rectification
of the current into a half-wave using a silicon-controlled
rectifier is required. Whereas one total half-period is used
for heating, only 1/3 of the subsequent period can be used
for temperature measurement to reduce sample noise [28].
An additional heater (3) positioned near the sample reduces
heat loss from the sample furnace to the surroundings
[31, 32]. To achieve higher cooling rates of the sample for
isothermal experiments, the equipment may also include an
air cooling device [38, 47].

Although SHTT and DHTT experimental set-ups had
been improved since their establishment in the 1950s
[33, 34], they still suffered from some deficiencies: The
minimum of the temperature gradient is expected at the
cold wire. However, thermal calculations of the tempera-
ture gradient within the slag film showed that the minimum
is located somewhere in the middle. This finding is related
to the heat loss from the sample surface to the surroundings
[48]. Furthermore, U-shaped design of the thermocouples
does not fulfil the requirements of sufficient stretching and
leads to a droplet formation between the platinum wires,
which impede the detection of crystals within a slag con-
taining a certain content of colouring oxides (e.g. Fe,03).
To overcome these deficiencies, the set-up of the equip-
ment was modified (Fig. 2b). The new device consists of a
furnace chamber (5) heated to the cold wire temperature.
The correct location of the minimum temperature at the
cold wire was verified by thermochemical calculations and
compared with mineralogical investigations after the
experiment [32]. Due to the control of the heating of

U-shaped platinum wire (9) in close contact with the cold
end of the slag film (see below), this approach contributes
to a continuous temperature decrease within the slag film.
In the case of other set-ups, additional heaters in the form
of wire windings below the sample [28] or surrounding the
slag film [21, 42] are used. Nevertheless, they cannot
ensure a continuous temperature decrease from the hot to
the cold wire.

The design of the platinum wires was also improved.
Instead of two U-shaped thermocouples, one H-shaped
heating wire (7) and a U-shaped stretching device (9) are
used. Contrary to the previously described thermocou-
ples (1), additional S-type thermocouples (11) are welded
to the heating wire (7) and the stretching device (9) in the
new apparatus. In this case, the temperature measurement
is separated from the heating cycle. Due to their special
shapes, the stretching of a thin slag film within the legs of
the H is possible. Thus, the crystallization of slags con-
taining small amounts of colouring oxides can also be
observed. Additionally, heating of U-shaped platinum wire
(9) is controlled by the temperature detection of the cold
wire, which shifts the position of the minimum temperature
to the cold wire when the furnace temperature is identical
to the cold wire temperature [32].

2.2 Application and experimental procedure

Even though the equipment can also be applied for inves-
tigating melting behaviour of liquid slags [49-51], it is
mainly used to characterize the crystallization behaviour of
liquid slags. Three possible approaches can be used to
investigate the crystallization behaviour of mould slags
[52]: isothermal or continuous cooling experiments using
SHTT set-up and experiments with different thermal gra-
dients using DHTT equipment. For the isothermal inves-
tigations, the slag is liquefied either within one SHTT
[21, 45, 52] or between both DHTT thermocouples
[28, 32, 52] and quenched to the desired temperatures
below the melting point; it is held until no further crys-
tallization can be observed. During the test, pictures of the
sample in defined time intervals are taken and then eval-
uated to create time—temperature—transformation (TTT)
diagrams for relevant crystallinities (e.g. 0.5% or 95% for
the start or end of crystallization, respectively). The same
set-up is used to develop continuous cooling transformation
(CCT) diagrams. After the slag surrounding one thermo-
couple or between two thermocouples is heated (e.g. to
1773 K), it is cooled at selected rates. The start and end, or
possibly further arbitrary degrees of crystallization, are
marked in the plot. To simulate the near-service conditions,
DHTT is applied. The slag after liquefaction is stretched
between two thermocouples, and one side is quenched to
827 K or a similar temperature representing the mould
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side, while the other is either held or cooled at a defined
cooling rate simulating the cooling of the strand side
[52, 53]. Kolbl et al. [32] defined a distance of 3 mm
between the thermocouples.

Due to the formation of crystals out of the glassy mould
flux within the continuous casting process with increasing
interface thermal resistance, Zhou et al. [54] studied
devitrification of two kinds of mould slags with a CaO/
SiO, ratio of 0.60 and 3.88, respectively. The samples were
liquefied and homogenized at 1773 K within SHTT-wire,
then quenched to room temperature to obtain glassy phase
and heated with the rates of 5, 10, 20 and 30 °C/min,
respectively. The temperatures of first crystals precipitating
out of the glassy phases are detected, and continuous
heating transformation (CHT) diagrams are plotted.

The main application field of DHTT is in situ observa-
tion of the slag film structure under near-service conditions
[28, 32, 52, 53]. Some scholars [55-57] also exposed the
slags to certain temperature gradients and varied the
humidity of the atmosphere to investigate the effect of
water vapour on crystallization. Furthermore, the heat
transfer through a completely glassy or crystalline slag film
has already been measured [2, 58]. Another possible
application is to study the effect of bubble formation [59]
and subsequent dissolution when different external elec-
trical potentials are applied to liquid silicates [30].

2.3 Data evaluation

For SHTT investigations, the depicted pictures of the
samples are evaluated by calculating the crystallinity,
which is defined as the crystallized volume percentage,
from the crystallized as well as the total slag film area.
From these results, the time required to achieve given
crystallinities is determined and presented in a TTT dia-
gram (Fig. 3a, c). The same procedure is carried out to
create CCT or CHT diagrams (Fig. 3b—d). Here, the cool-
ing rate or the heating rate, respectively, is represented and
the start and in some cases the end of crystallization is
marked (e.g. Fig. 3b) [41].

Thus far, DHTT results have mainly been represented via
pictures taken during the experiments over time, and a par-
titioning of the slag according to the morphology of the
crystals is depicted within these images [28]. This approach
does not allow for a simple comparison of the crystallization
behaviours of different slag compositions. Therefore, a new
data analysis method as well as new representation of the
results has been implemented [32]. For image editing,
selected pictures from the experiment representing the
crystallization procedure are evaluated with respect to the
crystalline fraction. For this purpose, the crystallized domain
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Fig. 3 TTT diagram (a) and related CCT diagram (b) for synthetic
Na,0-Ca0-Al,0-Si0O; slag (adapted from Ref. [41]), TTT and CCT
diagrams for an industrial mould flux (c) (adapted from Ref. [49]) and
CHT of conventional CaO-SiO,-based mould flux (d) (adapted from
Ref. [54])
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as well as the total slag area is determined. Because of partly
insufficient contrast between the crystals and the platinum
wire or the remaining liquid slag, a totally automated pro-
cedure is not yet possible. Manual recolouring of the original
picture with a special image editing program is necessary for
determining the crystalline area. Based on this information,
the absolute crystallinity (c¢) is calculated from the ratio
between the crystallized area at a given time and the total
area. These results are summarized within a diagram for all
temperature gradients and their dependence on time.
Another option to quantitatively represent the results is dis-
cretization of the slag film images into 0.1-mm slices. First,
for any arbitrary slice and elapsed time, the maximum
crystalline fraction (cax, 1.€. the steady state achieved after a
sufficient crystallization time) and the absolute crystallinity
at any elapsed time ¢ are determined. Then, the relative
crystallinity (c,, the ratio of the crystallized area in a given
slice at 7 to the maximum crystallized area in the same) is
calculated. The value of ¢, representing the steady state
can be depicted as a function of its distance from the cold
wire (Fig. 4). Certain relative crystallinities have been
defined (e.g. 0.5% for the start and 95% for the end of
crystallization) and are plotted as functions of ¢. From this
relationship, the associated time necessary to form the
defined c, value is identified. Thus, this time can be related to
the position within the slag film (Fig. 5). If the volume
nucleation only plays a minor role, the crystal growth rate
(v) is calculated from the crystalline area (A), the viable
perimeter (U) and the elapsed time, according to Eq. (1) [32]:
v = 1 dA (1)
U dr

3 Results and discussion
3.1 Single hot thermocouple technique

SHTT is mainly used to study the crystallization behaviour
of mould slags under isothermal conditions to create either
TTT or CCT diagram. Examples are given in Fig. 3 for a
Na,0-Ca0-Al,03-Si0, slag with a CaO/SiO, ratio of 1,
4 wt.% Al,O3 and 6 wt.% Na,O and for an industrial
mould flux [41, 49]. For these slags, the start of crystal-
lization (0.5% crystallinity) could be observed for all
investigated temperatures. This was not the case for the end
of crystallization (95% crystallinity). Here, 95% crys-
tallinity could only be observed for temperatures close to
the nose temperature. Away from this temperature, crys-
talline fractions of only 80% for the slag in Fig. 3a and
solely 50% for the one in Fig. 3c were achieved within
reasonable experimental time. Thus, these results defined
the possible maximum crystalline fractions, which can be
plotted in the diagrams for all investigated temperatures.

In quenching experiments, different crystal morpholo-
gies were obtained. Thus, a partitioning of the diagram
according to the morphologies formed within a certain
temperature range was possible. At lower temperatures, for
all investigated mould slags, the precipitation of relatively
small crystals within the total slag film occurs simultane-
ously. In contrast, at temperatures close to the liquidus
temperature of the flux, columnar or dendritic crystals are
formed in contact with the platinum wire and grow towards
the centre. In between, several combinations of different
crystal shapes may be observed, resulting in further
detailing of the diagram (e.g. Fig. 3a). Nevertheless, some
samples only show a separation into three areas. Li et al.
[60] have reported similar results. For most mould slag
compositions, the nose of TTT diagrams is observed within
a few seconds and at temperatures between 1173 and
1373 K [29, 39, 61]. In some cases, a second nose appears,
indicating the temperature-dependent formation of differ-
ent mineral phases [39, 49, 53].

Cramb [52] investigated the influence of humidity on the
crystallization of CaO-Al,03 and CaO-Al,0;—MgO slags.
Water pressures of 3141, 4256 and 5472 Pa were selected,
representing moisture-saturated air at 298, 303 and 308 K,
respectively. For CaO-Al,0; slag in the presence of
humidity, the nucleation rate increased and TTT curve is
shifted towards shorter elapsed time as well as towards
higher temperatures. Additionally, an increase in the
crystal growth rate is observed with increasing relative
humidity. In contrast, the second slag exhibits different
behaviours. In this case, at temperatures lower than
1373 K, an increase in crystallinity is detected. However,
for the temperature range between 1373 and 1523 K, the
crystallinity is not affected. In addition, for temperatures
higher than 1523 K, the crystallization process is impeded.
Orrling et al. [55, 56] have reported similar results for a
mould slag. Furthermore, they also investigated the influ-
ence of dry air on this sample after it crystallized under
humidity. Immediately after dry air was introduced into the
sample chamber, crystal dissolution and bubble formation
occurred. The gas bubbles indicated the evaporation of
water. A repeated exposure to humidity did not result in the
reformation of crystals. These results reveal that humidity
within the continuous casting process strongly affects the
crystallization behaviour of mould slags and therefore must
be considered for near-service investigations.

Further experiments were carried out to study the
influence of oxide additions on the crystallization beha-
viour of mould slags, and TTT diagrams were obtained for
different Na,O contents. An increase in Na,O content
increased both the crystallization tendency and the growth
rate. Therefore, the variation in Na,O content is one pos-
sible means of influencing the properties of the flux within
the mould [56].
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Zhou et al. [54] found that the initial crystallization
temperature during the heating of glassy solidified mould
fluxes increases with increasing heating rate (Fig. 3d).
Depending on the chemical composition of the investigated
mould fluxes and the heating rate, it could be detected
between 1086 and 1245 K. Kinetic analysis was carried out
by calculating Mo exponent, the effective Avrami exponent
and the Ozawa exponent. Defined values of the Ozawa
exponents are related to certain crystallization mecha-
nisms. Thus, the mechanisms could be identified and were
confirmed by SHTT and scanning electron microscopy
(SEM) analysis.

3.2 Double hot thermocouple technique

DHTT is used to experimentally characterize the temper-
ature gradient within the mould flux by partly simulating
the downward movement of the slag film with the strand,
which is realized by cooling the hot wire with a defined

Table 1 Chemical compositions of slags investigated by DHTT
[32, 63]

Composition MS 1 MS 2 MS 3 MS 4
GeO/wt.% 80.0
K,O/wt.% 20.0
CaO/wt.% 30.2 37.1 324
SiOy/wt. % 37.8 30.9 49.6
TiOy/wt. % 8.8 8.8
Na,O/wt.% 8.0 8.0
B,03/wt.% 5.0 5.0
MgO/wt. % 4.5 4.5 6.9
ALOs/wt.% 35 3.5 11.2
Li,O/wt. % 1.2 1.2
FeO/wt.% 1.0 1.0
CaO/SiO, 0.8 1.2 0.7
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Fig. 4 Dependence of absolute crystallinity on position within slag
film at Tp,.x of 973 K (adapted from Ref. [63])
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cooling rate. For all cases, the first crystals precipitate in
contact with the cold wire and grow in the direction of
higher temperatures. In some cases, equiaxed crystals are
formed in contact with the liquid [52, 59, 62].

To calculate the temperature distribution between the
two wires stretching the slag film, Zhou et al. [48] used the
commercially available computation fluid dynamics soft-
ware Fluent. The calculations showed that the minimum
temperature occurs somewhere in the middle of the slag
film and not at the cold wire as intended. According to the
simulation results, when crystals are formed in the centre
of the slag film, a higher thermal resistance in the middle of
the flux is introduced, lowering the heat flux across the
sample. This study encouraged the development of modi-
fied equipment to overcome the disadvantage of a mini-
mum temperature located in the middle of the slag film.
With the modified DHTT [32], the comparison of mould
slag crystallization for different slag compositions is real-
ized. The chemical compositions of the slags related to the
results presented in Figs. 4-7 are summarized in Table 1.

Here, synthetic slags were chosen, and the maximum
temperature for each slag was selected based on its
dependence on the respective liquidus temperature. To
reduce evaporation of volatile components, the maximum
temperature (Ty,,x) was set to only slightly exceed the
liquidus temperature. Nevertheless, due to the standard-
ization of the distance (distance within the slag film from
the cold wire, x, related to the maximum distance of 3 mm,
Xmax), the results can still be used for comparison. For the
investigation of the samples given in Table 1, the following
maximum temperatures were selected: 1423 K for MS 1
and 1573 K for MS 2, MS 3 and MS 4. From the graphical
representation of the maximum absolute crystallinity
(Fig. 4), the minimum distance from the cold wire where
crystals are no longer formed is detected as a function of
the temperature gradient. As congruent solidification
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0.0 0.2 0.4 0.6 0.8 1.0
Distance from cold wire (x/x,,,,)

Fig. 5 Dependence of time for start (¢, = 0.5%) and end (¢, = 95%)
of crystallization on position within slag film at Tj,,x of 973 K
(adapted from Ref. [63])
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Fig. 7 Dependence of time for end of crystallization (¢, = 95%) on
position within slag film for MS 2 (adapted from Ref. [63])

behaviour (e.g. MS 1) results in a sharp decrease in the
curve at the position representing its melting point, a
smoother decrease indicates an incongruent solidification
in which diffusion is the rate-limiting step. In this case,
100% absolute crystallinity is only detected in close
proximity to the cold wire (e.g. MS 2). A not strictly
monotonous curve progression indicates nucleation of
crystals within the slag film, which are then transported
throughout the liquid (e.g. MS 2 and MS 3).

For all of the investigated samples and temperature
gradients, the highest crystal growth rates were calculated
at the very beginning for slags showing congruent crys-
tallization behaviour (MS 1). Afterwards, this rate
decreases to even less than the rates of crystals where
diffusion plays an essential role (Fig. 6). The diagrams
representing the start of crystallization (¢, = 0.5%) reveal
that either volume nucleation in the slag film or surface
nucleation at the platinum/slag interface occurs (see
Fig. 5). In the case of a continuous rise in the curve pro-
gression with increasing distance from the cold wire (MS

1), crystals precipitate in contact with the platinum wire. In
contrast, curves showing stepwise shapes indicate volume
nucleation and the formation of crystalline isles within the
liquid phase (MS 3). If the slag crystallizes congruently, its
curve representing the end of crystallization (¢, = 95%) is
similar to that representing its start (¢, = 0.5%); it only
shifts to a longer elapsed time (see MS 1 in Fig. 5). An
opposite curve characteristic is evident for incongruently
solidifying slags. Here, a sudden rise in the elapsed time is
detected in close proximity to the cold wire, followed by a
smooth progression until it approaches the position repre-
senting the liquidus temperature (e.g. MS 2). If the crys-
tallization behaviour is dominated by volume nucleation
followed by the formation of crystalline isles, which then
move within the slag due to convection, the curve pro-
gressions of different temperature gradients are nearly the
same in close contact with the cold wire (Fig. 7). Addi-
tionally, the farthest position from the cold wire still
showing crystallization is nearly constant. If both volume
and surface nucleation contribute substantially to the for-
mation of crystalline isles, that part of the time vs. distance
curve does not show strict monotonous behaviour, viz., a
partly negative slope [32, 63].

3.3 Evaluation of investigation methods

For the characterization of the solidification of mould
fluxes, several methods are applied. The selection of the
appropriate method depends on the definition of the prob-
lem, the expected results, and the effort necessary and
tolerable for the experimental procedure as well as for the
data analysis. For the determination of the slag viscosity,
viscometry is the only experimental method apart from
calculations based on the chemical composition [64—67].
This equipment reveals not only the viscosity dependence
on time but also the break temperature, which is related to
the crystallization process. Therefore, it is also applied for
mould slag development and for determining the effect of
the chemical modification during the casting on slag
properties. Due to an acceptable experimental effort, the
application for incoming inspection is reasonable.

The simultaneous thermal analysis provides results
within a relatively short time, and these results can easily
be evaluated. Nevertheless, the informative value is limited
to the crystallization temperature range, its intensity and
the number of different solid phases. When more detailed
information is required, the cold finger test can be applied.
Nevertheless, with this method, only the end of the
experiment can be observed. Therefore, SHTT is favoured
by enabling a comparison via TTT or CCT curves and the
calculation of the crystal growth rate. Furthermore, devit-
rification of glassy slag samples can be observed. With this
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method, the morphology of the precipitated crystals is also
observed. The crystals can be subsequently investigated by
X-ray diffraction analysis or by SEM in conjunction with
energy-dispersive microanalysis. To investigate the slag
film under near-service conditions, DHTT is favoured. To
simulate the conditions during the operation, knowledge of
the actual on-site temperature distribution is advantageous.
When this information is not available, estimated temper-
ature gradients can be chosen. For both SHTT and DHTT,
due to the quite low magnification, the crystallized area is
measured. The crystallinity calculated from it should be
regarded as a nominal value; crystalline areas may contain
liquid phase not optically resolved between the individual
crystals. The true crystallinity may therefore be lower than
the calculated nominal one, which therefore acts as an
upper limit.

According to the results summarized in this paper, the
hot thermocouple technique features a wide field of
application. Nevertheless, some restrictions remain.
Because the slag is stretched to a thin rectangular film, the
specific surface of the sample is very high. This facilitates
evaporation of volatile components, especially fluorine and
Na,0. Thus, a slag different from its original composition
can be investigated. Therefore, efforts to reduce the
vaporization of these components are necessary. One pos-
sibility might be the generation of a defined overpressure
within the sample chamber, which will reduce or even
prevent evaporation. Most recently, efforts have been made
to develop fluorine-free mould slags [14, 20, 42, 68-71].
When the slag contains just moderate amounts of alkalis,
its chemical composition varies only slightly from the
original composition. This equipment reveals the necessary
results to characterize and further improve these new
mould slag systems. Additionally, due to the formation of a
very thin slag film offering the observation of liquids with
small amounts of colouring oxides, slag films collected
from the continuous casting process during the tail-out can
be investigated to detect the effect of possible interactions
between the slag and the liquid steel on the crystallization
behaviour. One main disadvantage is the rather time-con-
suming evaluation procedure. Therefore, the hot thermo-
couple technique is rather more suitable for application for
research and development than for studies at production
sites.

From the results, we draw the following conclusion:
each of the aforementioned methods provides necessary
information for a detailed characterization of the solidifi-
cation behaviour of mould slags. Therefore, none of them
is generally favoured. A critical examination between
informative value and effort required for the experimental
procedure and the data evaluation enables the selection of
the most appropriate method.

@ Springer

4 Conclusion

In the continuous casting process of steels, crystallization
of mould slags is of main interest, because the slag film
structure mainly influences the horizontal heat flux. Thus,
in this paper, different methods for investigating the crys-
tallization behaviour of mould slags are reviewed. How-
ever, DTA, viscometer, CSLM and cold finger test reveal
necessary information, and the main focus lies on the
SHTT/DHTT device, the latter enabling in situ observation
of the slags under near-service conditions. Continual
improvements in the set-up help to overcome the disad-
vantages of a minimum temperature located within the slag
film due to heat loss to the environment from the sample
surface and enable the observation of slags with low
amounts of colouring oxides. Proper display formats were
developed facilitating the comparison of different slag
compositions: the maximum crystallization as well as the
time to achieve defined crystallinities in dependence on the
position within the slag film between the hot wire, repre-
senting the strand side, and the cold wire, representing the
mould. Furthermore, crystallization growth rates are calcu-
lated in dependence on the experimental time. Despite the
advantages of this experimental method, it has to be con-
sidered that it is time-consuming to comprehensively char-
acterize the crystallization behaviour of slags with SHTT/
DHTT. Thus, these devices are only reasonable for research
and development and are not generally favoured. Based on
the relevance of expected results and effort for experimental
procedure, the most appropriate method can be selected.
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