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Abstract: Slag film samples together with their associated mold fluxes were collected after service during tail out at the
voestalpine Stahl GmbH continuous casting machine. The slag films were obtained after casting steel grades different in
Al or Ti content and mineralogically investigated. Three distinctive layers could be determined within the slag films. A
so called glassy layer, a crystalline layer and a layer, which has been liquid during casting and solidified afterwars,
could be observed. Cuspidine (Ca,Si,0-F,) is the prevailing crystal phase in the crystalline layer. Casting alloyed steel
grades the structure of the crystalline layer will be modified. With increasing Al,O3 content of the slag, due to
interactions with the steel, nepheline ((Na,K)AISiO,) was formed besides cuspidine. Here the distinctive needle like
shaped cuspidine is remarkable. With casting steel grades with even more elevated Al content, the slag composition
shows a strong decrease of silica and an increase of alumina. Therefore no longer cuspidine but fluorite (CaF,) and a so
far unknown phase rich in alumina are the main crystal phases. When casting steel grades with increased Ti content,

perovskite (CaTiO3) will be formed additionally to cuspidine in the crystalline layer.

In addition quench tests of the original mold powders as well as DTA and viscosity measurements of the original
mold powder and the slag films were performed. The methods revealed the impact of the Al,O3; and TiO, pick-up on

the crystallization temperature, the phase composition and the viscosity.
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1. Introduction

In the continuous casting process of steel mold fluxes are fed onto the top of the liquid steel in the mold. Liquid slag
infiltrates into the channel between the newly formed steel shell and the copper mold and solidifies against the mold
wall forming a slag film. This slag film provides both lubrication and heat transfer. Previous investigations [1,9,10]
revealed that the slag film shows three distinct layers: a glassy layer in contact with the mold, followed by a crystalline
layer formed during casting and a liquid slag layer at the strand side. If the residence time in the gap is longer than
approximately 20 min, only a crystalline layer will be found on the mold side [11,12]. It is either formed by
crystallization or devitrification. Due to the fact that the heat flux is influenced by the crystalline volume fraction,
crystal layer thickness as well as crystal shape and size [1-8], the crystallization behavior of the slag is a matter of
particular interest. Crystallization in the slag film depends on the chemical composition, the cooling rate, the
temperature and the residence time, which can be several hours [13-15]. Voids and/or pores should be found due to the
shrinkage during crystallization or gas formation [2,10,11,13]. It has been observed [2,10] that the chemical

composition varies also from the strand to the mold side. Due to its high melting point cuspidine is the dominant



mineral phase in the crystalline layer of fluorine-containing mold slags but within the layer in contact with the mold

other mineral phases besides cuspidine were observed [2,4,9,15].

Considering the interactions of slag and steel alumina pick-up by mold slag takes place during the casting process
[16-20]. Additionally to the alumina pick-up the alumina content of the slag is increased by the reduction of silica. The
latter one is explainable by the low oxygen partial pressure caused by aluminum in the steel which brings about

reduction of SiO,. Due to the modified chemical composition the properties of the mold slag are changed.

In the past numerous laboratory trials were carried out on the investigation of crystallization and devitrification of
mold slag [3, 11,14,18, 21-26]. Moreover a computational model has been applied [27]. But so far no investigation

concerning the slag film morphology after alumina pick-up has been reported

2. Experimental
2.1 Sample preparation

The investigation was carried out on commercial mold fluxes used at voestalpine Stahl Linz GmbH slab caster. In
total 12 slag film samples (SF1-SF12) of three different mold fluxes (MF1-MF3) were collected during tail out after
casting 10 different steel grades. The samples were carefully peeled off the mold by a steel hook and cooled down to
room temperature on a steel plate. Thereby only the first 10-20 cm of the slag film below the meniscus could be

extracted.

The amount of the main elements of the mold fluxes and the slag films are documented in Table 1. Remarkable is the
dependency of the slag films Al,O3 content on the steel quality. It can be seen that the chemical compositions of the
samples MF1-SF1 and MF1-SF2 as well as MF1-SF3 and MF1-SF4 which were in contact with the same steel grade are

very similar.

Table 1 Chemical composition of mold fluxes and slag films

Sample Mold Flux; Chemical composition (weight %) Sample steel Slag film; Chemical composition (weight %)
Si0, | Al;O3 |Na,0+K,0 F MnO | TiO, |CaO/ Al SiO, Al,03 | Na,0+K; F MnO | TiO, [Ca0O/
Li,O SiO, O+ Li,O SiO,
MF1 | 40.1 2.1 7.0 5.7 0.0 0.1 0.93 | MF1-SF1 | 0.11 38.4 3.7 8.5 6.0 0.9 0.0 | 0.94
MF1-SF2 | 0.11 38.3 3.8 7.3 6.1 0.8 0.1 | 0.96
MF1-SF3 0.49 31.0 10.88 7.1 7.6 0.3 0.1 |1.13
MF1-SF4 0.48 32.7 10.3 7.4 6.5 0.3 0.0 | 1.09
MF1-SF5 0.56 29.8 13.7 7.6 6.7 0.2 0.1 [1.22
MF2 | 37.0 3.8 12.9 10 6.5 0.0 | 0.55 | MF2-SF6 | 0.77 23.6 28.5 11.7 10.4 | 1.13 0.0 | 0.96

MF2-SF7 | 0.99 19.3 33.7 11.4 10.8 | 1.04 0.0 | 1.16
MF2-SF8 | 1.27 15.4 37.9 11.9 10.8 0.5 0.0 | 1.44

MF3 347 33 9.9 8.9 0.0 0.0 1.15 | MF3-SF9 | 0.03 33.8 4.4 9.7 9.6 1.8 0.1 |1.12
MF3-SF10 | 0.04 34.0 6.1 8.8 8.5 1.3 0.3 |1.13
MF3SF11 | 0.04 334 7.9 9.0 8.6 1.3 0.0 |1.14
Mf3-SF12 | 0.05 314 53 9.5 9.8 3.0 5.1 ]1.08

To investigate the devitrification of the original slag of MF1 without steel contact, the mold flux was decarburized at
973K for 7 h in a muffle type furnace. Afterwards it was liquefied in a platinum crucible at 1573K for 5 min. Then this
melt was cast into a preheated steel crucible and held at 1173K for 10 min (MF1-0S10), 30 min (MF1-0OS30) and 60



min (MF1-OS60), respectively, to investigate the crystalline volume fraction depending on time. After the dwell time
the samples were quenched to room temperature. Similar tests were performed with MF2 and MF3 with only 60 min
dwell (MF2-0S60 and MF3-0S60). In a second trial the liquid slag of MF1 after heat treatment at 1573K was quenched
to room temperature by pouring it into water (MF1-0S240). Thereby, due to the thermal shock the glassy slag burst into
fragments. Afterwards this material was annealed for 240 min at 1173K in a steel crucible and quenched to room

temperature by plunging the crucible into water.
2.2 Measurement

First the slag films were characterized macroscopically. Based on this specimens for mineralogical investigations
were selected. Then X-ray diffraction (XRD), reflected light microscopy and scanning electron microscopy including
energy-dispersive X-ray spectroscopy (SEM-EDX) were performed both on the laboratory slag and the slag films. For
the determination of the crystallization temperature a simultaneous thermal analysis (STA) was carried out. There
ground samples were heated to 1573K using a heating rate of 20Kmin™, held for 15 min and cooled down to room
temperature with 20Kmin™. In addition a dynamic viscosity measurement with a rotary viscometer in oxidizing
atmosphere was carried out to investigate the effect of the modified slag composition during casting on the viscosity
and break temperature. The samples were heated to 1673K as fast as possible within the crucible and were cooled down
with 10 Kmin™ during the measurement. Unfortunately the slag MF2-SF6 crept over the crucible and damaged the
equipment. As a consequence further tests with MF2 samples were canceled. Therefore viscosity results are only

available for samples of MF1 and MF3.

3. Results
3.1 Macroscopical investigations of the samples taken after service

The slag film samples gained from MF1 and MF3 were even and brittle. Contrary slag films of MF2 were semiliquid
when placing on the steel plate and therefore crumpled during sampling. Because of the sampling during tale out, which
caused a coating of the slag films by the top slag, the original surfaces on the strand side of all slag films but partly
MF2-SF8 cannot be estimated. Only in this case slab imprints observed indicates a slag film thickness of 0.5mm during
service. At regions where MF2-SF8 was coated during tail out the maximum slag film thickness was up to 2.5mm.
Considering the surface in contact with the mold, fine ripples and fractures are present which are in accordance with
former studies [9,13]. Contrary to other observations [10,13] white areas, caused by villiaumite (NaF) segregation could

only be observed with MF2-SF7 and MF2-SF8.
3.2 Mineralogical investigation
3.2.1 Crystallization of the original slags

The microscopic investigations of the quench tests of all three mold fluxes reveal that cuspidine (Ca,Si,O;F,) is the
dominant phase in all investigated mold fluxes. In general the dendritic crystal growth started at the surface of the slag.

In sample MF1-OS60 fluorite has crystallized between the cuspidine dendrites out of the glassy phase as well (Fig.1b).



MF2-0S60 is mainly glassy and shows only some idiomorphic cuspidine crystals and fluorite dendrites (Fig. 1c). Due
to its high CaO/SiO, ratio MF3-OS60 has got the highest cuspidine amount and hauyn (Na,Ca)g.4[(SO4)2.1(AlSiO4)6])
as second phase (Fig. 1d). As could be expected the specimen with 10 min dwell time (MF1-OS10) shows the highest
amount of glassy phase (Table 2). With increasing dwell time the volume fraction of cuspidine and fluorite increases,
whereas the crystal size of cuspidine remains almost unaffected. It seems that except for fluorite the crystallization
comes to an end after 30 min (MF1-0S30). Even after 60 min dwell time (MF1-OS60) crystallization did not approach

the specimen center.

The microstructure of MF1 after reheating (MF1-0S240) is different from the crystallized sample. In Fig.1a the
fragments of the glassy slags are still visible. During devitrification small cuspidine needles and fluorite were formed
within those pieces. At the boundaries of these fragments relatively large fluorite crystals and in contrast to MF 1-OS
10-60 diopside was formed. The amount of the glassy phase of MF1-OS240 is higher compared to MF1- OS30 and
MF1-0S60 (Table 2).

c) d)

Fig. 1 a) Reflected light micrograph of the original slag reheated at 1173K for 4h after quenching from 1573K to
room temperature (MF1-OS 240). b-d): Reflected light micrograph of the original slag annealed for 60min at 1173K
after quenching from 1573K b) MF1-0S60, ¢) MF2-S60 and d) MF3-S60. 1: cuspidine, 2: fluorite, 3: glassy phase,

4: diopside, 5: hauyne



Table 2 Phase compositions of the original slags after annealing at 900°C determined by Rietveld refinement

Sample MF1-0S240 MF1-0510 MF1-SO30 MF1-0S60 MF2-0S60 MF3-0S60
Quenched to °C 20 900 900 900 900 900
Reheated to
900
Dwell time min 240 10 30 60 60 60
Glassy phase | mass% 52 87 39 39 49 5
Cuspidine mass% 34 12 54 53 44 95
Fluorite mass% 5 1 7 8 7
Diopside mass% 9

3.2.2 Slag films taken from service
Slag films gained from MF1

The microscopic investigations showed that all five slag films have formed three different layers: A basically glassy
layer (L1) with a small amount of crystal phase in contact with the mold, a well crystallized layer (L2) and a glassy
layer (L3) which is supposed to be increased during tail out due to coating. In some cases the crystallized layer is split
into two sub layers (L2.1 and L2.2). A more detailed investigation of the samples reveals a distinctive microstructure of

the slag films of each steel grade.

As may be seen from Fig. 2 the slag films MF1-SF1 and MF1-SF2 in contact with steel grade 1 are clearly
distinguishable into the three sub layers. Noticeable is the crystalline layer L2, which consists of cuspidine crystals with
a maximum elongation of approximately 100 um in a glassy matrix. The border to the former liquid slag is well defined.
Table 3 shows a comparison of all layers. From this a considerable decrease of the CaO/SiO, ratio and an increase of
Al,03 and Na,O for L1 in contact with the mold compared to the other layers can be seen. Due to this modified
composition and the low temperatures mainly small sized cuspidine (<1um), needle shaped fluorrichterite
(Ca,(Mg,Fe,Al)s(AlSi)gOx,F,) and fluorite are formed. At the interface of L1 and L2 also diopside is detected.

In contrary to MF1-SF1 and MF1-SF2 the crystalline layer of MF1-SF3 and MF1-SF4 can be divided into two sub
layers: L2.1 and L2.2 (see Fig. 3). Within L2.2 the Cao/SiO, ratio is increased from 0.97 to 1.1 whereas it is decreased
to 0.8 within L2.1. From the mineralogical point of view the sub layer L2.2 is comparable to L2 of MF1-SF1 and
MF1-SF2 showing cuspidine as the only mineral phase but the crystal shape within SF3 and SF4 is different. Due to the
higher Al,03 content of MF1-SF3 and MF1-SF4 nepheline ((Na,K)AISiO,) was xenomorphically formed in L2.1
besides cuspidine and because of the crystallization of nepheline the highest Al,O3 content of SF3 and SF4 can be
found within this layer. In contact with the mold the structure of L1 is not totally glassy. Cuspidine is dominating in a

glassy matrix. Nepheline is the second crystalline phase within L1. Characteristic for this layer are large spherical pores.

A considerable modification compared to the original slag exhibits MF1-SF5 (see Table 3). Even though the
microstructure of the crystalline layers differs in dependence on the vertical position within these samples, again two
sub layers can be distinguished. From Fig. 4 it can be seen that L2.1 consists of needle shaped cuspidine crystals with a
maximum elongation of approximately 50 um. Between these needles nepheline and pyroxene are present. In L2.2 the
cuspidine crystal size is increased in comparison to L2.1 and in some regions nepheline and pyroxene can be found as

well. If cuspidine is the only crystal phase the boundary to L3 is sharp, otherwise often it appears diffuse. In this case



also L1 is not uniform. Within 40 um the structure changes from glassy to crystalline showing fine crystals of

cuspidine.

Summing up, this investigation reveals that in case of an extensive Al,O3 pick-up not only cuspidine is the dominant
solid phase in the well crystallized layer but also nepheline can be formed. If cuspidine is the only crystalline phase, the
highest CaOQ/SiO, ratio can be found in this area of the slag film. If nepheline is formed too, the CaOQ/SiO, ratio is

lowest compared to the other slag film layers.

Fig. 2 Back scattered electron image of slag film Fig. 3 Back scattered electron image of slag film
MF1-SF1 1. 1: cuspidine, 2: glassy phase MF1-SF4 2. 1: cuspidine, 2: nepheline, 3 glassy phase

mould

Fig. 4 Back scattered electron image of slag film MF1-SF5. 1: glassy phase, 2: cuspidine, 3: nepheline, 4: pyroxene

Table 3 Summary of the slag film layers for MF1-SF1 to MF1-SF5

Chemical distribution Mineral phase
Sample | layer | CaO/SiO; | Al;03/ Al,03 o | Na;0/ Na,0od Cuspidine | Fluorite Fluorrichterite Nepheline | Pyroxene
(Ca4SiOz) (Can) (Caz(Mg,Fe,A|)5(A|,Si)gOzze) ((NB,K)A|5I04)
MF1-SF1| L1 0.3 3.6 1.7 X X X
and L2 0.9 1.6 0.9 X
MF1-SF2 | L3 0.8 1.6 1.0
MF1-SF3 | L1 0.9 6.4 1.4 X X
and 2.1 0.8 7.4 1.4 X X
MF1-SF4 | L2.2 1.1 5.2 1.0 X
L3 0.9 5.1 1.1
MF1-SF5| L1 1.1 7.1 0.9 X
2.1 1.0 8.5 1.2 X X

L2.2 1.1 7.6 11 X X X
L3 11 8.2 1.2




Slag films of MF2

Contrary to the MF1 slag films, slag films of MF2 exhibit no classical slag layer formation. Crystallization takes
place in contact with the mold, where according to previous investigations a glassy layer should be present. Due to the
high Al,03 and the low SiO, content fluorite was formed within spherical pores in the former liquid slag on the strand
side (Fig. 5). In Table 4 an overview of the chemical distribution within the slag film samples is given. L2 indicates the

crystalline parts of the slag films and L3 the former liquid slag.

Coming into detail, in MF2-SF6 a small layer (L2.1) can be observed which has four times the fluorine content of the
original mold flux composition. As can be seen from Fig. 6 it is mainly composed of fluorite. LiF was formed within a
sodium alumina silicate phase (NAS) (Nag77s Alg77s Sio22s O) according to [28]. Adjacent is a layer consisting of a
sodium alumina silicate phase which merges into a layer consisting of liquid slag and fluorite. In this layer (L2.2) the

Al,O; content is 7.8 times the content of the original mold flux.

MF2-SF7 is the least crystalline sample. Only a small crystalline layer (L2) consisting of fluorite and sodium alumina

silicate phase can be observed attached to the mold (Fig. 7).

The slag film structure of MF2-SF8 is different from the previous described slag films (Fig. 8). This one was in
contact with the steel with the highest Al content. Therefore MF2-SF8 has the highest Al, O3 content of all investigated
samples. Due to the reduction of the slag film’s SiO, content the CaO/SiO, ratio increased to 1.44 in total. As a
consequence the crystallization tendency increased drastically. A XRD analysis (Fig. 9) revealed, that the slag film is
mainly crystalline. No hump indicating a glassy phase is visible in the XRD spectrum. Instead besides fluorite,
villiaumite, cuspidine and oldhamite (CaS) residual peaks could be detectedt which did not match with any mineral
phase included in the ICDD PDF4+ database [29]. This phase shows a maximum peak at 2 ® 30.122. The other main
peaks are at 2 theat 25,639, 31,468, 15,605 and 23,998. Its mean chemical composition is given as follows: 7.8 mol% F,
10.5 mol% Na, 17.1 mol% Al, 5.3 mol% Si, 6.7mol% Ca and 40 mol% O. Considering the slag film structure, in
contact with the mold an up to 47 um thick layer (L2.1) of villiaumite has been formed. Adjacent is a layer (L2.2)
which has a remarkable high CaO/SiO, ratio of 9.3 and a SO; content of 3wt% but no Al,O;. It consist mainly of
fluorite. Oldhamite ((Ca,Mg, Fe)S) and neighborite (NaMgF3) can be encountered in-between. This layer is followed by
a dens fluorite layer (L2.3) including some cuspidine crystals. The thicknesss of L2.2 and L2.3 is in total up to 200um.;
but the main slag film is made of the needlelike shaped phase rich in alumina described above which can be observed in

layer L2.4 and L2.5.

Summing up, due to the drastic increase of Al,O3 cuspidine is no longer the dominating crystal phase of the slag film

structure. Instead Fluorite and a phase rich in alumina are formed.
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Fig. 5 Back scattered electron image of slag MF2-SF8. 1: Fig. 6 Back scattered electron image of slag film
fluorite, 2: glassy phase MF2-SF6. 1: fluorite, 2: LiF, 3: Nag 775 Alg 775 Sig 25 O3,
4: glassy phase
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Fig. 7 Back scattered electron image of slag film Fig. 8 Back scattered electron image of slag film
MF2-SF6. 1: fluorite, 2: Nag77 Alg 775 Sig 22505, MF2-SF8. 1: fluorite, 2: villiaumite, 3: fluorite, 4:
3: glassy phase neihgborite, 5: oldhamite, 6:phase rich in alumina
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Fig. 9 XRD spectrum of MF2-SF8.



Table 4 Summary of the slag film layers of MF2-SF6 to MF2-SF8

Chemical distribution Mineral phases
Sample layer | C/S | Al,03/ Na,O/| F/Fqs| Fluorite LiF NAS Villiaumite | Neighborite [ Oldhamite Cuspidine Phase
Al, 03,05 | Na0,04 (CaF3) (Nao,77, (NaF) (NaMgF3) (Cas) (CasSi,07F,) | richin
Alg77s, alumin
Sig,225,02) a
MF2-SF6 | L2.1 | 0.7 2.9 1.9 4.0 X X X
2.2 | 0.7 7.8 1.9 1.2 X X
L3 1.0 8.2 1.0 1.0 X
MF2-SF7 L2 1.1 9.0 1.2 1.2 X X
L3 0.9 9.3 1.0 1.1 X
MF2-SF8 | L2.1 | 84 0 3.4 4.1 X X X
2.2 | 9.3 0 0.3 3.4 X X X
L2.3 | 3.7 1.0 0.2 2.9 X X
24| 1.7 10.2 1.4 1.1 X X
L25| 1.5 10.2 1.1 1.0 X X
L3 1.6 7.0 1.2 1.2 X

Slag films of MF3

Due to MF 3’s CaO/SiO, ratio of 1.15 its associated slag films are mainly crystalline. The cooling rate during
sampling was too low to prevent the liquid slag film layer from crystallization. All slag films have in common, that their
total dimension as well as their crystalline layer increase with increasing depth in the mold. 20 cm below the meniscus
level the crystalline layer is more than the double of the size than that one 5 cm below the meniscus level. The examples

given in Fig. 10-13 and Table 5 are located 20-25cm below the meniscus.

With sample MF3-SF1 the border between the crystalline layer and the former liquid layer can only be estimated. The
Al,O3; content is highest in the layer attached to the mold. As can be seen from Fig. 10 this layer is not glassy but
contains also small sized cuspidine. Between the cuspidine crystals jadeite (NaAlSi,Og) and villiaumite occur. Within
the crystalline layer the cuspidine crystal size is enhanced, but still very small compared to MF3-SF10 and MF3-SF11.

The boundary to the crystalline layer is not parallel to the mold.

Different from MF3-SF1 is the microstructure of MF3-SF10 (Fig.11). The dense crystalline layer (L2) consists of up
to 300um long cuspidine crystals which are orientated parallel to the temperature gradient. The CaO/SiO, ratio is 1.5
and as can be seen from Table 5 the Al,O5; and Na,O content are drastically decreased. Fig. 11 shows that a rupture
within the crystalline layer occurs. As a consequence the glassy layer attached to the mold is not uniform. The area next
to the fracture ( L1.1) exhibits a CaO/SiO, ratio of 0.7 and the highest Al,O3; and Na,O contents compared to the other
layers. Due to the change in chemical composition jadeite is the dominating phase within this area. Whereas the main
part of the glassy layer (L1.2) consist mainly of small sized cuspidine crystals in a glassy matrix. The slag film structure
of MF3-SF11 (Fig.12) is similar to the structure of MF3-SF10. Likewise the crystalline layer consists of large cuspidine

crystals and as well this dense layer is interrupted by a glassy layer enriched in Al,O3 and Na,O.

The biggest difference of the slag film structure exhibits MF3-SF12. In this case a steel grade containing considerable
amounts of Ti was casted. As a consequence the TiO, content of the slag film increased to 5.1wt%. Remarkable is the
slag film structure which was found to be glassy even 17cm below the meniscus level. 20 cm below the meniscus level

this slag film was crystalline, too (Fig. 13). Small perovskite (CaTiO3) crystals were formed between cuspidine



dendrites. A glassy and crystalline layer is not exactly distinguishable. Even the chemical composition is constant from
the strand to the mold side (Tab.5).

Fig. 10 Back scattered electron image of slag MF3-SF9. Fig. 11 Back scattered electron image of slag MF3-SF10.
1: cuspidine, 2: jadeite 1: cuspidine, 2: jadeite

Fig. 12 Back scattered electron image of slag MF3-SF11. Fig. 13 Back scattered electron image of slag MF3-SF12

1: cuspidine, 2: jadeite 1: cuspidine, 2: jadeite, 3: villiaumite, 4:perovskite;
5. oldhamite

Table 5 Summary of the slag film layers for MF3-SF9 to MF3-SF12

Chemical distribution Mineral phases
Sample layer C/S Al,03/ Na,0/ Cuspidine Jadeite Villiaumite | Perovskite
A|203,°5 Nazo,os (Ca4Si207Fz) (NaSiAlzoe) (NaF) (CaTiO;)
MF3-SF9 L1 1.1 1.1 1.1 X X X
L2 1.5 14 1.0 X X
L3 1.1 1.0 1.0
MF3-SF10 | L1.1 0.7 3.2 1.5 X X X
L1.2 1.2 2.2 0.7 X X
L2 1.5 0.6 0.3 X
L3 1.1 1.6 1.0
MF3-SF11 | L1.1 0.8 4.8 1.1 X X
L1.2 1.0 3.5 0.9 X X X
L2 11 2.3 0.9 X
L3 1.1 1.8 1.0
MF3-SF12 L1 11 1.7 1.0 X X X X
L2 11 1.6 1.0 X X X X
L3 1.1 1.6 1.0




3.3 Simultaneous thermal analysis (STA)

Additionally to the microscopical investigations a STA was carried out. The results are listed in Table 6. For MF1 the
crystallization temperature of the slag film MF1-SF2 is decreased according to the original mold flux, but with
increasing Al,O3 content the crystallization temperature increases compared to the original mold slag MF1-OS.
Contrary no peak could be observe when measuring the crystallization temperature of MF2-OS, but with increasing
Al,O3 content the crystallization temperature increases as well. Remarkable is the high crystallization temperature of
1328K for MF2-SF9. With MF3 the crystallization temperature is increased by the addition of Al,O3, but the presencs

of TiO, causes a decrease of the crystallization temperature of MF3-SF12 compared to the other slag film samples.

Table 6 Crystallization temperature obtained by STA

Sample Crystallization Sample Crystallization Sample Crystallization
temperatur in K temperatur in K temperatur in K
MF1 MF1-0S 1302 MF2| MF2-0S no crystallization MF3 MF3-0S 1274
MF1-SF2 1148 MF2-SF6 1122 MF3-SF9 1439
MF1-SF3 1178 MF2-SF7 1152 MF3-SF10 1442
MF1_SF5 1325 MF2-SF8 1328 MF3-SF11 1426
MF3-SF12 1389

3.4 Viscosity

As shown in Fig. 14 the viscosity of MF 1 is increased with increasing Al,O3 content of the slag films. The Break
Temperature of the slag films is in all cases higher than the break temperature of the original slag. In the case of MF1-
SF5 the difference is 85K. With MF3 the viscosity as well as the break temperature is decreased due to the TiO,

increase (Fig.15). For MF3-SF12 the break temperature is 197K lower than the break temperature of the original slag
MF3-0S.

T T T T T T T 1400 0,10 T T 1500
0,1368 1 [ 1480
L 1380 0091 MF3-0s o
" 008 [
01311+ MF1-SF5 [ 1461 & A [ 1440
r o @ 007 w
< N x X [1420 &
= 01254 MFL-SF4 8 & MF3-SF9 g
o = ¥ L1340 & X 006-m [ 1400 %
5 A MF1-SF1 MF1-SF3 7 I [1380 @
T 01197+ - LN 1320 2 15 0,05 g
r [1360 B
2 E ® 0044 @
2 01140 | 1300 & 2 F1340 2
g . 3 g 004 " s
0,1083 L1280 2 < 0,02 MF3-SF12 [ 1300 D
A MF1-0S m Viscosity ] i A [ 1280
0,01 m Viscosity
0,1026 4 A Break Temperature| - 1260 A Break Temperature [ 1260
T T T T T T T 0,00 T T
2 4 6 8 10 12 14 0 2 4 6
ALO, [wo%] Tio, [wiog]

Fig.14 Viscosity at 1573K and Break Temperature of the Fig.15 Viscosity at 1573K and Break Temperature of the
original slag (MF1-0S) and its corresponding slag films original slag (MF3-0S) and its corresponding slag films
(SF) in dependence on the Al, O3 content (SF) in dependence on the TiO, content

4. Discussion

The investigation emphasizes the influence of the steel composition on the slag film properties. The addition of
Al,O3 leads to an increasing crystallization temperature for all samples. When TiO, is added the crystallization
temperature decreases. The viscosity is increased by additional Al,O3 as well. Unfortunately the samples of MF2 were

not possible to measure. But from the experiences during sampling it was estimated that the viscosities of these samples



are much higher compared to the others due to their high Al,O5 content. Therefore it can be concluded that Al,O3 acts

as a network former for all specimens investigated. TiO, on the other hand causes a decrease of the viscosity.

The mineralogical investigations of the original mold slag show once again the impact of the CaO/SiO, ratio on the
crystallization behavior. Considering the results of MF1 original slag after increasing dwell time and of the slag films
after service both the crystallization of the liquid phase and the devitrification of a glassy phase take place during
service. Whereas the formation of the crystalline layer is caused by crystallization, the formation of the crystals in
contact with the mold is dominated by devitrification. With SiO, based mold powders in general the Al,O5 content and
the Na,O content is highest in the layer attached to the mold. As a consequence sodium-aluminium-silicates are likely
to be formed in this area. The crystalline layer is mainly composed of cuspidine. Therefore the CaO/SiO, ratio is

highest within the crystalline layer.

In the case of minor modification of the chemical composition during service the mineralogical compositions of the
original slag and the slag films are comparable. With increasing differences in the Al,O3 content the crystallization
behavior of the slag films deviates from the original slag. The phase composition as well as the crystal shape is strongly
affected by the alteration of the chemical composition. If the slag film composition changes from silica based to
alumina based fluorite will be formed instead of cuspidine. Remarkable was the structure of MF-SF8. Here the
CaO/SiO, ratio was increased from 0.55 to 1.55 compared to the mold flux and the Al,O3 content increased from 3.8 to
37.9. As a consequence in contrary to the original slag MF2-OS60 and the other slag films gained from this mold flux
most of the slag film structure was crystalline, consisting of fluorite at the mold side and a so far not identified phase
rich in alumina composition. Its mean chemical composition is given as follows: 7.8 mol% F, 10.5 mol% Na, 17.1
mol% Al, 5.3 mol% Si, 6.7mol% Ca and 40 mol% O.

The results were correlated with the logged integral heat flux, but because of deviating casting parameters so far no

assured results could be gained.

5. Conclusions

The crystallization behavior of three commercial mold fluxes and in total twelve corresponding slag films was

investigated. In total 10 steel grades were cast with significant difference in the Al or Ti content.

Key results are summarized below:
o Due to aluminum pick-up the Al,O3 content as well as the CaO/SiO, ratio of the slag films was modified.
¢ As a consequence the viscosity and the crystallization temperature increased with increasing Al,O3 content.
» The microstructures of the slag films were strongly affected by Al,03 pick-up.
e In case of an alteration of the chemical composition from silica based to alumina based, fluorite and a phase rich in
alumina are the dominating crystal phases.
e In case of a TiO, increase, the viscosity and the crystallization temperature will be decreased and perovskite will

be formed as an additional mineral phase.
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