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Abstract Both time–temperature-transformation (TTT)

and continuous-cooling-transformation (CCT) diagrams

have been established to characterize the crystallization

behavior of slags in a selected temperature range. There-

fore, the single hot thermocouple technique based on

already existing equipment was constructed showing also

some different approaches. Furthermore, the procedure was

enhanced using a stretching device enabling the formation

of very thin slag layers. This device permits the investi-

gation of not only transparent but also translucent liquids

with low amounts of coloring oxides, e.g. Fe2O3. For the

initiation of this method, a transparent synthetic NCAS-

slag showing a high crystallization tendency was used to

proper adjust the control parameters. Afterward, two

industrial mould slags for the continuous casting of steel

were investigated and TTT- as well as CCT-diagrams

created. The TTT-diagrams for both mould slags show only

one nose but the shapes of crystals formed differ dependent

on temperature. This is contributed to the ratio of the

growth to nucleation rate which is raised at higher tem-

peratures where dendritic crystals are formed. For the case

of continuous-cooling experiments observing only the

formation of dendritic crystals precipitating at temperatures

close to the liquidus temperatures the same explanation is

assumed. Contrary, this ratio is decreased for rather low

temperatures where only fine separate crystals precipitate.

Introduction

In the continuous casting process, mould powders are

added to the top of the liquid steel in the mould. In contact

with the steel, a liquid slag is formed which is entrapped

into the gap between the mould and the solidifying strand

where three different layers are formed: a glassy one in

contact with the mould, a crystalline layer in the middle

and a liquid layer on the strand side. To describe the pro-

cesses taking place in the mould, a lot of different inves-

tigation methods have already been implemented [1–7].

One of them is the Confocal Scanning Laser Microscope

with a high temperature heating system. The He–Ne-laser

of this microscope provides a sufficient contrast in spite of

the thermal radiation of the specimen and enables a higher

resolution at elevated temperatures. This equipment is

mainly used for in situ observations of the crystallization

behavior of slags or dissolution processes of different

particles added to the slag [3]. Using the high temperature

viscometer, it is possible to determine the Break Temper-

ature often related with the crystallization of a liquid. This

temperature is characterized by a sudden increase of the

viscosity [4]. Furthermore, the simultaneous thermal anal-

ysis (STA) is used to detect crystallization during cooling

by the associated exothermal peak [5]. To identify the

phases formed during cooling, X-ray diffraction (XRD)

was implemented. This may be performed either in situ

with the help of a special heating unit or after quenching

the specimens to room temperature [6, 7]. For the latter

also microscopical investigations are applied. To enable

visual in situ observation of the crystallization the hot

thermocouple technique has been implemented [8]. Using

this method, it is possible to obtain time–temperature-

transformation (TTT) and continuous-cooling-transforma-

tion (CCT) diagrams to characterize the crystallization
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behavior of transparent slags. For these purposes, in most

cases the single hot thermocouple technique where the slag

is stretched within the loop of one thermocouple is used [9–

12]. In order to observe the behavior of the slag under

service conditions, the double hot thermocouple technique

is applied. Due to the fact that the sample is stretched

between two thermocouples being controlled indepen-

dently from each other a temperature gradient can be

applied [13, 14].

The hot thermocouple technique

Construction of the investigation device

The experimental setup was designed and constructed

according to Cramb [8] with only minor modifications. The

hot thermocouple technique consists of a furnace chamber

including a heating unit, a stand with camera and objective,

a controller and an image recording. The set up is shown in

Fig. 1.

The furnace is made from a stainless steel block with an

edge length of 70 mm and a height of 50 mm. Into the

cylindrical furnace chamber situated in the centre of this

steel block heating units are inserted through two hori-

zontal bore holes. Further bore holes one on each of the

other lateral faces allow gas purging during experimental

procedure. The top of the chamber can be closed by a

quartz window preventing the objective from precipitation

of evaporating components. To proper adjust the heating

units in the furnace under the objective, a manual x/y-table

is used.

The heating unit for the single hot thermocouple tech-

nique inserted laterally into the heating chamber is

illustrated in Fig. 2. Into the insulating bar, copper tubes

are inserted sticking out on both sides. On one end a

platinum rhodium wire (Pt/Rh 70/30) bent into loop shape

is mounted using spring clips, on the other side banana

plugs are fixed to connect it to the power supply. Contrary

to the equipment of Cramb [8], the platinum wire and the

thermocouple have been separated; thus the thermocouple

is not applied for heating the specimen. According to

Fig. 2a close to the head of the platinum rhodium loop a

type S thermocouple is situated which is in direct contact

with the sample. The ends of the thermocouple wires are

connected to the associated interface. In order to obtain an

unimpaired view of the sample during experimental pro-

cedure, the wires of the thermocouple are directed out of

the chamber via another insulating bar arranged oppositely.

The image acquisition of the sample during the whole

experimental procedure is carried out by a FireWire color

camera; a telecentric objective with an adjustable aperture

is mounted. Both camera and objective are fixed to the

stand using a special mounting support. A spindle drive

with shaft joint enables the focusing of the sample. Addi-

tionally, band-elimination filters and neutral gray filters are

available which especially at high temperatures prevent

from capturing overexposed pictures.

Temperature control and data recording

The temperature control is carried out by PID controllers,

but also manual control is possible. In both cases, the

triggering of the heating is carried out using pulse width

modulation. For each heating unit, a 12VDC/300 W mains

adapter is used as a voltage source. The series resistor

upstream of the heating wire has a value of 4.7 X. A Power

MOSFET IRL 2505 is the actuating element which gets the

information concerning the ratio of heating and idle period

from the controlling PC via interface. This ratio called duty

cycle rises with increasing power requirement.

The temperature of the sample taken from the loop head

of the platinum rhodium wire using a type S thermocouple

is the input parameter of the controlling PC. A special

interface for importing temperature data transfers them to

the PC. There, the actual control takes place using a pro-

gram on the basis of the programming environment of

‘‘National Instruments’’ which was specially developed for

this purpose. The user interface enables an immediate

operation of the controlling parameters, for e.g. PID

parameters. The input of the temperature profile is given by

the heating rate in �C/min and the maximum temperature in

the intended input fields. Based on these values, the tem-

perature is adjusted via PID control. The setpoint already

entered can be modified during the experimental procedure

according to the requirements. Another option to set the

temperature is the manual temperature control. In this case,

Fig. 1 Set up of the Hot Thermocouple Technique: 1 furnace

chamber including heating units, 2 stand with camera and objective, 3
control PC, 4 control unit, and 5 PC for image recording
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the value for the duty cycle is chosen by scrolling the slider

to the desired value.

To prevent the heating wire from fusion due to a too

high current flow in the case of using PID control, the

maximum allowable duty cycle can be limited. This limit

may be changed during operation in case the setpoint

cannot be attained with the maximum power available.

Via network, the controlling PC is connected to another

one being responsible for the image recording. For this

purpose also, a program has been developed using Lab-

VIEW� merging the image data from the camera and the

temperature information of the controlling PC and saving a

video afterward. The user interface enables the camera

control concerning color balance, contrast and brightness,

and the positioning of the temperature values within the

graphical representation. The data exchange is carried out

using DataSocket� which is an integrated interface in

LabVIEW� for application programs. To display both the

visual and the temperature information, another Lab-

VIEW� program (AVI-Reader) has been applied.

Initial operation

Due to the fact that the design of the software enables the

individual adaption of most parameters (PID parameter and

software based parameters), this values have to be evalu-

ated before the hot thermocouple technique can be used for

investigations. If this is not the case, the function as well as

the stability of the control is not provided. The controller

optimization was carried out according to Ziegler–Nichols

[15]. For this procedure, the control circuit is closed using

only the proportional controller. Afterward, the current is

increased until the output of the controlling circuit shows a

continuous oscillation with a period of Tcrit and a controller

gain Kp, crit. Based on these values, the PID parameters can

be estimated.

The first tests were carried out using a synthetic NCAS-slag

(see Table 1). This slag was chosen because of its very

transparent melt which may be easily distinguished from the

crystals precipitated. After preparation as described below,

the sample is heated until a homogeneous liquid is formed.

Due to the fact that the platinum rhodium wire is wetted by the

slag, a droplet with a diameter of 2–3 mm is formed at the end

of the loop. However, because of the high transparency the

crystallization can be observed, but an analysis regarding the

crystalline fraction is not possible. Therefore, a special device

(Fig. 2) was implemented to stretch the slag over a larger area.

A piece of a platinum wire was bent to a small loop and fixed in

a ceramic tube with square section for galvanic separation.

This device is positioned on the platinum rhodium wire. After

liquefaction the slag is contacted with the platinum wire of the

stretching device which is then moved in radial direction to the

furnace wall. Thus, a thin slag film is formed.

While the presetting of a constant cooling rate for the

creation of continuous-cooling transformation (CCT) dia-

grams does not pose a problem, the quenching to defined

temperatures is more difficult. It is not possible to quench

the sample to the desired temperature automatically

because the control algorithm is not suitable for such high

cooling rates. Therefore, this has to be done manually. If

Fig. 2 Details of the

experimental design: a heating

unit, b heating device before,

and c during operation
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only the energy supply is reduced a sufficiently rapid

cooling cannot be achieved. Thus, an additional device is

necessary to cool the whole furnace chamber. A suction

bulb is connected to the bore for the gas inlet to realize a

higher cooling rate. Via air blasts the slag is quenched to

the desired temperature. Trials to use the automatical

control in combination with the suction bulb failed due to

the fact that an air blast causes a major change of the input

parameter resulting in an oscillation of the control. Another

option to switch to PID control after the desired tempera-

ture has been achieved was tested too. But this operation

always yields to a spontaneous increase of temperature.

Therefore, the target temperature is also kept constant via

manual control. Based on this procedure, cooling rates of

about 100 �C/s can easily be achieved.

Experimental procedure

Sample characterization

Chemical compositions of slags investigated are given in

Table 1.

Sample preparation

Several preparation techniques have been experienced. At

the beginning of the implementation of the hot thermo-

couple technique the mould powder was mixed with

alcohol in a laboratory vessel in such a ratio that a pap-

escent mass was gained. A small amount of this mass was

applied to the platinum rhodium wire and heated to the

formation temperature of a homogeneous melt. Due to

the fact that already during heating up alkalis evaporate

the sample preparation was modified. The papescent mass

was applied to the wire after the maximum temperature

was reached. Since the alcohol evaporated spontaneously

when the mass was inserted into the preheated chamber,

the sample could not be placed on the wire. Then, the

mould powder was pressed to pills 2 mm in height without

using any kind of a binder. From these pills, samples were

cut which were afterward applied to the preheated wire.

Isothermal and continuous-cooling experiments

For both types of measurements, the pressed original mould

powder is applied to the heating wire after reaching the

maximum temperature. There it is melted and afterward

stretched using the special device quoted above. Then, the

furnace chamber is closed by a quartz window and the

objective is adjusted. In the case of the isothermal experi-

ments, the sample is quenched to the desired temperature

immediately using the manual control to decrease the elec-

trical power and the suction ball to cool the chamber with air

blasts. After achieving the desired temperature it is held

constant. The temperature range for the investigation of the

crystallization behavior of a mould slag is on the one hand

limited by the melting temperature and on the other hand by

the transparency of the sample. The more transparent a slag

film the easier crystals can be distinguished from the residual

melt and crystalline fraction can be determined. In case of

slags with poor transparency, observation of first crystal

formation at rather high or rather low temperatures is hin-

dered by too intensive or insufficient radiation. The tem-

perature range investigated is 800–1,100 �C for the slag of

MP 1 and 800–1,120 �C in the case of MP 2. Contrary to this

for the continuous-cooling experiment, the slag is cooled

with a constant cooling rate using the automatical control.

The cooling rates used are 5, 10, 20, and 50 �C/min.

In the case of mould powders, care must be taken to ensure

that the chemical composition of the slag is not changed

during the experiment due to the evaporation of alkalis and

fluorine. Otherwise, a slag differing from the original one

would be investigated. One can counteract this by reducing

the maximum temperature to a value where a homogeneous

liquid is barely formed and by a certain skill during stretching

the sample which leads to a lower dwell time at the maximum

temperature. But this procedure is only useful if the sample is

cooled with higher cooling rates afterward. If this is not the

case volatile contents will vaporize until a certain tempera-

ture is reached. Therefore, CCT experiments should not be

performed with too low cooling rates.

Table 1 Chemical composition of the investigated synthetic slag

NCAS and of two mould powders MP 1 and MP 2 (in wt%)

NCAS MP 1 MP 2

F 5.42 8.01

Na2O 6 8.4 7.67

MgO 3.09 1.37

Al2O3 4 5.19 3.00

SiO2 45 38.19 31.17

P2O5 0.08 0.93

SO3 0.27 0.45

K2O 0.52 0.14

CaO 45 31.39 41.91

TiO2 0.11 0.03

Cr2O3 0.03

MnO 0.04 0.06

Fe2O3 1.71 0.41

ZrO2 0.11

BaO 0.09 0.03

B2O3 0.12

C 5.34 4.71

C/S 1 0.82 1.34
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Data evaluation

For data evaluation the videos of the experimental proce-

dures are used applying the AVI-Reader. This software

enables the selection of single pictures which may then be

processed by an image editor. Since crystals cannot auto-

matically be distinguished from the residual liquid a

manual coloring of the picture is necessary. The edited

picture can then be analyzed using a program which

enables the calculation of the crystalline fraction based on

the determination of the number of pixels of each color.

The crystalline fraction determined by this procedure has to

be considered to be a nominal quantity as the crystalline

fraction of the crystallized area itself is usually below

100%. This is caused by liquid phase present, for e.g.,

between the branches of dendrites. To evaluate the crys-

talline percentage of the crystallized area, a polished

sample of its cross section has to be investigated using

reflected light and scanning electron microscopy.

In literature, the start of the crystallization is charac-

terized by 0.5% crystallinity and the end by 95% [10]. But

the mould slags investigated in this paper do not show 95%

crystallinity for all temperatures after a significant dwell

time. For this reason, the TTT-curves are given for 0.5 and

80% crystalline fraction.

Results and discussion

TTT-diagrams

Crystallization of the synthetic NCAS-slag occurs so rap-

idly that a TTT-curve for 0.5% crystalline fraction could

not be determined. Only the curves of higher crystallinity

([10% crystallinity) can be created. Over the whole tem-

perature range between 1,000 and 1,220 �C the formation

of dendritic crystals is observed. These solidify not only in

contact with the loop but also in contact with the stretching

device. Both crystalline fronts move toward each other

rapidly during dwell time. Within a few seconds the whole

stretched area is crystallized. Also, the results of the mould

powders show that the first crystals are formed rapidly after

the desired temperature is reached. At temperatures close

to the nose temperature, the crystallization takes place in

such a short time that the application of the suction bulb

enhancing the cooling rate is necessary.

In the case of mould slags depending on the desired

temperature different crystal shapes are formed. This

enables the partition of the TTT-diagram of MP 1 into five

zones (Fig. 3). At temperatures above 1,100 �C, the crys-

tallization of dendrites is observed. In the temperature

range between 1,070 and 1,110 �C, not only dendritic but

also columnar crystals are formed. While between 950 and

1,020 �C, dendritic and separate faceted crystals solidify,

below 950 �C only very fine single crystals showing a

dendritic growth with increasing dwell time separate from

the liquid. A comparison of the different crystal shapes at

850 and 1,100 �C is given in Fig. 4.

The investigation of the second mould powder MP 2

results in TTT-curves showing also one nose. But in this

case only a division into three sections according to the

three morphologies observed is possible: at temperatures

above 970 �C, the crystallization of dendritic crystals and

below 870 �C of very fine separated crystals takes place.

In-between single faceted crystals solidify. The reason for

the lack of columnar crystals could not be identified.

This classification of the TTT-diagram into different

areas has also been reported by Orrling et al. [11, 12]. It

Fig. 3 TTT-diagram of the

mould slag of MP 1
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can be assumed that the different morphologies depend on

the ratio of the growth to nucleation rate: in the case of

dendritic crystals formed via interface nucleation in contact

with the platinum wire this ratio tends to be high. Other-

wise, for the crystallization of single-faceted crystals the

ratio is reduced and bulk nucleation takes place. Similar

morphologies have been detected in samples taken from

service. In the slag films at the mould side where the slag is

assumed to be quenched to lower temperatures single

crystals are formed, whereas in the direction to the strand

their morphologies change to dendritic.

Crystals precipitating via volume nucleation show a

high specific crystal/slag interface surface area compared

to dendritic ones. In case of the same crystalline volume

fraction, it is supposed that this fact leads to an increase of

the scatter of infrared radiation reducing the infrared

transparency in turn. Some valuable results follow from an

investigation of Hayashi et al. [16]. These authors observed

especially a smaller heat flux in case of higher width of

dendrites. This finding was explained by the Mie effect.

Scattering of radiation by these dendrites was considered to

be the main impact on heat flux. Further considering the

friction increase it is supposed that single faceted crystals

tend to result in lower friction compared to dendritic ones.

In the case of isothermal experiments for temperatures

not close to the nose temperature of the TTT-diagram a

95% crystalline area could not be achieved for acceptable

test duration. Therefore, it is not possible to establish a

TTT-curve for 95% crystallinity for the total investigated

temperature range. Instead the curve for 80% crystalline

area observed for all steps is selected. Furthermore, con-

sidering the crystallized area it is most likely that its

crystalline fraction is lower than 100%. Therefore, the

TTT-diagrams given in this paper represent a nominal

crystalline fraction. To estimate the crystallinity within this

area further investigations have to be carried out.

CCT-diagrams

If the slag is cooled constantly using defined cooling rates a

CCT-diagram according to Fig. 5 can be obtained. Here,

the onset and the end of crystallization can be seen. Inde-

pendent of the cooling rate, dendritic crystals are formed

for each of both mould slags in contact with the loop as

well as in contact with the stretching device. Yet, using

lower cooling rates the formation of considerable finer

dendrites can be observed. It could be noticed that the

formation of the first crystals was more difficult to detect

for lower cooling rates. In the case of MP 1, it was even

impossible to determine the start of crystallization for the

cooling rate of 5 �C/min. Probably this is due to the for-

mation of very fine dendrites which could not be detected

with the magnification available.

The method

The results of these investigations demonstrate that the

Single hot thermocouple technique is a powerful method

to describe the crystallization behavior of transparent or

translucent slags by calculating TTT- and CCT-diagrams.

In the case of slags with poor transparency, it was nec-

essary to provide a special device additional to that of

Cramb et al. [8] for stretching the specimen. This tool

enables the formation of a very thin slag film instead of a

slag droplet not allowing the observation of the crystal-

lization behavior within the slag. Mold slags may contain

iron and manganese oxide which largely reduce trans-

parency and impede observability of crystallization. This

may be overcome by purging the specimen chamber with

a reducing gas mixture, e.g. argon/hydrogen. Then, these

oxides can be reduced to the metallic state. This is in

accordance with service conditions, where these oxides

are reduced due to the low prevailing oxygen partial

pressure.

Comparing the TTT- and CCT-diagrams of one and the

same slag, it is obvious that for the latter always a higher

crystallinity is observed. This can be explained by the fact

that for continuous-cooling experiments at least for not too

high cooling rates crystallization takes place at rather high

temperatures mainly in the vicinity of the growth rate

maximum after nucleation at the interface. Therefore,

conditions for total crystallization are rather favorable.

Fig. 4 Illustration of the crystallization behavior of the mould slag of MP 1 after quenching to a 1,100 �C and b 850 �C
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Conclusions

Based on the results and the equipment of Cramb et al. [8],

the hot thermocouple technique was constructed and

implemented for the characterization of the crystallization

behavior of mould slags. During parameter evaluation and

initial operations using a synthetic NCAS-slag with high

transparency, the procedure of the experiments was

enhanced also enabling the investigation of translucent

slags. Based on this improvement for two mould slags,

isothermal and continuous-cooling experiments were car-

ried out to create TTT-diagrams for 0.5 and 80% crystal-

line fraction being the highest crystallinity achieved in a

suitable time for temperatures above and below the nose

temperature. Both TTT-diagrams are C-shaped and can be

divided into different sections depending on the crystal

shapes formed at certain temperatures. For one mould slag

the division into three, for the other one into five sections is

possible. Furthermore, the onset and the temperature of the

end of crystallization have been depicted in CCT-diagrams.

During all continuous-cooling experiments of both sam-

ples, only the crystallization of dendrites which were finer

in the case of lower cooling rates could be observed. An

explanation for the different morphologies of the crystals

precipitating is based on the ratio of the growth to nucle-

ation rate which tends to increase with rising temperatures.
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