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Sammanfattning

Projektet ”Utveckling av stranggjutningskokill med mjukkylande egenskaper for gjutning av
sprickkansliga stal” har bedrivits under tiden 6/12 2006 till 31 oktober 2010 inom Stalindustrins
Energiforskningsprogram 2006-2010. Projektet har finansierats av Energimyndigheten med 4 miljoner
kronor och av stalindustrin med 15 miljoner kronor. Forskningsutforare har varit Swerea KIMAB och
deltagande foretag Outokumpu Stainless Avesta Works, Sandvik Materials Technology och SSAB
EMEA Luled och Oxelésund. Jernkontoret har varit administrativ koordinator.

Den stranggjutna stalproduktionen bestar till stor andel av hogkvalitativa stalsorter som stéller stora
krav pa gjuttekniken for att undvika att ytfel i varierande omfattning ska uppsta. Ytfel pa stalamnena
maste tas bort med slipning eller syrgashyvling vilket ar energi- och kostnadskravande och medfor
ocksa att en del av staltonnaget maste gotgjutas med forsamrade utbyten till foljd.
Energifdrbrukningen till foljd av ytfel for SSAB EMEA Oxelésund, Sandvik Materials Technology
(SMT) och Outokumpu Stainless i Avesta uppskattades vid projektets borjan till 61 GWh/ar.

Malet med projektet var att utveckla ett kokillkoncept, som medger en mjukare kylning av det forst

bildade stalskalet, vilket minskar risken for spanningar och sprickbildning, med ambitionen att kunna

halvera energiforbrukningen for &mnesytfel.

Det valda tekniska konceptet for detta andamal var att félla in ett varmedampande skikt i 6verdelen av

kopparkokillen bestaende av en metall med lag varmeledningsférmaga som rostfritt stal eller nickel.

Med detta koncept genomfordes projektet i fyra etapper: 1) Modellering och design av det varme-

dampande skiktet. 2) Driftsférsok med en mjukkyld smalsida hos SSAB EMEA Oxel6sund omfat-

tande 9200 ton (42 charger). 3) Driftsforsok med en mjukkyld bredsida hos SMT omfattande 3 charger
rostfritt stal och 3 charger kolstal. 4) Driftsforsok med en smalsida hos Outokumpu Stainless i Avesta
med ett virmeddmpande skikt applicerat med “cold spray” teknik. Resultaten fran projektet kan kort-
fattat sammanfattas enligt foljande:

e Tekniken med mjukkylning i éverdelen av kokillen kan reducera varmeflodet i denna del med ca.
20 % vid en tjocklek av det varmedampande skiktet pa 8-9 mm. Denna skikttjocklek resulterar i en
yttemperatur pa ca. 850 °C, vilket dr utan risk om materialet bestar av varme-taligt rostfritt stal
eller nickel.

e Tekniken med mjukkyld kokill har potential att gjuta sprickkansliga stalsorter med betydligt lagre
variationer i varmeflode genom att undvika starkt kristalliserande gjutslagger och lata den
mjukkylda kokillen sta for varmedampningen.

o Det mjukkylda skiktet kan appliceras med svetsning vilket dock innebér att nickel maste véljas
som virmeddmpande material beroende pa hoga kopparhalter i svetsen. ”Cold spray” kan vara en
alternativ belaggningsteknik, men ett misslyckat forsok i Avesta med denna teknik pavisade vikten
av processutveckling for att skapa fungerande skikt.

e | det ursprungliga projektforslaget planerades for en implementering av tekniken pa ett lampligt
stalverk. Beroende pa att genomfdérda experiment var mer komplicerade och tidskravande ar
forutsett kunde denna ambition inte genomfdras av tidsskal och bristande finansiering. For att
bana vég for en snabb framtida implementering gjordes i stéllet en feasability study for SSAB
EMEA i Lulea.

e Fortsatta aktiviteter med mjukkyld kokill foreslas att genomforas i Lulea ett fortsattningsprojekt
med lagkristalliserande gjutslagger och mjukkyld kokill for gjutning av sprickkansliga peritektiska
gjutsorter. Fokus vid dessa forsok kommer att vara att studera den metallurgiska effekten med
avseende pa ytkvalitet.
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Summary

The project “Development of a CC mould with soft cooling properties for casting of crack sensitive steel
grades” was carried out during 06/12 2006 to 31/10 2010 within the Energy Programme of the Swedish
Steel Industry 2006-2010. The project got financial support from the Swedish Energy Agency, 4 million
SEK, and from the steel industry, 15 million SEK. The project was carried out by Swerea KIMAB in
cooperation with Outokumpu Stainless Avesta Works, Sandvik Materials Technology and SSAB
EMEA in Lulea and Oxel6sund. Jernkontoret was the administrative coordinator.

The Swedish continuously cast steel production consists to an increased amount of high quality steel
grades. Continuous casting of special steels means an increased demand on the casting technology if
extensive surface defects on the blanks should be avoided. Surface defects must be removed with
scarfing or grinding which is energy and cost consuming. Also some steel grades must still be cast the
ingot route because of quality reasons. The energy consumption caused by surface defects for SSAB
EMEA Oxeldsund, Sandvik Materials Technology (SMT) and Outokumpu Stainless AB Avesta works
was estimated to be about 61 GWh/year.

The goal of the project was to develope a mould concept which allows a softer cooling of the first

created steel shell resulting in blanks with better surface quality with the ambition to halve the energy

costs caused by surface defects.

The chosen technical concept was to let in a thermal barrier of low conductivity material, as stainless

steel or nickel, in the upper part of the mould to reduce the heat flux and by that reducing the tensions

in the steel shell during the initial part of the solidification where the surface quality is created. With
this concept the project was carried through with the following steps: 1) Design and modelling of the
thermal barrier for a soft cooled mould. 2) Plant trials with a soft cooled narrow side mould at SSAB

EMEA Oxelésund including 9200 tons (42 heats). 3) Plant trials with a soft cooled broad side mould

at SMT including 3 heats of stainless steel and 3 heats of carbon steel. 4) Plant trials with a soft cooled

narrow side mould with new technology for application of the soft cooled barrier with “cold spray”.

The results in short were:

e The technigque with soft cooling in the upper part of the mould can reduce the heat flux of about 20
% provided a thickness of the thermal barrier to be about 8-9 mm. This thickness of the thermal
barrier results in a surface temperature of about 850 °C which is on the safe side if a temperature
resistance stainless steel or nickel is chosen for this purpose.

e The technique with soft cooled moulds has a potential for casting of crack sensitive steel grades
with much less variations in heat flux from the mould. This can be achieved by avoiding a strong
crystallising mould slag, using an amorphous slag and let the soft cooling layer reduce the heat in
a much more reliable way.

e The soft cooled layer can be produced with welding technique, but this require nickel as soft
cooling material to avoid hot shortness which is the case for welding with stainless steel due to
high levels of copper in the weld. “Cold spray” could be an alternative way to prepare the moulds
for soft cooling and a test was made in Avesta which resulted in a bad surface. An investigation of
the soft cooled layer led to the conclusion the technique still is promising but that there is a need
for further optimisation of the cold spray process for this purpose.

e Inthe original plan for the project an implementation of the soft cooling mould technique on a
suitable steel plant was planned. Since the experiments were more complicated and time
consuming than foreseen the project time and financing was not sufficient to fulfil this ambition
within the project time. In order to prepare for future implementation with a short time of
accomplishment a feasibility study was made for SSAB EMEA Lulea.

e Future activities are proposed with plant trials on the broad side mould at SSAB EMEA in Luled
with the concept: soft cooled mould in combination with mould powder with low ability for
crystallisation while casting crack sensitive peritectic steel grades. The focus of the project will be
to study the metallurgical effect regarding surface quality.
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1. Introduction

The Swedish continuously cast steel production consists to an increased amount of high
quality steel grades. Continuous casting of special steels means an increased demand on the
casting technology if extensive surface defects on the blanks should be avoided which is
especially valid for steel grades with a high degree of peritectic transformation, so called
peritectic steels. Surface defects must be removed with scarfing or grinding which is energy
and cost consuming. Also a number of steel grades have to be ingot cast of quality reasons
which result in higher energy consumption due to lower yield.

The energy consumtion due to surface defects has been calculated to be 61 GWh for the
companies SSAB EMEA Oxeldsund, Sandvik Materials Technology (SMT) and Outokumpu
Stainless Avest works.

In order to find ways for quality improvements an extensive literature study was made within
the frame of the member program at Swerea KIMAB 2004 [ref. 1] which gave the following
guidance regarding the problem with surface defects and how to find new ways to solve the
problem:

Material technical conclusions

e The peritectic transformation results in a maximum shrinkage of 0.5 volume %. This
in combination with a four time stronger shell, due to the phase transformation, results
in a very uneven shell formation which is illustrated in Figure 1 for a peritectic
stainless steel.

e The phenomen is further amplified while a small shrinkage increase the gas gap
between steel shell and mould which creates a large difference in heat flux from shell
to mould.

e A reduction of solidification rate reduces the rate of the peritectic reaction, thus also
the tensions, which is the cause of uneven shell formation and surface cracks.

Process technical conclusions

o For steel grades with a high degree of peritectic transformation the solidification rate
is too large especially in the meniscus region.

e Thereis a great need to be able to reduce the solidification rate for these steel grades
but also in a way that the soft cooling effect can be regulated in an optimum way
adapted to the different steel grades that will be cast.

e The only wide spread technique today to decrease the solidification rate is by using
crystallising heat damping mould slags.




The use of crystallising mould slags though have a large disadvantage. In Figure 2 an
idealised picture of the mould slag performance in a slab mould is shown. In reality the
development of a crystallised slag layer is very ununiform during the casting. This is shown in
Figure 3 from a study with billet casting [ref. 2], where the casting was drastically stopped
and the mould cut in halves to be able to study the steel surface in the mould. Recently the
same problem has been reported for slab casting of carbon steels at Corus UK [ref. 3]. Apart
from an uneven cooling it changes during the casting which is clearly shown from the
experiment made at SMT with a high basicity slag at SMT (Figure 47). Another problem with
crystallising slags is that they have an upper limit. If the crystallisation rate becomes too high
the mould slag will loose its lubricating properties and the slag layer can crack and fall off
leading to strong variations in the heat flux. This is shown in Figure 4 [ref. 4] from
measurements with thermocouples at two positions 229 mm from mould top for a casting with
a mould powder with a basicity of 1.62.




Mould ‘Mould powder |

Photo 4.- & poise at 1300¢C flux.

Figure 3. Photo from billet surface with uneven mould slag coverage.
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Figure 4. Temperature measurements in mould for a casting with a 1.62 basicity mould powder.

The vision for the project was therefore to develop and introduce a new type of mould where
the thermal transfer could be reduced without the need of crystallising mould fluxes. By that
the damping of heat flux will be done in a controlled way, thus leading to a calmer
solidification with less tensions during shell formation and reduced risk of surface crack
formation.

The goals of the project were the follwing:

e Develop a mould concept which allows a “soft cooling”of the first formed steel shell.

e Develop a mould concept where the soft cooling effect can be regulated or shut off.

e Develop a process technology where the soft cooled mould could be used in an
optimum way with the aim to reduce the surface crack problem by half, thus reduce
the energy consumption caused by this problem with 30 GWh per year when the
technology is fully implemented on all three steel plants.

The technical solution which was chosen for the project is illustrated in Figure 5 and is based
on the idea to set in a material with a low conductivity in the upper part of the mould. For
steel grades, as peritectic grades, where a soft cooling is preferred the casting is made on a
high level, for casting where a normal strong cooling is preferred the casting is made below
the soft cooled layer.



<—— 1 Steel level for soft cooled casting

<—— Steel level for normal casting

Figure 5. Schematic drawing of the soft cooled mould concept.

Because of the great risk of manipulation in the upper mould area with a heat flux of about 3
MW/m? the project plan was to make the development in small steps:

Design and modelling of soft cooled mould.

Experiments with instrumented mould on a narrow side mould.

Experiments with a broad side mould.

Experiments with a mould at two levels

Implementation of the soft cooled concept on the most suitable steel plant.

g~

The development was made in cooperation with four steel producing companies where full
scale trials were performed at three of them, SSAB EMEA Oxeldsund, Sandvik Materials
Technology (SMT) and Outokumpu Stainless AB in Avesta. Because of the very large
experimental focus of the project a full engagement was needed from the industrial
participants which is proofed by the vast number of project meetings within the project.
Totally 27 project meetings were held from 6/12 2006 to 4/10 2010 whereof 12 physical
meetings and 15 telephone meetings which probably is a record for the research program
organised by Jernkontoret, the Swedish Steel Producers Association.

2. Design of a soft cooled mould based on modelling
activities

In the meniscus area the heat flux can be as high as 3 MW/ m? according to Figure 6 [ref. 5].
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Figure 6. Heat removal from shell surface to mould [ref. 5].

So there was with a great respect the approach to make changes in the mould in this area were
made. Therefore the first phase of the project was dedicated to the following activities:
e Selection of suitable material for the soft cooled wedge.
e Modelling and calculation of the wedge thickness to achieve a damping of the heat
flux by 20 %.
¢ Modelling and calculation of stresses in the soft cooled wedge.

For a detailed description of that work a reading of the separate report of this activity is
recommended [ref. 6]. In this final report only a brief summary is made.

2.1 Selection of suitable material for the soft cooled wedge

The specification of requirements for the soft cooled wedge is the following:
e High temperature (about 800 °C) for a long period. A mould campaign in Oxel6sund
lasts for about 2250 hours including 10 millings.
Non oxidizing environment thanks to the carbon content of the mould powder.
e Low wear because of the soft steel shell at this position of the mould.
Large thermal tensions due to great thermal difference between the soft cooled wedge
and the copper mould.

The problem was discussed with Swerea KIMAB’s specialists of high temperature materials

and two stainless steel materials were chosen to be possible for the further studies: A ferritic
steel grade, Kanthal APM or an austenitic 253 MA with compositions given in Table 1.
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Table 1. Typical chemical composition of APM and 253 MA.

Steel grade C Si Mn Cr Ni Al N Ce
APM 0.08* 0.7* 0.4* 22 - 5.8 - -
253 MA 0.09* 1.6 - 21 11 - 0.17 0.1
* Max

The thermal conductivity of these steels at room temperature is shown in Table 2 together
with information regarding mould copper thus showing the large difference between these

materials.

Table 2. Thermal conductivity at room temperature for APM, 253MA and mould copper.

Material

APM

253MA

Mould copper

Thermal conductivity, W/m, K

11

15

377

Primarily because it was difficult to find welding material for APM, 253 MA was chosen to

be the wedge material.

2.2 Modelling and calculation of the wedge thickness to achieve

a damping of heat flux of 25 %.

With the soft ware platform COMSOL Multiphysics calculations were made to investigate the
necessary thickness of the wedge for a 20 % reduction of the heat flux, which the project

committee thought was a reasonable level to aim for. It was also possible to calculate the
temperature distribution in the wedge and by that its surface temperature. The calculation

gave the following answers:

e The wedge should have a thickness of about 8.5 mm.
e The surface temperature for such a wedge with 253 MA would be about 850 °C which

is far from the recommended service temperature of 1100 °C.

In Figure 7 a comparison is made of the temperature distribution from an ordinary mould and

a mould with a 8 mm wedge made of 253 MA.
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Figure 7. Temperature distribution in a mould without (a) and with (b) a 8 mm wedge of 253 MA.

Apart from the great differences in thermal distribution it should be noticed that the maximum
temperature in the mould surface is not situated in the steel meniscus but about 40 mm below
that due to the cooling of the upper part of the mould, which is not in contact with the steel.
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2.3 Modelling and calculation of the soft cooled wedge

Although the chosen material had sufficient properties to withstand the high surface
temperatures, there was a fear that laminations would appear in the binding between the
copper and wedge due to strong thermal tensions. Therefore calculations were made with the
soft ware DEFORM to investigate this issue which gave the following results in short:

The tensions in the region close to the copper mould are small.

A small plastic deformation could be expected in the surface.

The surface deformation is smaller for 253 MA compared to APM.

The surface deformation is reduced with increasing wedge thickness.

3. Results from experimental work at SSAB EMEA in
Oxel6sund

Based on the preparatory design and modelling work the first experiment was chosen to be on
a narrow side mould at SSAB EMEA in Oxel6ésund [ref. 7]. As suggested the steel wedge
should be 8.5 mm in thickness at its thickest part consisting of 253 MA where the other
dimensions are shown in Figure 26. The welding should be done by the maintenance
department in Oxelésund which had equipment and a long time experience of copper welding.
The trial was made with instrumented moulds both of the soft cooled mould and the other
narrow side mould which acted as reference mould. As a total 12 thermocouples [T.C.] were
installed on each mould which is shown in Figure 8.

(‘ &
& o
Figure 8. Photo of mould instrumentation for the experiments at SSAB EMEA in Oxelésund.

The experiment had two goals:
e Long time trial making it possible to study the effect on the stainless steel wedge.
Make a detailed investigation of the process performance of the first four heats which

were cast with four different steel grades with varying degree of peritectic
transformation.
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3.1 Results from long time trials

After the first four heats starting in November 2007, that was thoroughly investigated with
data logging of the T.C:s, the mould was used in normal operation without particular
investigations. The surface of the soft cooled layer became more and more rough but was still
OK for normal service. After 46 heats corresponding to 9200 tons of steel and 53 hours of
casting time, the soft cooled mould was taken out of operation and sent to Swerea KIMAB for
investigation. The results from this investigation are described in chapter 5.

3.2 Results from process evaluation of the first four heats

3.2.1 Steel composition
The steel compositions of the four heats that were followed-up in detail are shown in Table 3.

Table 3. Chemical composition of the test heats, wt-%.

Charge | Grade | C Si | Mn P S Cr \Y Ti | Al Nb B

46173 | 744 013 ].49|124 |.011 |.002 | 0.63 |.010 |.017 |.045 |.018 |.001

46174 | 538 0.16 | .23]1.40 |.013 |.001 |0.23 | .019 |.004 |.059 | .015 |.001

46175 | 526 0.17].21|141 |.010 |.001 | 0.25 |.019 |.003 |.056 |.016 |.001

46176 | 530 0.18 1.2011.38 |.012 |.001 | 0.24 | .008 | .005 |.060 |.013 |.002

The carbon equivalent and calculation of Ferrite Potential according to Wolf [ref. 8] is shown
in Table 4.

Table 4. Calculated carbon equivalent and FP.

Charge Cp FP

46173 0.084 1.040
46174 0.134 0.915
46175 0.148 0.881
46176 0.154 0.864

The rate of peritectic transformation is at its maximum for FP = 1 which is almost the case for
heat no 46173 from where an IDS-analysis is shown in Figure 9. From this analysis it appears
that the peritectic reaction takes place over a very narrow temperature range (1475 °C to
1446.5 °C).

Ewvents 5 ohdification Austenite decompos. Interdendritic composition
T C) Run file 1550 900 nom. |quId1u?]i|']||E|E
[ 250 | [0X744.RUN | @l ] 0634 1.09 0793
) T T Ni | | 0.044 0.068 D0.054
1600 | [T(*C) [Event = e e Mn R | 1.240 2744 1634
15135 LIO_fer m m Mo [I ] 0.017 0.048 0.019
T 1483.2 zst i 2 2 Si NN | 0493 0926 0.548
e 14750 aus+ T T Nb [N | 0.018 0.459 0.030
m . a a Ti[E___ 1007 0173 0025
p 14681 TN t t v ] 0.010 0.020 0.011
e || [1447.2 SOL fer u u Al | 0.045 0.029 0.039
. 14465 s0L . . P I ] o011 o101 o.om
t 1336.0 s50 c I 10128 0424 0128
u 1350.0 MnS (*C) (*C) N [ ] 0.003 0.003 0.003
i 1300.0 BN E I 0001 0.140 0.00
€ 1110.0 NbC 1300 25 S I ] 0002 0.076 0.002
ro 1075.0 TiC 1 Liquid 00%  EEAustenie 00
1070.0 AIN I U'elta termte 0.0% I Froeut. ferite 8.5%
Bl & ustenite 100.0% Bl Hroeut. cem. 003
1010.0 NbN Bl Peallite 91.5%
25 10000 endd [ Biainite D.D:/o
1 [ Martenzite 0.0

Figure 9. Result from IDS-calculation of steel from heat no. 46173.
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3.2.2 Mould slag composition

Important physical data for the mould powder is shown in Table 5 from a calculation of
mould slag composition based on information from the manufacturer. From the composition
theoretical calculations have been made to achieve information regarding the properties of the
mould slags where the calculation of NBO/T (Non Bridging Oxygen/Tetraeder) is made with
a formula from a book written by Ken Mills [ref. 9]. Cuspidine is the most common crystal
type for these slag systems and the theoretical calculation is a pure stoichiometric calculation
for the bonding of cuspidine with the formula 3Ca0O-2SiO,-CaF,.

Table 5. Important physical data for mould slag collected from the mould.

Basicity (CaO/SiOy) 1.03
Basicity( (CaO+MgO/SiO,+Al,05) 0.90
NBO/T 1.61
Theoretical cuspidine content, % 58

The measurement of viscosity and break temperature based on the viscosity measurement was
made in Oxel6sund with the result shown in Table 6.

Table 6. Measured viscosity and break temperature.

Viscosityi3po -c , Poise 3.5
Break temperature, °C 1220
Conclusions:

e The basicity is at a medium rate, calculated from the mould powder which it is 1.03.
¢ Due to a high amount of fluorine the theoretical cuspidine content is high, 58 %,

which means that the crystallinity of the slag will be high, which also is seen from the
measured break temperature.

3.2.3 Summary from temperature measurements
In Figure 10 the mean temperatures are shown from heat no. 46173.

Mean temperature in mould 10 mm from the surface - high steel level
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160 A\

K » -=Softcooledmould ||
150 X
140 \
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— |

80

70

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
Distance from upper side of mould, mm

Figure 10. Mean temperature for heat 46173.
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Conclusions:
e The temperature is lower at the position of the stainless steel wedge because of the
heat barrier.

e At the position directly below the wedge the temperature will become about 10
degrees higher for the soft cooled mould because of the thinner and hotter steel shell.

¢ Further down the mould this temperature difference will be levelled out and at the end
of the mould the temperature is even lower probably because of better contact between
mould and shell.

It stands clear that the reduction in shell thickness in the upper part of the mould will be
levelled out further down the mould which is also shown in Figure 11, which shows the heat
flux 345 mm from steel meniscus calculated from measurements of two thermocouples 10 and
20 mm from the surface.

Heat flux 345 mm from meniscus

1400
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1300 A = Softcooled mould ||
1200 - |
£
=< 1100
2
X
E 1000 \
£ 900
800 V 'Vl T
700 f
V ' u
600 T T

500 800 1100140017002000 230026002900 3200 3500380041004400470050005300
Time, seconds

Figure 11. Heat flux 345 mm from meniscus for heat 46173.
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3.3.3 Calculations of the wedge influence on the local heat flux

Based on the mean temperatures exemplified in Figure 10 calculations were made with
COMSOL Multiphysics which is exemplified in Figure 12.

46173 utan kil: Simulerade och matta temperaturer
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Figure 12. Measured and calculated temperatures for heat 46173.

Based on the calculation in Figure 12 it was possible to calculate the heat flux for the soft
cooled reference mould and evaluate the influence of the wedge on the local heat flux in the
wedge region which is presented in Table 7.

Table 7. Local heat flux with soft cooled mould and reference mould.

Heat no. Reference mould Soft cooled mould Reduction of heat
(10° -W /m?) (10° -W /m?) flux (%)

46173 1.62 1.45 10

46174 1.61 1.35 16

46175 1.64 1.38 16

46176 1.62 1.39 14

From the design work in chapter 2 a reduction of the heat flux of about 20 % was calculated.
The reason for the measured lower values in Table 7 is the fact that the stainless steel wedge
only got a thickness of 6-7 mm which is shown in Chapter 5.

3.3.4 Summary from measurements of oscillation mark depth

To be able to measure the oscillation mark depth a 2 meter long slab was taken out from each
heat and cut in a longitudinal section close to the narrow sides. By this it was possible to
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measure the oscillation mark depth with Swerea KIMAB’s laser based equipment shown in
Figure 13.
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Figure 13. Swerea KIMAB’s equipment for measurement of oscillation
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mark dpth.

From the measurements an evaluation of relative oscillation mark depth can be made which is
exemplified in Figure 14.
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Figure 14. Surface profile with marked oscillation marks.

The results from the measurements are shown in Figures 15 and 16.

18



0,7

0,6

0,5

0,4

0,3

OSM-depth, mm

0,2

0,1

0

46173

46174

46175

46176

® Mjukkyld kokill

0,5

0,4

0,37

0,34

M Referens

0,59

0,42

0,35

0,37

Figure 15. Results from measurements of oscillation mark depth.
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Figure 16. Standard deviation from measurements of oscillation mark depth.

Conclusions:

e Oscillation mark depth is largest for the steel grade with the lowest carbon equivalent
and strongest peritectic reaction which also is reported in the literature [Ref. 10]
according to Figure 17. The positive effect of the soft cooled mould is also largest for

this steel grade both regarding depth and standard deviation.

o For the other heats with a higher carbon equivalent only small differences can be seen,
for heat 46175 and 46176 the standard deviation is even smaller for the reference

mould.

19




—
[

| | | |
malc strip = 40% [
mold stroke 10 mm ___L|
casting speed S00mmanem
powger casting i

o)
@®

marks in mm
O
e~
|

Depth of oscillation

0 02 04 06 08 10
Carbon content in %

Figure 17. Oscillation mark depth as a function of carbon content [ref. 10]

4. Results from experimental work at Sandvik Materials
Technology (SMT)

For broad side tests the continuous caster at Sandvik Materials Technology was chosen. When
the trial was planned it stood clear that the experimental activities at SMT could not be done
without the investments in a new mould. This fact in connection with the disturbance in the
steel production due to the financial crisis 2009, delayed the experiments with about one year
compared to the original planning. Thus the experiments were made very close to the end of
the project. Therefore it was not enough time for a separate report as for the experiments in
Oxel6sund. That is why this final report includes such a large part from the experiments at
SMT.

The continuous caster in Sandviken is a three strand bloom machine with the format
365*265mm. The machine is curved which complicates the evaluation of the experiments
with soft cooling. Therefore it was decided to make the trials at SMT in two stages:
e The first with an instrumented mould without soft cooling moulds as reference in
order to map the difference in mould temperatures between the fixed and loose side.
e The second stage should be made with instrumented moulds where the loose side was
equipped with a soft cooling mould.

To be able to get as much information as possible from the experiments it was decided that
they should be done with two different steel grades, one low alloyed steel and one stainless
steel. These steels are cast with two very different mould powders. It also gave an opportunity
to evaluate the influence on soft cooling together with a high basicity slag with strong
tendency to crystallisation and a low basicity, glassy, mould powder. Important data regarding
the mould powders for the trials according to the data sheet from the manufacturer are shown
in Table 8.

Table 8. Important data regarding the mould powders for the experiments.

Used for steel grade Stainless steel Carbon steel
Ciree, Wt-% 4,1 17,2
Basicity (CaO/SiO,) 1,4 0,9
Viscosityi3g °c, Poise 0,8 13,4
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Set point chemical compositions of the two alloys are shown in Table 9.

Table 9. Chemical composition of steel grades for the experiment.

C Mn | Si Cr Ni Mo N Al

Carbon steel 0,20 ]0,65|0,25| 1,30 | 2,90 | 0,22 | 0,010 | 0,025

Stainless steel 1,70 0,40 | 16,80 | 11,20 | 2,05 | 0,070

The carbon equivalent for the carbon steel is Cp = 0.41 which means that the steel will
solidify in a fully austenitic way. The Ni/Cr-equivalent for the stainless steel is Ni’/Cr’ = 0.63
which is an unstable alloy region. This means that the alloy will solidify with simultaneous
growth of 6-Fe and y-Fe.

These steel grades are not to be considered as crack sensitive and no surface cracks could be
detected neither on the blooms cast in the strand with the soft cooled mould nor from the other
strands.

4.1 Mould instrumentation

With experience gained from the experiments with instrumented mould at SSAB EMEA in
Oxeldsund a new plan for the instrumentation was made for the trials at SMT. The location of
the thermo couples (T.C.) was selected primarily for a possibility to make a good evaluation
with the modelling aids that was developed in the beginning of the work [ref. 6] and further
developed within the frame of the VINNOVA steel research programme [ref. 11]. An
example of the T.C. locations for the fixed side is shown Figure 18 with the following
explanations:

F1,112,5, 100, 10: Fixed side = the side placed on the fundament.
F1,112,5, 100, 10: T.C. number.

F1,112,5, 100, 10: Distance from the corner

F1,112,5, 100, 10: Distance from the mould surface

As a total 18 T.C. were mounted in each of the fixed and the loose side mould where a
summary of thermocouple locations is given in Table 10. As a total temperatures from 36
T.C:s were sampled during the trials. Because of the 8,5 mm thick wedge the installation of
the upper part for the soft cooling mould had to be installed 15 mm from the mould surface
according to Table 11.

Table 10. Summary of T.C. installation of the fixed side.

Location Number | Explanation

112,5 mm from the corner and 10 mm from the mould surface 11 F1-F11
112,5 mm from the corner and 20 mm from the mould surface 2 F12, F13
72,8 mm from the corner and 10 mm from the mould surface 5 F14 - F18

Table 11. Summary of T.C. installation of the soft cooled mould.

Location Number | Explanation
112,5 mm from the corner and 15 mm from the mould surface 7 K1 - K7
112,5 mm from the corner and 10 mm from the mould surface 4 K8 - K11
112,5 mm from the corner and 20 mm from the mould surface 2 K12, K13
72,8 mm from the corner and 15 mm from the mould surface 5 K14 - K16
72,8 mm from the corner and 10 mm from the mould surface 2 K17 - K18

21



! ( F12,112.7, 75, 20)
| (F1, 112.6, 80, 10) J_—
| (F2, 112.5, 100, 10) - (F14. 72.8. 100. 10)
> ‘—

v (F3, 112.5, 120, 10) -

F15
v (F4, 112.5, 140, 10) qJo }
il (F5, 112.4, 160, 10) -
il (F6, 112.4, 180, 10) -

F16
v (F7, 112.4, 200, 10) Jgo |
il (F8, 112.3, 250, 10) -

F17
| (F9, 112.2, 300, 10) do b
v (F10,112.0, 400, 10) -

( F13, 111.5, 600, 20)
/ F18
v (F11, 111.7, 600, 10) o !
>t <

| 700

Figure 18. Location of T.C.:s for the fixed side.
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It must be emphasised that the different location of the T.C. in the upper part of the fixed and
soft cooled moulds made a direct comparison from the measurements impossible and detailed
analysis is dependent of qualified modelling. With this it will become possible to get full
information of temperature distribution in the mould and most important the heat flux at
different positions.

The preparation of the T.C. installation with drilling of holes and other additional work was
done at the work shop of Swerea KIMAB. The mantle T.C.:s of type K were installed by
Christer Eggertsson on the mould workshop in Sandviken. Before the moulds were sent from
Swerea KIMAB the distance of the T.C. holes from the copper surface were investigated with
ultra sound technique in order to get the exact distance. This is necessary in order to increase
the quality of the modelling work. The actual distances of the T.C.’s for the fixed and loose
mould for the reference experiments are shown in Table 12.

Table 12. Exact location of TC holes.
F1 [8,71] L1 | 8,86
F2 [8,81] L2 | 8,51
F3 [ 8,79 ]| L3 | 8,35
F4 | 9,02 L4 | 8,67
F5 8,8 L5 | 8,98
F6 | 9,05| L6 | 8,77
F7 | 8,72 | L7 | 9,17
F8 8,6 L8 | 9,13
F9 [ 9,18 | L9 | 9,06

F10 | 8,86 | L10 | 8,6

F11 | 8,54 | L11 | 9,02

F12 [18,05| L12 | 18,1

F13 [18,14]| L13 | 18,3

F14 | 8,85 | L14 | 8,73

Fi15 | 8,7 | L15 | 8,67

Fi16 | 8,62 | L16 | 8,8

F17 | 8,89 | L17 | 8,47

F18 | 9,14 | L18 | 8,97

Two pictures from the T.C. installation are shown in Figures 18 and 19.

Figure 18. Installation of mantle T.C’s in the soft cooled mould.
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Figure 19. Soft cooled mould mantled with 18 T.C’s.
4.2 Results from reference trials at Sandvik Materials Technology
The reference trials were carried out at two occasions:

e 2009-09-21. Totally 8 heats were followed up and recorded from the carbon steel
grade, three single heats (523114, 523115 and 523116), one sequence with two heats
(523122-523123) and one sequence with three heats (523119-523121).

e 2009-09-25. Totally 4 heats were followed up and recorded from the stainless steel
grade, two sequences with two heats (523172-523173 and 523174-523175).

Some figures from the reference trials are shown in Figures 20-22.

Figure 20. Instrumented mould with T.C. cables.
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Figure 22. Data Ioggi}hg by Karin Hansson Antonsson (SMT) and Christer Eggertsson (KIMAB).

In Figure 6 the new equipment for data logging is shown which was purchased especially for
the project by Swerea KIMAB which enables 40 signals (as T.C.) to be collected
simultaneously at a frequency of 1 per second which was used in the experiments.

The results from these experiments were also used as validation for the project aiming at
developing models for shell formation [ref. 11] which were evaluated by UIf Sjdstrom at
Swerea MEFOS. In Figure 23 the mean value for the temperature measurements for T.C. F1-
F11 is shown. The following conclusions can be drawn from this figure:

o Very small variations for the two sequences of stainless steel.

e Larger variations for the carbon steel probably due to larger differences of steel
temperature according to Table 13.
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o Very large difference between carbon steel and stainless steel of the following
reasons:

- Higher steel temperature for the carbon steel.

- Less heat flux through the mould slag for the stainless steel due to higher
crystallisation rate which means thicker slag and less heat loss by radiation.

- Lower thermal conductivity in stainless steel compared to carbon steel.

SMT 2009. Fixed side.
300
—— 523114
—h— 52311821
250 - 52312223 |
5221723
571 T4
& ' ='7_~'::;;_-_-._.____
= | ——— = — —
E _"‘..,‘_“--_ _I_ — = — —.
E —u
2
:I T T T T
0.0 0,1 0.2 0.3 0.4 0.5 0.6 a.7
Distance from mould top (m)
Figure 23. Mean temperatures in fixed mould for the investigated heats.
Table 13. Mean tundish temperatures for the test heats.
Heat number Steel grade Temperature, °C
523114 Carbon steel 1531
523119 - 5231121 “ « 1543
523122 - 5231123 “ « 1546
523172 - 523173 Stainless steel 1475
523174 - 523175 Stainless steel 1472

In Figures 24 and 25 a comparison is made between the mould temperatures in the fixed and
loose side of the CC machine for one sequence of stainless steel and one sequence of carbon
steel with the following conclusions:

e For the carbon steel there were no differences in the upper part of the mould. From
140 mm down to 400 mm there is an obvious higher temperature of the loose side. At
the bottom of the mould, 600 mm from the upper side, this temperature difference has
disappeared.

e For the stainless steel there were no differences down to 200 mm from the upper
surface. From that position there is also an obvious higher temperature of the loose
side which is levelled out at the bottom of the mould.
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Figure 24. Mould temperatures for the carbon steel, fixed and loose side.

SMT 2009. Charge 523174-75, high level.
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Figure 25. Mould temperatures for the stainless steel, fixed and loose side.

A summary of the reference trials is that there is a consequent temperature difference between
the fixed and the loose side in the middle area of the mould. This must be accounted for when
it comes to the evaluation of tests with soft cooling.
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4.3 Results from trials with soft cooling at SMT

4.3.1 Mould preparation

For the trials with soft cooling at SMT the same instrumented mould for the fixed side was
used as a reference mould. The mould for soft cooling was first milled for the soft cooled
wedge and then sent to SSAB EMEA in Oxeldsund, where the welding was made in the same
way as for the soft cooled mould which was tested in Oxelésund, which is 2 mm of welding
with TIG and thereafter welding with pin electrodes. Due to reasons described in chapter 5 the
soft cooled material this time consisted of nickel. The dimensions of the soft cooled wedge,
which was located starting 80 mm from the upper side of the mould, are shown in Figure 26.
In Figures 27-29 some photographs from the preparation of the mould are shown.
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Figure 26. Dimensions of the nickel wedge for soft cooling.
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Figure 28. Bottom steel plate needed to avoid deformation of the copper mould during welding.
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Figure 29. Mould after welding supervised by Leif Eklund from the maintenance department at SSAB
EMEA in Oxel6ésund.

The trials were also in this case made at two occasions:
e The trials of the carbon steel were made 10-11" of April 2010 on three single heats,
525146, 525147 and 525148.
e The trials of the stainless steel were made the 28" of April 2010 on three single heats,
525285, 525286 and 525287.

The CC-machine at SMT is a three strand bloom machine where the soft cooled mould in
all trials was situated on the loose side in strand no. 3.

All heats were made without complications and the data logging worked perfectly with
access to all T.C’s.

The following variables were followed up from the experiments:

From the CC-process logging system:
e Tundish temperature
e Casting speed
e Cooling effect in the mould
o Steel level

From Swerea KIMAB’s data logging
18 temperatures from each broad side mould.

From manual sampling
e Mould powder- and slag depth.
e Slag sampling from the mould.

From the slabs
From each heat one slab was put aside for later measurement of the surface topography
regarding oscillation mark depth with the aid of Swerea KIMAB’s laser equipment.
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From heat 525146 (carbon steel) and heat 525286 (stainless steel) a slice was taken out for
metallographic examination.

4.3.2 Process data
The average tundish temperatures and casting speeds are shown in Table 14.

Table 14. Average tundish temperatures.

Heat no. Steel grade Casting speed, m/min | Temperature, °C
525146 Carbon steel 0.76 1533
525147 “ 0.78 1537
525148 “ 0.74 1540
525285 Stainless steel 0.78 1475
525286 « 0.78 1472
525287 “ 0.83 1473

The casting speed could however show some variations which is exemplified in Figure 30.
The steel level is also deliberately varied to spread the chemical attack on the sub emerged
nozzle (SEN) which is exemplified in Figure 31. For a correct modelling it was therefore very
important to select stable periods both in regards of casting speed and steel level.

Casting speed - Heat 525285
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Figure 30. Casting speed for heat no. 525285.
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Steel level - heat no. 525285
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Figure 31. Steel level for heat no. 525285

The heat flux from the mould is calculated with data as: Temperature difference between
incoming and outgoing water, water flow and mould area that is in contact with the steel
based on information shown in Figure 31. The heat flux differs a lot for the stainless steel and
the carbon steel which previously have been shown for the reference trials. In Figure 32 heat
no. 5252145 from the carbon steel is shown.

Heat flux from mould - Heat 525146
1500

1450

1400 A ‘v‘-‘-v‘=r’M"v‘w‘vA"v“ “
1350 ﬁ/’

1300 \-

1250 IJ \

1200

1150

kW/m’

1100

1050

1000

950

900

850

800 f f f f f f f f f I
12:15:00 12:21:40 12:28:20 12:35:00 12:41:40 12:48:20 12:55:00 13:01:40 13:08:20 13:15:00

Figure 32. Heat flux from mould in heat no. 525146.

At start the mould is cool so it takes about 10 minutes until the heat flux show correct values.
During the period with constant casting speed the heat flux is rather stable at a high level.
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In Figure 33 the heat flux from the stainless steel heat 525287 is shown.

Heat flux from mould - Heat 525287
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Figure 33. Heat flux from mould in heat no. 52587.

The curve is typical for a casting with a mould flux with high crystallisation rate. The casting
is started with a starting powder with a low basicity which results in a relative high heat flux.
When the standard powder comes into operation it gradually develops a thicker, more
insulating layer of mould slag between mould and strand. This layer will also more effectively
absorb the irradiative heat flux in the upper part of the mould. The large difference in heat
flux between the carbon and stainless steel is partly dependent upon the difference in
crystallisation rate of the mould slag but other variables are difference in steel temperature of
about 60 degrees and the lower conductivity of the stainless steel.

4.3.3 Slag composition and slag rim

During the experimental castings slag samples were taken out from the mould which were
analysed at the laboratory in Sandviken. From the composition theoretical calculations have
been made to achieve information regarding the properties of the mould slags which is shown
in Table 15. The viscosity is calculated with the Ribaud formula [ref. 12] and the NBO/T
(Non Bridging Oxygen/Tetraeder) from Ken Mills [ref. 9]. Cuspidine is the most common
crystal type for these slag systems and the theoretical calculation is a pure stoichiometric
calculation for the bonding of cuspidine with the formula 3Ca0-2SiO,-CaF..

Table 15. Important physical data for mould slag collected from the mould.

Mould powder For carbon steel For stainless steel
Basicity (Cao/SiO,) 0.97 1.29
Basicity( (CaO+MgO/SiO,+Al,03) 0.69 1.00
NBO/T 1.19 2.22
Theoretical cuspidine content, % 29 47
Viscosity nisoo, Poise 17.5 1.7
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Conclusions:

e The mould slag from casting of the carbon steel has a high viscosity and low tendency
for crystallisation which can be seen both from the low NBO/T number and theoretical
cuspidine content. A fully amorphous mould slag film between mould and steel shell
is to be expected.

e The mould slag from the casting of the stainless steel has a low viscosity and a high
tendency for crystallisation which is seen from the high NBO/T and also theoretical
cuspidine content which however is limited by a rather low level of fluorine. A fully
or partly crystalline mould slag film is to be expected.

At the end of casting, when the strand was going out of the mould, it was possible to get
samples from the slag rim and some slag layer beneath the rim. Normally this is impossible
for the mould slag for the carbon steel because it has a very thin slag rim and amorphous slag
film. Thanks to a rough surface of the soft cooled mould it was stuck to the surface making
this unique sampling possible.

Some pictures from slag rim and slag films from the soft cooled side are shown in Figures 34-
43.

Stainless steel, heat no. 525287

Figure 34. Slag rim.
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just below the slag rim.

Figure 36. Cross section from a slag film
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Figure 38. Surface aaist steel shell for slag film in Figure 36.
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Conclusions:

e Thick fully crystallised slag rim in the upper part
e Downwards the mould a slag film of about 0.5 mm is seen which is crystallised to
about 60 % from the mould side.

e Further down the mould the slag film become thinner, about 0.4 mm and more
crystallised (about 80 %).

It must be noticed that the thicknesses of the investigated slag films are thicker than in normal

operation due to reduction of casting speed in connection to the finish of casting and cladding
of the slag film from the top slag coming down with mould.
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Carbon steel, heat no. 525146

Figure 41. Cross section of slag film just below the slag rim.
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Figure 43. Cross section of a film further downthe mould.
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Conclusions:
e A small slag rim is formed which is partly crystallised in the upper part.
e Downwards the mould a slag film of about 0.3 mm is seen which is fully glassy
(amorphous).
o Further down the mould the slag film has about the same thickness and does not
crystallise.

4.3.4 Temperatures in the mould

The basic ambition when evaluating the temperature measurements from the T.C’s was to
give input data for the modelling work where temperature distributions and most interesting
heat flux can be evaluated. In designing the experiment the depth of the soft cooling layer was
decided to be 8.5 mm which would decrease the heat flux with 20 %. This has to be proved by
evaluation with the shell formation model developed in the platform COMSOL Multiphysics.

For that reason the mean temperatures for a period of 6 minutes have been calculated at stable
periods 15 minutes after start of casting where the steel level is highest and most stable
according to Figure 31. Because changes in heat flux was obvious during the casting for the
stainless steel (see Figure 33) mean values for a 6 minute period were also calculated for the
also stable period 30 minutes after start of casting.

In addition to the mean values there is a lot of information that could be drawn from the
temperature measurements where it must be emphasised that the installation of thermocouples
and data acquisition were perfect thanks to an excellent work done by Christer Eggertsson
from Swerea KIMAB and Kurt Svahn from Sandvik Materials Technology. In Figure 44 the
temperatures from the highest situated T.C’s are shown for the carbon steel heat no. 525146.

Mould temperatures for heat 525146 - carbon steel

240 = Fixed-80

=== Fixed-100

=== Fixed-120

=== Fixed-140

Soft cooled-80
Soft cooled-100

Soft cooled-120

Soft cooled-140

.

0 1 1 1 1 1 1 1 1 1
1 301 601 901 1201 1501 1801 2101 2401 2701

Figure 44. Mould temperatures in the upper part of the mould for carbon steel heat 525146.
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Conclusions:

The steel level varies from 90 to 82 mm from the upper surface. These variations are
clearly seen in T.C. 80 (placed above the steel surface) and T.C. 100.

At lower positions, T.C. 120 and 140 the mould temperatures are no longer influenced
by the steel level. The temperature level is very stable until changes emerge in casting
speed.

There is an obvious difference in mould temperatures between the fixed- and soft
cooled mould but it must be noticed that the T.C:s in the soft cooled mould are
situated 5 mm deeper from the surface compared to the fixed mould.

In Figure 45 the corresponding graph is shown from the stainless steel heat no 525287.
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Figure 45. Mould temperatures in the upper part for stainless steel heat 525287.

Comments:

About the same pattern as for the carbon steel but at much lower temperatures.

A large difference is that the soft cooled mould in the 140 mm position show
decreasing temperatures all through the casting which is not the case for the fixed
mould. This could be a consequence of the continuous development of a thick layer of
mould slag on the soft cooled mould.

The appearance of temperature at the 140 mm level for the soft cooled mould could
also be found on heat no. 525286 but not on heat no. 525285.

The temperatures at the lower part of the mould for the carbon steel, heat 525146 are shown
in Figure 46.
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Figure 46. Mould temperatures in the middle and lower part of the mould for carbon steel 525146.

Conclusions:

e The nickel wedge goes from 80 mm down to 200 mm in the mould and from position
250 mm the T.C’s are placed on the same distance from the surface (10 mm) for both
mould which make them comparable.

e Itis obvious that the steel surface comes down from the wedge position hotter than in
the fixed mould. There is a temperature difference of about 20 °C. Part of this can be
attributed to the normal difference between loose and fixed side according to the
measurements from the reference trial but about 10 °C is because of the soft cooling.

e Down to 400 mm the temperature curves have the same pattern but at gradually lower
temperatures. This means that the steel shell is formed with good mould contact.

e The temperature at 600 mm has a different appearance as a consequence of less
contact with the mould.

The corresponding figure for the stainless steel 525287 is shown in Figure 47.
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Mould temperatures for heat 525287 - stainless steel
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Figure 47. Mould temperatures in middle and lower part of the mould for stainless steel 525287.

Conclusions:
e Much lower temperatures and variations compared to the carbon steel.
e Strongly falling temperatures with time as a consequence of gradually growing mould
slag film.
e The same temperature profile down to 300 mm. From 400 mm it seems that the steel
shell has lost contact and shows strong variations (rebound effect).

In the 600 mm position two thermo couples were mounted, one 10 mm from the surface and
the other 20 mm. From the modelling work it has been found that the isotherms at this
position are perfectly parallel which makes it possible to calculate the heat fluxes at this
position, which are shown for all experimental heats in Figures 48-53.

Conclusions for the carbon steel:
e At the start of the casting there is an obvious much higher heat flux in the soft cooled
side which changes with the casting time and become more equalized.
e At the end of casting the heat flux could be higher for the fixed side.

Conclusions for the stainless steel:
e Same tendencies as for the carbon steel but much lower level of heat flux.
e Asac