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Abstract 

This MSc. project has been carried out to evaluate the evolution temperatures in the mold 

and resulting shell shrinkage during continuous casting of LDX 2101 duplex stainless steel.  

This included the analysis of thermocouple measurements to produce thermal maps for a 

number of casting sequences as well as calculation of the shrinkage and air gap evolution for 

a specific case based on modelling performed by SWERIM AB. Furthermore, the thermal 

expansion coefficient of the steel was determined by means of dilatometer experiments 

while the phase fraction evolution was assessed through thermodynamic software (Thermo-

calc and IDS). Lastly, samples collected from a slab were metallographically inspected at 

micro and macro scale, to observe the transition between the columnar and equiaxed grain 

zones, which allows to measure the length of the shell thickness at the mold exit. In this case, 

calculations in IDS provided a closer result to the metallographic methods with 63% 

austenite and 37% delta ferrite. 

The thermal analysis shows that the heat flux in the narrow faces is in the same range, but it 

differs significantly compared to the wide faces. This is likely due to the force generated 

during the bending of the slab after leaving the mold and the hot spots patterns that are 

associated with the jet flow from the SEN. This thermal profile makes possible to calculate 

the shrinkage and air gap resistance using a 2D approach. Separately, the macro/micro 

structural analysis revealed that the shell thickness in the wide face is perceptibly larger than 

the narrow faces and also discovered additional thinning close to the corner region in the 

wide face. The length of the columnar zone in the macro-etchings was compared to the 

simulated shell thickness which point to a delay in solidification in the corner of the slab 

possibly linked to the metal flow pattern inside the mold and to a lower heat transfer at this 

position.  
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1. Overview and objectives 

The removal of surface defects in continuously cast semis by flame scarfing or grinding 

causes a loss of yield, lower productivity and considerable environmental impact; therefore, 

a product free of surface defects is excellent for sustainable… operation of the Continuous 

Casting (CC) process. The present master’s project is connected to the EU-RFCS SUPPORT-

CAST multinational project which aims to find optimal casting parameters in order to 

improve surface quality in CC through a better process control based on online monitoring 

with innovative sensors and advanced numerical models. The MSc. work is focused on the 

processing of plant measurements and correlation with actual defects generated during 

production of duplex stainless steel in a steel plant located in South Sweden (OUTOKUMPU 

Avesta). Thus, the overall aims of the work are: 

• To determine the mold temperature distribution and heat exchange patterns in the 

industrial plant in order to correlate them to possible defects in the as-cast product. 

• To predict the shrinkage and air gap resistance using mathematical models to improve 

the taper settings in the caster. 

• To characterize the solidification behavior of the material and properties required to 

calculate shrinkage.  

• To measure the shell thickness at the mold exit and characterize the solidification by 

means of macro/micros-structure observations.  

A holistic approach has been chosen to achieve the aims above, including:  

1. Processing of data supplied by Outokumpu to assess the heat transfer in the mold. 

2. Experimental work to measure the thermal expansion coefficient. 

3. Predictions of phase transformations by thermodynamic simulations. 

4. Macro and microstructural characterization of solidified structures. 

5. Shrinkage calculations and heat flux analysis. 
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2. Introduction 

Production of steel can be traced back to the Iron Age, over 3500 years ago. However, it was 

not until the beginning of the 20th century, that stainless steel became a part of the modern 

world when two German researchers patented and made it possible to manufacture the first 

iron, chromium and nickel alloys [1]. In 1930, Avesta Ironworks in Sweden produced duplex 

stainless steel (i.e. microstructure consisting of austenite and ferrite) for the first time. These 

steels have become more attractive each year since their invention due to their wide range 

of mechanical properties and corrosion resistance. In fact, worldwide Stainless Steel (SS) 

production in 2018 was roughly 50 million tons with an annual growth of around 6% for the 

past 40 years which surpasses the production growth of other materials and steel grades [1], 

[2].  

There are four main families of SS: austenitic and ferritic (which cover more than 90% of 

global production) while the remaining include martensitic and duplex steels. Duplex 

Stainless Steel (DSS) suffer from worse weldability in comparison with other conventional 

SS due to their higher tendency to form unwanted intermetallic precipitates (carbides and 

sigma phase). On the other hand, they are twice as resistant to Stress Corrosion Cracking 

(SCC) than normal stainless steels with a higher strength which leads to weight savings[3].  

The manufacturing of stainless-steel billets, blooms and slabs follows this route: 

 

 

The continuous casting process has been the most widespread production method since its 

productivity, yield and product quality is higher than conventional ingot casting [4]. 

Nowadays, about 95% of global steel production is carried out by the continuous casting 

process.   

Figure 1 presents the most common continuous casting machine used nowadays [5]. A ladle 

carries molten metal into the tundish, which can hold enough steel to keep a continuous flow 

Steel making 
(Blast furnace or 

Electric Arc 
Furnace) 

Refining 

(AOD, VOD) 
Continuous 

Casting 
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of metal into the mold. Additionally, the tundish helps with flotation to remove inclusions 

from the slag; thereby, improving the cleanliness of the steel [6].  

 

Figure 1: Curved continuous caster [5]. 

The steel flows from the tundish to the mold through the Submerged Entry Nozzle (SEN). 

Here, the liquid metal gets in contact with the water-cooled copper mold walls forming a 

“shell” of solid steel, which is thick enough to resist the pressure from the liquid steel inside. 

Oscillation in the mold is essential to promote lubrication and prevent sticking of the shell to 

the mold walls [7]. However, oscillation creates wavelike shapes on the strand surface, so 

called oscillation marks [8]. The strand is continuously withdrawn from the mold at the same 

casting speed that liquid metal is fed into the mold. This is done continuously through a 

series of rolls so the process runs steadily (i.e. continuous casting) [9]. In the secondary 

cooling zone, heat is extracted from the strand using a combination of water sprays and 

radiation cooling, completing the solidification [7]. 



11 
 

2.1. The primary cooling zone (mold) 

Many of the defects observed in the continuous casting process originates in the mold; thus, 

it is one of the most important parts of the machine [10]. 

Figure 2  summarizes the main phenomena occurring in the mold during continuous casting, 

which are crucial for the final product quality. 

 

Figure 2: Phenomena that govern the continuous casting process [9]. 

Molten steel enters the mold showing a fully-turbulent behavior through the submerged 

entry nozzle, where argon gas is also injected in order to avoid clogging. Gas bubbles are 

generated which directly influence the flow pattern and capture inclusions. Otherwise, they 

might get trapped in the solidifying shell causing surface defects in the product. 

Furthermore, the jet causes thinning when colliding with the shell, which can cause a 

breakout [9]. The argon injection also creates flow recirculation zones, which can be 

combined with the use of electromagnetic forces to either brake or stir locally the molten 

steel [11]. As mentioned above, the continuous heat extraction creates a solidified shell with 
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associated microstructural features such as grain size and columnar growth. Solidification is 

accompanied by phase transformations that promote shell shrinkage, which cause the 

material being cast to lose contact with the mold walls, generating an air gap between them 

and negatively affecting heat transfer [7].  

Casting powder is added for thermal/chemical insulation. After melting, the casting powder 

converts into a slag layer (e.g. liquid slag pool) in contact with the liquid steel which absorbs 

detrimental alumina inclusions that might be dragged into the gap between the shell and 

mold. This slag is not only used to prevent sticking but also to promote a uniform heat 

transfer as the steel solidifies. However, if an excessively thick solid slag layer is formed 

between the mold and shell, heat transfer at the meniscus is inhibited by the formation of a 

thick slag rim. There is an enormous temperature drop between the mold and the solidifying 

steel shell, which represents around 84% of the thermal resistance to heat flow, as shown in 

Figure 3[12] [13] . The mold walls are cooled through a series of water channels carved in 

the back of the 50-60 mm thick plates. Failure in controlling the mold wall temperature can 

lead to overheating and boiling in the cooling channels causing a reduction in heat extraction 

and affecting negatively the slab quality [14]. 

 

Figure 3: Schema of temperature across continuous casting mold and shell [13]. 
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2.2. Solidification in continuous casting 

The solidification structure of a continuously cast slab is usually composed of three zones, as 

shown in Figure 4.  

 

Figure 4: Representation of final solidification structure of continuous casted strands [7]. 

The chill zone establishes the beginning of shell formation. It is formed against the copper 

mold wall as soon as liquid metal enters the mold, due to the elevated thermal gradient. It 

consists of very thin crystals generated in several nucleation sites. The grains in the 

columnar zone grow parallel to the heat flux from the fine chill zone. Finally, the equiaxed 

zone consists of randomly oriented crystals that are either formed from chill zone crystals 

or dendrites in the columnar zone depending on the steel grade and cooling rate in the mold. 

In practice, the steel at the center of the strand remains liquid for a long distance after the 

mold. The final solidification point of the strand is also known as crater end or liquid core. 

The phenomena occurring at this position is similar to the last instants of solidification 

during ingot casting. Thus, the concept of “Mini-ingot” is introduced in Figure 5 as an extreme 

case of what is usually observed in real applications. It consists of basically 4 steps [7]: 

i. Uniform growth of columnar zone; 

ii. Columnar dendrites grow perpendicular to heat extraction; 

iii. Fluctuation of dendrites growth due to thermal gradient associated with flow 

instabilities; 
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iv. Formation of bridges derived from exaggerated and irregular growth of the columnar 

fronts, which cause entrapment of liquid steel and consequently increases central 

segregation. 

…   

Figure 5: "Mini-ingot" formation in CC [15]. 

2.2.1. Segregation fundamentals 

Solidification plays a major role in the steel making process, which mainly occur at 

non-equilibrium conditions. This causes a non-homogeneous microstructure due to 

composition variation of the alloying elements in both small and large length scales known 

as segregation. Segregation is categorized into macro and micro classes based on its scale 

length. Macro-segregation occurs on the grains size  scale or the entire casting length and 

can be detected with the naked eye while micro-segregation refers to a composition 

variation within the columnar or equiaxed dendritic solidification structure. Micro-

segregation is a major problem in CC since it can lead to formation of defects which are major 

quality concern for the steel makers [15]. For instance, internal and subsurface defects are 

recurrent problems during casting which are influenced by micro-segregation. This creates 

a concentration gradient of alloying elements between the liquid and solid phases during 

solidification. Basically, micro-segregation is caused by the redistribution of alloying 
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elements during solidification, as they are generally pushed back into the liquid region. The 

major cause for solute rejection during solidification is described by the difference between 

the thermodynamic equilibrium solubility of alloying elements in the different phases that 

coexist in the mushy region[16]. This process is also accompanied by limited diffusivity in 

the solid state, which inhibits the full rearrangement of atoms to the equilibrium 

composition after the solidification is complete. The latter is due to the short times and lower 

diffusion coefficients occurring during solid state transformations[17]. 

2.3. Surface defects 

Many defects in CC are generated in the mold, more specifically at the meniscus where initial 

solidification occurs. For instance, oscillation marks (OM) are related to mold oscillation that 

is originally intended to avoid sticking of the shell to the mold walls. Ideally, OM are straight 

and regularly spaced; however, flow problems in the mold might cause them to overlap or 

wiggle. 

Figure 6 shows parts where oscillation marks are wider or closely spaced. Thomas, B. (2003) 

[18] points this as an evidence of liquid level variations: wider spacing and deeper marks are 

observed when the level rises, whereas closer/shallower OM are linked to a falling of liquid 

level. Then, it could be said that the defects observed on the as-cast solidified material (i.e. 

post-mortem) still contain information about the meniscus profile and the early shell 

formation [18]. 

 

Figure 6: Variations in OM spacing [19]. 

 



16 
 

Furthermore, deep OM and surface depressions are associated with the reduction of local 

heat transfer and consequently with slower solidification. The shell formed in these 

circumstances is likely to be thinner and might be prone to cracks. For example, shell 

thinning can be observed in the dark bands found underneath a bloom depression 

(Figure  7a). Transverse depressions and transverse cracks can occur if excessive taper is 

applied, which causes binding of the strand in the mold and submits the solidifying shell to 

two opposing forces (a withdraw force pulling it downwards and an extra friction due to 

binding), as seen in Figure 7b. This situation can be compared to a tensile test and the 

decrease in the specimen’s cross-sectional area (‘necking’) when pulled [4]. 

 

Figure 7: (a) Dark bands in the subsurface of a bloom depression and (b) Mechanism for the formation of 
transversal depression and cracks (Longitudinal view of the slab) [19]. 

2.4. Continuous casting of Stainless Steel 

The Fe-Cr-Ni equilibrium diagram is shown in Figure 8(a). As observed, there are several 

types of microstructure to be obtained depending mainly on chromium (ferrite stabilizer) 

and nickel (austenite stabilizer) content. The effect of alloying elements can be studied using 

the Schaeffler diagram in Figure 8(b) [19].  
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    a)      b) 

Figure 8: (a) Fe-Cr-Ni phase diagram and (b) Schaeffler diagram for stainless steel [20]. 

There are four solidification paths for stainless steel, depending on the alloy composition (Cr 

and Ni equivalent) [20]: 

i. L⇒ L + δ ⇒ δ ⇒ γ + δ, 

ii. L⇒L + δ ⇒L + δe + γ + δ ⇒ δe + γ + δ, 

iii. L⇒L + γ ⇒L + δe + γ ⇒ δe + γ, 

iv. L⇒L + γ ⇒ γ 

Where, L stands for liquid, γ austenite, δ primary ferrite and δe eutectic ferrite. In case of the 

ferritic solidification mode (i), a higher ratio of chromium over nickel is observed. As a result, 

the structure presents an amount of δ-ferrite even at room temperature similar to duplex 

stainless steel. In the ferritic-austenite mode (ii), δ-ferrite is the first phase to solidify before 

it enters the δ ⇒ γ region. Similarly, the austenite-ferrite mode (iii) also passes through this 

region; however, austenite is the first phase to form. Lastly, in the solidification mode known 

as austenitic (iv), austenite is formed first and the solidified path remains unchangeable at 

lower temperatures [21]. The different types of Stainless Steel and their usual compositions 

are summarized in Table 1. 
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Table 1: Types of Stainless Steel and typical chemical compositions. 

Types % Chromium %Nickel %Carbon 

Ferritic 11.5 – 27 0 0.2 Max 

Austenitic 16 – 26 7 – 22 0.25 

Martensitic 11.5 – 27 0 – 2.5 0.15 – 1.2 

Duplex 22 – 23 4.5 – 6.5 Very low 

 

These are the fundamentals of solidification in stainless steel since phase transformation is 

connected to a change in lattice parameter; and consequently, contraction/expansion of the 

solidified phase which can create stresses that might lead to crack formation [21]. Heat 

transfer is of great importance in the continuous casting process as explained previously, 

especially in terms of avoiding solidification defects and breakouts. However, uniform heat 

transfer cannot be achieved if there is poor contact between the metal and the mold. Thus, 

the shrinkage of the shell should be taken into account when designing the CC mold. For 

instance, austenitic stainless steels have non-uniform shell growth as well as high roughness 

manifested in the form of transverse depressions. On the other hand, ferrite grades present 

uniform shell growth and smooth surface appearance. The shell growth behavior is very 

dependent on the chemical composition of the alloy and, it is known that austenitic stainless 

steels are especially sensitive to the delta ferrite to austenite transformation at the end of 

solidification [22].  

3. Processing of data supplied by Outokumpu 

3.1. Thermal monitoring in the mold 

Samarasekera and Brimacombe [23] have extensively studied the thermomechanical 

response of molds used in the continuous casting of billets by means of Thermocouples 

embedded in the mold. They have found that the mold temperature distribution is controlled 

by the rate of heat transfer from the cooling systems and the rate of heat conduction from 

the billets to the mold. Plastic deformation in the mold plates is not only due to the geometric 

configuration of the mold itself, but it is also attributed to non-uniform heating of the mold, 



19 
 

which causes local differences in thermal expansion. As a result, the mold bulges towards the 

hottest part near the meniscus (or negative outward taper), creating defects such as 

transversal cracks and depressions. Similar behavior is observed in slab molds; for instance, 

Thomas [24] pointed out that “hot spots” are linked to the off-corner gutters, as well as 

surface and subsurface cracks. In the cases where depression sites are observed, a thinner 

shell is formed due to reduced contact with the mold and lower heat transfer. In addition to 

that, the surface temperature in the depression remains high which might lead to coarsening 

of the microstructure and lowering of local strength. This situation typically generates cracks 

which, in the worst-case scenario, can lead to breakout of the shell [24]. Furthermore, 

stresses and distortion in the mold are connected to the mold temperature distribution, 

which depends on several parameters (i.e. casting speed, mold powder and taper) affecting 

the size of the air gap formed. In order to manufacture a product as free of defects as possible, 

there are many variables to be taken into consideration. In terms of quality, heat transfer 

between the strand and the mold walls is of the utmost importance [22].  

There are mainly six aspects influencing the heat transfer inside the mold[25]: 

1. convection of liquid superheat to the shell surface. 

2. solidification (latent heat evolution in the mushy zone). 

3. conduction through the solid shell. 

4. the size and properties of the interface between the shell and the mold.  

5. conduction through the copper mold. 

6. convection to the mold-cooling water. 

The gap generated by the shrinkage of the solidifying shell reduces the heat transfer 

significantly. It is important that the gap is accurately predicted so an appropriate taper can 

be placed in the mold wall, which will improve the heat conduction across the interface 

mold/shell. The shrinkage also depends on the steel grade being cast; for instance, a larger 

contraction is expected due to the phase transformation from delta-ferrite to austenite for 

low carbon steels [4].  
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3.2. Thermocouple measurements at OUTOKUMPU Avesta 

In the present work, several factors influencing the mold-strand interaction at Outokumpu 

Avesta steelworks have been evaluated such as: temperature of thermocouples in the mold 

walls, friction forces between mold and strand, mold level variation during casting, stopper 

level and mold heat flux profiles. Traditionally, thermocouples have been used to monitor 

temperatures in the mold during continuous casting. These detect temperature fluctuations 

at the upper part of the mold (meniscus) but can suffer from some reliability problems since 

they should be embedded into the mold by drilling holes that might be far away from the 

mold hot face (i.e. mold side facing the steel). At Outokumpu Stainless (Avesta), 

thermocouples are placed in 18 mm deep in the inner/outer bows and narrow faces of the 

mold; their positions are shown in Figure 9.  

 

Figure 9: Thermocouples location in the mold wide face. 

Other data such as: mold friction, mold level, heat flux and stopper position are also recorded 

(into a MEX file) and used to monitor the process and analyze heat transfer in the mold. 20 

heats with approximately 4600 data points were analyzed to determine the trends during 

the sequences. Examples of the output graphs produced are presented in Figure 10 and 11. 
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Figure 10: Temperature profile in the outer bow wide face of the mold. 

 

Figure 11: Mold heat flux versus casting time. 
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The waveform seen in the heat flux chart represented in Figure 11 a consequence of steel 

level, casting powder performance and casting speed variations during the sequence [26].  

Heat flow is one of the most important indicators of casting quality. It is expected to be as 

constant as possible, which means a minimum fluctuation of temperature is desirable during 

the sequence. Additionally, heat transfer in the mold is affected by casting speed, chemical 

composition of steel and slag, cooling water flow rate and superheat which has lower 

influence on heat extraction by the mold. In this MSc. project, an average of the heat flux for 

the mold faces (BFF – Fixed wide face, BFL – Loose wide face, NFR – Right narrow face, NFL 

– Left narrow face) were calculated for each MEX file for a total of 20 sequences.  
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4. Experimental work  

4.1. Strand shrinkage and gap formation 

Solidification begins when superheated liquid cools down to liquidus temperature. A 

decrease in temperature causes thermal contraction associated to density changes. These 

can occur at either one specific or a range of temperatures depending on the steel. 

Additionally, phase transformations (especially the peritectic reaction) may add extra 

contraction to the shrinkage [27].   

Altogether, the thermal shrinkage, phase transformations and creep mechanisms contribute 

to the overall shrinkage of the strand. This causes a lack of contact with the mold when there 

is no liquid slag remaining to lubricate the process or the temperature of the slag is below its 

break point. As a consequence, an air gap is formed between the strand and the mold. This 

air gap is connected to later crack formation and macro segregation in the material. However, 

it is not a simple task to characterize the gap in terms of its magnitude, since it varies in the 

longitudinal and transverse direction, which makes it a complex function that contains 

several variables. Previous work has been carried out to predict the location of the air gap. 

Several of these works use an elastic-viscoplastic thermal-stress approach that uses heat 

conduction, force equilibrium and displacement equations to calculate the shrinkage in the 

casting direction and mold width [28][29][30]. 

The main aim of predicting shrinkage and the air gap development is to select the most 

appropriate taper for the CC mold to provide better contact between the mold and solidifying 

shell, minimizing the gap and improving heat transfer. Tapering is done by adjustments of 

the upper and lower screws of the mold, which changes the slope of the narrow and wide 

faces [28]. It is important to notice that excessive taper can cause intensive mold wear (due 

to larger resistance imposed during withdrawn of strand) and buckling of the wide face shell 

[22], while insufficient taper leads to lower heat transfer between the mold wall and strand, 

generating a thinner shell that can be the ultimate source of a breakout. In both scenarios, 

longitudinal and transversal cracks, deep oscillation marks, non-uniform lubrication and 

other quality related problems can occur [23][29].  
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4.2. Measurement of thermal expansion coefficient 

Temperature fluctuations in a system cause the material to expand or contract. The thermal 

expansion as a function of temperature is an important property to be measured in the 

continuous casting process to calculate the shrinkage and air-gap described in the previous 

section. In this work, a dilatometer trial (Figure 12) was performed to obtain the thermal 

expansion coefficient of the stainless steel LDX 2101 as well as identifying phase 

transformations in the material. The base chemical composition of the LDX 2101 stainless 

steel is shown in  

Table 2.  

Table 2: Chemical composition of LDX 2101 

Steel 
grade 

 Fe %C %Mn %Si %P %S %Cr %Ni %Mo %Al Others 

   
LDX2101 

 
70,2 

 
0,025 

                 
5 

     
0,7 

    
0,025 

  
0,0005 

   
21,5 

     
1,55 

        
0,3 

   
0,018 

Cu: 0,35 

N: 0,22 

 

 

Figure 12: Schematic description of a dilatometer device and sample dimensions. 

In this equipment, NETZSCH DIL 402C, a sensitive gauge records the change in length in the 

material during a specific amount of time. As the temperature increases, the change in length 

undergone by the sample is transferred to the displacement sensor by the connecting rod. 

10 mm 

6 mm 
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Heating/cooling rate were set at 10°C/min, while 1200°C is the maximum temperature 

achieved by this device.  

The sample’s length is an input in the software, which is used to automatically calculate the 

difference in length over the initial length during the experiment. The thermal expansion 

coefficient variation for the LDX 2101 stainless steel is shown in Figure 13. 

 

Figure 13: Dilatometer results showing the thermal expansion coefficient variation. 

4.3. Phase transformation predictions by IDS and Thermocalc 

The thermal expansion coefficient measurement suggests that changes occur internally in 

the material during cooling/heating. These changes can be predicted/simulated by means of 

thermodynamic software such as Thermocalc and IDS.   

Thermocalc is widely used for phase transformation predictions and calculation of phase 

amounts. Under equilibrium conditions, the software assumes that the diffusion occurring 

in the liquid phase is infinitely fast, whereas it is infinitely slow in the solid phase [31]. Each 

phase is represented in the databases by Gibbs energy expressions and equilibrium is given 

by the minimum Gibbs energy, which is evaluated by calculations of phases encountered in 
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the system. In the present work, the phase fractions were estimated in Thermocalc using the 

following alloying elements: Fe-Cr-Mn-Ni-Mo-N-C.  

On the other hand, IDS software’s calculations are based on two main modules: 

i) Solidification from liquidus down to 1000°C uses Gibbs energy calculations as in 

Thermocalc, and ii) The solidification down to room temperature is done differently by 

considering the austenite decomposition. Additionally, all alloying elements in Table 2 are 

used in the IDS simulation compared to only the main elements (Fe-Cr-Mn-Ni-Mo-N-C) in 

Thermocalc. Therefore, the IDS simulation of the thermodynamic behavior of stainless steel 

gives more accurate results in comparison with the simple mathematical model (by Gibbs 

energy) used in equilibrium Thermocalc calculations. It must be noticed that Thermocalc 

also has a simulation approach that considers diffusion (DICTRA) but this was not used due 

to its complexity. Thus, IDS is considered today to be one of the most realistic ways of 

modelling thermodynamics in industrial applications [20]. 

4.4. Macro and microstructural characterization techniques 

The number and fraction of phases in a material can also be estimated using image analysis 

techniques; thus, microstructural characterization of the LDX 2101 steel was performed by 

means of optical microscopy. Furthermore, macrostructural analysis of as-cast slab can also 

be applied to reveal; among other features not recognizable under a normal microscope, 

cracks, segregations, porosity and grain size distribution. In this study, it is of particular 

interest to investigate the columnar structure due to possible association of its length to the 

shell thickness at the mold exit [32]. The slab used for macroetching is shown in Figure 14 

while a diagram showing the area of the slab that was cut for macroetching is presented in 

Figure 15. 

 

Figure 14: Picture of the top of the LDX 2101 slab used for macrostructure analysis. 



27 
 

 

 

Figure 15: Scheme of the area cut for macrostructure analysis. 

As observed in the previous image, 6 samples were obtained after cutting. Initially, the 

specimens were roughly ground in the workshop of the materials department at LTU. 

Subsequently, the samples were manually ground to 220-grit. In order to remove traces of 

oil or grease, the samples were cleaned with ethanol. Marble’s reagent was used as etchant 

with a chemical composition of 50 mL HCl and 25 mL of a saturated solution of CuSO4 in H2O2. 

Such etchant must be carefully prepared in a fume hood, following standard safety 

procedures since the components are highly reactive. Thus, the mixing should be carried out 

gradually. Etching can be done by either submerging the sample or swabbing. Since the 

samples in this work were large, a spatula wrapped in cotton was used to swab the solution 

uniformly. Etching time varied between 30s and 1min. After the structure is revealed, the 

sample was rinsed with running water and then cleaned with ethanol. Microstructural 

characterization was performed on samples ground down on silicon carbide paper to 2500 

grit, then polished down to 3µm and final mirror polished with diamond paste. Subsequently, 

etching with Behara solution (100 mL H2O, 30 mL HCl and 1.5 g K2S2O5) was carried out for 

metallographic observations under an Optical Microscope Nikon Eclipse MA200. Finally, the 

phase fractions in the microstructure was calculated by estimating the area occupied by 

them using the open software Image J. 
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5. Results and discussion 

5.1. Thermal Analysis 

5.1.1. Interpolated temperature maps 

The temperature distribution in the mold is an important tool to connect defects in the slab 

with heat transfer abnormalities inside the mold. There are 45 thermocouples installed in 

each mold wide faces at Outokumpu Avesta as described in Section 3.1. The produced data 

were processed by a series of interpolation/extrapolation in order to obtain a clear 

temperature distribution within the whole mold (2390x830 mm). Bi-linear interpolation 

(Equation 1) was used to interpolate the data between the 45 thermocouple measurements, 

which were arranged in 3 horizontal lines and 15 vertical lines in the wide face and 1 vertical 

line in the narrow face. The equation for Bi-linear interpolation is presented in Equation 1: 

𝑓(𝑥, 𝑦) =  
1

(𝑥2 − 𝑥1)(𝑦2 − 𝑦1)
(𝑄11(𝑥2 − 𝑥)(𝑦2 − 𝑦) + 𝑄21(𝑥 − 𝑥1)(𝑦2 − 𝑦) + 𝑄12(𝑥2 − 𝑥)(𝑦 − 𝑦1) + 𝑄22(𝑥 − 𝑥1)(𝑦 − 𝑦1) 

Equation (1) 

where: 

x1= Mold width value that is just below the x value being calculated; 

x2= Mold width value that is just above the x value being calculated; 

y1= Mold height value that is just below the y value being calculated; 

y2= Mold height value that is just above the y value being calculated; 

Q11= Temperature value corresponding to x1 and y1; 

Q12= Temperature value corresponding to x1 and y2; 

Q21= Temperature value corresponding to x2 and y1; 

Q22= Temperature value corresponding to x2 and y2; 
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However, the temperature measurements cover only a limited area of the plates. Thus, linear 

extrapolation was done using the TREND formula in excel to estimate the temperature 

values for the remaining area of the mold. Figure 16 illustrates the temperature distribution 

along the mold wide faces at a casting speed of 0.95 m/min. 

 

Figure 16: Mold temperature distribution (Avesta_2017-12-07_11.05.32) (a) BFF and (b) BFL.  

The temperature map shows that temperatures in the BFF are higher than the BFL (with 

hottest spot at 110°C versus 102°C, respectively). This can be likely attributed to the bending 

of the strand (Figure 17) as it was discussed with the process engineers which observe more 

wear in the internal wall of the BFF at Outokumpu Avesta. The solidifying strand leaves the 

mold vertically and is gradually curved towards the horizontal direction by the bender, 

which generates forces that push the outer bow of the strand against the BFF, increasing the 

time the strand is in contact with the mold; thus, explaining the temperature differences 

between BFL and BFF. 
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Figure 17: Schematic of the forces generated by bending of the strand. 

It can also be seen in the thermal maps (Figure 16) that there are hot spots close to the 

narrow faces, indicating that the steel’s jet trajectory from the Submerged Entry Nozzle 

(SEN) has a double-roll flow pattern (Figure 18). Firstly, the jet hits the narrow face of the 

mold, then it splits into two different loops (i.e. upper and lower rolls). The upper roll travels 

to the meniscus and back in the direction of the SEN, while the lower roll flows downwards. 

The main aspects affecting such flow pattern inside the mold are: mold width, casting speed, 

mold flux properties, and the nozzle shape and angle [33]. 

 

Figure 18: Representation of double-roll flow pattern. 
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5.2. Shrinkage calculation 

The mold temperature fluctuations presented above indicate that the solidifying slab 

undergoes several temperature gradients along its cross section. This generates an uneven 

thermal contraction depending on the location in the mold. In order to account for this 

behavior, the shrinkage calculations in this work were based on the temperature variation 

of the entire solidifying shell from the meniscus to the mold exit. Likewise, phase 

transformations contribute to shrinkage, but these vary locally within the mold. This effect 

is captured by the thermal expansion coefficient discussed in Section 4.2. 

Modelling of solidification was carried out by SWERIM prior to this work by means of the 

commercial CFD code ANSYS-FLUENT v19 as described elsewhere [34], [35]. The solidified 

shell from the meniscus to the mold exit can be obtained from such model including the 

temperature at each shell location. An overview of the shell input provided by SWERIM is 

presented in Figure 19. 

 

Figure 19: Shell overview after simulation (provided by SWERIM). 
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 Figure 20a represents a solidifying slab at the mold exit, which is composed of a mushy zone, 

liquid and a solidified shell. The blue zone in the figure is equivalent to a quarter of the shell, 

which was the part used for simulation of the solidification at SWERIM AB. Figure 20b  shows 

a 3D visualization of the part analyzed in the simulation. The x values are located in the mold 

width, whereas its thickness and the casting length are represented by z and y values, 

respectively.  

 

 

Figure 20: (a) Representation of the solidifying slab and (b) 3D view of solidified shell. 

5.2.1. Shell thickness at x=0 

As previously explained, the shrinkage was calculated based on the shell dimensions 

(considering that the shrinkage is proportional to shell growth and variation). The shell from 

the meniscus to the mold exit at x=0 is represented in Figure 20b by the green plane. The 

shell thickness d (Equation 2) is given by the difference between the z values positions for 

the inner shell in contact with liquid metal (Z1) and the outer part of the solidified shell (Z2). 

(a) 

(b) 
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Figure 21(a) shows that curve fittings for both curves of Texterior and Tsolidus were performed 

aiming to overlap them at the position where the casting length is equals to zero, so no shell 

is formed at the meniscus point. In Figure 21(b), the shell thickness after the curve fitting is 

presented. 

𝑑 =  𝑍1 − 𝑍2    Equation (2) 

 

 

 

 

 

Figure 21: (a) Texterior and Tsolidus positions, (b) calculated shell thickness. 

In order to simplify the calculations, it was assumed that the shrinkage variation was 

constant. Thus, it was considered that the shell growth behavior remains the same as of x=0 

along the mold width. 

(m
) 
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5.2.2. Shell thickness at z=0 

Similarly, the shell thickness of the blue plane in Figure 20b was estimated. Figure 22(a) and 

(b) show the curve fitting performed and shell growth variation. 

 

  

 

 

Figure 22: (a) Texterior and Tsolidus positions, (b) calculated shell thickness. 

5.2.3. Shell temperature distribution at the mold exit 

Since shrinkage is a function that depends on temperature and dimension variations, it is 

also necessary to have the temperature distribution of the shell at the mold exit to 

successfully estimate the shrinkage. From the simulation, an excel file can be extracted 

containing each node number, x-coordinate(mold width), y-coordinate (casting length), z-

coordinate (thickness) and temperature data(Figure 23). The position y=0,83 represents 

the mold exit.  
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Figure 23: Shell at the mold exit (blue points represents temperature data available in the simulation). 

The remaining data were gridded and linearly interpolated using MATLAB, obtaining the 

temperature distribution of the shell at the mold exit (Figure 24). The interpolated 

temperature distribution of the shell at the mold exit makes it possible to calculate the 

shrinkage generated by the contraction in the wide and narrow faces of the mold. Comparing 

with the mold temperature distribution in Figure 16; where the coolest temperature is 

around 117°C, the shell temperature is at least 100°C hotter. One explanation for the 

temperature differences is that the thermocouples cannot measure the actual temperature 

of the solidifying shell, since they are positioned 18 mm deep into the mold wall. In addition 

to that, imperfect contact due to resistance between the thermocouple tip and the copper 

plate should also be considered.  

 

Figure 24: Shell temperature distribution at the mold exit. 
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5.1. Heat Flux analysis 

Figure 25 shows the average heat flux given for each mold face in all MEX files. 

 

Figure 25: Average heat flux for mold wide and narrow faces 

Firstly, it is important to notice the two results that present high deviation of the average 

heat flux on the left mold narrow face (NFL). They occurred due to failure in one 

thermocouple measurement in the NFL, as indicated by the black arrow in Figure 26, 

influencing directly the heat flux calculations; thus, these two values should be disregarded.  

 

Figure 26:Thermocouple measurements in the mold narrow faces. 
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In general, the average heat flux for both narrow faces does not differ significantly. In fact, 

the ratios of their average values are in the range of 0.93 and 1.03, excluding the cases which 

thermocouples that did not function well. This result is in accordance to previous work by 

Cicutti et al.[36], who have found symmetry of heat extraction on both mold narrow and wide 

faces. However, in this work, there is a considerably larger difference in the average heat flux 

between the loose and fixed wide faces of the mold, which is likely due to the bending effect, 

as explained before (Figure 17). Furthermore, the mean heat flux extracted by the narrow 

faces is smaller than the mean of the wide faces, which is in agreement with the findings of 

other authors [36][37]. This might be attributed to a higher contraction of the wide face 

which generates a larger air gap in the narrow face decreasing its heat flux. 

5.1.1. Air gap resistance analysis 

The solidification process of liquid metal by heat removal in the mold causes shrinkage of 

the steel. A combination of thermal contraction and phase transformation is a strong 

contributor to the effect of shrinkage of the solidifying shell inside of the mold wide and 

narrow faces. This is the reason why heat transfer in the continuous casting process is 

considered a complex phenomenon. To begin with, the temperature measured inside the 

mold does not correspond to the actual temperature of the strand surface, this is due to the 

effect of several thermal resistances, which are mainly governed by conduction and radiation 

(Figure 27)[38]. Convection from the mold cooling system is also a contributor to the total 

resistance. Other aspects to be considered are: Conduction through the mold wall, coating, 

slag and solidified shell.  

 

Figure 27: Thermal resistances in the mold part during the CC process. 

The air gap represents the most significant resistance among the thermal resistances 

mentioned before. It can be calculated by simply dividing the shrinkage by the air thermal 

conductivity (Kair), as in Equation 3.  
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𝐴𝑖𝑟 𝑔𝑎𝑝 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  
𝑑 (𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒)

𝐾𝑎𝑖𝑟
    Equation (3) 

In order to observe the air gap influence from the meniscus point to the mold exit, it was 

assumed that the shrinkage varies with the shell thickness, i.e. at the meniscus point there is 

no shell and consequently no air gap, whereas at mold exit the shell thickness and shrinkage 

are at their maximums. This way, a normalization factor can be used to make the shrinkage 

change according to the shell thickness variation. The shrinkage can be calculated from: 

𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 =  𝛼 ∗ 𝛥𝐿 ∗ 𝛥𝑇       Equation (4) 

Where: 

α = Thermal expansion coefficient; 

ΔL = Difference in length between the two nearest x or z position; 

ΔT = Temperature gradient in ΔL. 

Figure 28 shows how the shrinkage calculation from the wide face was separated from the 

narrow face, by considering the vertical and horizontal shrinkage to correspond to the 

contraction affecting the wide and narrow faces, respectively.  

 

Figure 28: Schematics of shrinkage calculation on the mold walls. 

As mentioned before, ΔL is given by the difference between the two nearest nodes. In case of 

the wide face, there are 256 x-values (ranging from 0 to 1 m), which are the points taken as 

a reference to calculate the vertical shrinkage. However, instead of calculating one single 

shrinkage for each x-value, a sum of several were taken using the z-values (ranging from 0 

to -0.072m). Thus, for the wide face, a total of 1571 calculations were made for the 256 

values.  
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In a similar way as above, the sum of all horizontal shrinkage was made for each of the 11 z-

values, accounting to 1566 calculations for the mold narrow face. The temperature of the 

shell varies from 1456°C to 192°C, depending on the position in the mold. Thus, it is 

important to use the thermal expansion coefficient that corresponds to the temperature 

range being calculated. A conditional function in excel was added to choose the correct 

coefficient for each case to address this issue. Ultimately, the change in length, temperature 

gradient and the corresponding thermal expansion coefficient make it possible to calculate 

the shrinkage.  

Subsequently, a 2-D contour plot was generated on MATLAB by using either the mold width 

(wide face) or thickness (narrow face) as x-values, casting length as y-values and the colors 

represent the corresponding air-gap resistance. A model that represents the air gap 

resistance distribution on the mold narrow and wide faces along the casting length would 

not only allow a better visualization of the shrinkage influence on the process, but also 

generate equations that can potentially be introduced back into the simulation; thereby, 

improving its accuracy. Air gap resistances in the narrow face from the meniscus are shown 

in Figure 29(a). An increase in air gap resistance from casting length equals to zero to the 

mold exit was expected, since the shell grows in this direction. However, the shell growth at 

z=0 is not uniform, which can be observed in Figure 22(b) where there is a decrease of shell 

thickness at a casting length of approximately -0.1m to -0.2m, before it starts increasing 

again. Therefore, the air gap resistance at this position will also be lower, as marked with the 

black arrow in the Figure 29b. It is also observed that at the mold exit (y=-0.83m), the air 

gap resistance is not uniform; in fact, it can be up to 5 times larger at z= [-0.04, 0] than at 

z= [-0.07, -0.04]. In this first segment, which is very thin, there is a large temperature 

gradient (TLIQ to 700K), whereas at the positions z= [-0.07, -0.04] there is a smaller 

temperature gradient along a thicker segment (Figure 29(b)).  
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Figure 29: (a) Air gap resistance in the narrow face; (b) Representation of shell's temperature gradient. 

Similarly, the air gap resistance on the wide face (Figure 30) is around 10 times smaller in 

the reddish segment marked in Figure 29b, due to its smaller temperature gradient along the 

Z values. 

  

Figure 30: Air gap resistance distribution in the mold wide face. 

A response surface was plotted on MATLAB using the main variables (air gap resistance, 

mold width/thickness and casting length).  
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Then, a series of equations representing the air gap resistance along the mold from the 

meniscus were generated by surface fitting on MATLAB. The polynomial surface fitting for 

the wide/narrow faces are presented in Figure 31. The “goodness of the fitting” can be 

assessed by the R-square coefficient, which is the square of the correlation between the 

response values and predicted values [39]. R² values of 0.9871 and 0.9916 were obtained for 

the wide and narrow faces, respectively. Additionally, SSE (sum of squares due to error) 

values for both cases are close to zero; which means that the calculated model has a smaller 

random error component, indicating a good fitting between the model and the raw data.  

 

 

Figure 31: Surface fitting models for: (a) Wide face and (b) Narrow face. 
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5.2. Macrostructural analysis 

The macrostructure on a transversal cut normal to the casting direction is shown in 

Figure 32. The solidification macrostructure can be divided into three parts: (1) Chill zone – 

fine equiaxed grains at the very top/bottom part of the slab; (2) Columnar zone and (3) 

Equiaxed zone. The columnar zone could be easily identified due to the contrast generated 

by the etching, while the blue line in the image delimits the columnar from the equiaxed zone 

(i.e. Columnar to Equiaxed Transition, CET).  

 

Figure 32: Macrostructure of the transversal cut of the slab. 

As it is seen in Figure 33 (which corresponds to an area in the center of the slab), the 

columnar grains grow perpendicularly to each other, not presenting clear deviation in its 

growth direction. This indicates that the heat extraction is normal to the surface and it grew 

inside the mold before reaching the water sprays zone (i.e. secondary cooling zone), where 

the equiaxed zone most likely started to form because the change in cooling rate. 

 

Figure 33: Columnar grains in the center of the slab. 
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The corner of the slab presents some features not observed in the rest of the transversal cut. 

The delimited shell thickness in shown in Figure 34, where A measures 37.9 and B, 31.6 mm. 

This indicates a delay in solidification at the corner, a phenomenon that has been previously 

observed by Yamasaki et al. [40]. The authors have defined a solidification uniformity ratio 

to assess this issue. This ratio is given by the smallest shell thickness at the delayed 

solidification part of the slab (B) divided by the shell thickness at another location (A). In 

this project, the solidification uniformity ratio is of 0.83. This correlates well with the 

modelling results by SWERIM presented in the previous section and Figure 23, where it is 

observed that the shell thickness is thinner in the neighborhood of the corner, which means 

that the heat transfer at this position was smaller and non-uniform solidification occurred.  

It can also be associated with the metal flow inside the mold (Figure 18). The position where 

the liquid steel from the SEN impinges on the narrow face and is affected by the delivery of 

hot metal which inhibits growth that creates a thinner shell. In addition to that, α1 and α2 in 

the image show a clear change in preferential growth orientation of the columnar grains near 

the corner of the slab, which can again be linked to the steel flow from the nozzle. Other 

authors have studied the driving force surrounding the dendrite grains that defines the 

growth direction [41], [42]. The driving force is controlled by three main gradients: 1- 

Thermal gradients, 2- Concentration gradients and 3- Momentum gradients. The convective 

flow around the dendrite tip causes solute depletion in the upstream direction, whereas 

increasing solute concentration in the downstream direction. Consequently, the 

concentration gradient increases in the upstream direction, which makes the dendrites to 

grow in such direction instead of following the normal path of heat extraction from the mold. 

This explains the differences in growth orientation in the columnar zone. α1 and α2 

differences at the corner of the slab reaffirms the principle that the primary columnar zone 

(considered to be the length of shell thickness at the mold exit) was formed inside the mold, 

while the secondary columnar zone began to form after the slab leaves the mold. 
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Figure 34: Delay in solidification at the corner of the slab. 

The average measured length of the primary columnar zone at the corner of the slab was of 

approximately 12 mm, which is smaller than the values measured on the wide face 

(approximately average of 31 mm). 

5.3. Microstructural analysis 

The microstructure of this Duplex Stainless Steel is composed by a ferritic matrix and 

austenite precipitates [43]. Figure 35(a) and (b) exhibit the microstructure differences 

between the columnar and equiaxed zones observed in the central part marked in the 

Figure  32. In the first case, columnar ferrite grains are growing parallel to one another, while 

in the second case, equiaxed ferrite grains do not have a preferential orientation growth and 

are also larger than equiaxed grains found in the chill zone, due to slower cooling rates. 

Allotriomorphic austenite (γ1) precipitates at the primary delta ferrite grain boundaries, 

while Widmanstätten austenite (γ2) nucleates from γ1 [44].  
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Figure 35: (a) Microstructure of the columnar zone on the wide face, (b) Microstructure of the equiaxed 
zone on the wide face and differences between allotriomorphic and Widmanstätten austenite.7 

In order to better understand the solidification behavior in the LDX 2101 stainless steel, 

Thermo-Calc and IDS were used to simulate the thermal history, estimate the amount of 

phases encountered at each temperature and explain the as-cast microstructure; these 

results are presented in Figure 36. The solidification and phase transformation in DSS are 

complex processes, and they are controlled by chemical composition [45]. Initially, at high 

temperature (1452°C), primary delta ferrite is the first and only phase to solidify. Austenite 

begins to precipitate at around 1300°C inside and at the boundaries of the existing delta 

ferrite by a diffusion-controlled reaction, which is under strong influence of the degree of 

supercooling [46]. At this point, the liquid melt starts to get depleted of ferrite stabilizers 

(Cr and Mo), increasing the austenite stabilizers (Ni, Mn, N, C, and Cu) concentration. 

According to the equilibrium state diagrams in Figure 36, the ratio of austenite/ferrite at 

1060°C is nearly 1:1, which leads to a following decrease in concentration of austenite 

stabilizers at lower temperature, favoring ferrite solidification. According to Nilsson et al., 

secondary austenite precipitates at delta ferrite boundaries by a eutectoid reaction (700-

900°C), and then into Widmanstätten austenite at approximately 650°C by a near 

diffusionless transformation (shear process), similarly to the martensite transformation 

[47][48][49].  
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Figure 36: Amount of phase vs temperature simulated by (a) Thermo-Calc software and (b) InterDendritic 
Solidification (IDS). 

The microstructure ratio can be also determined by means of simulation, X-ray, or 

quantitative image analysis of the microstructure. For instance, the Inter-dendritic 

Solidification (IDS) software simulates the volume fraction of each phase at the end of 

solidification (Figure 36(b) with a 36.09% of delta ferrite, 63.81% of austenite and 0.1% 

(compounds + BCT martensite) is expected for the steel under analysis. Comparatively, 

Thermo-Calc predicted 77% austenite and 23% delta ferrite at 900°C, in mole fraction. Below 

this temperature, Thermo-Calc predicts an increase in the amount of ferrite at the expense 

of the decrease of austenite. In order to compare both results, the density of the two phases 

can be assumed to be the same; so, the phase fractions expressed in mole fraction are the 

same as in volume fraction.  The main difference between the predicted amount of phases by 

the two software is due to the conditions set in the simulations.  
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In Thermo-Calc, the calculations were performed under equilibrium, while non-equilibrium 

conditions were applied in IDS, therefore, its results are more reliable when comparing to 

real-life experiments. The comparison between the simulations has proven Thermo-Calc to 

be accurate only at elevated temperature. The complexity of the solidification of DSS was 

stated before, explaining the necessity of optimization of Thermocalc simulations down to 

room temperature, by using the DICTRA module.  

Figure 13 shows how the thermal expansion coefficient changes during the heating/cooling 

of the sample. It is clear that in the temperature range between 750-950°C, the volume 

shrinks as the steel transform from ferrite (BCC) to austenite (FCC). This observation is in 

accordance with the diagrams shown in Figure 36, where it can be seen that austenite phase 

fraction grows rapidly during solidification from 950°C to 750°C. This phenomenon is 

explained by the crystal structure of the two main phases of the alloy. In crystallography, the 

volume fraction of a structure that is occupied by atoms is called the Atomic Packing Factor 

(APF)[50]: 

𝐴𝑃𝐹 =
𝑁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
 Equation (5) 

In order to analyze the APF influence on the ferrite to austenite transformation, it is helpful 

to look at their crystal structures. A sketch of Body Centered Cubic (BCC) and Face-Centered 

Cubic (FCC) structure is shown in Figure 37, where it is observed that a BCC structure has a 

total of 2 atoms/unit cell and that the FCC structure has 4 atoms/unit cell. Thus, the volume 

of one atom in the BCC and FCC structures is given by: 𝑉 =
4

3
𝜋(√3𝑎 4)³⁄   and 𝑉 =

4

3
𝜋(√3𝑎 4)³⁄ , respectively. The volume of the unit cell is the same for both structures: a³. 

Applying the above mentioned data into Equation 5 results on APF of 0.68 and 0.74 for BCC 

and FCC; respectively, which means that the FCC iron (74% dense) is more closely packed 

than BCC (68% dense), proving that iron contracts upon changing from BCC to FCC [50]. 
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Figure 37: Representation of atoms in BCC (left) and FCC (right) crystal structures. 

Phase fraction calculation of the microstructure was performed using the ImageJ software 

[51]. A large area of the columnar zone was analyzed by grabbing and stitching 32 images 

together. Threshold optimum values were chosen in order to give better contrast between 

the phases, as seen in Figure 38. The amount of austenite is given by the region covered by 

the dark area. On average, austenite in the columnar zone was 63.85% ± 2.63, which 

correlates well with the IDS calculations. 

 

Figure 38: Optimum threshold for phase calculation; Black (Austenite), White (Ferrite). 

At the mold narrow face, a finer austenite grain structure is observed (Figure 39). Both 

austenite formation and solidification of the liquid metal have higher driving force for nuclei 

formation at the mold wall, due to stronger supercooling [45].  
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Notwithstanding a rapid cooling generates more nuclei, not enough time is given for the 

diffusion of austenite stabilizing elements, restraining the growth of such phase [46]. The 

microstructure’s variation along the mold narrow and wide faces is related to element 

distribution and diffusional processes, which links back to the cooling rate. At larger 

distances to the mold walls, slower cooling rate favors the formation of fewer but faster 

growing austenite nuclei; thereby, a coarser structure is found.  

 

Figure 39: Microstructure evolution at the mold narrow face (Large image after stitching).  
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6. Conclusions 

The main conclusions that could be drawn from this work are listed below: 

• The processing of data supplied by Outokumpu made a detailed analysis of the caster 

status possible: 

o It was found that the average heat flux in the narrow faces is in the same range 

for both sides. However; it differs significantly between the wide faces (i.e. 

fixed vs. loose). This is likely due to the force generated during the bending of 

the slab after leaving the mold. 

o The mold temperature distribution shows hot spot patterns that are 

associated with the jet flow from the SEN. 

o It was possible to calculate the shrinkage and air gap resistance using a 2D 

approach. Results show that shrinkage is more significant in the thicker 

sections of the shell but is surprisingly not as strong in the product corners. 

This is due to the thermal differences along the shell width are less 

pronounced than through its thickness. 

• The macrostructural and microstructure analysis allowed the correlation of the 

processed data, SWERIM simulations and calculations with the internal structure of 

the material: 

o The shell thickness of the wide face is perceptibly larger than the narrow faces.  

o Additional thinning close to the corner region in the wide face was discovered. 

o Typical shell thickness is ca. 12 mm in the narrow face and ca. 31 mm in the 

wide faces. 

o Phase quantification analysis by simulation and metallographic methods 

presented similar results: 63% austenite and 37% delta ferrite. 

o A delay in solidification in the corner of the slab has been observed and it is 

possibly linked to the metal flow pattern inside the mold and to a lower heat 

transfer at given position.  
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7. Future work 

In this project, shrinkage and air gap influence on heat transfer between the mold and strand 

were successfully calculated using a mathematical approach. However, the equations 

representing the air gap resistance throughout the mold were not fed back into the 

simulation (performed at SWERIM) due to time constraints. Therefore, it is recommended 

to use the equations as inputs in the simulation to investigate whether they can enhance the 

simulation’s accuracy. 

Furthermore, shrinkage could also be estimated by means of macro-etching and simulation 

of the material expansion. Firstly, a profile representing the shell thickness at the mold exit 

can be generated after macro-etching analysis. Subsequently, this profile can be used to 

perform a 2D model for the expansion of the material at elevated temperatures 

(approximately 1400°C). The resulting deformed shape should correspond to the shell 

shrinkage during solidification. This could be a straightforward approach to air gap 

calculation to improve taper optimization and mold design. 
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