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Preface 

 

The present doctoral thesis focuses on the identification of the main causes for transverse corner 

cracking in High Strength Low Alloy (HSLA) steel slabs during continuous casting. This project 

was carried out in collaboration between SWERIM Metallurgical Research Institute in Luleå, 

Sweden; SSAB Europe in Raahe, Finland and Luleå University of Technology (LTU) in Luleå, 

Sweden. The doctoral studies were co-funded by SSAB Europe, SWERIM and LTU as well as the 

Mexican National Council for Science and Technology (CONACYT) with a duration of 4 years 

from 2016 to 2020.  

This thesis offers an overview of the physical phenomena considered responsible for steel cracking 

with regards to the bending and straightening in the secondary cooling zone. Research findings 

generate a better understanding of the effect of oxide scale formation on steel slabs during cooling 

as well as describing their susceptibility to crack formation at temperatures relevant to casting. 

Additionally, plant monitoring, real data from the caster and modelling made possible to develop 

different cooling strategies proposed to SSAB, which showed improvement of surface quality in 

the slabs after casting.   
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Abstract 

 

Transverse corner cracks are one of the most common but complex defects formed in microalloyed 

steels during continuous casting (CC). Such cracks are detrimental because they lead to a loss in 

productivity, which has a negative impact on the environment, energy usage and economics for 

steel making companies all over the world. If cracks are detected, a corrective process must be 

applied to remove the cracks (e.g. grinding and scarfing). However, if cracks go undetected by 

hiding below oxide scales, they may propagate during subsequent processing (e.g. hot rolling) 

causing line breakouts, which result in material rejection and yield loss. 

The present thesis focuses on the study of cracking phenomena occurring during the secondary 

cooling zone by combining the effect of process parameters together with material behaviour 

including crack susceptibility, oxide scale formation and process optimization via monitoring 

and modelling.  

Crack susceptibility was investigated through hot ductility tests, which identified the 

temperature range between 700 to 800 °C as the region more susceptible to cracking. Causes for 

failure at these temperatures include a combination of ferrite morphologies (predominantly 

Widmanstätten ferrite) which are considered unfavourable to toughness and ductility.  

Oxide scale formation is another factor that influences cooling and final quality of slabs. The 

formation of oxide films has industrial implications in terms of crack formation and production 

yield since it reduces the cooling efficiency of the sprays. Analysis of the oxide scale morphology, 

type and micro-mechanical properties lead to a better understanding of its formation mechanisms 

during casting. Findings revealed that scale thickness and oxidation rate are significantly higher 

under water vapour than in dry air. Furthermore, properties of the different oxides (i.e. wüstite, 

magnetite and hematite) also affect the oxidation behaviour since wüstite exhibits higher 

plasticity in comparison to magnetite and hematite, which enhances its adherence to the surface. 

Moreover, results demonstrate that oxide scale is not only influenced by temperature and presence 

of oxygen in the atmosphere but also by the surface conditions of the substrate. 

Finally, crack susceptibility and oxide scale affect the heat transfer coefficient during CC creating 

a low ductility zone at specific temperature ranges. These temperatures were monitored in plant 

with the help of pyrometers, and their results were used to develop numerical models to optimize 

cooling strategies to avoid the low ductility zone. Ultimately, this led to formulation of improved 

strategies to reduce/prevent the formation of transverse corner cracks during continuous casting. 
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Chapter 1: Introduction 

Continuous casting (CC) produces ca. 1.2 billion tons of steel per year into semi-finished shapes. 

The demand for producing high performance steels has increased which requires manufacturing 

via CC to increase productivity and reduce production costs. These factors force steel producers 

to face different challenges to meet the customers’ demands by producing steels with high quality 

at low cost. In order to achieve these goals, product development and optimization of the existing 

products must be supported by extensive research focused on reducing the amount of defects such 

as crack formation, segregation, oscillation marks, depressions, etc., occurring during the CC 

process.  

The present thesis addresses the understanding of the causes for transverse corner cracks formed 

during CC of microalloyed steel (i.e. HSLA) slabs.  Generally, microalloyed steels are considered 

highly susceptible to crack formation due to the number of alloying elements. These change the 

internal behaviour of the steel in combination with process parameters promoting the 

development of cracks. Moreover, the interaction of different phenomena occurring during casting 

such as solidification, oxidation, deformation, defects, phase transformations, stresses, etc. can 

lead to formation of cracks. The identification of causes behind transverse corner cracks is 

challenging since it is necessary to understand the process together with the materials behaviour. 

Therefore, the main approach in this work is to identify some of those causes for transverse corner 

crack formation by focusing on the physical changes occurring during the secondary cooling zone. 

This thesis assembles four scientific articles that explain these causes as well as characterizing 

cracking formation during CC in HSLA steels. This information is key to avoid productivity losses 

and defect formation in the final cast product. 

The first article proposes the hot ductility method to study crack susceptibility of a microalloyed 

steel via thermo-mechanical tensile tests in a Gleeble system. The aim of this work is to simulate 

the deformation of the steel at high temperatures (i.e. during bending and unbending) and low 

deformation rates similar to those in the secondary cooling zone during CC. The combination of 

different characterization techniques and numerical methods (i.e. reduction of the area method, 
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true fracture strength-ductility and true total energy) enables the identification of cracking 

mechanisms during hot process showing a critical strain for failure between 700 to 900 °C. One of 

the causes for ductility loss is the presence of different types of ferrites and specially the formation 

of Widmanstätten ferrite considered detrimental to toughness and ductility.  

In the second and third articles (Part I and Part II, respectively), Oxidation is introduced as 

another factor that influences the cooling and final quality of steel slabs during CC. Accurate 

insights in this particular work provides an understanding of oxide scale morphology, type and 

mechanisms leading to an accurate control of its formation during casting. This has deep industrial 

implications in terms of crack formation and the overall yield of the continuous casting machine.  

The second article (Part I) studies the oxidation kinetics at temperatures relevant to the secondary 

cooling zone (i.e. 1000, 1100 and 1200 °C) under different holding times. The main aim of this work 

is to understand the principles of oxidation in HSLA steels, which provide the fundamentals of 

oxidation including dry air and water vapour conditions. Some of the findings revealed that 

oxidation rate and scale is thicker under water vapour than in dry air. The presence of different 

oxides (i.e. wüstite, magnetite and hematite) change the oxidation behaviour due to their micro-

mechanics that shows higher plasticity for wüstite in comparison to magnetite and hematite. 

These factors are considered one of the reasons for uneven cooling during casting, thus affecting 

the heat transfer coefficient, resulting in undesired surface quality in the slabs.  

The third article (Part II) approaches the effect of other parameters such as surface conditions 

(i.e. clean, as-cast and casting powder) on scale formation by using similar parameters applied in 

Part I. The findings in this work, suggested that the oxide scale is not only influenced by 

temperature and environmental conditions but by the surface of the substrate that increases the 

rugosity of the scale and its oxidation rate. The casting powder also has an important effect on the 

oxidation rate. Furthermore, this work confirms that the micro-mechanics of wüstite have an 

important effect on the adhesion of the scale, which leads to alterations in the heat extraction 

during secondary cooling of the strand if this oxide remains attached to the surface. This reduces 

the cooling efficiency during processing.  

The fourth article encompasses the knowledge of process parameters with the steel performance 

in CC. This consists of plant monitoring with direct temperature measurements in the strand with 

pyrometers, characterization of the steel and development of numerical models to control the 

water flow during cooling. The research findings in this work provide different corrective actions 

that are key to prevent the formation of transverse corner cracks on HSLA steel slabs. These 

actions are aimed at decreasing cooling to increase the overall temperature of the strand before 

reaching the straightener zone. Reducing the cooling is beneficial to the process to avoid the low 

ductility zone where the steel is more susceptible to crack formation. The optimization strategies 

proposed in this article are specified for a specific steel grade and caster. 
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 Background and motivation 

One of the most harmful surface defects encountered in the CC process is the formation of 

transverse corner cracks. Transverse corner cracks are common and complex defects formed in 

microalloyed steels. The complexity of crack formation is derived from the process parameters 

themselves and the steel performance during manufacturing. The origin of transverse crack 

formation is not yet completely understood since the process involves interaction of different 

physical phenomena during processing making difficult to point out at only one cause for the steel 

failure.  

Cracking issues are detrimental since they lead to a loss in productivity with a great impact on the 

environment, energy, and economics. If cracks are detected, a supplementary process must be 

applied to remove these cracks (e.g. grinding and scarfing). However, if cracks are not detected due 

to oxide scales covering the cracks, they propagate during subsequent processing (e.g. hot rolling), 

causing line ruptures, resulting in material rejection and yield loss. Hence, this topic is of great 

interest to a major Scandinavian Steelmaker (SSAB Europe), which experiences transverse corner 

cracks on HSLA steel slabs with dimensions of 1850mm width and 210 mm thickness. These cracks 

appear at the corner of the slabs in a hair-like shape with a length up to 30 mm and depth of 5 mm 

as can be seen in Figure 1. 

 

Figure 1. Transverse corner cracks on HSLA slabs formed during CC process. 

This project is focused on the reduction/elimination of such cracks by acquiring an increased 

understanding of their formation mechanisms, which makes possible to propose strategies for 

their minimization.  
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 Approach and aims 

The overall scope of this thesis seeks to minimize the occurrence of transverse corner cracks on 

HSLA steels during casting by using a multi-disciplinary approach including plant monitoring, 

tests in laboratory, microstructural analysis and numerical modelling. The combination of these 

techniques allowed the formulation of different cooling strategies to minimize cracking formation 

on steel slabs. The present thesis aims to: 

o Analysis of the effect of process parameters, cooling temperatures and casting speed on 

crack susceptibility of a micro-alloyed steel slab with dimensions of 1850 mm width and 

210 mm thickness. 

o Determination of the temperature range of ductility loss of the steel via thermo-mechanical 

tensile tests in solid and semi-solid state at temperatures and strain rates relevant to the 

continuous casting process. 

o Analysis of the effect of oxide scale formation on surface quality of the steel by performing 

oxidation tests under dry air and water vapour (steam) conditions at temperatures relevant 

to the secondary cooling zone (i.e. 1000, 1100 and 1200 °C).  

o Identification of internal causes for ductility drop in the steel via microstructural 

characterization using different laboratory techniques (e.g. Optical and Scanning Electron 

Microscopy, X-Ray Diffraction, SEM-EDX, nano and micro hardness measurements, etc.). 

Analysis has been performed for a slab dimension of 210 mm thickness and 1850 mm width, which 

manifests high crack susceptibility during processing with presence of transverse corner cracks in 

the inner and outer radius of the strand. All specimens analysed in this work were taken from a 

slab with transverse cracks that was sectioned for crack characterization, thermo-mechanical and 

oxidation tests. The chemical composition of the steel is shown in Table 1. 

Table 1.  Chemical composition of the HSLA steel represented in [wt.%] 

C Si Mn P S Al Nb Cr Cu V B N 

0.15 0.45 1.37 0.013 0.006 0.036 0.043 0.049 0.029 0.016 0.0005 0.004 
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Chapter 2: The Continuous Casting Process 

Continuous casting is a secondary metallurgical process introduced in the early 50´s by Henry 

Bessemer, and in the 1960s became the main steelmaking process. The CC method was introduced 

to replace ingot casting in order to increase steel production capacity and efficiency. In the 1980s, 

CC was considered as the main casting method, increasing the quality of steel, and reducing the 

energy and economic impact of production.  

Nowadays, CC is considered the most efficient and the cost effective metallurgical process for 

producing large volumes of steel into semi-finished shapes such as blooms, billets or slabs prior to 

subsequent processing (e.g. rolling, forming, etc.). According to the World Steel statistics, 

approximately 96% of the steel is produced by CC, averaging ca. 1.7 billion tonnes in the last three 

years ( 1,669 Mtons/year in 2016; 1,748 Mtons/year in 2017, and 1,804 Mtons/year in 2019) [1, 2]. 

Being 4.7 Mtons covered by the Swedish industry in 2019. The production of continuously cast 

steel in Sweden between 2009 and 2017, increased by 68 % [3]. 

A large variety of steel grades are produced via CC for different markets (long, medium and short 

service life) such as low, medium and high carbon steels, micro-alloyed steels, Advanced High 

Strength Steels, tool steels, stainless steels, etc. Such variety of steels are generally produced for 

different sectors covering: 50% for construction and infrastructure, 12% for automotive, 15% for 

mechanical equipment, 11% metal products, 5% transport, 3% electrical equipment and 3% 

domestic appliances (only in 2018) [1]. The Swedish steel industry, like the steel industry in the 

rest of the world, has led to specialization to specific areas where the manufacturing of steels is 

highly processed steel grades mainly sold in export markets. In fact, SSAB is the leading steel 

producer in extra high-strength steels and the largest in hardened steels [3]. This chapter 

introduces the process fundamentals and the physical phenomena involved during manufacturing 

of steels via Continuous Casting.  
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 Process Fundamentals 

The CC process methodology involves different physical phenomena in which the liquid steel is 

continuously solidified into a strand to become a final solid semi-product also known as slabs, 

blooms, billets and special sections depending on the cross section area.  

The casting process begins with a ladle containing the liquid steel, which acts as a reservoir to 

supply liquid steel during the casting process. This is set on top of the caster and its capacity for 

storing liquid steel variate between 200 to 460 tons. The liquid still flows at a controlled rate from 

the ladle into the tundish. The tundish is an intermediate container, which distributes the liquid 

steel at a constant casting speed from the bottom of the tundish though a submerged entry nozzle 

(SEN) into a water-cooled-oscillating-cooper mould [2, 4, 5], see Figure 2.  

 

Figure 2. Schematic illustration of tundish in Continuous Casting process. 

The mould is the most important component in the process; its main function is to extract the heat 

from the strand as efficiently as possible to form the first metal shell, see Figure 3. This shell must 

be stable enough to keep the strand shape to withstand the pressure of the remaining liquid in 

order to continue further solidification in the subsequent sections. The mould region is called 

primary cooling because the steel is subjected to its initial solidification. The mould is mostly made 

of Cu due to its high thermal conductivity with minor additions of Ag or other elements as well as 

Ni or Cr coating to extend its life. During casting, the mould oscillates to provide a suitable casting 

speed and prevent liquid steel to stick to the mould walls, which significantly reduces the risk of 

breakouts during processing. The mould oscillates at frequencies in excess of 100 cycles per minute 

to prevent the solidifying steel from sticking to the mould hot surface (i.e. surface facing the steel). 

The oscillation is a very important parameter that assure required conditions of the mould stroke 

and frequency, which are chosen according to the steel grade, and is often adjusted to ensure 

suitable oscillation marks depth, shell compression and lubrication for different casting speeds.  
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Figure 3. Schematic illustration of the mould in continuous casting. 

The molten steel is supplied via submerged entry nozzle (SEN) from the tundish. Then, the casting 

powder is supplied on top of the melt to isolate it from the environment. As the casting powder is 

in contact with the liquid steel, it will change with temperature and decompose in different layers 

before transforming into slag [6], see Figure 4. 

 

Figure 4. Casting powder decomposition in different layers during continuous casting.  

Casting powders, also called mould powders, are nowadays an important component during 

continuous casting of steels. Casting powders have as a main function to isolate the liquid to 

prevent thermal oxidation on the steel surface, and sticking of the shell to the mould walls, which 

can result in breakouts. There are two main factors that control the shell sticking to the mould 

walls. One factor is related to the oscillation of the mould that makes the liquid steel to descend 

at a controlled rate through the caster machine. The other factor is the use of casting powders that 

infiltrate in the gap formed between the solidified shell and the mould walls [6]. This infiltration 
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provides lubrication and control of the heat extraction from the shell. The first layer of slag at the 

top of the molten steel (steel/powder interface), will melt and form a slag pool when reaching 

temperatures between 1000 and 1300 ℃ with a thickness of about 5-10 mm.  

The powder at the top of the liquid slag will remain in a semi-solid state where particles coalesce 

to form a sintered layer at temperatures between 650 and 1000 °C. The remaining layer at the 

surface is normally kept at temperatures between 200 and 600 °C, where the powder is in solid 

state.  

The liquid slag pool acts as a reservoir for the liquid slag film to infiltrate in the gap between the 

shell and the mould. The infiltration occurs when the mould is descending during oscillation 

(i.e. negative strip). The slag film partially solidifies at the mould walls consisting of a solid slag 

film of 1-2 mm thickness [4, 6]. The thickness of the liquid slag determines the lubrication of the 

shell and thickness of the solid slag layer in order to control the heat extraction from the shell [6].  

Casting powder composition is selected based on its basicity and viscosity. The constituents of 

the casting powders are divided in network formers (SiO2 and Al2O3), network breakers (CaO, 

FeO, MnO and MgO) and fluxes (Na2O, K2O, Li2O, CaF2 and B2O3). Fluxes contribute to the 

reduction of the liquidus temperature and viscosity of the slag. Carbon is usually added to regulate 

the melting rate; smaller particles are suitable to slow down the melting rate since they will 

oxidize faster than larger particles. Carbon <1% also minimises carburization of the steel shell [6].  

The presence of different constituents in the casting powder, lead to different thermal reactions in 

the powder bed, see Figure 5. For instance, the decomposition of carbonates will occur through an 

endothermic reaction in a temperature range of 400-500 °C. Free carbon is an exothermic agent 

and it forms CO2. When CO2 oxidizes it will provide more heat than when forming CO; such 

reaction occurs between 500 and 700 °C. As it was mentioned above, the sintering of particles will 

occur at temperatures >800 °C. Finally, the melting of the casting powder will occur by an 

endothermic reaction.  

 

Figure 5. Exothermic and endothermic reactions in the powder bed [6]. 
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During the initial solidification of the shell, the mould is sealed by the casting powder on the top 

and a so-called dummy bar at the bottom. The dummy bar is used as an initial support and guidance 

for the shell to form so it can withstand the remaining liquid metal inside. When the shell is thick 

enough, the dummy bar is removed completely from the process. Once the initial solidification 

occurs in the Cu-mould, the strand continues travelling through the machine to the so-called 

secondary cooling zone. The secondary cooling is part of the caster where a system of sprays are 

located between the rolls to deliver a fine distribution of water onto the strand surface [2]. The 

arrangement of the secondary cooling zone differs from one type of machine to another (e.g.  vertical 

and bending machines) see Figure 6. 

 

Figure 6. Schematic illustration of (a) vertical and (b) bending casters machines in continuous casting [7]. 

The choice between different casters depends on steel grades, productivity, product quality, 

machine complexity and cost. Vertical machines, introduced in 1950s, are expensive to maintain 

and lead to several limitations when comparing with bending casters; but are more suitable for 

challenging steels prone to cracking during bending. A significant disadvantage with vertical 

casters is the limited distance between the mould and the cutting point (discharge system) leading 

to a decrease in casting speed which results in low productivity [2, 4]. Casters with bending zones 

were introduced in 1960s and nowadays, bending (i.e. bow-type) casters are considered the most 

common and more efficient type due to their simple construction with a lower need for space.  
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This has a positive effect on the investment cost, high flexibility in production and maintenance 

when comparing with vertical casters.  

The present work focuses on the arrangement of a vertical-bending caster consisting of a curved 

shape below the mould where its radius of curvature can change depending on the caster height.  

The secondary cooling zone in a vertical-bending caster is composed by a vertical rack located 

immediately below the mould.  The bender is the following segment where the strand takes the 

curved shape of the machine and is subjected to its first deformation due to changes in direction 

from vertical to horizontal. Afterwards, the strand follows the curve segments until reaching the 

straightening unit located at the lower part of the caster machine. At the straightener, the strand 

unbends until it takes the horizontal position. At this point, the strand is almost completely 

solidified. The final solidified product is cut into a desired length with a torch. This work is 

focused on a bending caster with a main curvature radius of ca. 10 m below the mould and a 

metallurgical length of approx. 19 meters, see Figure 7.  

 

Figure 7: Schematic illustration of a continuous casting machine. 

 Physical phenomena during casting  

The purpose of continuous casting is to solidify and give shape to the material for further 

processing. Continuous casting of steels involves multi-physical phenomena and mechanisms that 

govern the thermo-mechanical behaviour of steels. Therefore, it is very important to control the 

process parameters during processing (e.g. casting speed, water flow rate, etc.), which are directly 

connected to the performance of the steel and the quality of the final product. In this chapter, the 

importance of the physical phenomena such as flow dynamics, heat transfer, solidification, phase 

transformation and thermal strains occurring during the CC process are described. 
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 Heat transfer 

The control of the heat transport is crucial during solidification of the shell since it determines the 

thickness of the shell and therefore its strength [6, 8, 9]. The mechanism of heat transfer between the 

shell and the mould is complex because it is governed by thermal conduction and radiation across 

the interfacial gap between the solidifying shell and the mould filled by slag as well as the heat 

transfer between the mould and the cooling water. The temperature distribution variation in the 

mould, solid shell and melt during continuous casting is illustrated in Figure 8. 

 

Figure 8. Temperature distribution in the mould, solid metal and melt during continuous casting [4]. 

The extraction of heat allows solidification, which is the direct path to transform a liquid metal 

into a solid shape. However, several factors acting simultaneously (e.g. melting, alloying elements, 

pouring, solidification, etc.), make the process more complex.  

 Solidification  

Solidification is a process where atoms from liquid steel will move to a more stable position in a 

solid alloy lattice [10]. There are different ways to analyse the evolution during solidification of a 

metal, from a macro into a nano scale point of view, see Figure 9.  

 

Figure 9. Solidification evolution from macro to nano scale [10]. 
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In macroscale (order of 100-10-3 m), solid and liquid are the main phases to consider, and those are 

separated by a liquid/solid (L/S) interface. This scale considers different factors such as shrinkage 

cavity, macro-segregation, cracks, surface roughness and casting dimensions occurring during 

solidification. The mesoscale in the order of 10-4 m observes primarily the grain size. Here, the 

solid/liquid (S/L) interface appears as a line, but it is more complex due to unclear delimitation 

between the solid and liquid interface at a microscale. On a microscale level (order of 10-6-10-5 m), 

it is possible to observe the complex morphology of the grains during solidification.  

At this level, the mechanical properties are dependent on the solidified structure where the grain 

size and morphology are essential for relating the properties of the material with the 

microstructure and presence of micro segregation that can be formed due to the alloying elements.  

Finally, the nanoscale describes the atomic level of the S/L interface in nanometres (10-9 m) where 

the kinetics of solidification is observed in terms of nucleation and growth occurring between the 

individual atoms from the liquid to the solid state. During solidification, stable clusters of long-

range order atoms nucleate in the liquid (formation of a nuclei) or at an adjacent interface. These 

clusters (nuclei) diffuse within the liquid/solid interface and grow. Nucleation and growth control 

the morphology of the as-cast microstructure and phase transformation. Therefore, the 

microstructure controls the mechanical properties of the casting.  

The theory for understanding the initial formation of solid crystals is based on homogeneous 

nucleation. This type of nucleation requires a large driving force because the relatively large 

contribution of surface energy to the total free energy of small particles. A nucleus is created within 

its own melt without foreign materials where a S/L interface is created. This nucleus must grow 

to a certain size in order to become stable and continue growing. If the undercooling of the melt is 

sufficient, the nuclei will survive. As the liquid and solid have the same composition as the nucleus 

then the nucleation is homogeneous. However, homogeneous nucleation does not occur in reality 

for most casting alloys. The undercooling required is much smaller (few tens of degrees) where 

solidification of a nucleus occurs on a substrate (e.g. impurities, mould walls, etc.); such nucleation 

is called heterogeneous.  

During solidification, the atoms of the metal attach themselves to the best location on a foreign 

interface and the nucleus grows atom by atom. A simplified example of heterogeneous nucleation 

is illustrated in Figure 10 where it can be seen that an atom should be in contact with an external 

nucleant (i.e. mould wall acting as the interface) with a certain contact angle between the growing 

nucleus and the substrate. The angle is the equilibrium condition between the interface energies 

of the three components: liquid, nucleus and substrate. Thus, the free energy for this type of 

nucleation can be determined by: 

∆𝐺ℎ𝑒𝑡 = −𝑣𝑠∆𝐺𝑣 + 𝐴𝐿𝑆𝛾𝐿𝑆 + 𝐴𝑛𝑆(𝛾𝑛𝑆 − 𝛾𝑛𝐿)                                               (1) 
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where; 𝐴𝐿𝑆 is the surface area of the sphere, 𝐴𝑛𝑆 is the area between the sphere and the substrate, 

𝑣𝑠  is the volume of the sphere and 𝛾  is the interface energy of the liquid (L) and solid (S) 

interaction [10].  

 

Figure 10. Schematic illustration of heterogeneous nucleation during solidification [10]. 

 Initial solidification in the mould 

In the continuous casting process, solidification occurs by heterogeneous nucleation of crystals at 

the mould walls (i.e. primary cooling zone). This will define the shape and cross section of the 

casting as well as the heat extraction from the strand to produce nucleation undercooling which 

facilitate the formation of a solid shell [4]. This accompanies the rapid solidification and controls 

the initial microstructure of the steel [5, 11]. During the shell formation, other important factors such 

as heat flux, casting powder, liquid flow, etc. will interact as illustrated in Figure 11. These 

concepts will be further explained in following sections. 

 

Figure 11.  Solidification process at the mould during continuous casting. 
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The solidification starts at the meniscus where the first shell forms and rapidly grows. The shell 

should be thick enough to withstand the ferrostatic pressure from the melt. During solidification 

and cooling, the shell will be subjected to a shrinkage, which will lead to a separation (i.e. air gap) 

from the mould wall. This separation decreases the heat transport and the solidification rate 

because heat cannot be extracted at the same rate.  

The initial solidification of the shell during continuous casting occurs at the primary cooling zone 

(mould). Therefore, a variety of physical phenomena is present including the formation of surface 

defects, microstructure evolution, phase transformation, microsegregations, etc. These will 

control the structure and final properties of the as-cast product.  

Different modes of solidification occur when casting pure metals and alloys. The grain nucleation 

occurs similarly but with different grain morphologies. As the molten steel is poured into the 

mould; the mould walls act as initial nucleation sites (heterogeneous nucleation) for nuclei to 

form. After some time, the liquid metal solidifies forming randomly oriented crystals. As the heat 

is further extracted from the mould, the steel continues its solidification where grains will grow 

in a preferred direction (perpendicular to the mould walls) see Figure 12a.  Solidification of pure 

metals will result in planar or cellular/columnar growth (Figure 12b), while solidification of alloys 

result in columnar/dendritic or equiaxed growth, see Figure 12c. This chapter will be focused on 

the physical background behind solidification of steels (e.g. alloys) during casting.  

 

Figure 12. Schematic illustration of solidification modes for metals and alloys. 

Solidification starts in a front which is the interface between the already solidified metal and the 

crystals that grow towards the centre of the melt. The stronger the cooling, the faster the 

solidification front advance, with undercooling required to drive the process [4, 10]. Undercooling 

occurs if heat is extracted through the solid by cooling the solidification front below the 

equilibrium freezing point. The amount of undercooling is usually several degrees Celsius [12, 13].  
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The rate of heat extraction should increase to allow the temperature of the solidification front to 

decrease. Thus, a crystal with a tree-like structure called dendrite will grow both forward and 

sideways against the heat flow direction and form secondary arms to become a dendritic-columnar 

structure. All these arms will align in a preferential crystallographic growth direction (e.g. <100> 

for FCC and BCC structures) to coalesce and form a single-crystal lattice (grain) [10, 12, 13]. 

When the melt becomes highly undercooled due to the limited nucleation sites at the mould walls, 

solidification can occur on nuclei forming in the liquid when the undercooling for nucleation is 

reached (away from the interface) in spherical shape [10]. These crystals will continue growing and 

form the so-called equiaxed structure [10]. This equiaxed structure can also form due to breakup of 

primary and secondary arms due to strong flow/turbulence; where the broken arms will act as 

nuclei for solidification. These grains will lack directionality resulting in an equiaxed structure [12]. 

An example of an as-cast structure of a microalloyed steel after ingot casting can be observed in 

Figure 13.  

 

Figure 13. As-cast columnar and equiaxed microstructure in a microalloyed Steel. 

 Phase transformations and peritectic reaction 

Microstructure evolution during solidification will determine the material properties and it is 

linked to phase transformations. The development of microstructures in any material can be 

studied with help of pseudo binary phase diagrams that are normally sketched under equilibrium 

conditions. These diagrams show the phases formed at a particular temperature range, 

composition and pressure [14, 15]. In this chapter, the iron-carbon (Fe-C) equilibrium diagram is 

taken in consideration for understanding the formation of different phases, particularly for 

microalloyed steels with carbon up to 0.15%, see Figure 14.  
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Figure 14. Peritectic region in a pseudo binary Fe-C diagram [16].  

Peritectic transformation is common in low alloy steels with carbon contents between 

0.1-0.5 wt. %C. This transformation occurs in the primary cooling zone (e.g. mould) during 

continuous casting when the steel shell is still very thin and in subsequent processing at the 

secondary cooling zone [10, 17-20]. Such transformation is of great interest during processing since it 

involves volume and thermal changes leading to internal strains that result in crack formation in 

steel slabs [19-25].  The peritectic transformation occurs at the peritectic region at temperatures 

between 1400 to 1536 ℃.  

Two different mechanisms are involved in the peritectic solidification identified as peritectic reaction 

and peritectic transformation [10, 26, 27]. Such mechanisms occur rapidly because carbon (C) is 

interstitially dissolved in iron (Fe), which has high diffusion rate in the crystal lattice in 

equilibrium conditions [4]. However, experiments previously performed by H. Shibata et. al. [27], 

suggested that the peritectic reaction is not controlled by C diffusivity in the liquid, but by massive 

transformation of delta ferrite (δ-Fe) into austenite (γ-Fe) or by a direct solidification of γ-Fe from 

the liquid (i.e. diffusionless control) [10, 27]. Furthermore, C diffusivity controls the rate of austenite 

growth [10, 27]. Previous studies claimed that the volume change is higher in the diffusionless than 

the diffusion-controlled transformation driven by micro segregation of alloying elements that 

increase the crack formation sensitivity [26]. 

The peritectic reaction is the fastest growth mechanism because the carbon concentration in γ-Fe 

is higher than in δ-Fe but smaller than in the liquid. Thus, the fastest growth will be when liquid 

and δ-Fe phase directly react and γ-Fe grows around δ-Fe phase [26], see Figure 15. 



CHAPTER 2: The continuous casting process                                                                                      |19  

 

 

 

Figure 15. Peritectic solidification of a Steel [26] 

In a peritectic reaction, three phases interact with each other; one liquid (L), and two solid phases 

identified as delta ferrite (δ-Fe) with a body-centered-cubic (BCC) structure and austenite  (γ-

Fe) with a face-centered-cubic (FCC) structure, which transform with small undercooling. 

Therefore, during solidification, the peritectic phase transition from δ-Fe to γ-Fe will follow 

different paths at different positions in the peritectic region depending on the carbon content of 

the steel [10].  

At the peritectic point (Figure 16), the peritectic phase (γ-Fe) will grow along the S/L interface 

(δ-Fe/L), driven by liquid super-saturation. At the same time, γ-Fe rejects the solute (carbon) 

which diffuses though the liquid towards the δ-Fe contributing to its dissolution. Thus, γ-Fe will 

become thicker with time in the direction perpendicular to its growth, by direct growth in the 

liquid by solid-state diffusion of carbon from the loss of δ-Fe. At this point, the reaction is 

completed when all the δ-Fe/L interface is covered by γ-Fe. The peritectic transformation begins 

when the liquid and the primary δ-Fe dendrite arms are completely isolated by γ-Fe phase [26]. 

Then, the transformation δ-Fe→ γ-Fe occurs by long-range solid-state diffusion through the 

peritectic γ-Fe phase.   

 

Figure 16. Peritectic transformation at the peritectic point. 
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The peritectic transformation at the left side of the peritectic point (hypo-peritectic) (Figure 

17a), is of great interest for microalloyed steels with less than 0.16 wt.% C because it is related to 

the formation of defects such as hot tears, surface defects and depressions which consequently 

lead to breakouts during continuous casting [17]. This occurs due to the large amount of contraction 

by a massive and fast transformation from δ-Fe to γ-Fe with the peritectic reaction L+δ-Fe → δ+γ 

→ γ where liquid, δ-Fe and γ-Fe phases coexist, see Figure 17a. γ-Fe phase grows into the liquid 

around the primary δ-Fe by simultaneous consumption of δ-Fe and liquid. As the temperature 

decreases below the peritectic temperature, the δ-Fe phase transforms to the γ-Fe and liquid 

disappears until the system is completely austenitic.  

At the right side of the peritectic point (hyper-peritectic) (Figure 17b), with carbon contents 

higher than 0.16 wt.%C up to 0.53 wt.%C, liquid an austenite coexist. The reaction in this region 

is similar to that on the left-hand side (L+δ-Fe → δ+γ → γ) but with smaller fraction of δ-Fe. 

Below the peritectic temperature, δ-Fe disappears, and γ-Fe solidifies from the melt until γ-Fe 

solidus is reached.     

 

 

Figure 17. Pseudo Binary Fe-C phase diagram showing the Hypo and Hyper-peritectic regions. 
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 Effect of alloying elements on peritectic transformation 

The effect of alloying elements on multicomponent materials such as microalloyed steels 

significantly influence the solidification modes and consequently the phase transformation 

behaviour. Alloying elements modify the liquidus and solidus lines at the peritectic region by 

shifting the compositions to left or right in the pseudo-binary Fe-C diagram, see Figure 18. 

 

Figure 18. Fe-C pseudo binary phase diagram representing the influence of alloying elements on the peritectic region [17].  

The effect of alloying elements depends strongly on their ability to stabilize austenite and ferrite, 

respectively. For instance, the most common ferrite stabilizers (or ferrite formers) for microalloyed 

steels are Ti, P, V, Nb, Mo, Al, Si and Cr; while austenite stabilizing elements (or austenite formers) 

consist of C, Mn, Ni, Cu and N [28]. The concentration of alloying elements will modify the 

peritectic reaction into a hypo- or hyper-peritectic transformation, where the hypo-peritectic is 

critical for cracking formation during continuous casting [17, 18]. To avoid this region, chemical 

composition of the steel should be considered as a parameter that controls continuous casting in 

the same way as casting powders, cooling rates and casting speed [24].  

The effect of different alloying elements on the peritectic transformation can be determined 

through five different methods: i) the carbon equivalent calculation, ii) the ferrite potential 

calculation, iii) the Kagawa and Okamoto model [29], iv) the peritectic predictor model (Blazek et. 

al. [30]) and v) the CALPHAD method-Gibbs minimizer (thermodynamic approach [31, 32]). 

However, these simple models must be used only for approximations since they lead to unrealistic 

values because they limit the interaction between the different elements, which is relevant for 

highly alloyed steels [17, 18]. 
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i) The carbon equivalent ( 𝐶𝑃 ) method, is determined by adding the composition of the 

different alloying elements (𝐶𝑖) in wt. pct. with its corresponding dimensionless weighting 

coefficients (𝑋𝑖
∗), where austenite formers and ferrite formers are considered following the 

general expression in Eq. 1. If 𝐶𝑃  values are between 0.09 and 0.17, then the steel will be 

highly susceptible to crack formation and depressions during casting.  

𝐶𝑃 = 𝐶𝐶 + ∑ 𝑋𝑖
∗𝐶𝑖

𝑖=𝑛
𝑖=1      (2) 

ii) The ferrite potential method, is based on the carbon equivalent (also carbon potential, 𝐶𝑃) 

calculation [6]. For low alloy steels, the ferrite potential (𝐹𝑃) can be calculated by Eq. 2  

𝐹𝑃 = 2.5(0.5 − 𝐶𝑃)     (3) 

Where; 𝐶𝑃 is the carbon potential expressed as in Eq. 3 

𝐶𝑃 = (𝑤𝑡%𝐶) + 0.04(%𝑀𝑛) + 0.1(%𝑁𝑖) + 0.7(%𝑁) 

−0.14(%𝑆𝑖) − 0.04(%𝐶𝑟) − 0.1(%𝑀𝑜) − 0.24(%𝑇𝑖)   (4) 

The peritectic reaction is at a maximum at 1,0 and the range of 0,8-1,05 corresponds to the crack 

susceptibility range [6].  

iii) Kagawa and Okamoto model [29], considers the influence of alloying elements on critical 

points at the peritectic region identified as 𝐶𝐴, 𝐶𝐵 , 𝐶𝐶  in a more fundamental approach. This 

model is based on the coefficients in the corresponding temperatures, ∆𝑇𝐶𝐴, ∆𝑇𝐶𝐵, ∆𝑇𝐶𝐶  of 

the critical points for each element. This model also considers the different effects of third 

elements of the critical points such as the distance between 𝐶𝐴 and 𝐶𝐵 at the hypo-peritectic 

region.  

iv) The peritectic predictor model [30], follows two equations for determining 𝐶𝐴  and 𝐶𝐵 , 

respectively, as expressed as 

𝐶𝐴 = 0.0896 + 0.0458(𝐴𝑙) − 0.0205(𝑀𝑛) − 0.0077(𝑆𝑖) + 0.0223(𝐴𝑙2) − 0.0239(𝑁𝑖) +

0.0106(𝑀𝑜) + 0.0134(𝑉) − 0.0032(𝐶𝑟) + 0.00059(𝐶𝑟2) + 0.0197(𝑊)   (5) 

CB=0.1967+0.0036(Al)-0.0316(Mn)-0.0103(Si)+0.1411(Al2)-0.05(Al*Si)-0.0401(Ni)  

+0.03255(Mo)+0.0603(V)-0.0024(Cr)+0.00142(Cr2)+0.0197(Cr*Ni)+0.0266 (W)  (6) 

These equations are based on a regression study using thermodynamic calculations within a 

certain concentration range (similar to the 𝐶𝑃  equation). Such CALPHAD method/Gibbs 

minimizer is based on thermodynamic calculations that consider all interactions in the phase 
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diagram. This approach can be performed by using Thermo-Calc, FactSage, MTData and PANDAT 

commercial software.   

 Phases formed in solid state 

During casting, as the steel solidifies, some other phases form at lower temperatures (solid-state 

transformation). It is observed in the Fe-C equilibrium phase diagram (Figure 17), that below the 

peritectic region (1400 °C) for microalloyed steels (e.g. 0.1-0.5 wt. %C), the steel is fully austenitic 

(γ-Fe  with a FCC structure). Austenite has the largest phase field and the highest carbon 

solubility in iron with a maximum value of around 2 wt% at 1147 °C.  

At lower temperatures, α-iron with a BCC structure, (a.k.a. pro-eutectoid ferrite) forms in 

combination with γ-Fe (below Ac3 temperature) via the pro-eutectoid reaction (i.e. above the 

eutectoid line at 723 °C). α-iron has the lowest carbon solubility in iron of 0,02 wt.%. Below the 

eutectoid line, the remaining austenite transforms to pearlite, which is a lamellar mixture of ferrite 

(α-iron), and iron carbide (Fe3C) called cementite. This is considered a metastable phase and the 

true equilibrium should occur between iron and graphite, but it only occurs for cast irons when 

carbon content oscillates between 2-4 wt.%C [28].  

In microalloyed steels, ferritic-perlitic structures are common in as-cast conditions. During 

normal cooling, α-iron grows along austenite grain boundaries towards the centre of the austenite 

grains [26]. Different types of ferrite morphologies can form in steels and those can be classified 

according to the cooling rate. Ferrite morphologies are classified as allotriomorphic ferrite, 

Widmanstätten ferrite and acicular ferrite (a.k.a. Bainitic ferrite), as can be seen in Figure 19[28]. 

  

Figure 19. Microstructure of an as-cast HSLA steel obtained after colour etching showing the presence of (a) Allotriomorphic 
ferrite, (b) Acicular ferrite, and (c) Widmanstätten ferrite.  
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At low cooling rates, allotriomorphic ferrite (Af) (Figure 19a) is the first phase to form when 

cooling occurs below Ae3 temperature (above 800 °C) and nucleates heterogeneously at the 

columnar austenite grain boundaries. An allotriomorph has a shape that does not reflect its 

internal crystal symmetry because it nucleates at austenite grain surfaces (i.e. layers along grain 

boundaries), see Figure 19. This type of ferrite can grow in contact with two grain boundaries of 

austenite,  with a more coherent orientation in one grain than the other[28]. Thus, the boundaries 

rapidly become decorated with continuous layers of allotriomorphic ferrite [33, 34]. Allotriomorphic 

ferrite has relatively low mechanical properties due to its coarse structure and it grows under a 

reconstructive mechanism [35, 36]. Reconstructive transformation occurs by breaking all bonds and 

rearranging the atoms into alternative patterns [28].  

Acicular ferrite is an intragranular phase that nucleates on non-metallic inclusions, which act as 

nucleation sites (heterogeneous nucleation). The acicular term refers to a shaped pointed like 

needle (lenticular plates) [28]. Acicular ferrite transforms similarly as bainite and Wf with a 

displacive mechanism with carbon diffusion during nucleation but no diffusion during growth. 

For instance, acicular ferrite occurs below Bs temperature, with an incomplete-reaction 

phenomenon. Both phases cause an invariant-plane-strain shape deformation phenomenon with a 

large shear component leading to a stored energy of 400 J/mol. Acicular ferrite plates have well-

defined crystallographic orientation related to austenite grains where they cannot cross austenite 

boundaries. This occurs because the coordinated motion of atoms cannot be sustained across an 

arbitrary grain boundary, see Figure 19b . The plates grow supersaturated with carbon but the 

excess of carbon is rejected shortly afterwards into the remaining austenite [34, 37]. Acicular ferrite 

microstructures have the potential combination of high strength and toughness. This is caused by 

the growth of grains in different directions from inclusions. Thus, it is expected that such 

transformation can be affected by elastic stress and plastic deformation of austenite.  

Widmanstätten ferrite (Wf) is a phase that forms during special conditions, either along 

austenite grain boundaries or along allotriomorphic ferrite (Af). Ferrite that grows from grain 

boundaries of austenite is called primary Wf, while the one growing from previous Af is defined as 

secondary Wf, see Figure 19c.  This phase grows as parallel laths (needle –like morphology) 

towards the centre of austenite grains, in which the size of austenite promotes Wf formation with 

<111>α growth direction. The Wf-laths form simultaneously with a specific angle and misorientation 

boundary. This depends on the overall cooling rate or the temperature of isothermal 

transformation. Wf-laths, is accompanied by surface relief effects in the form of invariant-plane 

strains with a large shear component (displacive or shear transformation mechanism) [28]. The 

shear transformation can alter the shape of the sample where deformation is a combination of 

elastic and plastic strains in the unconstrained surrounding matrix. This type of ferrite, forms by 

carbon diffusion during para-equilibrium nucleation and growth. Wf, is considered to be 

detrimental to the mechanical properties of steels due to the parallel growth of the plates which 
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promotes cleavage cracks to propagate. It has been demonstrated that Wf forms at temperatures 

close to Ac3 (between 600 to 900 °C) depending on the carbon content of the steel [38-40].     

 Thermal strains during casting 

Thermal strains during continuous casting of steels occur at the primary and the secondary cooling 

regions, resulting in internal stresses, which can promote crack formation of the steel. 

At the primary cooling zone, shrinkage is present during solidification leading to volume/shape 

changes and mechanical strains in the strand. Shrinkage is a phenomenon that results in volume 

reduction (contraction) during solidification and cooling, which can be relatively large in slabs [4, 

10-12, 26, 41]. During cooling several problems occurs due to the shrinkage of the strand such as 

deformation of the surface shell at the beginning of solidification process, formation of cavities in 

the centre of the strand, strains, cracks and other defects [4, 12, 26].   

Volume changes can also result from the peritectic transformation induced by the content of delta 

ferrite (δ-Fe) formed at the end of solidification. These changes increase with the cooling rate 

during actual solidification [21-23, 27, 42, 43]. An initial contraction occurs when liquid is transformed 

to δ-Fe and the second occurs when δ-Fe is transformed to austenite (γ-Fe). The difference in 

densities of delta ferrite-BCC and austenite-FCC is the cause of volume changes (0.4-0.6 %) [20, 21, 

23] on top of the thermal shrinkage. The molar volume of γ-Fe is considerable smaller than the 

liquid and δ-Fe phases [42]. There is a 4% mismatch between the thermal shrinkage coefficients 

when δ-Fe transforms to γ-Fe. Generally, γ-Fe is stronger than δ-Fe because of the packing of 

atoms in the FCC structure but δ-Fe is the more ductile phase (BCC) and exhibits less micro-

segregation than γ-Fe. The mismatch in thermal shrinkage of δ-Fe and γ-Fe in peritectic steels 

result in internal strains, making the steel more susceptible to cracking during transformation [6]. 

Thermal strains depend on the thermal expansion coefficient where different strain models have 

been used to obtain a history of the strain distribution below the isotherm at a certain temperature 
[44]. Mechanically, these micro strains have significant effect on the interdendritic liquid flow given 

by Eq. 6 

𝑇𝑐𝑜ℎ = 𝑇𝑠 + 𝐵(𝑇𝑙 − �̅�𝑠)                                                                (7) 

where; 𝑇𝑐𝑜ℎ is the critical temperature in the mushy zone (i.e. effective coherent temperature), 𝑇𝑙  

is the liquidus temperature and B is a constant (0< B <1) [44]. The narrow solidification interval,  

high tensile strain and thermal contraction promote the expansion of the tensile stress field 

through dendrites above the peritectic temperature, as observed in Figure 20. The volume changes 

affect the dynamics of dendrite growth significantly, where the stress acts against the small 

resistance of dendrites at the regions with higher temperature [43]. 
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Figure 20. Volume changes during peritectic transformation. 

In CC, the melt is strongly cooled to allow a complete solidification of the strand when leaving the 

machine. Thus, the cooling shrinkage at the centre and surface of the strand can be completely 

different, see Figure 21. The initial solidification of the shell occurs over a temperature interval of 

TL-Ts where the heat is gradually released and the temperature at the centre of the strand is 

constant or decreases only few degrees [4]. The temperature interval is defined by the 

liquidus/solidus temperatures, and the composition of the alloy. As the shell thickness increases, 

the hydrostatic pressure from the melt press the shell towards the mould wall while the 

temperature continue decreasing [45]. After a certain time, the shell contracts in all directions 

during cooling [4]. When the solidification is completed, no further heat is released and the 

temperature at the centre decreases rapidly. 

 

Figure 21. Cooling shrinkage during solidification of a strand during continuous casting. 

The solidification and cooling of an alloy during casting can occur in different stages: i) Cooling 

shrinkage of the melt from the casting to the solidification temperature; ii) Solidification shrinkage 

at the melt to solid phase transition; iii) Cooling shrinkage at the cooled solid phase down to room 

temperature. During cooling of the strand, the temperature varies strongly as a function of position 
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and time resulting in large thermal strains. If strains are larger than the elastic limit, cracks may 

appear in the final product. The magnitude of thermal strains will depend on the rate of 

temperature variations in the material. If the rate is high, then a thermal shock will occur. 

Moreover, if the material is subjected to repetitive temperature variations (cycling), the material 

will be subjected to thermal fatigue. Special attention should be given in these last cooling stages 

to avoid crack formation [4].  

In the secondary cooling zone, mechanical stress-strains are present during bending and 

unbending of the strand (bender and straightener, respectively). Furthermore, temperature 

gradients are another factor to control to avoid internal stresses during cooling. As the strand 

travel through the secondary cooling zone, two main deformations will occur. At the bender 

stresses are present since the strand takes the curved shape of the machine with tensile stresses at 

the outer bow and compressive stresses at the inner bow. After the bender, the strand continues 

solidifying until it reaches the straightener zone. At this point, the strand is subjected to another 

large deformation because its shape changes from curved to horizontal where the mechanical 

stresses are now the opposite of those in the bender; compressive stresses at outer bow and tensile 

stresses at the inner bow [46], see Figure 22 . 

 

Figure 22. Presence of mechanical strains at the Bender and Straightener during continuous casting [47].  

Temperature gradients can also cause internal strains during cooling of the strand. The water 

distribution from the nozzles should be efficient to keep the surface temperature of the strand as 

constant as possible. The water flow varies in each segment of the secondary cooling zone, taking 

in consideration that nine segments (depending on the casting length of the machine) compose 

the secondary cooling zone. The casting length (metallurgical length) is the distance from the top 
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of the mould to the point where the core of the strand is completely solid. Additionally, the heat 

transfer coefficient is assumed to be constant within each separate segment and it is a function of 

the water flow rate in each segment, the length of the segment and the cross section[4]. 

There are two main types of cooling applied during continuous casting: Soft and Hard Cooling [48], 

see Figure 23. Soft cooling uses a small amount of water often combined with air-water mist 

sprays, resulting in higher surface temperatures above the ductility zone at the straightener. In 

contrast, hard (intense) cooling supplies a higher amount of water that decreases the strand 

temperature below 700 ℃ at the straightener zone [49]. The strategy must be chosen accordingly 

to avoid the generation of defects in the strand due to uneven or inappropriate cooling.  

 

Figure 23. Intense and soft cooling during continuous casting [47]. 
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Chapter 3: Defects in Continuous Casting 

 

Presence of defects is very common during manufacturing of steels via continuous casting (CC). 

As discussed in previous chapters, several physical phenomena interact simultaneously during 

processing responsible for the formation of defects in the semi-finished product. 

Solidification is one of the crucial phenomenon to understand and control during CC (e.g. primary 

and secondary solidification) since it determines the quality of the final product.  

This chapter explains the main defects forming during continuous casting of steels divided in 

internal and surface defects with special attention in crack formation. Presence of defects are a 

consequence of the interaction of different phenomena such as shrinkage (during solidification and 

cooling), phase transformation, microstructure evolution, heat transport and thermal strains.   
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 Internal defects 

Cavities in the shape of narrow pipes (piping) form as a consequence of solidification and cooling 

shrinkage [4]. Since thermal gradients are formed in the melt, caused by the cooling from the mould 

walls, then columnar structure starts to form mainly in the direction of the temperature gradient 

leaving some cavities in the centre of the strand. Generally, shrinkage cavities (a.k.a. shrinkage 

pores), porosity and piping formation reduces significantly the mechanical properties of the strand 

making it weak, see Figure 24.  

 

Figure 24. Representation of piping formation in a microalloyed steel after ingot casting. 

At the primary cooling zone (the mould), the melt is continuously supplied to the mould and the 

shrinkage during solidification is compensated. Therefore, piping is not that significant during the 

initial solidification of the strand but is considered more pronounced at the final stage of the 

casting process [4]. This is because during the initial stage, the solidified dendrites are still 

relatively thin so the constant flux of the melt from the tundish can fill the channels between the 

dendrites. Thus, the solidification shrinkage can be compensated by melt at this stage. When 

dendrites become gradually thicker, the channels become thinner making it more difficult to fill 

the channels between the dendrites. The lack of metal arises leaving small holes resulting in 

internal shrink-porosity [4, 10, 12]. For instance, in ingot casting, at the end of the casting process, 

the tundish does not have much liquid metal left to supply, then the conditions become more 

difficult because the shrinkage during solidification and the channels between dendrites promote 

the piping formation.  

Internal porosity is also a result of gas entrapment (gas-pore) during solidification because the 

internal hydrostatic tension will increase reaching a certain level for an internal pore to form [4]. 

The sucking of the liquid from the surface will leave some gases (air) that flow inside the liquid 
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and those gases can move between the channels of dendrites. Thus, pores can form and grow 

according to the volume of the gas content under combined pressure of the atmosphere, 

hydrostatic pressure and surface tension [12].   

Oxides or inclusions in the melt are considered as potential sites for pore nucleation, but only if 

these oxides are clusters or films with poor wetting between solid and liquid phases [10, 12, 50, 51]. 

Oxides in the melt appear due to the precipitation of some alloying elements containing the steel 

and/or from the casting powder entrapped inside the melt.  

In the first case, inclusions can precipitate during the solidification process located at the 

interdendritic regions but these inclusions can also precipitate before the solidification process 

begins [4]. For instance, common inclusions in the melt include iron oxide/sulphides. The most 

important inclusion containing sulphur is MnS slag inclusions, but as oxygen is also present 

during processing, MnO can also form. In addition, FeO and FeS slag particles can be found in the 

melt [6]. In general, the precipitation of the different type of inclusions are harmful for the 

mechanical properties of the steel, and their morphology will depend on the solidification/cooling 

rate, the concentration of Mn and S, C concentration and the solubility of the alloying elements in 

the molten steel. In the second case, the molten steel can pick up some oxides from the casting 

powder. Since mould powders usually contain 5% of Al2O3 then the risk for the pickup of alumina 

increases. Furthermore, the high metal fluxes causing turbulence in the melt can also promote slag 

entrapment if the interfacial tension at the slag/liquid interface and the viscosity of the casting 

powder is low [6, 52].    

 Oxide scale formation 

Although, oxide scale formation is not considered as a defect, it will contribute to the formation 

of defects (i.e. lattice defects), which modifies the quality of the steel product. In fact, oxidation of 

the steel is difficult to avoid during high temperature manufacturing processes (e.g. continuous 

casting, hot rolling, forging, stamping, etc.). Consequently, a layer of oxide scale will form on the 

surface of the steel product.  

Oxide scale formation has been extensively studied for hot rolling and hot stamping [53-56]. 

However, this topic has been investigated only to a limited degree for CC process where it has also 

been found to be an important issue to address for improving the quality of steel slabs [57-61].  

Oxide scale can form just below the mould (i.e. at the secondary cooling zone) when the strand is 

in direct contact with the exterior. Thus, the strand is now more susceptible for oxidation due to 

the presence of oxygen from the constant water-cooling (from the nozzles) and the oxygen from 

the environment (air). The high temperatures of the strand, normally in the range of 1300 °C (below 



32|                                                                                                                           3.2 Oxide scale formation  

 

the mould) to 700 °C (straightener), in combination with the water-cooling will accelerate the 

oxidation process.  

The presence of oxide scales interrupt the effective cooling of the sprays system, which will mostly 

affect the heat transfer coefficient when the oxides are embedded on the strand surface [62]. 

Furthermore, if the oxide scale growth is not homogeneous, that will lead to a strong variation of 

the heat transfer coefficient in different parts of the steel affecting its performance during the 

secondary cooling. The real effect of oxide scale on the heat transfer coefficient is not yet 

completely understood due to a lack of information since it is complex to obtain accurate results 

in an industrial scale. However, most of the studies regarding this topic has been performed in 

laboratory scale. 

Generally, oxide scales have lower thermal conductivity than steels and can act as a thermal 

barrier, which lowers the heat flux from the strand surface to the surroundings. Oxide scale 

formation during secondary cooling grows in presence of steam (water vapour) rather than direct 

water contact. This is because when the water is in contact with the hot strand surface, it 

evaporates creating a film (also called film boiling regime) between the water-cooling from the 

nozzles and the strand surface. The vapour film formation is due to a so called Leidenfrost effect 
[63, 64].  

The uneven cooling during processing in presence of oxide sales is related to the physical and 

mechanical properties of the oxide layer. Generally, oxide scales grow discontinuously on the steel 

surface with presence of pores. These pores also modifies the kinetics of oxidation resulting in 

either thicker or thinner oxide scales. Therefore, the variation of the scale thickness may lead to a 

partial detachment (adherence) of the scale from the surface during cooling. Furthermore, the 

adherence of the oxide scale will strongly depend on the type of oxides formed in the scale [57, 60]. 

Different types of oxides can form, which are identified as Wüstite, magnetite and hematite 

depending on the amount of oxygen and the environment during the oxidation process, see Figure 

25.  

Wüstite (𝐹𝑒(1−𝑥)𝑂) is the first phase to form on the steel surface being the most iron rich phase, 

and it is stable above 563 °C but becomes unstable below 563 °C when it transform to magnetite 

( 𝐹𝑒3𝑂4 ). Magnetite is the intermediate phase formed at the Wüstite/magnetite interface. 

Hematite (𝐹𝑒2𝑂3) is the most oxygen rich oxide to form at the magnetite/hematite interface, see 

Figure X. The self-diffusion of iron in Wüstite is much faster than in magnetite and hematite. 

However, the iron and oxygen self-diffusion in single crystal 𝐹𝑒2𝑂3 is considered to be very slow 
[65]. 
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Figure 25.  Iron-Oxygen equilibrium phase diagram computed by ThermoCalc [16]. 

In presence of water vapour, oxides with high adherence on the substrate are more prone to form 

than those formed under dry air, which tends to be more fragile [58, 62], see Figure 26. Thus, if the 

oxide scale is sticky, it will be more difficult to detach from the steel surface.  

 

Figure 26. Comparison of oxide scales formed under (a) dry air and (b) water vapour conditions. 

The high adherence of the oxide scales on the steel substrate are related to mechanical properties 

of phases formed in the scale. Previous studies demonstrated that Wüstite is the phase with higher 

plasticity (plasticity index up to 0.86 GPa) and lower hardness between 2.7 to 4.5 GPa than 

magnetite and hematite [57, 60, 66]. This means that higher plasticity and adherence (sticky) will 

increase the possibility of Wüstite to deform together with the strand during bending and 

unbending (i.e. bender and straightener zones) without detachment. 
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Water-cooling of the strand, results in higher oxidation rate in comparison to oxide scales formed 

under dry air [57, 60]. This can lead to thicker oxide scales if detachment from the steel surface does 

not exist, but presence of pores can certainly stop/delay the oxidation process [65, 67, 68]. These 

factors need to be considered during processing in order to determine the effect of oxide scale 

thickness on heat transfer coefficient (HTC) and cooling intensity.  

 

 Hot cracking  

Hot cracks, also known as hot tears or solidification cracks, takes place during the first stages of 

continuous casting process (i.e. solidification) at temperatures below the solidus temperature. Hot 

cracks are similar to shrinkage porosity but they require tensile stresses.  

During solidification, grains grow to the point at which collision occur against each other. 

However, this collision arises when the residual liquid surrounds the grains (thin films). Thin 

liquid of melt appears in the interdendritic region and along crystal boundaries. These films 

deteriorate the plastic properties and reduce the ductility of the steel considerably [10, 13, 14]. 

Furthermore, the interdendritic melt shrinks during solidification, which induces more liquid 

suction in the mushy zone [4, 15, 69]. A lack of feeding of the mushy zone under tension leads to 

cracks in areas where thermal strains are large and those follow an intergranular path [14]. Thus, 

the steel becomes vulnerable in a critical range of solid fraction also known as the Brittleness 

Temperature Range (BTR) [70] 

As shown in Chapter 2, during solidification of steels, dimensional changes will occur in order to 

accommodate the volume change upon solidification and the thermal contraction of the solid upon 

cooling to room temperature. The dimensional changes produce internal stresses promoted by 

non-uniform temperatures (during cooling), non-uniform mechanical properties and constrains 

induced by the copper mould [14]. In addition, the presence of external forces (e.g. bending and 

unbending at the secondary cooling zone) and mould design may contribute to hot crack 

formation. Other parameters such as chemical composition of the steel, microstructure and 

wetting will influence hot tearing during hot processing [70]. 

Chemical composition of the alloy can increase the solidification interval and decrease the solidus 

temperature. The larger the solidification interval, the higher the hot cracking susceptibility. 

Alloying elements such as sulphur, phosphorous and boron tends to increase the solidification 

interval and decrease the solidus temperature because their low melting point [2, 71]. Generally, 

inclusions or pores can act as nucleation sites for hot crack initiation.  

The microstructure is another factor that can promote hot cracking. Fine grains can accommodate 

small strains at low strain (thermal strains) rates with higher tearing resistance in comparison 
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with columnar grains. This will support less strains during gliding at grain boundaries promoting 

the formation of hot cracks [70]. The local thermomechanical behaviour plays an important role on 

hot cracking which generally depends on microstructure. 

 

 Solid-state cracking 

Solid-state cracks (also referred as warm cracks) normally appear below the solidus temperature 
[69]. These type of cracks occurs at elevated temperatures in the solid state (no presence of liquid 

in the microstructure) associated with grain boundaries. In continuously cast steels, solid-state 

cracks can form due to thermal stresses developed during cooling and from mechanical stresses 

from bending and unbending of the strand during processing. The thermal conduction away from 

the strand surface is caused by water-cooling from the nozzles at the secondary cooling zone. The 

distribution of thermal stresses and the mechanical stresses are completely different from those 

occurring at the mould [4]. The uncontrolled cooling may result in large temperature gradients in 

the surface of the strand [4]. The localized cooling can promote tensile strains at the strand surface, 

responsible for crack initiation/propagation. Transverse corner cracks are the type that can be 

formed in solid-state following an intergranular path [72]. 

Generally, solid-state cracks appear near the mid-face and corner regions between 700-900 °C, 

associated with a so called low ductility zone where the steels have a transition between ductile 

to brittle behaviour [47, 73-78]. The low ductility is linked with the occurrence of sulphides, oxides 

and nitrides, etc. precipitation at the grain boundaries that can act as preferential sites for crack 

formation. Furthermore, the presence of undesired microstructures can also affect the ductility, 

leading to crack formation of the strand during processing. This last will be discussed in the 

following chapters. A summary of different types of cracks occurring during continuous casting of 

steels can be observed in Figure 27 [4]. 
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Figure 27. Typical defects formed during continuous casting [After [79]] 

 

 

 Transverse corner cracks 

Transverse cracks morphology appears as hairline shape formed at the slab corners near/at the 

oscillation marks in which their size can variate between 10 to 30 mm length and up to 5 mm depth 
[47] as shown previously in Figure 1.  

Based on previous studies, crack formation in CC process, depends on the interaction of three 

main factors: i) chemical composition of the steel, ii) control of process parameters and iii) microstructure 

evolution. The combination of these factors leads to different physical events (phenomena) taking 

place during processing that clearly modify the steel performance during processing, mechanical 

properties and quality of the final product. A simplified scheme of these events with their 

corresponding physical phenomena is illustrated in Figure 28. 
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Figure 28. Factors influencing transverse corner cracks on steel slabs during continuous casting process. 

For practical reasons, the theory of cracking causes during continuous casting will be divided 

according to the main sections in the caster machine: the primary and the secondary cooling zones 

by considering the connection with different factors mentioned in Figure 28.  

 Cracking causes associated to the primary cooling zone 

Generally, any type of strain during processing is needed to form cracks, without the interaction 

of strains/stress, it becomes almost impossible. Cracks can initiate in the primary cooling and then 

continue their propagation in the secondary cooling.  

The behaviour of the shell during solidification is directly dependent on the chemical composition of 

the cast alloy. This will lead to different chemical reactions that will determine its phase 

transformation. The control of cooling during processing will also determine the cooling rate and 

the kinetics of shell solidification. From here, different events will promote the formation of a 

crack. For instance, cooling shrinkage during shell solidification causes undesired volume changes 

and mechanical strains in the material [11, 80, 81]. These changes promote the formation of cavities 

(piping) and/or hot cracks because the large temperature gradient in the solidified shell. 

Thermal strains are a result of the volume changes during solidification and the temperature 

gradients being the main cause for cracking formation during CC [4]. Moreover, the severity of 
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thermal strains will be also influenced by the thermal expansion of the steel during phase 

transformation.  

Microalloyed steels (i.e. High Strength Low Alloy steels, HSLA) are considered to be more 

susceptible for cracking formation than those with higher amount of carbon [76, 82-85]. This fact is 

related to the alloying elements that modify the structure of the steel as well as the phase 

transformation. For most of microalloyed steels, the carbon content up to 0.15 wt.% is common. 

Thus, a peritectic transformation is expected. It has been discussed that peritectic transformation 

promotes high level of contraction (volume changes) during the peritectic reaction (L+δ-Fe → δ-

Fe+γ-Fe → γ-Fe) which results in temperature variations in the shell. These variations change the 

shell surface temperature resulting in thermal strains when transformation occurs from liquid to 

delta ferrite (δ-Fe) and into austenite (γ-Fe). Consequently, large thermal strains have a detrimental 

effect in ductility being one of the causes for crack formation.  

It is evident that the total shrinkage (due to solidification and phase transformation) has a great 

effect on heat extraction (heat transfer coefficient, HTC) from the mould. The variations of the 

shell thickness cause changes in the surface temperature and growth rate of the shell. These 

changes modifies the air gap size between the steel shell and the mould walls, which interrupts 

the slag infiltration leading to a poor lubrication resulting in pronounced oscillation marks (OM) [79, 

86], see Figure 29. 

 

Figure 29. Oscillation marks and cracks formed on a HSLA steel slab during continuous casting. 
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The inadequate lubrication modifies the HTC affecting the heat flux, which increase the risk for 

defects and even failure of the strand (e.g. longitudinal cracks, transverse cracks, off-corner cracks 

and depressions). In the worst case, the lack of lubrication promotes the sticking of the shell to 

the mould by increasing the friction and causing a breakout and shut down of the caster [6, 86]. 

Mould oscillation is one of the parameters that also control the slag infiltration/lubrication during 

processing reducing the risk of sticking of the shell to the walls. However, the effect of mould 

oscillation on depressions (oscillation marks) is inexorable. These marks are formed in the early 

stages of shell solidification and they are filled with slag reducing the heat flux in the deeper parts 

of the marks [45, 79, 87, 88]. Deep oscillation marks with irregular patterns are associated to be a cause 

for transverse crack initiation and propagation during bending and straightening at the secondary 

cooling zone when casting peritectic steels.  

Solidification shrinkage can also be responsible to decrease ductility due to cavities/pore 

formation. The thin liquid of melt at the interdendritic regions and along crystal boundaries 

(boundary liquid film), deteriorate the plastic properties and reduces the ductility of the steel 

considerably [2, 4, 78]. These defects can act as preferential sites for crack initiation (hot cracking 

formation) that lately propagate during bending and unbending in the secondary cooling zone. 

 Cracking causes associated to the secondary cooling zone 

Stresses created during secondary cooling are related to be one of the causes for cracking 

formation. These stresses are caused by the internal ferrostatic pressure and/or machine 

misalignment. This is due to the unconstraint narrow sides of the solidification shell that cannot 

withstand the pressure from the liquid steel once the strand has emerged from the mould. In 

addition, the large temperature gradients may lead to crack initiation and propagation due to the 

lower ductility of the steel. Temperature fluctuations of the strand should be controlled at the 

secondary cooling in order to avoid reheating of the strand, which leads to thermal strains. If the 

temperature gradients are large, then the strand surface will be colder. Therefore, colder surfaces 

and large temperature gradients will decrease the ductility of the strand during bending and 

unbending, which can be detrimental for crack formation [2, 4]. 

From the process point of view, mechanical strains are induced during bending and unbending of 

the strand (i.e. bender and straightener). If the strand is sufficiently weak due to internal defects 

(pores, hot cracks), the steel will fail when tensile and compressive stresses are applied at the 

bender and straightener (inner and outer bow) [47]. Therefore, the ductility at this point is low due 

to the internal defects promoting surface cracking (e.g. transverse corner cracks). Moreover, deep 
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oscillations marks are also preferential sites for stress concentration, which are directly 

responsible for the formation of transverse corner cracks as can be seen in Figure 30. 

 

Figure 30. Presence of transverse crack located at the oscillation mark in a HSLA slab during continuous casting. 

Initially, the stresses in the inner bow may lead to an opening or closing the oscillation marks. In 

fact, the risk for this is lower at the bender because the strand contain higher fraction of liquid 

than the solid. Thus, the strand may behave more ductile to withstand the deformation in that 

zone. Besides, the straightener is considered of higher risk because the strand is almost completely 

solidified (higher solid fractions). Thus, the risk for failure is higher because the tensile stresses at 

the straightener (inner bow) are more concentrated at the oscillation mark, which is most 

probable to open resulting in a transverse crack formation [89]. An example of these stresses with 

the effect of oscillation marks can be observed in Figure 31.  

 

Figure 31. Crack formation derived from the concentration of stresses at the oscillation marks [89]. 

Ductility loss is also related to the alloying elements containing the steel [49, 75, 82, 90-92]. For instance, 

impurities with low solubility and low diffusion rate in the solid phase (usually in grain 
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boundaries) decrease the ductility and increase crack susceptibility of the steel during processing. 

For instance, micro-segregation of phosphorous (P) and sulphur (S) (and some others) usually 

occurs in the interdendritic regions at temperatures below the solidus temperature. This liquid 

film at the austenite grain boundaries decreases the ductility of the steel and increase the 

susceptibility for hot crack formation at the early stages during solidification in the mould and 

affecting the steel behaviour in the secondary cooling. In addition, the reaction of S with Fe and 

Mn forming FeS and MnS with low melting temperatures, have negative effects on the ductility 

loss. Other metals with low melting point such as Cu, Sn, and Sb are considered to be harmful to 

ductility during processing [78, 82, 93].  

At lower temperatures, the ductility is still decreasing because the interaction of other alloying 

elements forming precipitates along austenite grain boundaries. Generally, the main purpose of 

alloying elements in micro-alloyed steels (e.g. HSLA) is to form secondary phases (precipitates) 

that promote the precipitation hardening and grain refinement for improving mechanical 

properties of the final product. However, some of the alloying elements may be harmful if the 

cooling during continuous casting process modifies the kinetics of precipitation. Previous works 

[78, 93] stated that “the finer the precipitate, the lower the ductility of the steel” because these small 

precipitates cannot stop the movement of grain boundaries (pinning effect) making the structure 

weak. Thus giving more time for crack nucleation and linking.  

Several authors have done extensive research regarding the effect of alloying elements on 

precipitation and ductility loss [75, 82, 83, 85, 91, 93-96]. Figure 32 shows different regions where ductility 

loss on steels with different amount of alloying elements occurs and its relationship with 

precipitation formation at different temperatures during continuous casting. Such regions are 

taken from different tests performed by hot ductility test at temperatures relevant to CC. 

 

Figure 32. Schematic illustration of different regions during ductility loss. 
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Region 1. It occurs over 1400°C during the initial solidification process in the primary cooling zone. 

Micro-segregation of P, S (forming also sulphides FeS and MnS) decreases the ductility related to 

boundary liquid film effect between dendrites above the solidus temperature. Fracture surfaces in 

this region are characterized by inter-granular failures. It is possible to associate with austenite to 

ferrite transformation [22, 36]. To measure a tendency of hot cracking in this region, is by calculating 

the temperature intervals from 2% to 5% of the residual melt left to the solidus temperature where 

hot cracking susceptibility increase at higher values [93].  

Region 2. In this zone, the steel is fully austenitic. The presence of MnS, FeS, MnO and FeO 

precipitates along austenite grain boundaries lower the ductility below 1100 ℃. These precipitates 

have two major roles they can delay the recrystallization and reduce the strain making the grains 

significantly weak. Large austenite grains decreases the ductility [97, 98]. Thus, the refinement of the 

austenite grains is important to consider.  

Region 3. This occurs approximately at 800-900°C depending on the composition and tests 

conditions. The presence of other precipitates takes place in this temperature range. Precipitates 

such as Nb(C,N), V(C,N), Ti(C,N) and AlN usually form along austenite grain boundaries. The 

ductility loss takes place at lower strain rates, associated with CC. Microalloyed steels with Nb 

and V contents have higher risk for crack formation and it depend directly on the amount of 

alloying elements [85, 93].  

Region 4. The ductility loss in this region is associated to phase transformation below Ac3 

temperature (Fe-C equilibrium diagram). During austenite to ferrite transformation, thin films of 

ferrite nucleates along austenite grain boundaries making the structure weak since ferrite is a more 

ductile phase than austenite at high temperatures. Thus, stresses concentrate in the ferrite film. 

This can lead to pore formation promoting ductility loss [2, 5]. When temperature decreases, ferrite 

films grow resulting in a ductility recovery because the deformation decrease in those regions. 

However, nucleation of other type of ferrites such as Widmanstätten ferrite and acicular ferrite 

transform when decreasing temperature. Widmanstätten ferrite is considered to decrease 

ductility of the steel promoting cleavage cracks and its transformation is influenced by austenite 

grain size and carbon content of the steel [28]. In contrast, acicular ferrite, also dependent on 

austenite grain size and steel composition, tends to increase the mechanical properties of the steel 
[47, 85].   

A summary of the effect of alloying elements on hot ductility (HT) and transverse cracking (TC) 

on microalloyed steels can be observed in Table 2, which shows the positive (+) and negative (-) 

effect from different alloying elements. 
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Table 2. Effect of alloying elements on crack susceptibility during continuous casting 

Element 
HD 
(+) 

HD 
(-) 

TC 
(+) 

TC 
(-) 

Remarks 

Nb   
 

  

*Formation of fine Nb (C,N) precipitates, promote low 
ductility failures. *Additions of 0.01% has a detrimental 
effect on transverse cracks formation. 
*Nb steels with S levels of <0.005% increase crack 
susceptibility in Nb steels. Additions of Ti in Nb steels 
increase ductility. 

V  
   

*Little effect on transverse cracking. At high content of N 
(0.025%), cracks can accur in 0,15%V steels. 
*In thin slabs (50mm), VN steels are reported to have better 
surface quality than Nb steels. 

Ti   
   

*Ti additions of 0.01-0.06% are required to reduce transverse 
cracks 
*0.15%Ti was reported to decrease volume fraction of TiN 
*Generally, Ti addition is considered beneficial to surface 
quality of steel slabs and reduce the risk for crack formation 
during straightening. 

N   
  

 
Nitrides are considered to be detrimental for cracking 
formation. 

Al   
 

  
 

Transverse cracking problems can arise when the Al levels 
are >0.03%Al. 
It has been found AlN precipitates on the surface of 
intergranular failed specimens which indicate possible 
detrimental effect. 

S   
 

  
 

Due to either segregation in grain boundaries or fine sulphies  
precipitation. 
Recommended to keep low amount of S. 

P    
 

 

0.02%P is recommended for Nb steels. 
t can be detrimental at >0.04%P. 
Segregation of P promotes boundary liquid films and inter-
granular failures. 

B     

Slow cooling rates during CC promotes better ductility 

between 850-1050℃ and lower ductility between 850-950 ℃. 
Ref the effect of boron… 
B retard the formation of pro-eutectoid ferrite and increase 
grain boundary cohesion beneficial for hot ductility. 
Steels containing 0.002% B improves ductility of steels  
Combination 0.004% B with 0.002% Ti imporvest ductility 
significantly. 

Cu   
  

CuS precipitation responsible for poor ductility. Additions of 
N prevent crack formation. Cu levels must not exceed 0.15% 
Cu. 

 

Water-cooling is a parameter that has to be controlled during processing (e.g. secondary cooling) 

in order to avoid crack formation and other defects in the strand. Furthermore, other factor that 

needs to be considered when analysing the main causes for cracking formation, internal/external 

defects, and process improvement is the formation of oxide scale during water-cooling of the 

strand [64, 99-102]. 
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This topic is remarkable important for several steelmaking companies for improving the cooling 

performance during processing and reducing the amount of defects on steel products. Moreover, 

some strategies has been developed in the secondary cooling zone via “dry-casting” methods [103-

106]. These methods have been applied for improving the cooling and materials performance, as well 

as for understanding the heat transfer variations, which may be present due to the oxide scales 

formed on the strand surface. 

Certainly, the presence of oxide scale on the strand is not the main cause for cracking formation 

on microalloyed steels. Nonetheless, this influence strongly the heat flux during cooling promoting 

large cooling variations on the strand surface that can variate the temperature ranges during 

solidification and cooling of the strand. These variations can lead to internal physical changes (e.g. 

thermal strains) that may decrease the ductility of the steel leading to crack formation. 

Furthermore, the heat transfer coefficient will then decreased by increasing oxide scale thickness 

leading to discontinuity during cooling which can directly affect the strand behaviour [59, 62-64, 101]. 

Finally, if oxide scales cover the already formed cracks, this may lead to breakouts in the 

subsequent processing (e.g. hot rolling). 
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Chapter 4: Analysis techniques 

 

This chapter described different methodologies applied during experimental and numerical 

analysis used in the present work. This includes different characterization techniques applied in 

laboratory as well of the different numerical criteria for crack identification and process 

optimization.  
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 Experimental design 

The experimental work has been divided in two main parts: i) crack susceptibility determination 

and ii) high temperature oxidation. 

Crack susceptibility of the HSLA steel was determine via thermo-mechanical tensile tests in 

solid-state conditions by Gleeble system 3800. Temperatures corresponding to the secondary 

cooling during processing (inner bow) and casting speed (equivalent to the strain rate) were the 

parameters simulated during experiments. The static tensile tests were conducted at temperatures 

between 600 and 1000 °C with 100 °C step between each temperature. In addition, three different 

strain rates of 0.1, 0.01 and 0.001 s-1 were applied, which aimed to replicate the casting speed during 

processing. Round specimens with a reduced center section of 6 mm diameter and 12 mm gauge 

length with a total length of 120 mm were used according to the DSI standards, were used during 

experiments, See Figure 33a. Initially, specimens were heated up at a controlled rate of 20 °C/s to 

1300 °C and cooled after 5 minutes holding time. The purpose of holding specimens before tensile 

test was to dissolve the previous microstructure of the steel and precipitates to ensure 100% 

austenite in the matrix. Afterwards, specimens were cooled down at a controlled rate of 10 °C/s to 

the target temperature where an axial tensile load was applied at a different strain rates (i.e. 0.1, 

0.01, 0.001 s-1). After failure, specimens were indirect water-cooled through copper grips to room 

temperature. The temperature during experiments was monitored through two thermocouples 

welded on the center (gauge length) of the specimen (approx. 2 mm distance). The thermal cycle 

of experiments can be observed in Figure 33b and c. 

 

Figure 33. Experimental design of thermo-mechanical static tensile tests. (a) Specimen dimensions, (b) test arrangement in 
Gleeble, and (c) thermal cycles of static tensile tests [47]. 
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High temperature oxidation tests were performed under dry air and water saturated atmosphere at 

temperatures relevant to the secondary cooling zone (i.e. 1000, 1100 and 1200 °C). Oxidation under 

dry and water vapor were performed in an industrial furnace. The holding time was variated 

between 5 to 60 minutes for the study of oxidation kinetics. In contrast, a constant holding time 

was used for the study of the effect of surface conditions on oxidation behaviour (i.e. 45 minutes 

and up to 60 minutes for dry air oxidation and water vapour oxidation, respectively). The 

flowsheet of oxidation experiments performed under dry and water vapour conditions can be seen 

in Figure 34.  

 

Figure 34. Flow diagram of oxidation experiments performed under dry and water vapour conditions. tk holding time 
kinetics; tsc holding time surface conditions; T temperature; N2 nitrogen gas; Ar argon gas., TC thermocouple. 

 Microstructure characterization  

Characterization of specimens was performed by using different techniques in laboratory that 

allowed the microstructure and phase analysis of specimens obtained after the thermo-mechanical 

tests, oxidation tests as well as the analysis of transverse cracks of specimens taken after the CC 

process used as a reference for understanding the cracking mechanisms in this work. 
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Sample preparation of specimens was performed by using the standard metallographic techniques 

(e.g. mounting, grinding, polishing, and etching). For instance, mounting of specimens was applied 

in two different ways: 1) hot mounting with conductive bakelite powder of specimens obtained 

after thermo-mechanical tensile tests and 2) cold mounting with resin for specimens obtained 

after oxidation tests.  Grinding was performed by using silicon carbide abrasive papers with grit 

sizes between 600 to 4000 µm. Subsequently, polishing of specimens was conducted by using 

diamond suspensions from 9 to 1 µm size and silica colloidal as a final step. Finally, conventional 

and colour etching for steels was applied by using different solution techniques. For instance, 

Nital 5% was applied on reference samples with presence of cracks by submerging specimens after 

7-10 seconds. Furthermore, a combination of Nital 5% with colour etching (Klemm´s) solutions 

was used for revealing the ferritic structure of specimens obtained after thermo-mechanical tests 

by using 10-15 seconds etching time [107-110]. In contrast, for specimens obtained after oxidation 

tests, a combination of other solutions was applied for revealing different oxides, which provided 

different shades for the revealed surfaces (i.e. wüstite, magnetite and hematite). For instance, citric 

acid in combination with sodium thiocyanate revealed wüstite and magnetite phases after 30 

seconds etching time. Subsequently, choral solution revealed hematite after etching the specimen 

on top of the previous etched surface after 30 seconds etching time [107].  

The microstructural, fractography and phase analysis was performed by using Light Optical, 

Nikon MA 200, Scanning Electron Microscopy, JEOL JSM-IT300 LV, (LOM and SEM, 

respectively) and X-Ray diffraction, (XRD) techniques. Moreover, the volume fraction of phases 

from the diffraction patterns was determined via Rietveld refinement method by using the High 

Score Plus software.    

 Nanoindentation tests 

Micro-mechanics of phases present in oxides were conducted through nanoindentation tests in a 

NanoTest Vantage system using a diamond Berkovich indenter-tip. Measurements were load 

controlled by using 50 mN with 25 seconds loading time and unloading time of 20 seconds. The 

dwell time was performed at a maximum load of 15 seconds. Tests were conducted in specific 

zones according to the different phases identified in the oxide scales (e.g. from the steel interface 

towards the oxide scale surface).  The hardness, elastic modulus and plastic work was determined 

by using the system´s software based on the Oliver and Parr method [111].
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 Numerical modelling approach 

This section describes different numerical that are divided in three different categories: i) crack 

susceptibility determination (article 1), ii) oxidation kinetics (article 2) and iii) 1-D and 3-D 

models (article 4) developed for the cooling optimization in the secondary cooling zone. 

i) Crack susceptibility determination was performed by converging different numerical 

criteria in order to ensure the temperature range of ductility loss at different deformation 

temperatures (i.e. 600 to 1000 °C). These criteria used at first the engineering and true stress-

strain equations as a base for the flow curves determination, Eq. 8 and 9 in Table 3. 

Additionally, the reduction of the area method, which is commonly used for the study of crack 

susceptibility was determined and plotted as a function of temperature, see Eq. 10 in Table 3. 

A combination of other two numerical methods was used and considered relatively new for 

the analysis of crack susceptibility. These numerical criteria combines the true fracture 

strength-ductility determination (Eq. 11 and 12) and the engineering/true energy method (Eq. 

13) [112]. The purpose of using these two last models is related to the fact that Eq. 11 and 12 are 

valid after necking allowing having more accurate values for the true total energy calculations. 

The response models used for the study of crack susceptibility are listed in Table 3. 

 

Table 3. Response models used for crack susceptibility determination 

Eq. Response model Nomenclature 

8 
0

eng

F

A
 

 ; 
true

i

F

A
 

 

𝜎𝑒𝑛𝑔 ;  Engineering stress [MPa] 

𝜎𝑒𝑛𝑔; True stress [MPa] 

𝐹 ; Applied force [N] 

𝐴0 ; Initial cross section area of specimen [mm2] 

𝐴𝑖 ; Instant cross section area specimen [mm2] 

9 
0

eng

L

L





 ; 
ln(1 )true eng  

 

𝜀𝑒𝑛𝑔 ; Engineering strain [mm/mm] 

𝜀𝑡𝑟𝑢𝑒 ; True strain [mm/mm] 

∆𝑙 ; L-gauge measurement from the machine 

𝐿0 ; Initial gauge length 

10 
0

% 1 100
fA

RA
A

 
   
   

𝐴0 ; Initial cross section area of the round specimen 
[mm2] 

𝐴𝑓 ;  Final cross section area after  failure [mm2] 

11 
0 1

ln ln
1

f

f

A

A RA


 
   

   

𝜀�̃� ; True fracture ductility 

𝑅𝐴 ; Reduction of the area 

12 0 1

1
f f f

f

A

A RA
  

   
          

�̃�𝑓 ; True fracture strength [MPa] 

𝜎𝑓; Fracture strength point from engineering flow 

curves [MPa] 

𝑅𝐴 ; Reduction of the area 
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𝑈𝑡𝑟𝑢𝑒 ; True total energy [MJ/m3] 

𝑉 ; Volume 

𝐹 ; Applied force 

 

ii) Oxidation kinetics under dry and water vapour conditions was studied through the 

combination of different equations for interpretation of different reaction mechanisms. 

These equations are used to determine the oxidation behaviour of the steel at different 

temperature and times applied during experiments. However, these models may limit the 

interpretation to some mechanisms since they were designed for ideal cases. Thus, a 

modification of some of the equations were consider in this work to adjust them to the 

oxidation under non-isothermal conditions and non-protected atmospheres.  

Oxidation reaction was determine by using the rate law equations (parabolic). Initially, the 

reaction index (n) was approximated by using Eq. 14 in Table 4. This allows the prediction 

of the parabolic oxidation rate that is commonly obatined during oxidation at high 

temperatures for many metals and alloys [65].  

The reaction index was calculated through Eq. 14, where the thickness does not change with 

temperature but only with time. In this work, the reaction index was modified in terms of 

the thickness variation with temperature and time since at the begging of experiments the 

oxidation is considered non-isothermal. Thus, the Eq. 14 takes the rate form in Eq. 15 

governed by temperature and time and that can be expressed in terms of the reaction index 

in Eq 16 and 17. The integration form in Eq. 18 defines the limits of temperature and time 

used during experiments. Thus, Eq. 19 was optimized by plotting temperature vs. time to 

determine the n and k values.  

The activation energy (Q) needed for oxidation was determined via the Arrhenius-type 

equation (Eq. 20) linearized and expressed as Eq. 21. The activation energy was determined 

by fitting the Eq. 21 from the plot log10 k as a function of 1/T. The value of the slope (m) 

corresponds to Q/mR.  

Finally, the diffusion coefficient of oxygen through the oxide scale was determined by the 

Fick´s second law. The concentration of oxygen through the scale was assumed to be 

constant at a certain distance, x. Eq. 22, was solved through the Gaussian method with 

respect to the diffusion length, which approximates the diffusion coefficient as a function of 

scale thickness and oxidation time (Eq. 23) via linear regression from the thickness vs. time 

plot. In addition, the Arrhenius type equation (Eq. 24) was used to determine the activation 

energy for diffusion following the same procedure as Eq. 24. The summary of equations used 

for oxidation kinetics are listed in Table 4. 
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Table 4.  Response models used for the analysis of oxidation kinetics  

Eq. Response model Nomenclature 

14 ( )n

nx k t c 
 

x;  Thickness of the oxide scale [µm] 
kn; Oxidation rate 
t; time 
c; integration constant 

15 ( ) ( )
dx

k T f x
dt


 

f(x); depends on the reaction index 
k(T); Oxidation rate as a function of temperature 
This equation is assumed to be governed by temperature 
and time 

16 ( 1)

1
( )

( )n
f x

nx 


 

f(x); dependent of the reaction index, n written as a power 
law model 
n; reaction index 
x; thickness of the oxide scale [µm] 

17 1n

n

dx
nx k

dt

 
 

Modification of the reaction index and oxidation rate after 
Eq. 2 and 3. 
n; reaction index 
kn; Oxidation rate 

18 
1

f f

i i

x t

n

n

x t

nx dx k dt  
 

Integration form of Eq. 4 that indicated the limits of 
thickness and times used during experiments. 
xf and xf ; initial and final thickness of the oxide scale, 
respectively. 
ti and tf; Initial and final times during oxidation, 
respectively. 

19 ( ) ( )n

n f ix t k t t c  
 

Expression after integration of Eq. 5 used for obtaining the 
reaction index and the parabolic oxidation rate values (n 
and kp ) 
n; reaction index 
x; thickness of the oxide scale [cm] 
t; oxidation time 
kp; Parabolic oxidation rate [cm2/s] 
c; integration constant is considered a  function of n 

20 0( ) expp

Q
k T k

RT

 
  

   

k; Oxidation rate determined from the parabolic law 
[cm2/s] 
R; Ideal gas constant = 8.314 J/mol.K 
K0; pre-exponential factor 
T; temperature [K] 
Q; Activation energy [kJ/mol] 

21 0

1
log logp

Q
k k

R T

  
   

    

Linear expression of Eq. 7 for the activation energy 
calculation 
(Q/R); represent the slope from the plot log kp vs. 1/T 
K0; pre-exponential factor (the intersection in the plot) 
T; temperature [K] 
Q; Activation energy [kJ/mol] 

22 
2

2

dc d c
D

dt dx

 
  

   

Fic´s Second Law for non-steady-state diffusion in one 
dimension 
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23 2x D t  

Gaussian solution with respect to the diffusion length 
approximated from Eq. 9. This equation assumes to be 
independent of concentration. 
x;  Thickness of the oxide scale [cm] 
D; diffusion coefficient of oxygen through the oxide scale 
[cm2/s] 
t; Oxidation time 

24 0 exp
Q

D D
RT

 
  

   

Arrhenius type equation used for the activation energy for 
diffusion. 

 

iii) 1D and 3D models were developed to provide different cooling strategies in the secondary 

cooling zone and to simulate the heat transfer and solidification during cooling in order to 

prevent crack formation during processing. The 1D and 3D models are only applicable for an 

specific caster and steel grade presented in this work. 

The 1D model was developed based on the principle of the heat capacity, which takes as an 

input the temperature gradients obtained from pyrometers (P1 and P2), the water flow rate 

per segment of the caster and the slab properties. The heat loss (Q) represents the amount 

of energy required to produce temperature changes, which was assumed to be proportional 

to the amount of water applied in each segment of the caster. Thus, the total water flow rate 

in each segment was considered accordingly for each cooling loop per segment (i.e. from 

vertical rack to straightener zone). The limits indicated in Eq. 25, Table 5 were determined 

by the average temperature from tundish, bender (P1) and straightener (P2), which also 

considered the empirical results obtained from the cooling curves. Additionally, the 

temperature gradients indicated in Eq. 26 are considered the initial and final temperatures 

of the strand in each segment; where Ti is the temperature at the beginning of the segment 

and Tf the temperature at the end of the segment. For this model, the mass of the system was 

predicted by taking the actual dimensions of the slab. For instance, the density of the steel 

in liquid state was considered as 7000 kg/m3 and the volume of the system as the relationship 

between the slab thickness (x), width (w) and length (l) of each segment, Eq. 27.  

Finally, this model can predict the temperature evolution of the slab per segment by 

changing the amount of water flow in [%], which can predict the estimated heat (Q) and the 

water flow rate in [m3/hr]. The model used for the calculations indicating the boundary 

conditions from bender and straightener is schematically represented in Figure 35. 
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Table 5. Equations used for the 1-D model 

Eq. Response model Nomenclature 

25 
f

i

T

T
Q m CdT 

 

Q; is the energy of the system required to produce temperature 
changes 
m; is the mass of the system 
C; total heat capacity 
T; temperature in each segment 

26 Q m c T  
 

Q; is the energy of the system required to produce temperature 
changes 
m; is the mass of the system 
c; specific heat capacity assumed to be 460 [J/kg.°C] 
ΔT; temperature gradients per segment 

27 
m

v
 

 

δ; density of the liquid steel assumed to be 7000 kg/m3 
m; is considered to be the mass of the system in Eq. 2 
v; is the volume of the strand that changes per segment in the caster 
determined by taking the slab thickness (0,210 m), slab width (1,850) 
and the length of the segment (taken from the real dimensions of the 
machine) 

 

 

Figure 35. Schematic representation of the model considered for the 1-D model and boundary conditions from bender and 
straightener zones. 

The 3D model was develop based on the traveling slide method where the caster was constructed 

in the pre-processing stage including the primary and secondary cooling zones (i.e. from the 

meniscus to the straightener, respectively). The setup of the rolls position and spray nozzles 
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corresponds to the actual layout of SSAB caster. THERCAST ® software was used for performing 

the simulations where the equations and solutions can be found in the program itself [113]. With 

this 3-D model is possible to observed the traveling slide in 3D moving through the caster across 

the different cooling sections. The tundish temperature was taken as an input based on the real 

data from CC. In the travelling slide, 19 points were tracking for the temperature evolution 

analysis. This model gives as an output the temperature profiles of the strand along the casting 

length (20 meters total length) for the left and right sides of the traveling slice. The 3-D scale of 

the caster layout considered for simulations can be observed in Figure 36.  

 

 

Figure 36. Arrangement of the caster with sensors set in the travelling slice used for 3-D simulations [89].  
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Chapter 5: Summary of research findings 

 

Research findings in this thesis are explained through four journal articles. These address different 

phenomena occurring in the secondary cooling zone, which have significant impact on transverse 

cracks and surface defects during continuous casting of steel slabs. The research work focuses on 

cracking issues on a HSLA steel slab with dimensions of 1850 mm width and 210 mm thickness 

provided by SSAB Europe.  
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 Article 1. 

 
Converging criteria to characterize crack susceptibility in a micro-alloyed steel during 

Continuous Casting.  

In this article, crack susceptibility at high temperatures is investigated through the so-called hot 

ductility test. This method is applied in solid state to identify the ductile to brittle transition of 

the steel at temperatures relevant to the secondary cooling zone (bender and straightener) during 

continuous casting, see Figure 37.  

 

Figure 37. Schematic illustration of compressive and tensile stresses occurring during continuous casting[114]. 

 

Tests are performed via the Gleeble system 3800 by heating specimens at 1300 °C to austenitize 

the structure of the steel and dissolve precipitates. Subsequently, specimens were cooled down at 

a controlled rate to apply tensile forces at temperatures between 600 to 1000 ℃ with 100 ℃ steps 

between each temperature. The static tests are conducted for each temperature at three different 

strain rates (0.1, 0.01 and 0.001 s-1).  

Different numerical criteria were proposed in this work to identify the low ductility range via the 

reduction of the area method, combined with the true fracture strength-ductility and the true total 

energy. The convergence of these criteria provided a better understanding of crack formation 
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behaviour at high temperatures on a micro-alloyed steel with 0.15 wt. %C. Results revealed that 

the steel is more susceptible to crack formation at temperatures between 700-800 °C and less 

susceptible between 900 and 1000 °C. In addition, the strain rate has an important effect in crack 

susceptibility. The lower the strain rate the lower the ductility, see Figure 38.  

 

Figure 38. Comparison of different criteria used for crack susceptibility determination. (a) Reduction of the area, (b) true 
fracture strength-ductility and (c) true total energy [114]. 

Furthermore, the microstructural characterization of the steel suggested that one of the reasons 

for the ductility loss is the formation of the Widmanstätten ferrite at high temperatures. Different 

factors were found to promote its formation such as coarse prior austenite grains (179 µm), 

alloying elements and temperature effects, see Figure 39.  

 

Figure 39. Local grain size distribution of specimens deformed at 700 ℃, 800 ℃ at different strain rates which represent the 
presence of Allotriomorphic ferrite (AF) and  Widmanstätten ferrite (WF) in red/orange and Bainitic ferrite (BF)in 

blue/green [114].  

These findings suggest that not only the control of process parameters is important; other factors 

such as carbon content in the steel, grain size and phase transformation during deformation can 

contribute to reduce the risk of crack formation during CC.  
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 Article 2. 

 Scale Formation on HSLA Steel during Continuous Casting, Part I: The Effect of 

Temperature-Time on oxidation Kinetics. 

This work is the first part of two-part series on the study of oxide scale formation on HSLA steel 

during continuous casting. The main approach of part I, is to understand the fundamentals of 

oxidation occurring under dry air, and possibly to predict its behaviour in the real process under 

water vapour conditions. 

 

Figure 40. Visual abstract. Study of oxidation kinetics during CC process of a HSLA steel slab [57]. 

 

Oxidation experiments were designed accordingly to mimic the same thermal gradients and 

environmental conditions of the strand as the casting process. Special focus on the oxidation 

behaviour below the mould is given to oxidation tests. Here, the strand is in contact with the water 

flow from the nozzles creating a boiling film whereby a layer of steam forms between the hot 

surface and water (Leidenfrost effect). Thus, these experiments attempt to replicate this 

phenomena in different segments of the secondary cooling zone (i.e. vertical rack, bender and 

straightener) by oxidizing specimens taken from a HSLA slab at temperatures between 1000 and 

1200 °C under different holding times. The oxide scales were analysed by means of different 

methods such as characterization of the oxide scale morphology and thickness via optical and 

scanning electron microscopy, phase identification via X-Ray Diffraction, micromechanics of 
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oxides via nanoindentation tests and oxidation kinetics determination by using different 

numerical models.  

 

Results revealed that oxide scales grow with temperature and time being more significant under 

water-saturated atmospheres. Kinetics of oxidation suggested a faster oxidation in presence of 

water vapour when comparing with dry air. Similarly, the diffusion of oxygen through the oxide 

scale is faster during oxidation under water vapour. Phases in oxides were identified as wüstite, 

magnetite and hematite being wüstite the predominant phase under water vapour conditions. The 

micromechanics of oxides revealed higher plasticity for wüstite phase than magnetite and 

hematite. Findings in this work suggest that oxide scale can be detrimental during CC because it 

delays the effective cooling during processing. This confirm that the control of the cooling is an 

important factor to consider to reduce the amount of oxide scale. This can be achieved by reducing 

the amount of water flow in different segments of the caster through the so-called “dry casting 

method”. 
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 Article 3. 

Scale Formation on HSLA Steel during Continuous Casting. Part II: The Effect of Surface 

Conditions. 

This work is the second part of a two-part series on the study of oxide scale formation on HSLA 

steel during continuous casting (CC). This work focuses on the study of the effects of surface 

conditions on the scale formation behaviour in HSLA steels, which is yet unclear in CC. Therefore, 

this work seeks to cover the knowledge gap by studying the oxidation of steel under dry and water 

vapour conditions in clean, as-cast and surfaces covered with casting powder. Special attention is 

given to the casting powder effect on oxidation since these can be entrapped in the surface of the 

steel within oscillation marks. Thus, casting powders can modify the diffusion path for oxidation, 

oxidation rate and phase transformation that results in defects in the oxide films, also altering the 

heat transfer in the secondary cooling which is determinant for the formation of defects in the 

strand surface.  

 

Figure 41. Visual abstract. Effect of surface conditions on oxidation behaviour during continuous casting of HSLA steel [60]. 

Experiments were carried out at temperatures corresponding to the secondary cooling zone (i.e. 

1000, 1100 and 1200 °C) under similar procedures as applied in Part I (Article 2). The holding time 

during oxidation was constant for dry air and water saturated atmospheres (i.e. 90 and 45 min, 
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respectively). Characterization of the oxide scale thickness, phases and micro-mechanics were 

conducted by using similar laboratory techniques as described in Article 2 (Part I).  

Oxide scale formed at different temperatures and surface conditions revealed thicker oxide films 

at higher temperatures under saturated steam compared to dry air. This behaviour was expected 

according to the results shown in Article 2. However, the altered steel surface seems to 

significantly modify the morphology, phases, and defects in the oxide scale. As-cast surfaces and 

covered with casting powder produced thicker oxide scales under water vapour conditions, which 

increase the rugosity and oxidation rate. The chemical composition of the casting powder (e.g. 

carbonates, oxides, etc.) relates to the oxidation rate due to the presence of gases such as CO and 

CO2, leading to defect formation in the oxide scale. Generally, it was observed that denser oxides 

formed under water vapour in comparison with dry air. This may be related to the type of oxides 

such as Wüstite having higher plasticity. This property makes the scale to be more difficult to 

detach from the steel substrate, modifying the effective heat extraction and resulting in uneven 

cooling during processing. The uneven cooling is considered a risk for crack formation because it 

creates internal stresses, abnormal grain sizes and undesired phases in the steel slab. Furthermore, 

insights on scale type and formation mechanisms could lead to an accurate control of its formation 

during casting to control heat transfer and reduce the risk of crack formation for this type of steels.  
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 Article 4.  

Identification of cracking issues and process improvements through plant monitoring and 

numerical modelling of secondary cooling during continuous casting of HSLA steels. 

A diagnosis of the formation of corner cracks on HSLA steel slabs and the development of 

strategies to prevent their formation during continuous casting is presented in this work. This 

article combines the study of process parameters in the real caster and the steel performance 

during processing via temperature measurements with pyrometers, plant trials, microstructural 

analysis in lab scale and the development of numerical models. All these methods give insights to 

identify the physical-mechanical phenomena causing transverse corner cracks on micro-alloyed 

steel slabs.  

Temperature monitoring with pyrometers (P1 and P2) was conducted in two sections in the caster 

machine at the beginning of the bender and middle of the straightener in the inner bow of the 

secondary cooling zone. The pyrometers measured the temperature at the surface of the strand for 

several heats/sequences during three months of production in the plant. The statistical analysis of 

the obtained data revealed a strong variation at the beginning of casting with ΔT≈ 250°C with 

lower variations at the straightener with ΔT≈ 100°C. This output allowed to compute the cooling 

curves by means of the average values of tundish temperature and temperature from pyrometers 

for all heats including the quality criteria of each produced slab, see Figure 42. 

 

Figure 42. Pyrometers position, temperature variation and cooling curves of different heats during continuous casting [89]. 
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In parallel, crack susceptibility of the steel was analysed, which demonstrated that in the range 

between 700 to 800 °C ±50 °C the risk for cracking increases. This temperature range is the key for 

the optimization of cooling during processing that was possible through the development of 

numerical models that aimed to reduce the risk for crack formation. A 1-D model proposed the 

reduction of the water flow by -5 and -10 % in different segments of the caster to avoid the low 

ductility zone. Plant trials demonstrated a significant improvement with no cracks for some of the 

slabs. However, it was not possible to avoid them completely because other factors such as tundish 

temperature. For instance, higher tundish temperatures led to poorer quality while lower tundish 

temperatures led to better slabs quality, see Figure 43. These results were corroborated by a 3-D 

model that combines the product size, caster layout and cooling loops as in the real process.  

 

Figure 43. Tundish temperature effect on quality for 10 casting sequences [89]. 

 

Based on the insights above, the strategy to avoid crack formation on steel slabs is to decrease the 

amount of water at the beginning of the secondary cooling before the straightener and to increase 

the casting speed to increase the temperature of the strand. This strategy is only applicable for this 

specific steel grade, caster configuration and cooling loops. 
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Chapter 6: Conclusions 

An extensive investigation for reducing/eliminating the presence of transverse corner cracks 

during continuous casting of HSLA steel slabs was addressed in this thesis work. The combination 

of different methods and strategies led to understand some of the phenomena present during 

processing which are in fact influencing the formation of transverse corner cracks during 

processing. From the investigations above, the following conclusions can be drawn according to 

the phenomena studied in different sections of the caster, strain-induced cracking and crack 

susceptibility, high temperature oxidation and phase transformation. This includes the suggestion 

of corrective actions to improve the process and the steel performance: 

An extensive investigation to reduce/eliminate the presence of cracks during continuous casting 

of HSLA steel slabs was performed in this thesis work. The combination of different methods and 

strategies led to understand some of the phenomena during processing which are determinant for 

their formation. The following conclusions can be drawn according to the phenomena investigated 

including: i) Strain-induced cracking and crack susceptibility, ii) high temperature oxidation and 

iii) phase transformation. This includes the suggestion of Corrective Actions to improve the 

process and the steel performance: 
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 Strain-induced corner cracking 

o Strains derived from bending and unbending in the secondary cooling zone can influence 

drastically the formation of surface defects and crack formation. The combination of tensile 

and compressive forces (bender and straightener) increase the risk for cracking formation 

because steels manifest the so-called ductile-brittle transition at high temperatures. For this 

particular steel, the susceptibility to crack formation increases in the temperature range of 

700 to 800 °C ±50 °C (i.e. low ductility zone). 

o Accordingly, plant monitoring shows that all the heats/sequences with temperature 

evolution below 850 °C at the straightener zone show the presence of corner cracks, while 

heats/sequences above 850 °C revealed better quality without the presence of cracks. 

o Temperature measurements with pyrometers at the bender and straightener detected larger 

fluctuations of the temperature at the bender (≈250 °C) and lower fluctuations at the 

straightener (≈100 °C). This confirmed that hard cooling is used at the bender and soft 

cooling is applied at the straightener during processing.  

o The combination of hard cooling prior to the bender and softer cooling towards the 

straightener results in large temperature fluctuations promoting the strand to drop into the 

low ductility zone; thereby, producing transverse corner cracks in the slabs. 

o The development of a 1-D model based on the temperature measurements and heat capacity 

led to significant improvements on the quality of the slabs by reducing the water flow in 

different segments of the secondary cooling zone to -10%. This approach allows a better 

control of the cooling to avoid the low ductility zone and crack formation for some of the 

slabs. 

o Higher tundish temperatures influenced the temperature evolution during cooling 

promoting the formation of cracks in few slabs. This points out to a strong correlation 

between the tundish temperature, the temperature gradients from pyrometers (P1 and P2) 

and crack formation. Higher tundish temperatures (> 1530 °C) led to the worst quality of the 

slabs with presence of corner cracks; while lower tundish temperatures (< 1530 °C) led to 

an improvement of the sequences with no cracks.  

 High temperature oxidation 

o Oxide scale growth is considered detrimental during casting since it promotes large 

temperature fluctuations during cooling. In fact, oxidation phenomena during casting can 

accentuate quality issues. 

o Oxide scale films grow thicker with temperature and longer exposure times. This is more 

significant under water vapour when compared to dry air conditions.  
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o Pores, gaps and micro-cracks form during the oxide scale growth where their number and 

size is more prominent by increasing temperature. These defects were present all over the 

oxide scale under dry air oxidation; while defects under water vapour oxidation where 

located mostly at the steel/oxide interface.  

o Oxides formed under dry air seem to be more fragile and easy to detach compared to oxides 

formed under water saturated atmospheres, which were more dense and difficult to detach. 

This behaviour is related to the micro-mechanics of the phases formed during oxidation.  

o Wüstite was found to have higher plasticity and lower hardness than magnetite and 

hematite.  

o Wüstite was the predominant phase in oxides formed under water vapour conditions, 

which is considered to be detrimental for slabs quality. This is because wüstite is capable 

to deform together with the strand during bending and unbending due to its high plasticity. 

This makes it difficult to detach from the substrate when being in contact with the 

supporting rolls; thus acting as a barrier for the effective heat extraction during processing. 

The entrapment of casting powder during casting can be also reason for thicker oxides 

formed on the steel surface. The components in the casting powder (e.g. carbonates, oxides, 

carbon, etc.) accelerate the oxidation rate leading to thick and unstable oxides in 

comparison with clean and as-cast surfaces.  

 Phase transformation during casting  

o The low ductility of the steel is not only related to the control of cooling during casting but 

also to the alloying elements of the steel that influence its internal behaviour during 

processing.  

o The steel studied in this work is mainly composed of ferrite and pearlite micro-constituents 

in as-cast conditions.  

o Microstructural analysis confirms that the combination of different types of ferrite such as 

Widmanstätten and acicular ferrite promote crack susceptibility of the steel. 

Widmanstätten ferrite promotes the cleavage and brittle fracture due to the needle-like 

shape grains that grow via displacive mechanisms as parallel plates which lead to cracks 

that propagate without significant deviation.  

o The transformation of Widmanstätten ferrite for this particular steel grade was predicted 

to occur at 855 °C, which corresponds to the temperature at which the steel is susceptible 

to crack formation (low ductility zone). In fact, this phase is present at temperatures close 

to the straightener in the secondary cooling zone which is related to the low ductility of the 

steel.  
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o Coarse austenite grains together with the dynamic deformation during processing can 

produce the formation of Widmanstätten ferrite, which was found to have higher volume 

fractions on specimens deformed at 800 °C with an austenite grain size of 179 µm.   

o Alloying elements such as S, P, Cu, etc., also have an important effect on the low ductility 

of the steel, which leads to segregations and localized melting at the grain boundaries as a 

liquid film due to their low melting point. Thus, exacerbating the brittle behaviour of the 

steel during deformation at high temperatures.



Corrective actions to prevent transverse corner cracks                                                                                           |69 

 

 

 Corrective actions to prevent transverse corner cracks 

Based on the findings listed in chapter 6, the following strategies were proposed as corrective 

actions to optimize the cooling and to prevent the formation of transverse corner cracks during 

the continuous casting of the steel slabs as indicated in Figure 44.  

1 Decrease the amount of water to -10 % at the beginning of the secondary cooling zone if 

the tundish temperature is higher than 1530 °C. The increment of the water flow is 

suggested from the bender and before reaching the straightener in order to increase the 

overall temperature of the strand and to avoid the low ductility zone.  

2 Increase the casting speed to increase the temperature of the strand.  

3 If the tundish temperature is lower than 1530 °C it is recommended to decrease the water 

only -5% from the bender and decrease even more the water flow before the straightener.  

 

 

Figure 44. Cooling strategies to reduce/prevent cracking formation on HSLA slabs. 

The cooling strategies suggested above can have a positive effect on the reduction of the oxide 

scale thickness, which can provide a good heat transfer during cooling. Moreover, it is also 

suggested to perform trials by applying the dry-casting concept at the end of the caster. It must be 

noted that the corrective actions proposed in this work are only applicable to the specific caster 

and steel grade investigated in this project. 
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 Research limitations 

Different limitations were encountered during the experimental analysis of the steel. Since the 

continuous casting is a large and complex process, there are always some limitations when 

studying the performance of the steel at industrial scale. These is because the difficulties for 

extracting accurate data are related to the productivity and capabilities of the caster. For instance, 

the extraction of the temperature measurements during secondary cooling, were restricted only to 

the inner bow of the caster. The installation of external devices such as pyrometers in different 

segments (bender and straightener) was limited due to the narrow space at the outer bow and 

most importantly the safety of the personal during the installation. Therefore, only surface 

temperatures of the strand were taking as a reference for further analysis in this work. 

The number of limitations regarding the laboratory experiments were mostly related to the setting 

of different parameters interacting when simulating the real conditions during processing which 

is always a challenge when replicating real situations occurring in the real process. For instance, 

during thermo-mechanical tests; the use of temperatures observed from pyrometers was 

considered to determine crack susceptibility. These experiments are normally performed under 

protective atmospheres and solid-state conditions where each target temperature corresponds to 

one tensile test considering a constant strain rate. However, during the real process the use of 

water-cooling, temperature variations and solidification are mostly discarded for this type of 

experiments. Under these conditions, it is possible to obtain valuable results for crack 

susceptibility determination of steels at high temperature. 

Another limitation was observed when performing oxidation experiments at high temperatures. 

Although the water vapour environment could be addressed, the lack of data from the relative 

humidity limited the possibility to determine the partial pressure of oxygen in presence of water, 

which may have a great effect on phase transformation of oxides (i.e. Wüstite, magnetite and 

hematite). Furthermore, the results can be considered to be close to the real situation since they 

were performed under non-isothermal conditions during heating and cooling of specimens.  
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 Future work 

This thesis addressed the study of a HSLA steel behaviour during continuous casting focused on 

different phenomena occurring during the secondary cooling zone (i.e. strain induced cracking 

during bending and unbending, high temperature oxidation and phase transformation). Therefore, 

more extensive work can be performed to cover the limitations encountered in this thesis by 

focusing on the process parameters in other sections of the caster as well as the study of other 

phenomena affecting the steel performance during manufacturing. This can allow further 

suggestions of strategies to eliminate the presence of transverse corner cracks and further surface 

defects on steel slabs for this particular steel grade and caster, which can have a great impact in 

the whole production, environment, energy and economics. Thus, the following research activities 

are proposed as continuation of this work: 

o Installation of additional pyrometers in different sections of the caster at the inner and 

outer bow to monitor the temperature in both sides of the strand during processing. This 

information will allow to have more data for further investigations of the cracking causes 

for this particular steel. 

o To use the real data from the temperatures during processing to develop a more accurate 

numerical approach than can predict the mechanisms of crack formation by adding the 

effect of oxide scale formation effect on the heat transfer coefficient during cooling based 

on the results obtained in this thesis (crack susceptibility and high temperature oxidation 

behaviour). 

o A more detailed analysis of the thermo-mechanical behaviour of the steel at higher 

temperatures is suggested in order to cover other sections in the caster (i.e. primary cooling 

zone).  

o Further investigations of the effect of peritectic transformation on cracking formation for 

better understanding of the volume thermal changes of the steel during casting.  

o The influence of micro alloying elements on segregation and precipitation formation by 

using more powerful characterization techniques such as In-situ X-ray diffraction via 

Synchrotron. 

o To perform further plant trials based on the cooling strategies proposed in this work to have 

a significant statistical analysis of the water flow rate and quality of the slabs. 

o To perform oxidation tests by controlling the relative humidity and the partial pressure of 

oxygen in the environment in order to analyze further the effect of the partial pressure on 

the formation of Wüstite, magnetite and hematite phases. Together with simulations via 

computational thermodynamics calculations than can predict the diffusion of oxygen 

through the oxide scale by taking as an input the oxygen partial pressure from experiments.  



 

 

o Further modelling to predict stresses in oxide scales.  

o To complete the 3-D modelling in Thercast that includes de effect of the oxide scale on the 

heat transfer coefficient by using as an input the scale thickness taken from experiments. 

o Part of this work provided novel concepts that can be applied during cooling to further 

understand the effect of oxide scale formation on cracking issues during continuous casting.  
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A B S T R A C T   

The ductility drop and decrease in strength that lead to crack formation during continuous casting of steel is 
typically investigated by means of the hot ductility test. In this study, hot ductility tests are performed by using a 
thermo-mechanical Gleeble system to simulate the deformation of steels at high temperatures and low defor-
mation rates similar to those during continuous casting. Thus, temperature was varied between 600 and 1000�C 
while strain rates covered a range from 0.001 to 0.1 s� 1. Tests are carried out to identify the temperature range at 
which the steel is susceptible to crack formation as well as the effect of strain rate. Characterization of fractured 
surfaces and phase transformation after thermo-mechanical tests are conducted in the SEM and Optical Micro-
scope. The combination of these techniques makes possible to formulate cracking mechanisms during hot pro-
cessing which show critical strain for failure at temperatures between 700 and 900�C based on the convergence 
of three different criteria: I) Reduction of area, II) True fracture strength-ductility and III) True total energy. This 
approach provides a better understanding of crack formation in steels at the high temperatures experienced 
during continuous casting. This information is key to productivity losses and avoid defect formation in the final 
cast products.   

1. Introduction 

Transverse corner cracks are common defects during Continuous 
Casting (CC), which have a considerable impact on quality and pro-
ductivity [1–5]. For instance, corner cracks must be removed from the 
product surface with a consequent loss of material and additional cost. 
Moreover, such cracks are notoriously difficult to eliminate if they are 
sub-surface and/or covered by oxide scale. These cracks cause severe 
defects and line ruptures during rolling of the final plate if not removed 
appropriately. Although several studies have been carried out to identify 
the causes of crack formation; the mechanisms behind transverse 
cracking during casting are not yet completely understood. For instance, 
there is a lack of information related to the casting conditions in com-
bination with the performance of the material. This creates complex 
relationships between cooling rate, casting speed and plastic deforma-
tion, which makes it considerably difficult to replicate the as-cast 

structure from the industrial process into laboratory scale. Fig. 1 
shows the typical appearance of corner cracks in the micro-alloyed steel 
slab under study after light scarfing. 

The present work aims to analyse the processing route in combina-
tion with the internal behaviour of the steel in order to understand the 
crack formation mechanisms at high temperature, which would subse-
quently allow the optimization of cooling rates during the casting pro-
cess. For instance, stresses present during secondary cooling are 
considered one of the main causes of crack formation on as-cast steel 
slabs. The bending zone encompasses the machine segment (S1) where 
the strand is subjected to large deformation to change direction from 
vertical to curved, which induces tensile stresses at the outer face (a.k.a. 
inner bow) and compressive stresses at the opposite side (a.k.a. outer 
bow). After the bender, the strand continues solidifying as it travels 
through the caster following the curved segments (S2–S6) into the 
straightening zone (S7–S9). Thus, the strand suffers another important 
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deformation with opposite stresses to those in the bender. These could 
be aggravated due to internal ferro-static pressure and/or machine 
misalignment [5–7]. A detailed description of the machine and overview 
of the stresses induced in the bending and straightening zones can be 
observed in Fig. 2. 

Hot ductility tests are commonly used to find crack susceptibility at 
certain temperature ranges and strain rates during hot processing [5, 
8–37]. Several of these studies have been focused on the relationship 
between hot ductility and the apparition of transverse cracks during 
continuous casting. The results are critical in order to identify the 
cracking behaviour at temperatures relevant to secondary cooling (i.e. 
bending and straightening) [8,9,12,15–17,19,23–25,27,28,30,32,35, 
36]. For instance, the standard technique to perform hot ductility test is 
by means of a thermo-mechanical tensile test. The tests are usually 
performed under solid-state conditions at a constant heating and cooling 
rates. The cycle starts by heating up the steel above the austenitization 
temperature to homogenize the structure, dissolve micro-segregation 
and precipitates to attain micro-structures similar to those observed in 
as-cast materials. Afterwards, strain is applied under temperatures in 
typical ranges between 700-1200 �C. The hot ductility behaviour is then 
defined by the reduction of area (RA) in the specimen as a function of 
temperature [17,26,32]. As a result, previous studies defined 35–40% 
RA as the minimum value to avoid crack formation during casting [24, 
25]. However, this criterion is not applicable to several steel grades, 

since %RA values are strongly influenced by testing parameters such as 
alloying elements and phase transformations. Furthermore, minimum 
values are often overestimated due to error measurements of the necking 
area considered as a flat circle; while in reality, the fracture surface is 
more complex. Moreover; in some cases, the low ductility temperature 
range coincides with the formation of weaker ferrite on austenite grain 
boundaries [5,16,19,38,39]. Thus, it is possible to find secondary phases 
that directly affect the ductility (e.g. precipitates) which form in the 
austenite grain boundaries prior to ferrite transformation [5,16,19,38]. 

The strain energy concept has been introduced as an alternative 
method to determine the hot ductility loss in steels [10,28]. This method 
is based on the area calculation under the engineering flow curves, 
which represents the energy required to deform a material. However, 
this method cannot differentiate between high ductility and high brit-
tleness providing the same strain energy value (i.e. area under the flow 
curves). This approximation is proposed by D. Barbier et al. [10]; where 
the drawback is that values of strain energy from the engineering 
response curves do not give a true indication of specimen deformation 
since it only considers the initial cross-section area and ignoring the 
instantaneous change in cross section during deformation. 

The present work focuses on improving the shortcomings of these 
methods by combining the true fracture point calculation with the true 
total energy from the true flow response curves. The convergence of 
these methods provide a better understanding of crack formation 
behaviour at high temperatures on micro-alloyed steel. 

2. Experimental approach 

2.1. Specimens and thermo-mechanical tests 

Hot ductility tests were carried out in a Gleeble 3800 under tem-
peratures relevant to the secondary cooling in continuous casting in 
order to simulate the steel behaviour during processing. A micro-alloyed 
steel slab of 1850 � 210 � 2000 mm and 0.15 wt % C was used to 
produce round specimens for testing. Initially, a section of 1300 � 210 
� 1850 mm was cut from the front of the slab where cracks had been 
identified after inspection (S1 in Fig. 3). Afterwards, the centre was cut 
out from the same piece to produce material free of cracks as reference 
for tensile tests experiments and separate the slab corners for further 
analysis. Finally, round specimens with 6 mm diameter and 12 mm 
gauge length were machined for thermo-mechanical tests in the Gleeble 
as shown in Fig. 3. 

Thermo-mechanical tensile tests were designed based on experi-

Fig. 1. Transverse corner cracks in a micro-alloyed steel after continuous 
casting process. 

Fig. 2. Schematic illustration of compressive and tensile stresses occurring 
during continuous casting process [5]. 

Fig. 3. Sampling layout of specimen taken from a micro-alloyed steel slab after 
continuous casting process for thermo-mechanical tensile tests in Gleeble sys-
tem 3800. 
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mental data obtained from temperature measurements with pyrometers 
installed in the inner bow of the secondary cooling zone [5]. Accord-
ingly, temperature on the strand surface variates between 700-1100 �C 
� 200 �C. Moreover, in order to simulate the stresses present on the 
surface of the strand; which is the area subjected to the higher defor-
mation during bending/straightening, tensile tests were conducted 
under temperatures from 600 to 1000 �C. The process begins by heating 
specimens at a controlled rate of 20 �C=s until the homogenization 
temperature (1300 �C) to ensure the dissolution of precipitates. The 
specimens are hold for 5 min at this temperature. The temperature is 
induced by direct resistance heating and this is controlled by two ther-
mocouples welded in the middle of the specimen. Subsequently, stresses 
are induced by applying a uniaxial force at temperatures from 600 to 
1000 �C with intervals of 100 �C under strain rates of 0.1, 0.01 and 
0.001 s � 1 controlled by the stroke displacement. Finally, specimens are 
cooled down at a controlled rate of 10 �C=s to simulate the cooling 
during CC by using indirect water-cooled jaw. The design of experiments 
can be observed in Fig. 4, which is based on temperatures similar to the 
secondary cooling zone (i.e. from bender to straightener) while the 
strain rates are chosen to simulate the effect of casting speed. Ultimately, 
the stress-strain flow curves are determined by using the force and 
L-gauge values in combination with appropriate response models as 
discussed next. 

2.2. Microstructural analysis and fractography 

Microstructural analysis after thermo-mechanical testing was per-
formed by applying a conventional metallographic method (i.e. 
grinding, polishing and etching). Specimens after testing are sectioned 
from the centre near the necking/fracture zone. This generates samples 
which are mounted, ground with abrasive paper and polished with a 
diamond and silica colloidal suspensions as final step. After polishing, 
samples are etched with 5% Nital solution. Additionally, Klemm colour 
etching is applied for revealing ferrite micro-constituents present in the 
steel [40,41]. Characterization of the microstructure and fractography 
analysis are performed by using light optical and scanning electron 
microscopy (SEM), respectively. Finally, grain size measurements of 
prior austenite grains were based on the Line Interception Method; while 
the Average Grain Size Distribution Method was used for ferritic micro 
constituents present in the steel. Both methods were computed by using 
an open source Matlab code [42–44]. 

3. Results 

3.1. Thermo-mechanical analysis 

Analysis after thermo-mechanical testing is conducted by using 

different response models for stress-strain determination and crack 
susceptibility, as shown in Table 1. The flow-response curves are 
computed by using L-gauge and Force measurements obtained from 
experiments. The strain is calculated with L-gauge (Δl) divided by the 
initial gage length (L0) of the specimen, see Eq. 1 and 2. Furthermore, 
the engineering flow-response curves in Fig. 5, illustrate the relationship 
between stress-strain as a function of temperature for specimens 
deformed at 0.1 s� 1, 0.01s� 1 and 0.001 s� 1 strain rates. It is possible to 
observe that the ultimate tensile strength (UTS) decreases by increasing 
the temperature and decreasing the strain rate. In contrast, the elonga-
tion remains almost the same (i.e. between 50-60%) for all temperatures 
of specimens deformed at 0.1 and 0.01 s� 1. However, for specimens 
deformed at 0.001 s� 1 values decrease between 40-50% for all 
temperatures. 

Crack susceptibility was determined by converging three criteria in 
order to understand the steel behaviour under different temperatures 
and strain rates. The first criterion is based on the reduction of area 
concept, which resolves the temperature range at which the ductility 
drops. This is calculated by measuring the cross-section area before and 

Fig. 4. Thermal history of thermo-mechanical tensile tests performed for a microalloyed steel in Gleeble system 3800.  

Table 1 
Response models used for thermo-mechanical analysis [45].  

Eq. Response model Nomenclature 

1 σeng ¼
F

A0 
; σtrue ¼

F
Ai  

σeng ; Engineering stress [MPa] 
σtrue ; True stress [MPa] 
F ; Applied force [N] 
A0 ; Initial cross section area of specimen 
[mm2] 
Ai ; Instant cross section area specimen 
[mm2]  

2 εeng ¼
ΔL
L0 

; εtrue ¼ lnð1 þ εengÞ
εeng ; Engineering strain [mm/mm] 
εtrue ; True strain [mm/mm] 
Δl ; L-gauge measurement from the 
machine 
L0 ; Initial gage length  

3 
%RA ¼

�

1 �
Af

A0

�

*100  
A0 ; Initial cross section area of the round 
specimen [mm2] 
Af ; Final cross section area after failure 
[mm2]  

4 
~εf ¼ ln

A0

Af
¼ ln

�
1

1 � RA

�
~εf ; True fracture ductility 
RA ; Reduction of the area  

5 
~σf ¼

�
A0

Af

�

σf ¼

�
1

1 � RA

�

σf  
~σf ; True fracture strength [MPa] 
σf ; Fracture strength point from 
engineering flow curves [MPa] 
RA ; Reduction of the area  

6 
Utrue ¼

1
V

Z x1

0
FdL ¼

Z L

0 
F
Ai

dL
L0
¼

Z ε

0
σtruedεtrue  

Utrue ; True total energy [MJ/m3] 
V ; Volume 
F ; Applied force   
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after deformation as expressed in Eq. 3. Measurements of the initial 
diameter of the specimen before and after testing (close to fracture) were 
obtained by using a stereomicroscope. Fig. 6 shows the relationship 
between the RA and UTS as a function of temperature for specimens 
deformed at 0.1 s� 1, 0.01s� 1 and 0.001 s� 1. Results shown significant 
ductility changes from 700 to 900 �C, where the ductility drops by 
increasing the strain rate. The lowest ductility is observed at 800 �C for 
specimens deformed at 0.001s� 1 showing values of 42% RA; while 
higher values close to 60% RA are present at higher strain rates (i.e. 700 
�C for 0.01 s� 1 and 800 �C and 900 �C for 0.1 s� 1). The ductility in-
creases significantly over 900 �C for all strain rates. Additionally, UTS 
values decrease significantly by increasing the temperature from 700 to 
900 �C for all strain rates, but a plateau forms at 900 and 1000 �C for 
0.01 s� 1 and 0.001 s� 1 with exception of the specimen deformed at 
0.001 s� 1 which continuously decreases after 700 �C. 

The second criterion focuses on the prediction of true fracture 
values after necking (Eq. 4 and 5; Table 1). This starts by defining true 
fracture strength as the stress at failure, while the true fracture ductility 
is defined as the strain at fracture [45]. Then, the real fracture points 
after necking are calculated for the true stress-strain flow curves since it 
is difficult to identify these points experimentally. Ultimately, flow 
curves will continue decreasing from the onset of necking until failure of 
the specimen. Although the cross-section area was not measured during 
testing, the L-gauge (displacement) was accurately quantified. 

Fig. 7 shows the relationship between the fracture ductility and 
strength as a function of temperature. It can be seen that the true frac-
ture ductility has a similar behaviour as the first criteria since it is based 

on the RA of the specimen. The true fracture strength decreases with 
ductility at temperatures 600–700 �C with an exception of the highest 
strain rate (0.1 s� 1) which is nearly constant. An interesting behaviour 
occurs at temperatures between 700 to 900 �C; where the true strength 
decreases continuously without following the true ductility values. This 
occurs for all curves except for strain rate 0.01 s� 1 where the fracture 
strength-ductility increases at 800 �C. In contrast, fracture values 

Fig. 5. Stress-strain curves after tensile tests performed under different temperatures and strain rates of 0.1, 0.01 and 0.001 s � 1.  

Fig. 6. Comparison between reduction of the area and UTS as a function of 
temperature. 

Fig. 7. Comparison between true fracture ductility and true fracture strength as 
a function of temperature. 

Fig. 8. Schematic model used for the total energy and fracture strength- 
ductility calculations from flow-response curves. 
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decrease for the lowest strain rate (0.001 s� 1) at all temperatures. Values 
of fracture strength decrease with an increment in fracture ductility from 
800 to 900 �C. Finally, both true fracture strength and ductility increase 
at 1000 �C for all strain rates. 

The third criterion is based on the calculation of the total energy 
parameter (Utrue) that is defined as the energy absorbed during defor-
mation up to the fracture point. This parameter represents the total area 
under the true flow response curves (i.e. toughness), which involves the 
energy recovered from elastic strain after unloading and the energy lost 
during plastic deformation. The new approach proposed in the present 
study combines the true flow response curves and true fracture points 
determined from the second criteria. This gives a good approximation of 
the steel behaviour during deformation at high temperatures. The model 
applied in this criterion is shown in Fig. 8. 

The area below the curve of true total fracture curve, UT reveal similar 

behaviour at lower strain rates (0.01 s� 1 and 0.001 s� 1) as shown in 
Fig. 9. Both curves decrease significantly at 700 �C with similar energy 
values. Furthermore, the energy decreases continuously at 800 �C for 
0.001 s� 1 while increases for 0.01 s� 1. This indicates a minimum 
ductility at 800 �C for 0.001 s� 1. In contrast, a plateau occurs from 800 
to 900 �Cat 0.01 s� 1. Finally, higher strain rates (0.1 s� 1) lead to higher 
energy values. For instance, the energy decreases from 600 to 800 �C 
forming a plateau with similar energy values as those at 0.01 s� 1. It must 
be noted that an increment in energy occurs at higher temperatures 
(900–1000 �C) for all strain rates. A summary of results obtained after 
thermo-mechanical testing are presented in Table 2. 

3.2. Fractography 

The fracture surfaces presented in Fig. 10. show a similar cross sec-
tion area for specimens deformed at 600 and 700 �C for the lowest and 
highest strain rates; whereas the specimen deformed at 700 �C shows a 
larger cross section area for the medium strain rate. For specimens 
deformed at 800 �C, the cross section area decreases with the increment 
in strain rate. In contrast, a significant difference is observed at the 
lowest strain rate (0.001 s� 1) where the surface reveal almost no 
deformation, which results in a brittle fracture. Finally, specimens 
deformed at higher temperatures (i.e. 900 and 1000 �C) reveal the 
highest reduction of the cross section area, which results in a ductile 
behaviour. 

Fracture surface observed in the longitudinal direction (Fig. 11) 
reveal that the morphology change with strain rate particularly for 
specimens deformed at 700 and 800 �C. For instance, specimen 
deformed at 800 �Cat the lowest strain rate results in a large fracture 
surface. In addition, a cone shape was observed for the specimen 
deformed at 700 �C for 0.01 s� 1, which may be related with a fracture 
initiated brittle and ended ductile [46,47]. In contrast, reduced fracture 
surfaces are present for specimens deformed at higher temperatures 
(900–1000 �C) associated with a ductile behaviour. Also, large prior 
austenite grains are present mainly for specimens deformed at 800 �C 
and 900 �C for all strain rates; while a finer microstructure forms for the 

Table 2 
Thermo-mechanical tensile properties of specimens after hot ductility test.  

T [�C] UTS [MPa] eσf [MPa]  eεf  RA [%] UT ½MPa�

0,001 0,01 0,1 0,001 0,01 0,1 0,001 0,01 0,1 0,001 0,01 0,1 0,001 0,01 0,1 

600 287,0 316,0 386,1 471,0 412,7 978,4 1,4 1,3 1,5 74,2 72,1 77,4 51,1 46,9 98,6 
700 161,0 180,0 240,0 245,4 207,4 562,9 1,1 0,8 1,5 67,3 55,6 78,2 16,1 15,7 60,3 
800 136,0 150,0 165,3 171,8 296,2 321,2 0,5 1,2 1,0 42,2 69,2 62,0 8,3 25,5 23,1 
900 110,0 122,0 129,0 114,2 240,8 254,0 1,9 1,4 1,0 85,4 75,3 63,2 23,4 25,4 18,9 
1000 84,0 119,9 123,8 316,5 303,9 344,8 2,5 2,5 1,9 92,2 91,6 84,5 50,4 49,4 43,1  

Fig. 10. Fracture top surface view of specimens after thermo-mechanical tensile test performed at different temperatures and strain rates.  

Fig. 9. Comparison between true total energy and UTS as a function of 
temperature. 
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other specimens treated at 600, 700 and 1000 �C. The damage close to 
the fracture is accumulated as pores, microvoids and intergranular 
micro-cracks for all specimens. An exemplification of such damage can 
be seen in Fig. 12. 

The SEM fractography analysis in Fig. 13 is conducted for specimens 
which shown significant ductility changes such as those deformed at 
700, 800 and 900 �C (as seen in section 3.1). Fig. 13 - a reveal an 
intergranular fracture with a combination of ductile-brittle behaviour 
for specimen deformed at 700 �Cat 0.001 s� 1. This condition revealed 
shallow and deep dimples resulting in micro-void nucleation and coa-
lescence of large inclusions. In comparison, the specimen deformed at 
800 �Cat the same strain rate (0.001 s� 1) in Fig. 13 – b reveals a brittle 
behaviour, which the morphology corresponds to a combination of an 
intergranular and quasi-cleavage fracture with presence of river marks. 
As well as shallow microvoids located along the grain boundaries [47]. 
Similarly, for specimen deformed at 700 �C for 0.01 s� 1 (Fig. 13-c) the 
fracture reveals flat areas, which might be due to a brittle behaviour but 
with presence of ductile dimples predominating along the fracture path 
with presence of inclusions located within microvoids. In fact, this 
confirms that the fracture may initiate as brittle and then end as ductile. 
Likewise, notice that a river pattern is formed in some areas of the 
fracture surface, which may corresponds to a cleavage mechanism [47, 
48]. Although, for specimens deformed at 0.1 s� 1 a ductile fracture 
predominates where deep and narrow dimples are formed with presence 
of impurities located along grain boundaries and within microvoids, 
seen Fig. 13 - d, e, f a. 

3.3. Microstructural analysis 

Microstructural analysis is accomplished by using colour etching 
technique that strongly reveals ferrite micro-constituents in steels [41]. 
Analysis is performed to the specimens deformed at the intermediate 
temperatures (i.e. 700, 800 and 900 �C) for all strain rates, which 
confirmed ductility changes after thermo-mechanical testing. Fig. 14 
manifested the formation of different types of ferrite structures such as 
A: Pro-eutectoid ferrite, B: Bainitic ferrite (BF), C: Allotriomorphic 
ferrite (AF) and D: Widmanst€atten ferrite (WF) (in white). Additionally, 
formation of pearlite was identified as the darkest colonies (in brown) in 
all specimens. For instance, Widmanst€atten ferrite (WF) is more signif-
icant for specimens with lower ductility values, which revealed a com-
bination of brittle-ductile and cleavage fractures as observed previously 
in Fig. 13- a, b and d. Furthermore, coarse prior austenite grains formed 
in these specimens, especially the ones deformed at 800 �C, see – b and e. 
Nonetheless, a combination of pearlite colonies, pro-eutectoid ferrite, 
acicular ferrite (A) and lower amount of WF are present in specimens 
deformed at 700, 800, 900 �Cat 0.01 and 0.1 s� 1, see Fig. 14. 

Grain size measurements by using the line intersection method cor-
roborates the presence of large prior austenite grains, especially for 
specimens with low ductility values. For example, the specimen 
deformed at 800 �C-0.001 s� 1 reached 179 μm as the maximum value, 
while lower values were obtained for the other strain rate and temper-
ature conditions, see Table 3. Grain size measurements were not possible 
to obtained from specimens deformed at 700 �C because the grain 
boundaries where not well defined due to the formation of large AF 
along austenite grain boundaries. 

The grain size distribution for heterogeneous microstructures is 
accomplished by using an open source code in Matlab. This method 
substitutes the grain size (d) with the Hall-Petch parameter (d� 0:5) [43, 
44]. This numerical approach enhances the understanding between the 
different types of ferrite formed in the steel and the effect on crack 
susceptibility. Results in Fig. 15 show that the volume weight of allo-
triomorphic ferrite predominates for specimens deformed at 700 �C. In 
addition, Widmanst€atten ferrite predominates for specimens with lower 
ductility values (800 �C) with a mixture of allotriomorphic and acicular 
ferrite. Widmanst€atten ferrite grows from austenite grain boundaries 
(primary) or from allotriomorphic ferrite (secondary) dominates the 
structure [49]. For specimens deformed at 900 �C, acicular ferrite pre-
dominates for all strain rates. Acicular ferrite was found in specimens 
with higher ductility and it is related with an increase of both strength 
and toughness in steels [50,51]. A summary of the results can be 
observed in Table 3. 

4. Discussions 

Comparison of results computed by means of converging three 
criteria reveals that the steel is more susceptibility for crack formation at 
temperatures from 700 to 800 �C and less susceptible at 900 �C. In fact, 
the increment in ductility occurring at 900 and 1000 �C, is related to a 

Fig. 12. SEM micrographs taken close to the fracture zone showing the pres-
ence of (a) pore, void, micro-crack and (b) intergranular cracks of specimen 
deformed at 700 �Cat 0.001 s� 1. 

Fig. 11. Optical micrographs (etched) observed in the longitudinal direction of fracture specimens after thermo-mechanical tensile tests performed at different 
temperatures and strain rates. 
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dynamic recrystallization (DRX) occurring during deformation of the 
austenitic structure [24]. Moreover, the strain rate plays an important 
role on ductility loss; the lowest the strain rate the higher is the drop in 
ductility caused by lower recrystallization ability in the structure. 

For instance, crack susceptibility determined by the reduction of the 

area (first criterion); exhibit a good agreement with the true fracture 
ductility (second criterion). The combination of these criteria is 
considered complementary and gives a good approach of the exact true 
ductility - strength values where the steel shows the lowest reduction of 
the area. In both cases, the ductility drops at different testing tempera-
tures. In this case, the first drop occurs at 700 �C for 0.01 s� 1 while the 
second drop occurs at 800 �C for the lowest strain rate 0.001 s� 1 showing 
the lower ductility values. Therefore, as the strain rate increases to 0.1 
s� 1 the ductility increases for specimens deformed at temperatures be-
tween 800 �C and 900 �C, which indicates less risk for the steel to crack. 
Besides, the results from the total energy calculation (third criterion) 
gives a good connection with the ductility loss described in the first and 
second criteria. In the same temperature range (700–800 �C for the 
lower strain rate 0.001 s� 1), the steel absorbed lower amount of energy 

Table 3 
Values of prior austenite and volume weight average grain size.  

Temperature [�C]  Prior austenite grain size 
[μm] 

Vol. weight average grain size 
[μm� 1/2] 

Strain rate 0.001 0.01 0.1 0.001 0.01 0.1 
700 – – – 20 30 26 
800 179 148 152 13 15 15 
900 153 134 105 13 10 14  

Fig. 14. Optical micrographs of specimens deformed at 700 �C, 800 �C and 900 �Cat different strain rates taken close to the fracture zone showing the presence of A: 
Pro-eutectoid ferrite, B: Bainitic ferrite (BF), C: Allotriomorphic ferrite (AF) and D: Widmanst€atten ferrite (WF). Specimens were colour etched by Klemm’s reagent 
and analysed with polarized light. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 13. SEM fracture surface of specimens deformed at (a) 700 �Cat 0.001 s� 1 (b) 800 �Cat 0.001 s� 1, (c) 700 �Cat 0.01 s� 1, (d) 700 �Cat 0.1 s� 1, (e) 800 �Cat 0.1 s� 1 

and (f) 900 �Cat 0.1 s� 1. 
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during plastic deformation. Thus, lower energy absorption during 
deformation decreases the toughness of the steel, which results in higher 
crack susceptibility. This criterion is complementary to the other criteria 
and it can be considered as a good alternative to demonstrate the 
ductility loss at certain temperatures. However, by using these criteria 
separately may lead to an overestimation of these suggested values 
because the ductility loss, calculated by the RA method, might suggest 
human errors during measurements; while the total energy, determined 
by the area under the flow response curves, does not take into account if 
the steel behaves ductile or brittle. Barbier C. et al. and Jansto G [10,28]. 
proposed a method called “strain energy”, which is based on the 
calculation of area under the engineering flow curves. However, it can 
be said that values of “strain energy” obtained from the engineering flow 
curves does not give a true indication of deformation of the specimen 
since it only considers the initial cross-section area and not the actual 
area at any instant during deformation of the specimen. Comparison of 
the true total energy, UT and the engineering total energy, UE can be 
observed in Fig. 16. It can be seen that values obtained from the UE 

Fig. 16. Comparison between true and engineering total energy as a function of 
temperature. 

Fig. 17. Temperature profiles for different secondary cooling strategies 
showing intense and soft cooling [52]. 

Fig. 18. Schematic representation of cooling curves showing the cooling 
strategy to avoid the temperature range with low ductility. 

Fig. 15. Local grain size distribution of specimens deformed at 700 �C, 800 �C and 900 �Cat different strain rates which represent the presence of Allotriomorphic 
ferrite (AF) and Widmanst€atten ferrite (WF) in red/orange and Bainitic ferrite (BF)in blue/green. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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displays a constant drop from 600 �C  to 1000 �C  for all strain rates, 
while the UT values change with respect to the actual area and fracture 
point values of the specimen. 

The application of the three criteria converge in the temperature 
range of 700–800 �Cat which the steel is highly susceptible for crack 
formation. This suggest that avoiding this temperature range with low 
ductility during secondary cooling reduces the risk for cracking forma-
tion. A key process parameter is the cooling strategy in the sprays area 
below the mould, which can vary from “hard” to “soft” cooling, see 
Fig. 17. 

In practical terms, both techniques can be used to detect critical 
strains in key areas such as the bender and straightener at temperature 
ranges where the loss of ductility occurs [52]. Strains in these areas can 
be reduced by changing the water flow rate (i.e. sprays) in the secondary 
cooling in the caster. In the case presented in this work, by avoiding the 
temperature range of 650–850 �C (�50 above and below) and by 

improving the cooling strategies in the caster is possible to avoid low 
ductility in the steel as shown in Fig. 18. 

Regarding the fractography analysis, results confirm that the steel is 
more susceptible for cracking formation at 700 and 800 �C as the strain 
rate decreases, with a combination of ductile-brittle fracture, quasi- 
cleavage and intergranular fracture, respectively. Nevertheless, pres-
ence of impurities found within microvoids, can be related to fracture 
mechanisms and propagation of cracks during plastic deformation [47]. 
Shallow dimples found in the specimen deformed at 800 �Cat 0.001 s� 1 

(lower ductility), can also be associated with low-ductility materials 
[47]. In contrast, the lower risk for crack formation manifested at the 
higher temperatures (i.e. 900 and 1000 �C) is due to the dynamic 
recrystallization (DRX), which leads to higher ductility of the steel. 

Microstructural analysis reveals that crack susceptibility of the steel 
is associated with the Widmanst€atten ferrite (WF) transforming at high 
temperatures. Previous studies suggested that WF is detrimental to 
mechanical properties in steels (i.e. toughness) [39,53] considered as an 
undesired micro-constituent. The explanation derives from the nucle-
ation of WF plates, which grow simultaneously and parallel with a 
certain angle resulting in a misorientation boundary between the laths 
(αw1 and αw2) as shown in Fig. 19 [49,54]. Nucleation rate of WF is 
controlled by carbon diffusion in austenite ahead of the plate tip and the 
length of an individual plate is predicted to be a function of alloying 
elements and temperature [54]. 

The displacive mechanisms of the parallel plates result in cleavage 
cracks, which propagate without a significant deviation. Thus, the 
stored energy between the parallel plates reduce significantly due to the 
shape deformation. Consequently, the nucleation rate of the plates is 
reduced dramatically resulting in coarse grain growth, which affects the 
strength of the steel. Although, previous studies suggest that coarse 
austenite grains promote the WF transformation in steels [13,39] being 
this an important factor which can be detrimental for cracking formation 
of the steel. 

Previous investigations demonstrated that Widmanst€atten ferrite 

Fig. 19. SEM micrograph showing Widmanst€atten ferrite plates in a specimen 
deformed at 900 �Cat 0.01 s� 1. 

Fig. 20. Isothermal simulation of ferrite nucleation (BCC) in austenite (FCC) showing the (a)thermal cycle used for simulations, (b) volume fraction of ferrite, (c) 
mean radius of ferrite nuclei and (d) size distribution of ferrite nuclei. 
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transforms approximately at 600 �C [39,53–55] while others have 
shown that WF can transform at higher temperatures [56]. In this work, 
WF transformation temperature is estimated to start at 855 �C, just 
below Ac3 temperature. This value was determined by the 
expression αWs ¼ 850 � 260� C, where C is the carbon content of the 
steel [57]. The transformation of WF occurring at 855 �C strengthens the 
reason for the ductility drop in some of the specimens deformed at 
similar temperatures (i.e. 700–800 �C). This may be because a certain 
fraction of WF can transform either before and/or during plastic 
deformation of the steel. Without discarding the effect of the strain rate, 
which also plays an important role for phase transformation. To confirm 
the transformation of WF at higher temperatures in this steel, isothermal 
simulations are applied at the conditions where the steel shows the 
lower ductility values (800 �C). Simulations (by TC-Prisma) are per-
formed by following the same thermal cycle used for thermo-mechanical 
experiments but without considering plastic deformation of the steel, see 
Fig. 20-a. Ferrite (BCC) is assumed to nucleate along austenite (FCC) 
grain boundaries with 150 μm size (average value taken form experi-
ments), and an interfacial energy of 0.01 J/m2 (calculated value with 
Thermo-Calc software). Simulations demonstrate that a fraction of 
ferrite transforms at 800 �C. For instance, Fig. 20-b shows that the 
volume fraction of ferrite will decrease to zero before the maximum 
temperature has reached 1300 �C. Then, 15% of the volume fraction of 
ferrite increases when the steel is cooled to 800 �C and holding per 60 s. 
The mean radius of the ferrite nuclei reaches a maximum value of 
0.025 μm between 450 and 500 s, see Fig. 20-c. The size distribution of 
the ferrite nuclei can be observed in Fig. 20-d. 

Findings in this work suggest that not only the control of process 
parameters (i.e. temperature, cooling rates, casting speed) are important 
to control during continuous casting of steels; there are other factors that 
significantly can contribute to reduce the risk for crack formation such 
as the amount of carbon in the steel, grain size control and phase 
transformation during deformation. 

5. Conclusions 

Thermo-mechanical tensile testing was performed on a micro- 
alloyed steel in a temperature range of 600–1000 �Cat three different 
strain rates 0.001, 0.01 and 0.1 s� 1 in Gleeble system 3800. The aim in 
this work was to identify the main causes for crack susceptibility of a 
micro-alloyed steel during continuous casting process. Thus, the 
following conclusions can be drawn:  

� Results computed by means of three criterion, reveals that the steel is 
more susceptible for crack formation at the temperature range of 
700–800 �C and less susceptible at 900 �C.  
� Findings in this work suggest that avoiding the temperature range of 

650–850 �C (�50 above and below) and by improving the cooling 
strategies in the caster is possible to avoid low ductility in the steel 
during secondary cooling. 
� The effect of strain rate plays an important role on crack suscepti-

bility. The lower the strain rate the lower the ductility. The lowest 
strain rate (0.001 s� 1) shows the lowest ductility values for speci-
mens deformed at 700 and 800 �C, which means that at this rate the 
steel will be more prone for crack formation during continuous 
casting process. Taking into account that the lowest strain rate is the 
one that simulates the casting speed used in the real process.  
� Fracture of the steel occurs with a combination of ductile-brittle and 

quasi-cleavage and intergranular fracture mechanisms. The impu-
rities found within microvoids are related to crack propagation 
during plastic deformation.  
� Microstructural analysis confirm that crack susceptibility of the steel 

is associated with Widmanst€atten ferrite (WF) transformation 
occurring at high temperatures.  
� The main reason for the Widmanst€atten ferrite transformation is the 

coarse prior austenite grains (maximum size 179 μm for specimen 

deformed at 800 �Cat 0.001 s� 1) which promotes its transformation 
together with alloying elements and temperature effects. 
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Abstract: The findings in this work enhance the understanding of oxidation mechanisms and scale 

growth at high temperatures of a high strength low alloy (HSLA) steel for improving surface quality 

during continuous casting. The oxidation phenomenon was investigated under dry air and water 

vapor atmospheres by heating specimens at 1000, 1100, and 1200 °C at different holding times. 

Temperature and time had great effects on the kinetics, where faster (i.e., parabolic) oxidation rates 

were present under water vapor when compared with the dry air condition. Temperature strongly 

influenced the number of defects, such as pores, voids, gaps and micro-cracks, formed in the oxide 

scale. A phase analysis confirmed the presence of FeO as the first phase formed at the steel surface, 

Fe3O4 as the middle and thicker phase, and Fe2O3 as the last phase formed in the oxide/air interface. 

The micromechanics of the oxides demonstrated that a combination of phases with high (wüstite) 

and low plasticity (magnetite and hematite) could also have been the reason for the uneven cooling 

during Continuous Casting (CC) that resulted in the undesired surface quality of the steel slabs. 

This work gives a good look at the oxide scale effect on the surface quality of steel slabs through an 

understanding the kinetics during oxidation. 

Keywords: oxide scale; water vapor; kinetics; continuous casting; HSLA steel 

 

1. Introduction 

The present work was focused on the analysis of oxidation kinetics occurring at temperatures 

relevant to continuous casting process (e.g., secondary cooling below the mold). This investigation 

sought to address the gaps of knowledge regarding the effect of oxide scale formed under dry and 

water vapor conditions, as well as its impact on the surface quality of a high strength low alloy 

(HSLA) steel slab. 

Accordingly, the experimental setup was designed to simulate the thermal gradients and 

environment experienced by a surface throughout the casting process, with special focus on the 

oxidation behavior after the mold exit where the strand is in direct contact with the environment 

including the water flow from the submerged entry nozzles (SENs). At SENs, the heat flux from the 

steel surface is sufficiently high to create film boiling, whereby a layer of steam is formed between 
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the hot surface and the liquid water above (Leidenfrost effect). Thus, this work attempted to replicate 

the same environment by oxidizing the steel under water vapor at temperatures occurring in a 

vertical cooling rack, bender (S1), and straightener (S6–S8). Figure 1 shows the layout of the caster 

machine and the model of the experimental set-up. 

The insights gained in this work allow for one to understand the fundamentals of oxidation for 

this particular steel occurring under dry air and possibly to predict this steel’s behavior in a real 

situation during processing under the water vapor condition. These insights make it possible to 

reduce the impact of oxide scales during processing, as well as to improve surface quality, thereby 

enhancing the yield of the overall casting process. 

 

Figure 1. Layout of a continuous casting machine indicating zones and temperatures used for the 

experimental set-up to simulate oxidation in the water vapor condition for a high strength low alloy 

(HSLA) steel. 

1.1. Oxidation during Casting 

Oxidation is relevant for high-temperature processing because it plays a vital role in the 

formation of defects when casting micro-alloyed steels. This includes changes on heat transfer during 

solidification and subsequent cooling, carburization/decarburization processes, and oxide adherence 

to the surface. Thus, the control of oxidation is a critical subject for carbon steel producers. 

Nonetheless, most oxidation studies have been limited to scales formed in dry air and vapor-

saturated environments for hot rolling and stamping processes [1–11]. For instance, it has been 

demonstrated that the oxide scale formed during hot rolling has a significant effect on heat transfer 

when voids and gaps form in the oxide, both of which significantly decrease the heat transfer 

coefficient [12–14]. Only a few studies have focused on oxidation during the continuous casting 

process [12,15–17]. For instance, incipient research regarding the influence of scales on heat transfer 

during secondary cooling in different cooling environments (e.g., air and steam) has been performed 

by Chabičovský et al. [12], Slowik et al. [16] and Köhler et al. [18]. However, the influence of oxide 

scales on the formation of defects during continuous casting has not been addressed in detail because 

defects are often caused by a combination of factors that makes them notoriously difficult to 

eliminate. 

In principle, the oxidation of metals may occur among different chemical reactions (e.g., the 

reaction of a metal and oxygen gas) to form an oxide. For instance, for pure iron, the oxidation process 

is governed by the reaction of iron ions (Fe2+) with oxygen in the atmosphere (O2); this is given by xFe 

+ (y/2) O2 = FexOy. The reaction of iron with oxygen in the atmosphere results in different type of 

oxides identified as wüstite, magnetite, and hematite (FeO, Fe3O4, and Fe3O2, respectively). This 

reaction involves a variety of stages for an oxide scale to form as either a film or as separate oxide 

nuclei. The process begins with the adsorption of oxygen on the iron surface at the iron/oxygen 
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interface. The reaction continues with the dissolution of oxygen in the iron substrate, which act as a 

nucleation site for the oxide scale nuclei to form and grow [19,20]. Therefore, both the adsorption and 

diffusion depend on the metal surface conditions (e.g., rugose and clean) and defects (e.g., crystal 

defects, cracks, inclusions, and porosity). The oxidation rate is controlled by the solid-state diffusion 

of ions through the scale, which occurs when the oxygen concentration is sufficiently high at the oxide 

surface [21]. Finally, the nucleated oxide scale on the surface grows with time by increasing thickness, 

and the rate of growth of the developed oxide decreases with time [19]. During oxide scale growth, 

some defects may form inside the oxide scale such as micro-cracks, cavities, and porosity. A schematic 

illustration of the oxidation phenomena on pure iron is shown in Figure 2. 

 

Figure 2. Schematic representation of oxidation phenomena occurring on a metal substrate by (a) the 

adsorption of oxygen resulting in oxide scales formed by (b) nucleation and (c) growth with the 

presence of (d) defects. 

Oxide scale formation in steels can be modified by alloying elements at certain temperatures. 

However, it is more complex to identify the growth mechanisms of the scales formed in steels than 

in iron. This difference is related to the amount of carbon, which can make the diffusion and transport 

of ions easier or more difficult during the oxidation process. The diffusion of carbon starts in the 

metal/oxide scale interface, and this reacts with the iron oxide to create CO gas and form gaps in the 

oxide scale. In high-carbon steels, cracks can form in the oxide scale due to the trapped gas in the 

gaps that is because of the air in the core, which leads to increasing increments in the oxidation rate. 

If no cracks are formed in the scale, then gaps can stop the diffusion of iron ions and decrease the 

oxidation rate. The presence of elements such as aluminum, silicon, and chromium form a protective 

layer at the metal/oxide scale interface. In general, oxide scale formation in steels is slower than in 

iron, and the oxidation kinetics and structure of the scale have important deviations from the classical 

oxidation kinetics and scale structure of pure iron [22–24]. 

During continuous casting, oxide scale formation initiates below the primary cooling zone 

(mold) where the steel is in complete contact with oxygen from the environment and water from the 

cooling. Thus, the principles of oxidation under water vapor differ significantly to that which occur 

in the dry air condition because the presence of water molecules accelerates the oxidation process. At 

high temperatures, the susceptibility of oxidation increases, thus leading to oxide scale growth at a 

relatively high rate. Thus, under a water-saturated atmosphere, the oxygen from the air and the water 

from the cooling change the oxidation process, resulting in thicker oxide scales. Oxide scale growth 

under water vapor follows similar mechanisms to that under dry conditions, though it has higher 

diffusion rates. In the presence of water, the oxidation state of iron ions increases due to the oxygen 

coming from the water molecules. The reaction between the electrons from the iron atoms and the 

water molecules forms hydroxides (OH) [22,23]. The OH interact with the iron ions, which results in 
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iron hydroxides (Fe(OH)2) formed on the steel substrate (also known as rust); see Figure 3. The 

formation of OH that diffuse through the metal oxide speeds up the oxidation process, resulting in 

thicker scales [19,21,22,24]. 

 

Figure 3. Schematic representation of oxidation reaction with air and water droplet. 

1.2. Phases in Oxides 

Oxide scales usually reveal phases such as wüstite, magnetite, and hematite [5,6,9,25]. Wüstite 

(FeO) forms as a first layer closest to the substrate with the highest Fe concentration, while magnetite 

(Fe3O4) forms as the second phase with a higher oxygen concentration than wüstite. Finally, hematite 

(Fe2O3) forms at the oxide/air interface controlled by the inward diffusion of oxygen, where the self-

diffusion of iron and oxygen is slow [19–26]. The microstructure of oxides is also dependent on the 

alloying elements containing the steel. For instance, aluminum can increase the temperature of 

wüstite formation and contribute to oxidation resistance, while silicon and chromium form stronger 

and weaker protective layers, respectively. Furthermore, silicon influences the formation of a thick 

hematite layer, while carbon and other alloying elements may be concentrated in the interface. 

Previous studies have found a combination of magnetite and hematite formed at coiling temperatures 

between 610 and 720 °C during hot rolling [6]. Similar studies on low-carbon steels oxidized between 

570 and 760 °C have shown uneven oxide layers compared to those formed in pure iron [7]. For 

instance, hematite and magnetite are the main phases formed on steels with more than 0.1% C and 

oxidized above 700 °C, which results in poor adhesive properties. Accordingly, it has been 

demonstrated that a combination of hematite, magnetite, and wüstite shows a thickness ratio of 

1:9:90, respectively, between 800 and 1200 °C during hot rolling [9]. Hematite is mainly formed at 

higher temperatures (900–1050 °C). Figure 4a illustrates the order of phases formed on a metal with 

the formation of defects usually found on scales, and Figure 4b shows the morphology of an oxide 

scale formed on a micro-alloyed steel. 

 

 

 

 

Figure 4. Schematic representation of phases formed in oxides on steel: (a) hematite, magnetite, and 

wüstite phases; (b) oxide formed on a micro-alloyed steel. 
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1.3. Temperature–Time Effect on the Kinetics 

Though the kinetics of oxidation depend on different factors (e.g., metal surface, atmosphere, 

and alloying elements), temperature and time have the most significant effect on oxide growth at 

high temperatures. 

The kinetics of oxidation have been demonstrated to follow different rate laws that are usually 

applied under isothermal conditions [27–29]. These rate laws can be divided in linear, parabolic, and 

logarithmic. For instance, most iron alloys follows the linear and the parabolic laws. Linear growth 

is constant with time, and it occurs when using short oxidation times (Equation (1)), while the 

parabolic rate law decreases with time and occurs at longer oxidation times (Equation (2)) [21]. 

Linear oxidation: 

lx k t C   (1) 

Parabolic oxidation: 

2
´2 p px k t C k t C     (2) 

where �  represents the thickness of the oxide film, ��  is the oxidation rate constant, ��  is the 

parabolic oxidation rate, and � is an integration constant [19–21]. 

2. Experiment Setup 

The experimental part included the characterization of oxide scales formed under dry air and 

water vapor conditions conducted at varying temperatures and holding times. Subsequently, the 

oxide scale thicknesses were used to determine the oxidation kinetics. The microstructural and phase 

analysis was performed by using different techniques that are explained in the following sections. 

2.1. Sample Identification 

As the initial step, specimens were sectioned from an HSLA steel slab with 0.15 wt.% C 

containing Nb and V as the main alloying elements with dimensions of 1850 and 210 mm for width 

and thickness, respectively (S0 Figure 5a). In addition, the center piece from S0 was sectioned to 

ensure a material without corner cracks and other defects; this is identified as S1 in Figure 5b. Finally, 

S1 was sectioned to obtain specimens with dimensions of 50 × 70 mm for the oxidation experiments; 

see Figure 5c. 

 

Figure 5. Sample lay-out from (a) continuously cast steel slab sectioned in (b) S1-center to take (c) 

smaller samples for oxidation tests under dry and water vapour conditions. 

2.2. Oxidation Tests 
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Oxidation tests under dry air and water vapor conditions were performed in an industrial 

chamber furnace in a pilot plant. A GPC type furnace was used for the oxidation under air, while an 

N 87/H furnace with dimensions of 340 × 1040 × 300 mm was used for the oxidation under water 

vapor; see Figure 6. Before oxidation tests, all specimens were cleaned with ethanol, and a 

thermocouple was installed in the middle of one of the specimens for temperature monitoring. 

Experiments were conducted at the pilot scale to replicate the conditions during secondary cooling 

during the continuous casting process, with a special focus on oxidation under water vapor. 

Oxidation tests under dry air were conducted by heating the specimens at 1000 and 1100 °C and 

then subsequently removing a specimen every 5 min, with the last one removed after 40 min. Once 

removed, the specimens were cooled in air. The thermal cycle for this experiment is shown in Figure 

7a. Each sample represented a snapshot into scale formation at a specific holding time. The 

parameters used during tests were selected as an initial step to understand the fundamentals of 

oxidation for this particular steel. We thereafter used them for comparison with the oxidation tests 

under water vapor. 

The experiment set-up for oxidation under water vapor was more complex to perform. Initially, 

all specimens were introduced in an isolating box inside the chamber. Additionally, the furnace was 

connected to a steam generator, where the water vapor was injected into the isolating box. Argon gas 

was supplied during heating of specimens until the target temperature (i.e., 1000, 1100, and 1200 °C) 

was reached for protecting the atmosphere. Then, the saturated humid atmosphere (100% steam) was 

supplied only during holding time (i.e., 10, 30, and 60 min, respectively); thus, the oxygen from the 

air and the water interacted during the experiments. In addition, nitrogen was injected into the 

furnace for corrosion protection. Finally, specimens were taken out from the box and cooled in air. 

The set-up of the experiments is shown in Figure 6. The selected temperatures for this experiment 

corresponded to those existing in different sections in the secondary cooling, as shown previously in 

Figure 1. The thermal cycles for this experiment are shown in Figure 7b. 

 

Figure 6. Experimental setup for oxidation under the water vapor atmosphere. 
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Figure 7. Thermal cycles applied for (a) oxidation under dry air and (b) water vapor. 

2.3. Characterization of Oxides 

The microstructural analysis of the oxide scales was performed by applying a standard 

metallographic method. Samples were sectioned and ground with SiC abrasive papers with 600, 1200, 

and 4000 mesh sizes. Polishing was performed by diamond abrasive solutions down to a 1 µm size 

and a master colloidal silica solution as the last step. After polishing, specimens were etched with a 

5% Nital solution for 7–10 s. To reveal different phases present in the oxide scales, two different 

etching solutions were applied—one for revealing wüstite and magnetite [30] and the other for 

hematite [31]. The first etchant consisted of a combination of citric acid and sodium thiocyanate (for 

wüstite and magnetite) applied on the oxide surface for 30 s. Subsequently, chloral (1% HCl and 

ethanol) was applied onto the previously etched surface, which revealed hematite after submerging 

the specimens for 30 s. 

The characterization and measurements of the oxide scale thickness were performed by using a 

Scanning Electron Microscopy (SEM), JEOL JSM-IT300 LV (JEOL, Peabody, MA, USA) and Light 

Optical Microscopy (LOM, Nikon MA200, Nikon Metrology, Novi, MI, USA) respectively. 

Measurements were performed every 1 mm of the total length of the specimen. Furthermore, phase 

analysis was carried out with the X-ray diffraction technique (XRD, Malvern Intruments, UK) using 

a monochromatic Cu-Kα radiation with 40 kV and 45 mA. In addition, we used an angular 2θ range 

between 20 and 120 degrees with a 1 h scanning time per specimen. Diffraction patterns were 

analyzed by the Rietveld refinement technique. 

2.4. Nanoindentation 

The micromechanical properties of the oxides were assessed with nanoindentation tests. This 

test allowed for the calculation of the local elastic–plastic properties of phases. Measurements were 

performed using a NanoTest Vantage system from Micro Materials Ltd. (Camarillo, CA, USA) using 

a diamond Berkovich indenter-tip. The measurements were performed in the load control mode 

using 50 mN with a loading time of 25 s, an unloading time of 20 s, and a dwell time at the maximum 

load of 15 s. Hardness was calculated within the system’s software according to the method of Oliver 

and Parr [32]. 

3. Results 

3.1. Oxide Scale Growth 

The thickness of the scale significantly increased under the water vapor condition compared to 

the dry air condition, as shown in Figure 8. Even though the oxidation process under dry and water 

vapor conditions occurred via the same mechanisms, the interaction between the number of oxygen 

atoms from the environment and the steel substrate significantly differed from one case to another. 



Metals 2020, 10, 1243 8 of 22 

 

For instance, the oxygen concentration under water saturation reacted faster with the iron ions, thus 

forming OH from the dissociation of water molecules. Thus, the formation of OH increased the 

diffusion process, resulting in a faster oxidation than the one occurring under the dry air condition 

[22]. Similarly, the instability of oxide scales increased with temperature and time. The oxide scale 

grew more unstable under the dry air condition than under water vapor condition. Furthermore, 

defects such as voids, gaps, and micro-cracks were formed under both conditions. The formation of 

gaps close to the steel/oxide interface appeared on specimens oxidized under dry air. Voids and 

micro-cracks were present in both conditions, especially at higher temperatures and holding times. 

The presence of defects promoted the detachment (spallation) of the scale from the substrate. The size 

and amount of defects were observed to increase with temperature, and these increases were more 

significant under the water vapor condition. 

 

Figure 8. SEM micrographs of oxide scales formed under dry air and water vapor conditions on an 

HSLA steel oxidized at 1000 and 1100 °C at different holding times. 

Graphically, it can be seen in Figure 9 that oxide scales grew faster in the presence of water vapor 

than in the dry air condition. As the temperature increased, thicker scales formed, which clearly 

occurred for specimens oxidized under dry air. However, the scales formed under water vapor 

showed some differences between 1000 and 1100 °C. For instance, thicker oxides were observed for 

the lowest temperature (1000 °C), while thinner oxides formed when the temperature increased to 

1100 °C. These changes were observed after 10 min of holding. Furthermore, oxides formed after 30 

min did not show significant thickness changes at the same temperatures (i.e., 1000 and 1100 °C). 

These unexpected changes could have been related to defects formed during oxidation (e.g., voids 

and cracks) that were more significant at 1000 than at 1100 °C. 

It is known that oxide scale growth is highly dependent on time, temperature, thickness, and 

atmosphere, and it less dependent on scale morphology and defect formation. However, defects also 

have a great influence on delaying the interaction between the iron ions and oxygen atoms during 

the oxidation process. Such defects may isolate the interaction by entrapping gases and stopping the 

oxidation process, resulting in thinner oxide scales. 

Specimens oxidized at 1200 °C under water vapor revealed the thickest oxide scales with 

constant growth. These oxides reached a maximum thickness of 2000 µm (i.e., after 60 min)—almost 
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three times higher than the one formed under dry air with a 500 µm thickness present at the highest 

temperature and the longest time (1100 °C after 35–40 min). A comparison of oxide scale thicknesses 

obtained under dry and water vapor conditions can be seen in Table 1. 

 

Figure 9. Comparison of the oxide scale thickness as a function of temperature for specimens oxidized 

under dry and water vapor conditions. 

Table 1. Thickness of oxide scales formed under dry air and water vapor conditions. 

T (°C) Holding Time (min) 
Average Thickness (µm) 

Dry Air Water Vapor 

1000 

10 128 400 

30 217 566 

40 269 - 

60 - 627 

1100 

10 204 236 

30 393 618 

40 526 - 

60 - 992 

1200 

10 - 587 

30 - 1337 

40 - - 

60 - 1945 

3.2. Microstructure and Phase Analysis 

The phase analysis of specimens oxidized under dry air and water vapor conditions was done 

via the XRD technique. For comparison purposes, measurements were performed on two of the 

specimens oxidized under dry air formed at 1000 and 1100 °C at the maximum holding time (i.e., 40 

min). In contrast, XRD measurements were performed for all specimens oxidized under the water 

vapor (all temperatures and times) condition. 

XRD analysis was performed on top of the oxide layer for specimens oxidized under dry air. In 

contrast, powder samples were prepared from the oxides formed under the water vapor condition. 

This method was used because the roughness observed on the oxides formed under water vapor was 

more significant than those formed under dry air. Powder samples were obtained by detaching the 

scales from the steel substrate by using liquid nitrogen. The released oxides were crushed by using 

an agate mortar to obtain fine powders. 
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The results in Figure 10 show a comparison of X-ray diffraction patterns obtained from oxides 

formed under dry air and water vapor treated at different temperatures and holding times. The 

different peaks correspond to different phases such as wüstite, magnetite, and hematite, which are 

marked with different symbols. 

A comparison of the volume fraction of the phases in the oxides is shown in Table 2. It is 

interesting to observe that magnetite and hematite were the dominating phases in the steel oxidized 

under dry air. Wüstite was present on the specimen oxidized at 1000 °C with a 13 volume% but not 

present at all at 1100 °C. A possible explanation for this is related to the temperature changes during 

the opening/closing of the chamber when taking the specimens out after reaching the target time for 

oxidation. These changes could have modified the kinetics of oxide scale formation by means of two 

main factors. One was related to the detachment of the oxide scale due to the air flowing during the 

opening/closing of the chamber because the oxide scale formed under dry air was considerably 

weaker than those formed under water vapor. The second factor was related to a so-called edge effect 

that led to a reduction of oxidation rate near the substrate and the increment of oxidation at the 

surface [33]. This may have occurred because the temperature decreased when opening the chamber, 

which may have slowed/accelerated the kinetics during the formation of oxides (i.e., wüstite, 

magnetite, and hematite). Finally, the roughness of the scales may also have had an effect on the 

measurements during XRD experiments, and this may have led to a large dispersion of the X-rays 

diffracted from the oxide scale surface that resulted in a low intensity and lesser accuracy of the 

volume fraction values. 

In contrast, wüstite was present for all specimens oxidized under water vapor, and it was 

combined with magnetite and hematite. Thus, magnetite and hematite were the dominating phases 

under the dry air condition. 

 

Figure 10. X-ray diffraction patterns of oxide scales formed under dry air and water vapor conditions. 
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Table 2. Comparison of volume (%) of phases in oxides formed under dry air and water vapor 

conditions. 

T 

(°C) 

Time 

(min) 

Wüstite (������) Magnetite (�����) Hematite (�����) 

Dry 

Air 

Water 

Vapor 

Dry 

Air 

Water 

Vapor 

Dry 

Air 

Water 

Vapor 

1000 

10 - 54.5 - 43.0 - 2.5 

30 - 23.1 - 34.6 - 42.3 

40 13 - 38 - 48 - 

60 - 64.2 - 34.7 - 1 

1100 

10 - 63.3 - 36.5 - 0.2 

30 - 54.2 - 41.1 - 4.7 

40 0 - 45 - 55 - 

60 - 2.3 - 55.7 - 42.0 

1200 

10 - 0.7 - 34.4 - 64.9 

30 - 76.2 - 22.4 - 1.4 

60 - 76.3 - 22.8 - 0.9 

3.3. Micromechanics of Oxides 

Accordingly, specimens were selected based on the volume fraction of phases with different 

concentrations of wüstite, magnetite, and hematite (i.e., 1000 °C after 10 and 30 min, 1100 °C after 60 

min, and 1200 °C after 30 and 60 min) formed under water vapor. Nanoindentation tests were 

conducted on a cross-section of specimens at the steel/oxide interface, the middle phase, the mixed-

phase (with a fine grain zone), and the oxide/oxygen interface, as shown in Figure 11. 

 

Figure 11. Optical micrograph used during nanoindentation tests. 

The local properties of the oxide scale revealed that hardness (HN) decreased from the surface to 

the steel/oxide interface; see Figure 12. 
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Figure 12. Hardness values of phases formed at the (a) oxide/oxygen, (b) mixed, (c) middle, and (d) 

steel/oxide interfaces. 

For instance, the hematite formed at the oxide/oxygen interface showed the highest hardness 

range between 3 and 8 GPa; see Figure 12a. Additionally, the hardness decreased between 2 and 7 

GPa when hematite was mixed with magnetite; see Figure 12b. Similarly, the hardness of magnetite 

ranged between 2 and 7 GPa, which means that magnetite was the predominating phase in the mixed 

zone; see Figure 12c. Furthermore, wüstite formed at the steel/oxide interface revealed the lowest 

hardness range between 0.5 and 5 GPa; see Figure 12d. Additionally, it was observed that hardness 

values were not directly influenced by the temperature and time or by the grain size structure but 

only by the phase itself. In the same way, the elastic modulus (E) decreased for the inner layer (i.e., 

wüstite) and increased for the middle and the outer oxide layers (i.e., magnetite and hematite, 

respectively). The values of E and HN were in good agreement with those reported in previous studies 

[34]. A comparison of the micromechanics found for phases in the oxide scales is shown in Table 3. 

Table 3. Comparison of micromechanical properties of wüstite, magnetite, and hematite. 

Phase 
Micromechanics of Oxides Formed Under Water Vapour 

HN (GPa) E (GPa) Plasticity Index Plastic Work (GPa) Elastic Work (GPa) 

Wüstite 2.7 138 0.86 12.2 2.0 

Magnetite 5.0 144 0.78 10.0 2.8 

Hematite 5.5 151 0.75 9.6 3.1 

3.4. Numerical Modelling 

Numerical models were used to comprehend the effect of temperature–time on the oxidation 

kinetics. 
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3.4.1. Oxidation-Rate Determination 

The first step to determine a rate law suitable to describe the oxidation rate was to calculate a 

reaction index value (n); if n = 1, the oxidation rate was linear, while n = 2 implied parabolic growth 

and n = 3 represented cubic growth. The reaction index, at a constant temperature, was calculated 

through Equation (3): 

( )n nx k t c   (3) 

where � is the scale thickness, �� is the oxidation rate, � is time, and � is the integration constant. 

In this particular case, the thickness was assumed to change with temperature at the beginning 

of the experiments, considered as non-isothermal oxidation. Thus, the variation of time (��/��) could 

be directly obtained from experimental data (e.g., � vs. �), while the variation of temperature was 

given by (��/��). Both cases were related to the heating rate. The oxidation rate (��/��) was assumed 

to be governed by the temperature and time on the following form: 

( ) ( )
dx

k T f x
dt
  (4) 

where �(�) depends on the reaction index written as a power law model in Equations (5) and (6): 

�(�) =
1

(��(���))
 (5) 

1n
n

dx
nx k

dt
   (6) 

The integration of Equation (6) gives: 

1
f f

i i

x t

n
n

x t

nx dx k dt    (7) 

where ��  is the initial thickness after zero time (�� = 0), while ��  is the final thickness. Thus, 

Equation (7) takes the form: 

( ) ( )n
n f ix t k t t c    (8) 

In this case, the integration constant was a function of the reaction index. To include the effect 

of temperature, the oxidation rate constant, �(�), could be expressed as the Arrhenius form: 

0( ) exp
Q

k T k
RT

 
  

 
 (9) 

where � is the activation energy for oxidation, � is the ideal gas constant (8.314 J/(mol·K)), �� is 

the pre-exponential factor, and � is the temperature in Kelvin. 

Reaction index values of 1.9 and 1.7 for oxidation under dry air and 1.6 for oxidation under water 

vapor were obtained by fitting Equation (8) to the experimental data. Thus, the n value was 

considered quadratic for determining the oxidation rate constant assumed as parabolic with time. 

Such a parabolic law was used to calculate the oxidation rate constant (��) for both temperatures by 

following the Equation (8), where the integration constant was neglected due to its irrelevant changes 

during calculations. 
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The parabolic rate constant (kp) showed higher values for oxidation occurring under the water 

vapor condition than the dry air condition, for which the oxidation rate increased with the 

temperature, as shown in Figure 13. Generally, it was clear that the interaction of the steel with the 

water vapor particles in the environment led to a faster oxidation process in comparison with 

oxidation under the dry air condition. However, the apparent lower oxidation rate at 1100 °C could 

have been more related to the experimental procedure and less significant to the oxide scale behavior. 

The activation energy for parabolic growth was determined by using the Arrhenius expression 

based on Equation (9). The results revealed that the activation energy needed for oxidation under dry 

air was larger than that for oxidation under water vapor at 108 and 68 kJ/mol, respectively; see Figure 

14. The value obtained for the dry air condition was only considered an approximation due to the 

poor data points from the temperatures used during the experiments. 

 

Figure 13. Parabolic oxidation rate (��) as a function of temperature. 

 

Figure 14. Arrhenius plot for the activation energy determination of parabolic oxidation (��) under 

dry air and water vapor conditions as a function of temperature. 

3.4.2. Diffusion Coefficient 

The diffusion coefficient of oxygen through the oxide scale was determined by considering a 

non-steady-state diffusion in one dimension. For this purpose, Fick’s second law was applied with 

the assumption of a constant surface concentration at a certain distance [35]. Figure 15 shows a 

schematic illustration of the prototype used for calculations. 



Metals 2020, 10, 1243 15 of 22 

 

 

Figure 15. Prototype used for the diffusion coefficient calculation. 

Fick’s second law expressed in Equation (10) is considered to be independent of composition: 

��

��
= �

���

���
  (10) 

Thus, by following the Gaussian solution with respect to the diffusion length [35], Equation (11) 

could be approximated as: 

�� ≈ � × � (11) 

where x is the thickness of the oxide scale (distance) expressed in centimeters, t is the oxidation time 

expressed in seconds, and D is the diffusion coefficient of oxygen through the oxide scale expressed 

in (cm2/s). In this case, D could be obtained through the direct linear regression of the data from the 

experiments (i.e., thickness vs. time). The results showed that the diffusion coefficient increased with 

temperature for both air and water vapor conditions, as shown in Figure 16. This means that the 

oxygen atoms travelled through the oxide scale faster at higher temperatures because the steel was 

more susceptible to oxidation and even more so under the water vapor condition. 

 

Figure 16. Diffusion coefficient as a function of temperature. 

A summary of results obtained from the oxidation rate equations and diffusion coefficients with 

their corresponding values of activation energy is shown in Table 4. 
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Table 4. Values of oxidation rate and diffusion coefficient in oxides formed at high temperatures. Q: 

the activation energy for diffusion in the oxide scale. 

T (°C) 

Oxidation Rate, 

��(���/�)  
Q (Oxidation) 

(��. ���)  

Diffusion Coefficient, D 

(���/�)  

Q (Diffusion) 

(��. ���)  

Dry Air 
Water 

Vapour  

Dry 

Air 

Water 

Vapour 
Dry Air 

Water 

Vapour 

Dry 

Air 

Water 

Vapour 

1000 1.66 × 10−5 1.20 × 10−3 
108 

68 

3.20 × 10−7 7.43 × 10−7 
202 

209 1100 3.51 × 10−5 1.50 × 10−3 1.28 × 10−6 3.09 × 10−6 

1200 - 2.90 × 10−3 - - 1.09 × 10−5 - 

The influence of temperature during the diffusion process was determined by the following 

Arrhenius-type equation: 

� = �� exp �−
�

��
� (12) 

where D0 is the pre-exponent factor, Q is the activation energy for diffusion in the oxide scale, R is the 

universal gas constant (8.3143 J/mol·K), and T is the absolute temperature used for oxidation. The 

energy needed for activation of the oxidation process could be determined by plotting the double 

logarithm of k as a function of 1/T. 

The results revealed that the activation energy needed for diffusion under the dry air condition 

was slightly different from the one under water vapor conditions (i.e., 202 and 209 kJ/mol, 

respectively). Furthermore, the water vapor condition provided more possible diffusion steps 

because the number of oxygen molecules and atoms increased at the surface. 

4. Discussion 

The temperature and time on oxidation behavior was found to have a significant impact on the 

kinetics and thickness of the scale, especially during oxidation under the water vapor condition. 

Special attention is given to the oxidation under water vapor in this section due to its closer 

relationship with the environmental situation during the CC process (e.g., secondary cooling). 

4.1. Microstructure and Phase Analysis 

The fraction distribution of phases (e.g., wüstite, magnetite, and hematite) as a function of 

temperature and time was accomplished only for oxides formed under the water vapor condition. 

Figure 17 shows a significant fraction of wüstite in all specimens, especially at higher temperatures 

for the medium and longer holding times (i.e., 30 and 60 min, respectively) where the maximum 

value ranged between 64.2% and 76.3% (red and yellow zones, respectively). Wüstite formed at 

higher temperatures is associated with a so-called reversible reaction, which implies that it forms 

from the reduction of hematite that also forms at high temperatures [36]. The reduction of hematite 

occurs while passing through magnetite and ending as wüstite, which might occur when phases react 

with gases such as CO (formed during decarburization) or H2 (in contact with the water vapor) [22]. 

A combination of magnetite and hematite was found where the volume fraction increased with time 

at the medium temperature (i.e., 1100 °C). Additionally, lower values (in blue) were present at 1200 

°C after 30 min of holding time. Finally, the volume fraction of hematite was more significant at 1200 

°C for the lowest and the highest holding times (i.e., 10 and 60 min, respectively). Lower values of 

hematite were randomly distributed at all oxidation temperatures, especially for oxides formed after 

10 min. 
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Figure 17. Color map plots showing the volume fraction of wüstite, magnetite, and hematite. 

The morphology of phases in oxide scales formed under water vapor are identified in Figure 18. 

It can be observed that wüstite (Fe���O), magnetite (Fe�O�), and hematite (Fe�O�) appeared with 

different colors due to the reaction from the different etchants applied to the oxide scale surface. For 

instance, wüstite appeared as the darkest phase at the steel/oxide interface. This phase predominated 

at 1200 ℃ after 30 and 60 min of holding time; see an example in Figure 18d. Furthermore, magnetite 

formed at the top of the wüstite phase and appeared in either the light blue or brown color (Figure 

18b,c). Magnetite appeared as the thickest oxide, being the predominant phase at 1100 °C after 60 min 

of holding time. A mixture of magnetite and hematite was commonly observed for all specimens with 

presence of small and big hematite grains (white/beige color) formed in a magnetite matrix (blue or 

dark brown color); see Figure 18a–c. Finally, hematite clearly appeared as the thinnest and lightest 

layer (white color) at the oxide/oxygen interface. Hematite is considered as a phase with a low metal 

content that mostly interacts with oxygen [19]; see Figure 18a. 
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Figure 18. Morphology of oxides formed at (a) 1000 °C after 10 min, (b) 1100 °C after 60 min, (c) 1200 

°C after 10 min, and (d) 1200 °C after 60 min. 

4.2. Micromechanical Analysis 

The micromechanical properties of the oxide scales were important in this work since they had 

an indirect effect during cooling in the CC process, and they comprised one of the reasons for the 

surface quality issues on the steel slabs. For instance, the plastic properties in wüstite increased 

significantly to 20 GPa in comparison with magnetite and hematite, where values remained almost 

the same (10 GPa), as shown in Figure 19. 

 

Figure 19. Plastic work of the wüstite, magnetite, and hematite phases. 

The plasticity index was determined by computing the relationship between the elastic and the 

plastic work (Table 3) for each phase (i.e., wüstite, magnetite, and hematite). This value determines 

the tendency of a surface to deform plastically. Outer phases such as magnetite and hematite showed 
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lower plasticity indexes than the inner phase (wüstite), meaning that the outer phases may not have 

deformed as much as the inner phase. Accordingly, magnetite and hematite had the highest tendency 

to detach when being in contact with the steel rolls in the secondary cooling (during CC), which may 

have resulted in the cracking and spallation of the oxide scale. Moreover, phases with the higher 

plasticity index such as wüstite may have been able to stick on the steel substrate, thus making it 

more difficult to detach. This behavior could have directly affected heat transfer coefficient (HTC) 

during cooling in the CC process, thus being detrimental for temperature changes on surface of the 

strand and resulting in defects of the final product [37]. Previous investigations regarding this topic 

have demonstrated that the HTC significantly increases with temperature when oxide scales are 

formed on steels (e.g., 15 µm thickness) [12], ultimately having a significant impact on crack 

formation during processing. In fact, one of the strategies to avoid the formation of wüstite is to 

control/reduce the cooling rate during straightening where the temperatures oscillate between 700 

and 1000 °C. The use of different cooling strategies is considered a good approach for decreasing 

oxide scale growth and improving surface quality on steel slabs, but only few studies have been 

published regarding this topic [38,39]. 

4.3. Numerical Analysis 

The kinetics of oxidation under dry and water vapor conditions revealed a parabolic growth. 

The oxidation rate (kp) was shown to be higher under the water vapor condition than under the dry 

air condition. In addition, the faster interaction with oxygen atoms with iron ions from the metal 

substrate was more significant for the oxidation under the water vapor condition than in the air 

condition. The values of the parabolic oxidation rate (kp) were compared with previous studies in 

which experiments were performed under isothermal conditions, as can be seen in Table 5. 

A significant difference was found between dry air and water vapor conditions. Different factors 

were responsible for such differences, including the steel grade used for the experiments, the surface 

condition of specimens, and the experimental set-up design. In this work, experiments were 

performed at a larger scale (i.e., a pilot plant) with poor atmosphere control during oxidation, leading 

to a non-isothermal oxidation during the heating of specimens, and this could be considered to 

approximate an industrial environment. However, isothermal oxidation with full atmosphere control 

is usually performed at the lab-scale (i.e., previous studies), and this makes the analysis easier to 

perform but less optimal when compared to a larger scale process (e.g., continuous casting, hot 

rolling, and stamping,). Moreover, the kp values for oxidation under dry air were closer to those 

presented by Abuluwefa et al. [1]. Similarly, values obtained under water vapor were closer to the 

values found by H. Yin et al. [40], which were obtained for a low carbon steel. 

Table 5. Comparison of parabolic oxidation rate (��) under dry air and water vapour conditions. 

Comparison of Parabolic Oxidation Rate Constants, kp (cm2/s) 

Oxidation Under Dry Air 

T 

(°C) 

This 

Work 
Liu et al. (I) 

Chen et al. 
(II) 

Abuluwefa et 

al. (III) 

Jacek et al. 
(IV) 

Reference 

900 - 2.44 × 10−8 3.51 × 10−8 - 4.71 × 10−8 (I) [9] 

1000 1.66 × 10−5 3.78 × 10−7 1.11 × 10−7 4.90 × 10−7 - (II) [7] 

1100 3.51 × 10−5 7.21 × 10−7 2.98 × 10−7 1.25 × 10−6 - (III) [1] 

1200 - 1.39 × 10−6 6.98 × 10−7 2.60 × 10−6 1.09 × 10−8 (IV) [16] 

Oxidation Under Water Vapour 

T 

(°C) 

This 

Work 

Issartel C.et 

al. (V) 

Buscail et 

al. (VI) 

Yin H. et al. 
(VII) 

Jacek et al. 
(VIII) 

Reference 

900 - 1.70 × 106 5.80 × 10−7 1.70 × 10−4 1.03 × 10−8 (V) [41] 

1000 1.20 × 10−3 5.50 × 10−6 1.90 × 10−6 2.80 × 10−4 4.56 × 10−8 (VI) [42] 

1100 1.50 × 10−3 - - - - (VII) [40] 

1200 2.90 × 10−3 - - - - (VIII) [16] 
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Furthermore, the values of the activation energy needed for oxidation in dry and water vapor 

conditions were compared with previous studies. It was observed that the activation energy for 

oxidation in dry air (108 kJ/mol) was similar to some values obtained by Jacek et al. [16] (108.6 kJ/mol) 

for the linear oxidation of a steel containing 0.14–0.19 wt.% C. In contrast, the values obtained under 

water vapor in this work (68 kJ/mol) significantly differed to those obtain by Jacek et al. [16] for 

parabolic oxidation but were similar for linear oxidation. This behavior could be related to the 

amount of oxygen present in the environment because the oxygen from the air during experiments 

was not intended to be removed during the oxidation under water vapor. Thus, the oxygen in the air 

and the water vapor interacted during the oxidation process and had important effects on the 

oxidation rate. Moreover, this effect is very important to consider when comparing with real 

situations during secondary cooling in the CC process. 

5. Conclusions 

The importance of oxidation phenomena occurring at high temperatures under dry air and 

water vapor conditions was investigated for temperatures relevant to the secondary cooling zone 

(i.e., close to the mold, bender, and straightener at around 1200, 1000, and 1100 °C, respectively). After 

the two experiments were performed, the following conclusions were drawn: 

 Higher temperatures and longer holding times promoted thicker oxide scale formation. 

 Defects such as pores, voids, and micro-cracks formed during oxide scale growth. The number 

and size of defects increased with temperature, and these were related to the transport of water 

molecules and gas formation. 

 The micromechanics of the oxide scales showed the highest plasticity with lowest hardness and 

elastic modulus for the wüstite phase in comparison with magnetite and hematite. 

 A study of kinetics revealed that the diffusion of oxygen through the scale was faster during 

oxidation under water vapor in comparison with the dry air atmosphere. 

 Finally, this work demonstrated that a lower amount of wüstite can be achieved under the dry 

air condition in comparison with the water vapor condition. 

The findings in this work suggest that the oxide scale thickness formed at high temperatures and 

different holding times under a water vapor condition can be considered detrimental during the 

continuous casting process. Thick oxide scales can delay effective cooling, thus affecting the heat 

transfer coefficient. Furthermore, the micromechanics of phases formed in the oxide scales 

demonstrated that a combination of phases with high (wüstite) and low plasticity (magnetite and 

hematite) could also be the reason for the uneven cooling during CC, thus resulting in an undesired 

surface quality of the steel slabs. This confirmed the positive approach that using different cooling 

strategies by reducing the amount of water during continuous casting (dry casting) will lead to a 

significant reduction of the oxide scale and, more importantly, the amount of wüstite, which is 

considered to provide a detrimental effect by promoting defect formation. 
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Abstract: The present research addresses the effect of surface condition on oxide scale formation
at high temperatures such as those experienced during secondary cooling in Continuous Casting.
Tests were carried out in clean, as-cast and surfaces covered with casting powder to replicate the
oxidation/re-oxidation after the mould. Specimens oxidized at 1000, 1100 and 1200 ◦C under dry
air and water-vapour conditions revealed that the oxide scale formation is strongly influenced
by temperature, environmental and surface conditions. The oxide scale thickness increases with
temperature alterations in the surface (e.g., as-cast and covered with powder) where oxides and
carbonates from the casting powder accelerate oxidation kinetics leading to thick and unstable scales.
A high amount of carbon is present on surfaces covered with casting powder where it diffuses through
the oxide scale forming CO and CO2 which lead to stress accumulation that makes scales prone to
defects such as pores, voids and micro-cracks. Ultimately, if wüstite remains attached to the steel
surface or inside oscillation marks, it may disturb heat transfer during secondary cooling which has
deep industrial implications for crack formation and overall casting yield. Therefore, accurate insights
on scale type and growth mechanisms could lead to accurate control of its formation during casting.

Keywords: oxide scale; water vapour; surface conditions; continuous casting; casting powder

1. Introduction

Temperature, time and environmental conditions influence kinetics during oxidation at high
temperatures such as those occurring in Continuous Casting (CC). The first part of this investigation
described the oxidation kinetics under dry air and water vapour. Yet, it is unclear if the actual
surface conditions (e.g., clean, as-cast or covered with casting powder) play an important role in
the development of scale in the secondary cooling of CC. A literature survey revealed that despite
considerable interest in oxide growth during rolling, forging and stamping [1–9], a lack of information
persists regarding the effect of surface conditions on scale formation during casting processes [10–15].
The majority of previous research has been focused on the impact of the oxide scale during secondary
cooling with water sprays (i.e., after the mould), where numerical modelling is the main approach
for analysis [1,10,16–20]. Naturally, this has led to oversimplification to facilitate the modelling
of heat transfer which often underestimates the physics and mechanisms behind oxide formation.
Furthermore, a limited number of investigations have focused on the effect of surface treatment on

Metals 2020, 10, 1245; doi:10.3390/met10091245 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0002-9100-7982
https://orcid.org/0000-0001-9459-6869
http://www.mdpi.com/2075-4701/10/9/1245?type=check_update&version=1
http://dx.doi.org/10.3390/met10091245
http://www.mdpi.com/journal/metals


Metals 2020, 10, 1245 2 of 19

oxidation in stainless steel at relatively high temperatures (i.e., applicable to hot rolling) [21–23].
Likewise, no research was found regarding the effect of casting powder during high-temperature
oxidation at casting temperatures (e.g., >1200 ◦C). The only reference found on a related topic is
focused on the effect of surface roughness on an oxide scale [13]. Therefore, the present work seeks to
address the gap regarding the influence of surface conditions (e.g., as-cast, clean and covered with
powder) on scale formation behaviour.

Casting powders (also known as mould powders) are used in continuous casting to provide
thermal insulation and avoid oxidation of the liquid metal by means of a slag bed. (Figure 1a).
Initially, casting powders in the slag bed decompose to form a sintered layer. Afterwards, this sintered
layer melts to form a slag pool which infiltrates between shell and mould to provide lubrication [24].
Such infiltration process is enhanced by means of mould oscillation at high frequencies (above 100 Hz.)
giving rise to marks in the surface of the product, also known as oscillation marks (Figure 1b). Initially,
these marks can be filled with slag during solidification in the mould. However, the common industrial
perception is that most of these marks are flattened by the rolls which detach the filling slag from
the strand surface. Nonetheless, it is natural to expect that some slag remains attached to the surface
depending on the depth of the original marks as proven by Saleem et al. in Figure 1c [25]. Yet,
no studies could be found regarding the combined effect of casting powders and surface conditions on
the oxidation behaviour during CC.

Metals 2020, 10, x FOR PEER REVIEW 2 of 19 

 

modelling of heat transfer which often underestimates the physics and mechanisms behind oxide 
formation. Furthermore, a limited number of investigations have focused on the effect of surface 
treatment on oxidation in stainless steel at relatively high temperatures (i.e., applicable to hot rolling) 
[21–23]. Likewise, no research was found regarding the effect of casting powder during high-
temperature oxidation at casting temperatures (e.g., >1200 °C). The only reference found on a related 
topic is focused on the effect of surface roughness on an oxide scale [13]. Therefore, the present work 
seeks to address the gap regarding the influence of surface conditions (e.g., as-cast, clean and covered 
with powder) on scale formation behaviour. 

Casting powders (also known as mould powders) are used in continuous casting to provide 
thermal insulation and avoid oxidation of the liquid metal by means of a slag bed. (Figure 1a). 
Initially, casting powders in the slag bed decompose to form a sintered layer. Afterwards, this 
sintered layer melts to form a slag pool which infiltrates between shell and mould to provide 
lubrication [24]. Such infiltration process is enhanced by means of mould oscillation at high 
frequencies (above 100 Hz.) giving rise to marks in the surface of the product, also known as 
oscillation marks (Figure 1b). Initially, these marks can be filled with slag during solidification in the 
mould. However, the common industrial perception is that most of these marks are flattened by the 
rolls which detach the filling slag from the strand surface. Nonetheless, it is natural to expect that 
some slag remains attached to the surface depending on the depth of the original marks as proven 
by Saleem et. al. in Figure 1c [25]. Yet, no studies could be found regarding the combined effect of 
casting powders and surface conditions on the oxidation behaviour during CC. 

 
Figure 1. Schematic illustration of (a) casting powder used in the mould during the continuous casting 
(CC) process, (b) transverse cracks and oscillation marks formed on a steel slab (courtesy of SSAB) 
and (c) slag entrapped on the oscillation marks on a steel slab [25] (Reproduced with permission from 
Saud Saleem, 2016. 

Surface Condition and Casting Powder Effects on Oxidation 

Surface conditions are expected to influence oxidation kinetics. For instance, oxidation on clean 
surfaces leads to a uniform growth of oxide films normal to the surface in the substrate [26–28]. Thus, 
imperfections on the steel substrate (i.e., as-cast and surface covered with casting powder) can modify 
the diffusion path for oxidation, oxidation rate, and phase transformations resulting in defects in the 
oxide films. Thus, oxide scale formation depends on the surface preparation and presence of 
impurities in the steel substrate [26]. As such, mould powders are of particular interest as one of the 
main components used during continuous casting. The selection of the casting powder composition 
depends on the steel grade and casting conditions such as casting speed, mould oscillation and mould 
dimensions [24–29]. Mould powder constituents include a mixture of oxides (e.g., Al2O3, SiO2, CaO, 
Na2O and MgO), carbonates (e.g., carbon that decomposed to form oxides and CO2), fluorite (F2Ca) 
and possibly carbon (C) [29]. The casting powder is fed on top of the molten steel either automatically 
or manually and the powder in contact with the molten steel at temperatures higher than 1500 °C 
will decompose into three different layers. The first layer at the liquid steel/powder interface (melting 
point for casting powders oscillates between 1000 and 1250 °C) will melt and form a liquid slag pool, 

Figure 1. Schematic illustration of (a) casting powder used in the mould during the continuous casting
(CC) process, (b) transverse cracks and oscillation marks formed on a steel slab (courtesy of SSAB) and
(c) slag entrapped on the oscillation marks on a steel slab [25] (Reproduced with permission from Saud
Saleem, 2016).

Surface Condition and Casting Powder Effects on Oxidation

Surface conditions are expected to influence oxidation kinetics. For instance, oxidation on clean
surfaces leads to a uniform growth of oxide films normal to the surface in the substrate [26–28]. Thus,
imperfections on the steel substrate (i.e., as-cast and surface covered with casting powder) can modify
the diffusion path for oxidation, oxidation rate, and phase transformations resulting in defects in
the oxide films. Thus, oxide scale formation depends on the surface preparation and presence of
impurities in the steel substrate [26]. As such, mould powders are of particular interest as one of the
main components used during continuous casting. The selection of the casting powder composition
depends on the steel grade and casting conditions such as casting speed, mould oscillation and mould
dimensions [24–29]. Mould powder constituents include a mixture of oxides (e.g., Al2O3, SiO2, CaO,
Na2O and MgO), carbonates (e.g., carbon that decomposed to form oxides and CO2), fluorite (F2Ca)
and possibly carbon (C) [29]. The casting powder is fed on top of the molten steel either automatically
or manually and the powder in contact with the molten steel at temperatures higher than 1500 ◦C
will decompose into three different layers. The first layer at the liquid steel/powder interface (melting
point for casting powders oscillates between 1000 and 1250 ◦C) will melt and form a liquid slag pool,
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as seen in Figure 1a. The second layer sinters at lower temperatures (i.e., 650 to 1000 ◦C) where the
particles coalesce into a semi-solid and porous layer at the liquid slag/powder interface depending
on the melting rate which is controlled by the amount of carbon [29–31]. The last layer remains solid
and dry at relatively low temperatures (around 200 and 600 ◦C) at the top of the sintered layer [32].
A thin slag film (<2.0 mm) forms between steel and mould to control heat transfer and lubrication in
the process. However, part of this film can be trapped inside the oscillation marks and may influence
surface oxidation when in contact with the exterior (e.g., environment rich in oxygen from the air and
water from the cooling) after the mould exit. Therefore, the aim of the present work is to systematically
study the impact of casting powder on the surface of steel specimens at temperatures similar to those in
the secondary cooling zone (i.e., 1000, 1100 and 1200 ◦C). This is expected to change the thermophysical
properties of the powder in contact with the specimens, which will subsequently modify the oxidation
process. A possible mechanism for the interaction of casting powder with the steel substrate is shown
in Figure 2.
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Figure 2. Schematic representation of the interaction of (a) casting powder and the steel substrate
during high-temperature oxidation under water vapour, showing the (b) possible casting powder
layers formed at high temperatures and its interactions with the oxygen and water droplets from
the environment.

Under this assumption, oxide scale growth will be faster due to the presence of oxides and carbon
in the casting powder. These elements may influence the oxidation rate leading to an unstable oxide
scale growth. In addition, oxidation can be increased by the oxygen in water droplets from the cooling
atmosphere. Furthermore, faster oxidation may also occur at temperatures above the melting point for
the powder leading to the so-called “liquid oxidation” [26].

The present research seeks to address the lack of information regarding oxidation during CC in
relation to different surface conditions. Hence, tests were carried out in clean surfaces, as-cast and
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surfaces covered with casting powder in order to replicate the oxidation/re-oxidation (i.e., secondary
oxide scales) formed either during CC or subsequent processing.

2. Experiment Setup

Oxidation tests are conducted on specimens taken from a continuously cast slab classified as high
strength low alloy (HSLA) steel with 0.15 wt. % C containing Nb and V as the main alloying elements.

2.1. Sampling

Samples were taken from a slab with dimensions of 210 mm thickness and 1800 mm width.
The slab was sectioned in the middle to create smaller specimens without surface defects for oxidation
experiments. Larger specimens (150 mm × 100 mm) were used for oxidation under dry conditions
while smaller specimens (50 mm × 70 mm) were used for oxidation under water-vapour conditions as
seen in Figure 3.
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Figure 3. Specimen identification used for oxidation at high temperature under dry and
water-vapour conditions.

2.2. Oxidation Tests

Experiments were conducted by applying similar procedures for oxidation tests under dry and
water-vapour conditions by using two industrial chambers GPC and N87/H, respectively. Experiments
were designed in a pilot-scale to replicate the conditions during secondary cooling in CC, with a special
focus on oxidation under water-vapour conditions. Hence, the experimental setup was connected
to a boiler to provide steam. At the same time, nitrogen was supplied to protect the chamber from
corrosion. Additionally, argon was supplied to provide a protective atmosphere during the heating
of the specimens until they reached the target temperature. At this point, only steam was supplied
during the complete holding time. Finally, the specimens were taken out of the chamber and let to cool
in air at room temperature. The experimental setup is shown in Figure 4.

Before oxidizing specimens at different temperatures, the surface was prepared accordingly as
(i) Clean surface: the surface is cleaned with ethanol before oxidation, (ii) As-cast surface: taken
from the as-cast slab without surface cleaning and (iii) Casting powder: surface cleaned with ethanol
and covered with casting powder with basicity of 1.16%. Oxidation of specimens was conducted at
1000, 1100 and 1200 ◦C for both tests, while holding time for oxidation under dry and water-vapour
conditions was 90 and 45 min, respectively. Thermal cycles are presented in Figure 5.
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After the experiments, the smaller specimens were sectioned and ground with SiC abrasive
papers. Subsequently, specimens were polished using diamond abrasive solutions and colloidal silica.
Additionally, the microstructure of the oxide scale was revealed by using different etchant solutions.
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Etching was carried out in sequential steps. Firstly, specimens were submerged in Nital (5%) solution
during 7–10 s. Secondly, surfaces were etched with citric acid and sodium thiocyanate for 30 s to reveal
wüstite and magnetite, respectively [33,34].

Different techniques are used to characterize the oxide scale. For instance, thickness is measured
with a precision rule tool in a Jeol JSM-IT300 LV Scanning Electron Microscopy (SEM, JEOL, Peabody,
MA, USA). Measurements are taken every 1 mm throughout the total length of each specimen.
In addition, Light Optical microscopy (LOM, Nikon MA200, Nikon Metrology, Novi, MI, USA) is used
for microstructural analysis. Energy Disperse X-ray Spectroscopy (EDX, JEOL, Peabody, MA, USA)
and X-Ray Diffraction (XRD, Malvern Instruments, Malvern, UK) are used, respectively for chemical
and phase analysis. Finally, monochromatic Cu-Kα radiation with 40 kV and 45 mA is used for XRD
with an angular 2θ range between 20–120 degrees with 1 h scanning time for each specimen.

2.3. Nanoindentation

Micromechanical properties were determined through nanoindentation tests. This technique
allows the understanding of the elastic–plastic behaviour of phases formed in the oxide scales.
Measurements are conducted on a specimen oxidized under water vapour at 1200 ◦C, and covered with
casting powder. A NanoTest Vantage system from Micro Materials Ltd., with a diamond Berkovich
indenter-tip is used. A load control of 50 mN after 25 s, unloading time of 20 s, and dwell time at the
maximum load of 15 s is applied during testing. Hardness is calculated based on the Oliver and Parr
method [35]. The cross-section of the oxide scale is divided into sections identified as steel, steel/oxide
interface, middle, mixed and oxide/oxygen interface, as shown in Figure 6.
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3. Results

3.1. Characterization of Scale

Comparison of oxide scale formed on different surfaces under dry and water-vapour conditions
revealed that the oxide grows with temperature as shown in Figure 7. It can also be observed that surface
conditions may change the kinetics of oxidation. For instance, oxidation under a water-saturated
atmosphere seems to increase exponentially with temperature while oxidation under dry air produces
constant linear growth. Steel surfaces oxidized under dry conditions indicate that the maximum scale
thickness of the steel can reach values up to 700 µm after 90 min holding time. Moreover, changes in
thickness are directly influenced by the surface treatment of the specimen. For instance, the oxide
scale formed on clean surfaces fluctuates from 366 to 455 µm with negligible influence of temperature.
In contrast, the as-cast surface leads to significant changes in thickness (i.e., 200, 400 and 700 µm for
1000, 1100 and 1200 ◦C, respectively).
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Figure 7. Oxide scale thickness as a function of temperature.

Surfaces covered with casting powder exhibit the thickest scale at 1000 and 1100 ◦C (536 and
566 µm respectively); however, the thickness is almost the same between 1100 and 1200 ◦C (566 and
606 µm).

Oxidation under water vapour atmosphere after 45 min holding time, clearly shows that the
oxide scale grows significantly when the temperature increases. At the lowest temperature (i.e., 1000),
the oxide scale grows with a similar thickness on different surface conditions with values between
462 µm and 558 µm. In fact, important changes were found for 1100 and 1200 ◦C in all surface
conditions. At 1100 ◦C the clean surface displays a thinner oxide scale with 829 µm, followed by the
thickness in the as-cast surface, which revealed values of 923 µm. Thicker oxides were formed on the
surface covered with casting powder (i.e., 1064 µm). Nonetheless, the thickest oxides were found at
1200 ◦C with values of 1373 µm for a clean surface, 1724 µm for as-cast surface and 1809 µm for the
surface covered with casting powder.

Comparison of the oxide scale thickness obtained after the CC process was performed (reference
specimen), and it was observed that after the CC process the thickness reached values of 250 µm.
This value was very close to those specimens oxidized at 1000 ◦C under dry air but far from values
obtained after water-vapour conditions. The reason for these differences is because the oxide scales
during experiments in the pilot plant are performed at specific temperatures during heating, while the
oxide scale in the real process is continuously formed during cooling. Therefore, the oxide scale
formed at 1200 ◦C, when in contact with the support rolls and the water pressure from the nozzles,
may promote the detachment of the oxide scale from the beginning of the secondary cooling (bender)
and become thinner when reaching the straightening (1000 ◦C). Those factors will reduce the oxidation
process at the surface of the oxide scale, which may slow the kinetics of oxidation.

A comparison of the oxide scale thickness formed under dry and water-vapour conditions is
shown in Table 1.



Metals 2020, 10, 1245 8 of 19

Table 1. Comparison of oxide scale thickness formed under dry air and water-vapour conditions.

T (◦C) Surface Condition

Average Thickness

(µm)

Dry Air Water Vapour

1000
Clean 381 462

As-Cast 229 441
Casting Powder 536 558

1100
Clean 366 829

As-Cast 446 923
Casting Powder 566 1064

1200
Clean 465 1373

As-Cast 727 1724
Casting Powder 606 1809

3.2. Defects in Oxide Scale

The combination of temperature, surface condition and environment has a strong influence on
oxidation kinetics resulting in physical and mechanical changes in the scale. These changes cause
defects at the steel/oxide interface and the steel substrate, which results in unstable and fragile oxides.
In particular, pores, voids, gaps and micro-cracks were found for all specimens oxidized at 1000,
1100 and 1200 ◦C on a clean, as-cast and surface covered with casting powder. Figure 8 shows a
representation of different defects found in the oxide scale.Metals 2020, 10, x FOR PEER REVIEW 8 of 19 
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Observations show that surface conditions change the size and number of defects, which increase
with temperature. Likewise, the morphology of oxides changes with environmental conditions
(e.g., dry and water-saturated atmosphere). Oxidation under dry air generates fewer defects compared
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to water-vapour conditions, whereas pores and voids are more significant in oxides formed on clean
surfaces than as-cast and covered with casting powder. Additionally, gaps formed at 1100 ◦C on the
as-cast surface promoting separation of 50 µm between the oxide scale and the substrate. In contrast,
small gaps and more stable oxides appeared on clean and casting powder surfaces at 1000 to 1100 ◦C
but stability decreases at 1200 ◦C. Such defects resulted in fragile scales that detached in a brittle
manner leading to spallation from the surface to the middle part of the oxide scale.

Oxidation under water vapour produces dense scales with high adhesion to the substrate, as well
as large defects starting from the steel/substrate interface to the outer layer (cf. scales formed under
dry air). However, the size and instability of defects increase as the temperature increases.

The formation of defects on clean surfaces revealed better adhesion and stability than the as-cast
and casting powder surfaces. The casting powder surfaces produce the formation of pores, large voids
and micro-cracks along the oxide scale, which grow significantly with temperature (i.e., 1100 and
1200 ◦C). These defects create an unstable growth due to the components from the casting powder,
which can promote a fast diffusion of elements through the oxide scale.

The development of defects in oxide scales is associated with different mechanisms. In fact,
pores are related to the formation of gases entrapped in the oxide scale. The formation of small pores
reduces the Young’s modulus of the scale, while large pores act as stress concentrators and weaken the
oxide, forming cracks [8,26,28,36]. Voids grow due to mechanical deformation (i.e., elastic/plastic) of
the scales occurring on a static or dynamic motion. Such voids can glide or climb into grain boundaries
and consequently form gaps [26].

Finally, roughness changes with surface and environmental conditions. For instance, oxidation
under water vapour leads to significant roughness compared to oxidation under dry conditions,
especially for the as-cast and surface covered with casting powder. A possible explanation of this
is related to the non-uniform surfaces created by the casting powders and the previous oxide scale
formed in the CC process, which change its morphology after re-oxidizing the steel.

The oxide scales formed on as-cast surfaces can be related to those formed during subsequent
processing (i.e., hot rolling, stamping, forging) where the material is re-heated to temperatures close to
1200 ◦C. Consequently, if the oxide scale from the CC is not removed, it can lead to secondary oxide
scale formation promoting surface defects on steel slabs.

3.3. Phase Analysis

X-ray diffraction measurements were performed on specimens oxidized under water vapour at
different temperatures and surface conditions. The measurements were conducted on top of the oxide
layer (i.e., bulk samples with 3–5 mm thickness) using a beam mask of 10 mm. Diffraction patterns
were identified by the Rietveld refinement method.

Diffraction patterns in Figure 9 show the evolution of Wüstite (Fe1−xO), magnetite (Fe3O4) and
hematite (Fe2O3) on specimens oxidized at 1000, 1100 and 1200 ◦C on clean, as-cast and surface covered
with casting powder.

A combination of Fe1−xO, Fe3O4 and Fe2O3 formed on specimens oxidized on the as-cast surface.
As the temperature increases to 1100 ◦C, the Fe1−xO disappears and only Fe3O4 and Fe2O3. remain,
out of which Fe2O3 appear as the dominant phase. Furthermore, Fe2O3 forms at 1200 ◦C since Fe1−xO
is only apparent as a small fraction due to a reversible reaction (Fe1−xO can form from Fe2O3) [37].
The morphology of Fe1−xO, Fe3O4 and Fe2O3 can be observed in Figure 10. The Fe1−xO forms at the
steel/oxide interface (light colour), followed by Fe3O4 as the middle phase (brown colour), and Fe2O3

as the thinnest phase (white colour) formed at the oxide/oxygen interface. A mixture of Fe3O4 and
Fe2O3 is formed between the magnetite and hematite with the presence of small and large grains.

Subsequently, clean surfaces revealed high fractions of Fe1−xO, Fe3O4 and Fe2O3 at 1000 ◦C.
However, as the temperature increases to 1100 ◦C, Fe3O4 and Fe2O3 remain but Fe1−xO disappears
while at 1200 ◦C only Fe3O4 remains as the dominant phase. Figure 11 shows the phases formed on a
clean surface.
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The volume fraction of phases formed on surfaces covered with casting powder differs from those
in as-cast and clean surfaces. For instance, Fe3O4 and Fe2O3 dominate the oxide scale at 1000 and
1200 ◦C. In contrast, a high fraction of Fe1−xO appears only for specimens oxidized at 1100 ◦C possibly
due to the influence of oxides from the casting powder. Figure 12 shows the example of phases formed
on the steel covered with casting powder.Metals 2020, 10, x FOR PEER REVIEW 11 of 19 
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surface covered with casting powder.

The volume fraction of phases obtained for all specimens can be observed in Table 2.

Table 2. Volume fraction of phases formed on specimens oxidized under water-vapour conditions.

T (◦C) Surface Condition Wüstite (Fe1−xO) Magnetite (Fe3O4) Hematite (Fe2O3)

1000
Clean 12.5 34.4 53.2

As-Cast 12.1 36.5 51.3
Casting Powder - 39.6 60.4

1100
Clean - 42.9 57.1

As-Cast - 14.1 85.9
Casting Powder 32.2 - 67.8

1200
Clean - - 98

As-Cast 17.1 - 82.1
Casting Powder - 40.1 59.9

4. Discussion

Scale growth is analysed by means of a variety of techniques including phase analysis as
well as the effect of casting powder on oxidation kinetics, micromechanics and carbon content on
oxidation behaviour.

4.1. Phase Analysis

The analysis revealed a random distribution of wüstite, magnetite and hematite formed on a
clean, as-cast and surface covered with casting powder. Moreover, no direct relationship was found
between the volume fraction of phases and temperature as shown in Figure 13.
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Figure 13. Volume fraction of wüstite, magnetite and hematite on specimens oxidized under
water-vapour conditions.

Generally, wüstite (Fe1−xO) is randomly distributed for all cases. Therefore, the clean surface
revealed the lowest fraction (12.5%) at the lowest temperature (1000 ◦C). The same phase appears on
the as-cast surface at the lowest and highest temperatures with similar volume fractions (12 and 17% at
1000 and 1200 ◦C respectively). The highest fraction of wüstite is formed on the surface covered with
casting powder with 32% at 1100 ◦C; yet, no wüstite was found at 1000 and 1200 ◦C. This behaviour can
be possibly due to the detachment of the oxide scale during experiments, which suppresses the wüstite
formation. In contrast, magnetite (Fe3O4) is homogeneously distributed at the lowest temperature
(1000 ◦C), while an inhomogeneous distribution appears at 1100 and 1200 ◦C without relationship to
surface condition. Hematite (Fe2O3) is also homogeneously distributed for all cases. Such a fraction
increases with temperature and changes by modifying the steel surface. Hematite was the predominant
phase for all specimens.

An important observation made is that the pre-existing conditions on the surface have a cumulative
effect on scale growth. For instance, growth on clean surfaces results in lower fractions compared to
as-cast while casting powder causes the highest fraction growth of all.

The roughness in the scale surface influenced the measurements during x-ray diffraction
experiments. Under these circumstances, the continuity of the x-rays may be affected leading
to micro-adsorption, which is caused both by bulk porosity and surface roughness [38]. An alternative
approach using powder samples to minimize the effect of surface roughness in volume fraction
measurements would be suitable for this case.

4.2. Effect of Casting Powder on Oxidation Kinetics

Casting powder is important during oxidation because it modifies the thermophysical properties of
the scale. In fact, a thin layer of molten slag forms at the steel/powder interface, especially for oxidation
occurring at 1100 and 1200 ◦C. Then, a thick sintered layer occurs at 1000 ◦C at the slag/powder interface
whereas a thin sintered layer occurs at 1100 ◦C. The unmelted casting powder remains solid at the
surface. Large channels can act as preferential sites for casting powder to penetrate and consequently
modify the oxidation process (e.g., diffusion rate). For instance, a specimen oxidized with casting
powder at 1000 ◦C shows the presence of channels formed from cracks that propagate through the
oxide scale as seen in Figure 14.

Notably, oxides and carbonates in the casting powder can diffuse through the scale modifying
its structure. However, some of the particles coming from the casting powder can be trapped on the
steel substrate and remaining in the oxide scale during growth. For instance, aluminium, silicon and
calcium were found at the oxide/powder interface (Figure 15). These oxides are possible culprits for
faster diffusion of oxygen atoms throughout the scale, especially under water-vapour atmospheres.
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Figure 15. SEM–elemental analysis (EDX) mapping of a specimen covered with casting powder
oxidized at 1200 ◦C (a), showing the distribution of chemical elements (b).

At the atomic level, it is likely that the high amount of oxygen from the casting powder and
environmental conditions accelerate the pick-up of iron atoms forming thicker oxide scales with high
density. This type of growth may also lead to the formation of defects in the oxide that may; in some
cases, stop oxidation or continue the diffusion process if cracks develop through the scale. These cracks
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act as preferential paths for the diffusion of oxygen. Figure 16, shows an example of an oxide scale
formed at high temperature (i.e., 1000 ◦C) on a surface covered with casting powder.
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Figure 16. SEM micrograph showing an oxide layer on a surface covered with casting powder under
dry conditions.

4.3. Effect of Casting Powder on Micromechanics

The results in Figure 17 show a gradual increment of hardness (HN) from the inner to the outer
layer of the oxide. The HN of wüstite (at the steel/oxide interface) ranges between 0.5 and 5.5 GPa.
Higher values of magnetite (middle phase) are found between 5.7 and 6.3 GPa. Hematite (at the
oxide/oxygen interface) revealed the highest hardness values between 6 and 7 GPa. Additionally,
the mixed-phase composed by magnetite and hematite shows intermediate values from 5 to 7 GPa.
Finally, the steel substrate revealed hardness values between 3 and 4 GPa. The hardness in the steel
substrate is taken as a reference to identify the interface between substrate and scale.
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Figure 17. Nano-hardness values of phases in oxide scales (wüstite, magnetite and hematite) formed
on a specimen covered with casting powder.

The plastic properties in oxides formed on a surface covered with casting powder in Figure 18
revealed higher plasticity for wüstite and lower for magnetite and hematite phases. For instance,
the plastic work in wüstite ranges from 5 to 30 nJ. In contrast, lower values were found for magnetite
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between 2 to 8 nJ. The plastic work increases for the mixed zone (magnetite and hematite) and hematite
phase, which values comprise between 7 and 9 nJ.
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Figure 18. Plastic work of phases in oxide scales (wüstite, magnetite and hematite) formed on a surface
covered with casting powder.

Micromechanical properties such as hardness, elastic modulus and plasticity index are compared
to results in Part 1 (i.e., clean surface) of this work as presented in Table 3.

Table 3. Comparison of micromechanics between a specimen covered with casting powder and results
obtained from Part I of this work.

Phase
HN (GPA) E (GPa) Plasticity Index

This Work Part I This Work Part I This Work Part I

Wüstite 2.8 2.7 98 138 0.79 0.86
Magnetite 5.9 5 146 144 0.53 0.78
Hematite 6.4 5.5 141 150 0.71 0.75

The results for clean surfaces (discussed in Part 1) revealed that temperature and time do not have
a direct influence on the micromechanics of the oxide scales. Comparisons between clean surface versus
covered with powder demonstrate that the micromechanics in wüstite do not have significant changes
when the surface is covered with casting powder. However, differences are found for magnetite and
hematite. Magnetite shows higher HN for the specimen covered with casting powder (5.9 GPa) than
the one obtained with a clean surface (Part 1) (5.0 GPa). The elastic modulus and the plasticity index for
both cases revealed similar values. In addition, hematite formed on a specimen covered with casting
powder shows higher HN (6.4 GPa) when compared to a clean surface (Part 1) where lower values
are obtained (5.5 GPa). These differences can be related to the oxides and carbonates from the casting
powder that diffuse through the oxide scale and modify its properties.

These findings are of considerable significance to the actual casting process due to their significant
effect on the surface quality of steel slabs. Clearly, wüstite exhibits higher plasticity than magnetite and
hematite [5]. This more ductile phase makes it harder to detach during bending and straightening in
the casting process. Thus, wüstite is likely to get entrapped in oscillation marks, cracks, or the strand
surface itself which disturbs cooling by inducing an additional resistance to heat transfer. Moreover,
wüstite has a high affinity with oxygen, because it is the first phase to form on the steel substrate with
a faster diffusional transport of oxygen than magnetite and hematite. Such fast wüstite transformation
leads to the development of defects in the oxide layer. These include porosity during diffusion of iron
ions when the steel surface is non-homogeneous nor clean enough [26,39–41].
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4.4. Effect of Carbon Content on Oxidation Behaviour

Alloying elements during oxidation play an important role even though they are not directly
involved in oxide scale formation. The effect of carbon can be mainly observed in the so-called
decarburization phenomena that manifest during processes performed at high temperatures
(i.e., >700 ◦C) [3,8,28]. The effect of carbon on oxidation was evaluated by means of carbon content
through the oxide scale via elemental analysis (EDX). The qualitative elemental analysis was performed
point-by-point (point and ID method) through the oxide scale (i.e., from the outer to the inner layer),
which provides an approximation of the carbon distribution in the oxide scale, see Figure 19a.

 

In principle, during the CC process, the carbon from the casting powders combust with oxygen 
and CO2 to form CO in the slag bed between 500 and 900 °C Here, mineral particles form a sintered 
layer [24]. This can explain the differences between carbon content found between the as-cast and 
surface covered with casting powder. Indeed, the carbon in the as-cast surface combusts and 
dissipates during casting resulting in a minor effect during oxidation while a significant effect is 
found when oxidizing specimens with casting powder (in solid-state). In this case, the carbon in the 
casting powder does not have enough time to combust and dissipate; instead, it diffuses through the 
oxide scale resulting in high carbon content. 

Previous studies have related decarburization to adherence and defects in oxide scales. The 
formation of CO and CO2 due to the reduction in carbon coming from the steel or casting powder 
influence the gas pressures during scale growth; this, in turn, promotes defects causing the 
detachment (also known as spallation) of the scale [8]. High pressures coming from CO and CO2 have 
been reported to cause stresses during scale formation that create voids interrupting the oxidation 
rate until cracks are formed [3]. 
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Figure 19. Energy Disperse X-ray analysis (SEM-EDX) (a) of carbon distribution (b–d) in oxide scales
formed under water-vapour conditions.

The findings suggest that carbon content in the oxide scale increases with temperature
(Figure 19b–d). It has been discussed that oxidation is not only influenced by temperature and
atmospheric conditions (i.e., where main interactions are between the iron with oxygen in the
atmosphere to form scale), but also influenced by the surface condition. Moreover, the clean surfaces
exhibit low carbon content, as can be seen in Figure 19b. It can be observed that the carbon content
increases as the steel surface is altered (e.g., as-cast and covered with casting powder). In contrast, the
carbon content decreases but is homogeneously distributed at the highest temperature (1200 ◦C) for the
as-cast surface (Figure 19c). The highest amount of carbon, was present for specimens oxidized with
casting powder, which mostly accumulates at the centre of the oxide scale, see Figure 19d. Accordingly,
carbon from the steel oxidizes at high temperatures leading to decarburization, especially at 1100 and
1200 ◦C. Additionally, carbon from the casting powder influences the oxidation rate through the oxide
scale, this being the reason for the high content and thicker oxide scales for clean and as-cast surfaces.
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In principle, during the CC process, the carbon from the casting powders combust with oxygen
and CO2 to form CO in the slag bed between 500 and 900 ◦C Here, mineral particles form a sintered
layer [24]. This can explain the differences between carbon content found between the as-cast and
surface covered with casting powder. Indeed, the carbon in the as-cast surface combusts and dissipates
during casting resulting in a minor effect during oxidation while a significant effect is found when
oxidizing specimens with casting powder (in solid-state). In this case, the carbon in the casting powder
does not have enough time to combust and dissipate; instead, it diffuses through the oxide scale
resulting in high carbon content.

Previous studies have related decarburization to adherence and defects in oxide scales.
The formation of CO and CO2 due to the reduction in carbon coming from the steel or casting
powder influence the gas pressures during scale growth; this, in turn, promotes defects causing the
detachment (also known as spallation) of the scale [8]. High pressures coming from CO and CO2 have
been reported to cause stresses during scale formation that create voids interrupting the oxidation rate
until cracks are formed [3].

5. Conclusions

The effect of surface conditions on the high-temperature oxidation of an HSLA steel was assessed
by oxidizing specimens under dry air and water-vapour conditions at temperatures similar to those in
continuous casting (i.e., below the mould, bender and straightener, 1200, 1100 and 1000 ◦C, respectively).
Three different surface conditions were analysed, including: clean, as-cast and covered with casting
powder. The following conclusions can be drawn from the analysis:

• Oxide scales are influenced not only by temperature and environmental conditions but also
strongly by the status of the surface which increases rugosity or oxidation rate.

• Thick and dense scales are formed oxide under water vapour compared to dry air conditions.
• Scale thickness is more significant on as-cast and surface covered with casting powder than those

formed on a clean surface.
• Fast oxidation and gases (CO and CO2) lead to stress accumulation, which make oxide scales

prone to defects such as pores, voids and micro-cracks. The number of these defects increase with
temperature, being more pronounced in the as-cast and surfaces covered with casting powder.

• Oxides and carbonates from the casting powder during melting and sintering accelerate the
oxidation rate of oxide scale leading to thick and unstable scales.

Ultimately, the mechanical properties of wüstite make it harder to detach from the as-cast or
powdered surfaces which may lead to alterations in heat transfer during secondary cooling if it remains
attached to the surface or infiltrates into oscillation marks or cracks. This may affect the efficiency of
the secondary cooling and disturb further processing (e.g., rolling), by requiring further scarfing or
de-scaling, respectively. Therefore, accurate insights on scale type and formation mechanisms could
lead to the accurate control of its formation during casting. This has deep industrial implications in
terms of crack formation and the overall yield of the continuous casting machine. These and other
factors are being addressed by the authors in ongoing research.

Author Contributions: Funding acquisition, M.K.; Investigation, R.M.P.H.; Methodology, P.N.J. and L.P.;
Supervision, P.E.R.L. and E.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Authors are grateful for the economical and scientific support provided by the following
organizations and colleagues. R.M.P.H. thanks the National Council on Science and Technology (CONACYT) for
economical support for her PhD studies. R.M.P.H. thanks to SWERIM for support during PhD studies and plant
trials. In addition, R.M.P.H. thanks to Joar Draxler for his contribution in the discussion part. Finally, R.M.P.H.
thanks to Pushkar D. and Celia M. for the contribution during their MSc. studies.

Conflicts of Interest: The authors declare no conflict of interest.



Metals 2020, 10, 1245 18 of 19

References

1. Hu, P.; Ying, L.; Li, Y.; Liao, Z. Effect of oxide scale on temperature-dependent interfacial heat transfer in hot
stamping process. J. Mater. Process. Technol. 2013, 213, 1475–1483. [CrossRef]

2. Li, Y.H.; Sellars, C.M. Comparative investigations of interfacial heat transfer behaviour during hot forging
and rolling of steel with oxide scale formation. J. Mater. Process. Technol. 1998, 80–81, 282–286. [CrossRef]

3. Marston, H.F.; Bolt, P.H.; Leprince, G.; Röder, M.; Klima, R.; Niska, J.; Jarl, M. Challenges in the modelling of
scale formation and decarburisation of high carbon, special and general steels. Ironmak. Steelmak. 2004, 31, 1.
[CrossRef]

4. Sun, W.; Tieu, A.K.; Jiang, Z.; Lu, C. High temperature oxide scale characteristics of low carbon steel in hot
rolling. J. Mater. Process. Technol. 2004, 155–156, 1307–1312. [CrossRef]

5. Hidaka, Y.; Anraku, T.; Otsuka, N. Deformation of iron oxides upon tensile tests at 600–1250 ◦C. Oxid. Met.
2003, 59, 97–113. [CrossRef]

6. Abuluwefa, H.; Guthrie, R.; Ajersch, F. The effect of oxygen concentration on the oxidation of low-carbon
steel in the temperature range 1000 to 1250 ◦C. Oxid. Met. 1996, 46, 423–440. [CrossRef]

7. Suarez, L.; Houbaert, Y.; Eynde, X.V.; Colás, R. High temperature deformation of oxide scale. Corros. Sci.
2009, 51, 309–315. [CrossRef]

8. Chen, R.; Yeun, W. Review of the high-temperature oxidation of iron and carbon steels in air or oxygen.
Oxid. Met. 2003, 59, 433–468. [CrossRef]

9. Liu, S.; Tang, D.; Wu, H.; Wang, L. Oxide scales characterization of micro-alloyed steel at high temperature.
J. Mater. Process. Technol. 2013, 213, 1068–1075. [CrossRef]

10. Wang, N.; Wen, H.; Huang, W.; Dou, N.; Chen, M. Effect of Steel Composition on the Scale Layer Composition
in Continuous Casting. In Proceedings of the 8th Pacific Rim International Congress on Advanced Materials
and Processing, Waikoloa, HI, USA, 4–9 August 2013.
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Abstract 

A holistic approach to diagnose the occurrence of cracking on HSLA steel slabs and propose 

countermeasures to prevent them is presented. The approach consisted on plant monitoring, 

including direct temperature measurements in the strand with pyrometers. Extensive 

characterization was performed via thermo-mechanical tests and microscopy techniques which 

revealed combination of Widmanstätten ferrite, acicular ferrite and secondary phases that promote 

embrittlement during casting with a minimum ductility between 700°C-800°C (± 50 ℃) which is 

responsible for cracking in this steel. Finally, 1D and 3D numerical models were developed to test 

possible cooling strategies which proved that reductions in water flowrate can have a positive effect 

in slab quality by avoiding the low ductility zone. Corrective actions included decreasing cooling 

to increase the overall temperature of the strand before the straightener to increase the overall 

temperature. Yet, some slabs still observed the presence of cracks which points at secondary factors 

such as high tundish temperatures >1530°C producing cracking. Other secondary factors include 

strong temperature variations up to ± 250 ºC during measurements which would send the strand 

corners into the low ductility range producing cracking despite having a hot slab centre. Although 

these optimization strategies are particular to each caster and steel grade, a similar approach could 

be applied to address secondary cooling issues during continuous casting. The models presented 

are an ideal toolkit to analyse the influence of product size and operation parameters in combination 

with plant monitoring and extensive microstructure characterization to improve the quality and 

productivity of the process.  

 

Keywords. Continuous casting, HSLA steels, plant monitoring, crack susceptibility, cooling 

curves. 
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1. Introduction 

Surface defects are detrimental to productivity in a steel plant since they must be removed prior to 

post-processing (e.g. rolling, forging, etc.). These defects occur in the shape of depressions, deep 

oscillation marks or cracks in the surface of cast products (Figure 1). Particularly, transverse corner 

cracks are recurrent issues in nowadays-steel production since their origin is composed of multiple 

variables such as steel composition, casting conditions and mechanical properties, which makes 

difficult to identify their origin. Corner cracks appear as hair-like channels, which may or not 

coincide with oscillation marks ranging from a few hundred microns to several millimetres. These 

cracks often run intergranularly to the product interior. Regrettably, transverse cracks are difficult 

to detect since they can be thin and be covered with scale or occur sub-surface requiring extensive 

inspection. Consequently, these defects must be removed by scarfing and/or grinding, which causes 

economic and energy losses. Moreover, if not detected, these cracks may even appear in the rolled 

plate surface, which must be then rejected or can cause line ruptures during rolling causing further 

yield losses. Therefore, an accurate description of their formation is of great interest to steelmakers 

to minimize their impact in productivity.  

 

Figure 1. Transverse corner cracks and oscillation marks formed on a HSLA steel slab. 
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Cracking is a common issue during casting of microalloyed steels. Specifically, transverse corner 

cracks can be classified as hot- or solid-state cracks depending on the physical phenomena and 

thermo-mechanical behaviour causing failure. Hot cracks form during solidification of the strand 

(i.e. solidification cracking or hot tearing) starting at the meniscus and mould walls (primary 

cooling zone) 1-5). Solidification at the meniscus defines the initial surface quality of the strand 3, 6, 

7) and irregular solidification at this stage is one of the principal causes for hot-cracks formation 1, 

8). Particularly, the heat extraction efficiency and lubrication at the mould determines the quality 

of the initial solidified shell. Thermal gradients cause shell distortion leading to volume changes 

(e.g. shrinkage) resulting in internal stresses 1, 5, 9-12). Furthermore, the shrinkage of the shell forms 

a gap between the mould and strand that determines powder consumption (slag infiltration) and 

reduces mould friction and sticking of the shell to the mould walls when combined with mould 

oscillation 5, 9, 11). The amount of shrinkage during solidification is also related to the alloying 

elements which govern the formation of different phases in the steel. For instance, delta ferrite to 

austenite transformation (i.e. peritectic transformation) promote higher volume changes than the 

one from liquid to austenite 13-17). This new modified distance (gap) between mould and shell 

affects significantly the heat transfer coefficient (HTC) 18-20). Thus, an inadequate combination of 

these factors increases the risk to form deep oscillation marks, which act as preferential sites for 

solid-state crack formation during bending and straightening in the secondary cooling zone 21). 

Strain induced cracking in the secondary cooling is influenced by the shape changes of the strand, 

which results in tensile and compressive stresses that lower the ductility of the steel, as shown in 

Figure 2. 
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Figure 2. Cracks induced by tensile and compressive stresses in bender and straightener zones showing 

the effect of oscillation marks. 

 

The bender is the segment where the strand is subjected to its first deformation to follow a radius 

that changes the process from vertical to horizontal. This deformation induces tensile and 

compressive stresses at the outer and inner bow respectively 22-25), as shown in Figure 2b. Hence, 

cracks may appear in the bender depending on process parameters (e.g. temperature, casting speed, 

etc.). Afterwards, the strand continues solidifying as it travels through the rolls and follows the 

curved segments into the straightening zone. The strand is subjected to another strong deformation 

during straightening; experiencing thermal strains and mechanical forces, which can cause crack 

formation. In this segment, the stresses are the opposite of those in the bender with tension at the 

inner bow and compression at the outer, as shown in Figure 2c. Additionally, the presence of 

oscillation marks plays a very important role during bending and straightening. These marks can 

act as stress concentrators for cracking formation and later propagation. For instance, the 

concentration of tensile stresses can nucleate a crack at the oscillation mark root due to its 

“triangular” shape (Figure 2d), which can open/propagate when reaching the straightener (Figure 
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2e). In contrast, compressive stresses can close the oscillation mark and reduce the risk for cracking 

having a positive effect on crack occurrence. Other factors such as bulging (due to internal ferro-

static pressure) and/or machine misalignment also play an important role on crack formation. 

Moreover, micro-cracks may also occur at the surface between consecutive oscillation marks which 

are strongly related to the steel phases evolving during solidification. For instance, a ductility loss 

is related to phase and precipitation transformation induced mainly by alloying elements. 

Microalloyed steels (e.g. HSLA, AHSS, etc.) generally exhibit low ductility at temperature ranges 

from 700 to 950 ℃ 16, 22, 26, 27). Generally, microalloyed steels with a peritectic amount of carbon 

(0,10 - 0,17 wt. %C) have a higher susceptibility to crack formation in comparison to conventional 

steels (e.g. medium/high carbon steels) 17, 22, 28). On top of this, the peritectic transformation leads 

to significant volume changes leading to internal stresses which may result in further cracking of 

the final product.  

Other studies relate the ductility loss to Widmanstätten ferrite (Wf) transformation induced by grain 

size and stresses (e.g. from bending and straightening) 22, 29, 30). Formation of Wf is considered an 

undesired phase because it significantly decreases toughness resulting in cleavage/brittle cracks. 

Large austenite grains also induce Wf transformation in steels 11, 22). Moreover, some of the alloying 

elements have a great effect on the ductility loss due to precipitation hardening occurring at high 

temperatures 31, 32). It has been demonstrated that Nb has a strong detrimental effect when its content 

ranges between 0,03 - 0,04 wt. %Nb, which could promote cracking due to carbo-nitrides 

precipitation associated with low ductility 22, 28, 33-36). Yet, Nb is still used due to its beneficial 

effects on final mechanical properties. A possible way to circumvent this issue is to combine Nb 

with V and Ti which have a lesser effect on ductility loss 31). The combination of other elements 

such as Mn, Al, S, N can promote the formation of nitrides and sulphides, decreasing the solidus 
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temperature and weakening the grain boundaries. These elements create narrow liquid film bands 

at grain boundaries during deformation due to their low melting point, leading to hot-crack 

formation 3, 18).  

Despite the extensive efforts to understand crack formation during CC, a large portion of the 

research is focused on alloying elements or numerical modelling, while fewer works focus on 

industrial actions to mitigate cracks from a processing standpoint. For instance, some strategies are 

based on improvement to the strand solidification in the primary cooling by using numerical models 

10, 19, 21, 37-41). Others challenged the conventional cooling by implementing the so called “dry 

casting” concept 42-44). These techniques are aimed to avoid hard cooling (and associated ductility 

drop), especially for microalloyed steels more susceptible to crack formation. Instead, soft cooling 

is applied with air-mist, which improves the surface quality of the strand. Moreover, this strategy 

can be also used to avoid oxide scale formation, which has a positive impact on surface defects 45-

49). 

The present work is based on a holistic approach to research encompassing steel composition-

microstructure, process parameters and numerical modelling to find how these factors are 

correlated to crack susceptibility. Ultimately, this allows creating industrial strategies to reduce or 

even prevent cracking altogether in order to improve the productivity of the casting machine.  

 

2. Approach 

The present investigation seeks to develop strategies to minimize the formation of transverse corner 

cracks on HSLA steel slabs with a peritectic amount of carbon (0,15 wt. %C) by using a multi-

disciplinary approach including plant monitoring, thermo-mechanical and microstructural 
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characterization as well as numerical modelling. Plant monitoring includes real data from the 

casting machine (water flow rates, casting speed, tundish temperatures, temperature changes in 

bender and straightener, etc). Crack characterization and phase identification is performed by using 

different lab-techniques (Optical and Scanning Electron Microscopy, etching and EDS). Finally, 

development and implementation of numerical models (1D and 3D) is proposed to predict the 

temperature behaviour in the strand surface which allows testing different cooling strategies to 

eliminate transverse corner cracks in CC. 

2.1. Plant measurements  

Temperature measurements are performed by contactless infrared pyrometers (IMPAC ISQ 5-

LO/SG type) designed for the steel industry with an optical fibre adapted to withstand rough 

conditions. Two pyrometers were installed at the Inner Bow (IB) of a conventional slab caster at 

two different positions. Pyrometer 1 (P1) was installed at 2,7 meters from the bender zone (segment 

1, S1), while another pyrometer (P2) was installed at 19,3 meters in the straightener zone (end of 

segment 8, S8) as shown in Figure 3. Temperature measurements were performed for different 

casting sequences during a production period of 2 months. Thermal monitoring generated 10,000 

input lines of data per heat for 25 databases on 51 heats to ensure statistical representativity of the 

results.  
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Figure 3. Schematic illustration of continuous caster indicating the pyrometers (P1 and P2) positioned at 

the Inner Bow (IB) of the bender and straightener zones. 

Figure 4 presents an example of data collected from the installed pyrometers (P1 and P2), which 

exhibits a gradient of ± 200 ℃ at the beginning of the sequence in the bender, and ± 100 ℃ at the 

straightener. Similar variations were practically observed in all sequences analysed.  

 

Figure 4. Temperature variation in P1 and P2 at the beginning of the sequence. 
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2.2. Specimen layout 

Specimens were obtained from several of the monitored heats for the HSLA steel with a peritectic 

amount of carbon (0,15 wt. %C) cast in slabs with 1850 mm width and 210 mm thickness. The 

corner of the slab with presence of transverse cracks is sectioned to obtain smaller specimens of 

15x15x15 mm for microstructure and crack characterization. The smaller specimens are taken 

along the casting direction, one from the corner with presence of cracks (sample 1), and two from 

the centre without cracks (sample 2 and 3), as shown in Figure 5. 

 

Figure 5. Sample layout. 

2.3. Microstructure characterization 

A standard metallographic method is applied for the characterization of specimens. Their surface 

is grinded with SiC abrasive papers and polished with diamond abrasive solutions. Afterwards, the 

polished surface is submerged in Nital solution (3% nitric acid in ethanol) per 30 seconds to reveal 

the micro-constituents present in the steel. Examination of cracks and micro-constituents is 

performed by using a Light Optical and Scanning Electron Microscopy (SEM) type Jeol JSM-6460 
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LV. Crack morphology of specimens without etching is characterized as a solid-state-brittle crack 

formed on a surface covered with an oxide layer, as shown in Figure 6. The size of the cracks 

ranges between 22 to 30 mm length and 10 mm depth. Brittle cracks form as a result of localized 

strains during straightening, where the strand has almost completely solidified. 

 

Figure 6. Transverse corner cracks formed during CC process of a HSLA steel slab. 

Further characterization confirms that cracks grow intergranularly along previous austenite grains, 

as shown in Figure 7a. In addition, the microstructure characterization revealed the formation of 

pearlite in a ferrite matrix with some pore growth inside the grains. In some cases, the morphology 

of cracks may correspond to hot cracks that initiate during solidification of the steel at the grain 

boundaries, as seen in Figure 7b. 

 

Figure 7. Microstructure of a continuously cast HSLA steel with presence of pearlite and ferrite phases, 

and intergranular cracks at the previous austenite grains. 
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Further observations of the microstructure revealed the presence of different types of ferrite. 

Morphology indicates that Allotriomorphic ferrite (Af), Widmanstätten ferrite (Wf) and in some 

cases bainitic-ferrite (Bf) is formed, as shown in Figure 8.  

 

Figure 8. Bainitic ferrite (Bf), Allotriomorphic ferrite (Af), Widmanstätten ferrite (Wf) and pearlite micro-

constituents formed on a HSLA steel slab during CC process. 

Allotriomorphic ferrite (Af) is a phase that nucleates and grows along the austenite grain 

boundaries. Widmanstätten ferrite (Wf) tends to nucleate as parallel plates (needle type shape) that 

grow perpendicularly to Af grains. This phase is considered as detrimental and undesirable because 

decreases the toughness of steels 22, 50). In contrast, acicular ferrite is a phase that initially grows 

from non-metallic inclusions 50). This phase can enhance the mechanical properties of steels (e.g. 

toughness) depending on the steel composition 51).  

2.4. Thermo-mechanical characterization 

Generally, crack susceptibility of steels is measured by means of a thermo-mechanical tensile test 

(i.e. hot ductility test). Hot ductility determines the ductile/brittle behaviour of the steel at 

temperatures similar to those during hot processing (e.g. continuous casting) 22). Accordingly, 
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experiments are conducted on a Gleeble 3800 machine under temperatures relevant to the 

secondary cooling zone. Samples are heated at 1300 ℃ at a controlled rate of 20°C/s to ensure the 

dissolution of precipitates and homogenization of the steel structure. Subsequently, specimens are 

subjected to tensile stresses at temperatures from 600 to 1000 ℃ with intervals of 100 ℃ under a 

strain rate of 10-3 s-1 (equivalent to the casting speed during processing). After tensile tests, the 

samples are water-cooled indirectly with cooper jaws at a rate of 10 ℃/s. The determination of 

crack susceptibility through the reduction of the area at fracture, and the total energy as a function 

of temperature is shown in  

Figure 9 a-b. 

 

Figure 9. (a) Reduction of area, UTS, and (b) engineering-true total energy as a function of 

temperature after hot ductility test. 

Accordingly, minimum values of the area reduction as a function of temperature in  
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Figure 9a indicate that the ductility of the steel drops significantly at 800 ℃, and increases from 

900 to 1000 ℃. The ultimate tensile strength (UTS) decreases between 600 and 700 ℃ from 300 

to 150 MPa, respectively. Afterwards, it decreases continuously to 1000 ℃ without significant 

changes. Furthermore, according to the model previously proposed by the authors 22), the 

engineering and true total energy indicates that the steel may be also susceptible to crack formation 

at 700 ℃ and less susceptible at 900 ℃. 

3. Numerical modelling 

3.1. 1-D model  

A simple 1-D numerical model was developed as a workbench to test different strategies during 

secondary cooling. The 1-D model is based on the principle of specific heat capacity and it can 

predict the temperature evolution of the slab per segment by changing the amount of water in the 

sprays. The specific heat capacity is the ability of a material to absorb/exchange thermal energy 

with its surroundings. This is related to the kinetic energy of atomic motions and distortion energy 

of interatomic bonds since atoms are constantly vibrating at very high frequencies in solid 

materials. The heat capacity represents the amount of energy required to produce changes in 

temperature, expressed as: 

𝑄 = 𝑚 ∫ 𝐶 𝑑𝑇
𝑇𝑓

𝑇𝑖
                                                                    1 

 𝑄 = 𝑚. 𝐶. ∆𝑇                                                                       2 

where Q is the energy required to produce temperature changes (ΔT), 𝑇𝑖 and 𝑇𝑓 are the initial and 

final temperatures of the strand on each segment, C is the specific heat per unit mass of the solid 

[J/Kg°C], m is the mass of the system [kg] and ΔT is the temperature gradient between P1 and P2 
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[K]. The temperature difference (ΔT) in Equation 1 is determined by approximating the 

temperatures per segment from the cooling curves. Thus, the initial temperature (𝑇𝑖) occurs at the 

beginning of one segment while (𝑇𝑓) is the temperature at the end of the segment. This criterion 

is applied for every segment where the value of (𝑇𝑓 will be equal to 𝑇𝑖 for the next segment) as 

shown in Figure 10. 

 

Figure 10. CC machine layout including calculations of volume per segments and boundary conditions 

from bender to straightener zone. 

The density 𝜌 is assumed as 7000 kg/m3 for steels in liquid state while the theoretical specific heat 

is considered to be 0.49 kJ/kg·K. On the other hand, it was assumed that the heat loss (Q) 

corresponding to each volume in the segments, is proportional to the amount of cooling water in a 

given segment. The total water flow rate was analysed per segment, from vertical rack to 

straightening zone since each cooling loop (i.e. per segment) has specific types of sprays and 

nominal water flow rates as a function of casting speed, steel grade, product width, etc. Thus, the 

nozzles have different positions in each segment (coordinates) and specific water distribution.  
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Reference points for the model are based on temperature measurements obtained from pyrometers 

(P1 and P2) and the empirical results from cooling curves. Cooling curves are plotted by 

considering the tundish temperature as starting point and the average temperatures at P1 and P2, 

1000 ºC and 800 ºC respectively, with corresponding standard deviations of ± 250 ºC. Plant trials 

with different cooling strategies were suggested to prevent cracks in HSLA steels after analyzing 

the modelling data. Such trials were aimed at raising the temperature of the strand to avoid the low 

ductility zone between 700 to 850 ℃. Adjustments included a reduction of 5-10% in some cooling 

loops from bender to straightener as well as possible changes in casting speed. A comparison of 

the cooling curves with and without water flow changes in the secondary cooling is shown in Figure 

11.  

 

Figure 11. Cooling curves before and after the water flow changes in the secondary cooling zone. 

Based on the results of cooling curves and crack susceptibility tests, it can be observed that heats 

prior to changes in water flow rates (dotted lines) were located below 850 ℃. It must be noted that 

the 1-D model predicts average cooling curves without the fluctuating effects of the rolls on 

temperature. In these cases, most of the slabs reveal the presence of cracks due to the loss in 
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ductility compared to the ones cooled above the low ductility zone. Likewise, the curves closer to 

850 ℃ showed suspicion of cracks (grey dotted lines). Results after the suggested cooling strategies 

(continuous lines in Figure 11) demonstrate that 10% reduction in the secondary cooling leads to 

improvement on slabs quality with a decrease of transverse corner cracks (no scarfing applied), 

and less suspicion of crack formation in some cases. Yet, a 5% reduction in the secondary cooling 

is less favourable with persistence of cracks.  

3.2. 3-D model  

An advanced 3-D numerical model based on the traveling slice method was developed to simulate 

the heat transfer and solidification in the presented caster. The casting machine is constructed in 

the pre-processing stage including primary and secondary cooling zones (i.e. covering from the 

meniscus to straightener), including the details such as rolls and spray nozzles in their respective 

positions as shown in Figure 12. The commercial code THERCAST ®, was used for the 

calculations where the solution method and fundamental equations are described elsewhere 52). 
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Figure 12. Full 3D scale of the casting machine layout and arrangement of sensors located at the Inner 

Bow (IB) along the travelling slice. 

20 meters of cast length are simulated by moving the 3D slice through the casting machine across 

the different cooling sections in the primary and secondary cooling zones. An average tundish 

temperature (e.g. pouring temperature) of 1535 ℃ is considered based on real data from the CC 

process. The traveling slice is fitted with 19 tracking points to record different features such as 

temperature, liquid fraction, and solidification time. These are defined at the slab surface of the 

inner bow with 9 sensors on each side (L/R) and 1 at the centre (C) of the strand. The distance 

between each sensor is counted from the centre of the slab with 0,1 m between the centre and R1/L1 

as well as 0,2 meters between each sensor from L1/R1 to L9/R9. Temperature profiles along the 

casting length for the right and left side of the traveling slice by taking as a reference the centre, 

maximum, minimum and mean values are presented in Figure 13.  

 

Figure 13. Temperature profiles of the right and left side of the traveling slice. 

In all cases, the temperature drops from 1550 to 1250 ℃ before reaching the vertical rack. 

Afterwards, the temperature constantly decreases as low as 1050 ℃ when reaching the bender (4 
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m cast length) where a plateau occurs after 16m to the end of the straightener (20m). Subsequently, 

the temperature drops 150 degrees (from 1200 to 1050 ℃) between the vertical rack (3 m) to the 

bender (4 m) and further down to 900 ℃ when reaching the straightener. The temperature at the 

corners (sensors R9/L9) drops faster than the rest (sensors 1-8). The temperature at the left corner 

(L9) revealed a more intense cooling than R8, which decreases to 800 ℃ after 10 m to the end of 

the casting length (50 degrees more than L9).  The temperature at the centre decreases similarly as 

sensors L2 and R8 from the foot rolls to the vertical rack. These thermal changes of the strand 

during the secondary cooling could lead to strand distortion and possibly to crack formation during 

casting as discussed next. 

4. Discussion 

The analysis of cracking causes and strategies for process improvement are based on the 

thermomechanical and microstructure characterization, industrial measurements with pyrometers 

and product quality inspections combined with the predictions from 1D and 3D models. In terms 

of thermomechanical behaviour and microstructure evolution, a combination of micro-constituents 

such as Widmanstätten and Bainitic ferrite formed during cooling cause low ductility of this 

particular steel grade as shown in Figure 8. Thus, the combination of ductility loss and mechanical 

stress at the bender and straightener are the main causes for crack formation. Niobium and 

Vanadium as main micro-alloying elements have a strong effect depending on its content and 

evolution during cooling which could promote cracking due to precipitation as carbides, nitrides 

and carbo-nitrides associated to low ductility values. These precipitates may act as nucleation sites 

for voids within the thin ferrite films; thereby, reducing their ductility and impeding the recovery 

processes. On the other hand, precipitates can also have a positive effect on the microstructure by 

controlling the kinetics (e.g. nucleation sites, grain size, etc.) during solidification enhancing 
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mechanical properties. The presence of other elements such as S, P, Cu, etc., may also affect 

ductility since these can segregate at the grain boundaries as a liquid film band between dendrites 

due to their low melting point, which is another cause for brittle failure in steels 3). Some of these 

elements are present in the fracture zone of specimens after the hot ductility test (e.g. 800 ℃), 

which suggested the presence of P, MnS and Al2O3 after EDX analysis, as shown in Figure 14.  

 

Figure 14. Localized melting at the fracture zone of specimen deformed at 800 ℃ at 0,001 s-1. 

The 1D model was used to investigate cooling strategies to avoid this low ductility zone by 

controlling the secondary cooling. Soft and hard cooling strategies were explored by taking into 

account the possible flow-rate limits of the cooling loops in the machine, see Figure 15. It was 

concluded in this particular case that a reduction of water flow rate intensity could have a positive 

effect in slab quality by controlling the cooling on the surface. 
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Figure 15. Schematic representation of the cooling curves from temperature monitoring in bender (P1) 

and straightener (P2). 

Temperature profiles simulated with the 3D model were used to further analyse the strand 

behaviour from the meniscus to 20 meters of cast length. Comparison between the surface 

temperature at the inner bow after the changes proposed show a general agreement between 1D 

and 3D models for the final temperatures at the centre of the slab, see Figure 16. However, the 

curves predicted by the 3D model registered higher cooling rates at the slab corners (R9 and L9). 

Still, the highest temperatures are predicted in the sensors close to such corners (R8 and L8) with 

almost 150 degrees difference between adjacent sensors. Furthermore, a number of plant trials was 

carried out with different levels of reduction in the water flow rate. 8 of these heats are combined 

with the 1D model in Figure 1 and coloured by the presence or not of cracks (cracks in red).  
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Figure 16. Temperature profiles along the casting length obtained from the 1D and 3D model. 

A detailed analysis of the curves in the straightener is also presented in Figure 16. Curves from the 

1D+measurements and 3D model can be easily differentiated by the fluctuations observed in the 

3D model, whereas the 1D curves remain almost horizontal. Surface inspection after trials revealed 

a reduction of crack occurrence but not for all the 8 sequences despite the increase of temperature 

to avoid the low ductility range.   

This behaviour was not expected, which indicates that other factors are interacting to define the 

quality of the slabs. A possible culprit is the strong temperature variation observed in the 

pyrometers during measurements (100-200 °C), which means that although the average 

temperature is in the safe range, the variability would send the strand into the low ductility range 

producing cracking in the corners. Furthermore, this behaviour may be accentuated by the presence 

of scale and/or casting powder residues which may act as a barrier to heat transfer and produce 

variations in the cooling of the strand 46). This makes control of secondary cooling a challenging 

task where the initial cooling promotes the nucleation of grains that may or not re-crystallize 

depending on the heat transported from the liquid core to the surface. If this heat is excessive and 

cooling is not enough, there is a strong risk of promoting additional grain growth ending in blow 

grains 29). Precipitates (Nb carbides and cementite in this case) play an important role in this process 
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by restricting grain growth initially. Nevertheless, sustained high temperatures can also induce 

growth of these precipitates which make them preferential sites for crack initiation and propagation.  

Variations in surface temperature are a consequence of the cooling in the process, but also other 

factors determine the temperature evolution during the sequence which are outside of the caster 

domain but have a profound influence in the process. For instance, casting speed is often used to 

accommodate delays or accelerate the process depending on previous steelmaking stages (e.g. 

converter delays, adjusting of composition in the ladle, degassing stations, etc.). The tundish 

temperature itself is determined by the previous ladle station where overall ranges are defined for 

delivery to the caster (e.g. 10 to 15° C are common in the industry) apart from the variation of 

temperature between beginning, middle and end of the sequence. A thorough analysis of the 

experimental data revealed a strong correlation between the tundish temperature, temperature 

gradient (∆𝑇) between the tundish and pyrometer 1 (P1) and ∆𝑇 between pyrometer 1 (P1) and 

pyrometer 2 (P2). These parameters connect the ∆𝑇, casting speed and quality criteria of the slabs, 

as seen in Figure 17. 
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Figure 17. Tundish temperature effect on quality for 10 casting sequences 

Higher tundish temperatures were found for the slabs with presence of cracks; while lower tundish 

temperatures revealed no crack formation. Additionally, it was observed that the temperature 

decrease is higher in the sequences with poor quality (presence/suspicion of cracks) compared to 

sequences with better quality. The same behaviour was observed with the temperature from tundish 

to P2. Moreover, the temperature variation between P1 and P2 is slightly higher in the sequences 

with cracks vs no cracks. These variations are summarized in Table 1. The temperature variations 

(ΔT) shown in table 5 imply that cracks form when the cooling is faster. Furthermore, the highest 

cooling differences appear after P1 despite the fact that the water flow rates and casting speed had 

minor changes. Thus, the differences in tundish temperature induce changes in all T’s.  
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ΔT ranges Tundish to 

P1 
Tundish to 

P2 
P1 to 

P2 

No cracks Min 508 
Max 510 

Min 610 
Max 630 

Min 90 
Max 

110 

Corner 

cracks 
Min 510 
Max 555 

Min 630 
Max 660 

Min 80 
Max 

160 
Table 1. Variation of temperature ΔT in comparison with the quality of slabs. 

5. Conclusions and corrective actions 

A complete study was carried out in order to reduce/eliminate transverse corner cracking issues 

during casting of HSLA steel. The following conclusions can be drawn from the investigations, 

which led to suggestions for corrective actions applied to the caster: 

 Thermomechanical tests of the HSLA steel, revealed minimum ductility values occurring 

between 700°C-800°C (± 50 ℃) which are responsible for crack formation. The ductility 

increases sharply with the increment in reduction of area above 900°C.  

 Successful measurements with pyrometers at two positions (start of bender and middle of 

straightener) in an industrial caster revealed strong temperature variations for all cast 

sequences. Larger fluctuations were observed in Pyrometer 1 (~250 ℃) in bender zone 

when compared to Pyrometer 2, straightener (~100 ℃). This suggests a faster cooling at 

the beginning of the casting length in the bender zone, and softer cooling towards the 

straightener zone.  

 All heats with temperature evolutions below c.a. 850 C at the straightener shown the 

presence of cracks, while sequences above to 850C revealed better quality.  
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 Metallographic analysis showed the presence of different types of ferrite and pearlite in the 

HSLA steel. The combination of phases such as Widmanstätten ferrite, acicular ferrite and 

secondary phases such as precipitates, oxides and localized melting, promote brittle 

behaviour during processing. 

 A 1-D numerical model was developed based on the temperature measurements with 

pyrometers and the heat capacity principle. The model predicts the cooling behaviour of the 

strand based on the percentage of total water amount during secondary cooling (from 

bender to straightener) and pyrometer data. This model was applied to predict quantitatively 

the changes in cooling if the water amount is reduced in a range of -5% to -10%.  

 Trials demonstrated that surface quality improved by avoiding the low ductility zone. Yet, 

the presence of cracks are still observed in some of the slabs, which points at additional 

factors are also influencing the cracking formation during processing. 

 Tundish temperature is the most evident of these factors, which clearly confirm that higher 

temperatures (more than 1530°C) leads to worst quality during all heats; while sequences 

with better quality revealed lower temperatures (less than 1530°C). 

 An important second factor is ΔT (e.g. the temperature loss) in the strand. It was observed 

that ΔT from tundish to Pyrometer 1 is higher in the sequences with poor quality compared 

to sequences with better quality (e.g. bad quality = T; good quality =T). The same 

behaviour was observed with the temperature from tundish to Pyrometer 2 in all sequences.  

Based on the facts above, two main corrective actions were proposed, 1) Decreasing the amount of 

water cooling to increase the overall temperature of the strand before the straightener and 2) 

Increase the casting speed to increase the temperature of the strand. This strategy is only for this 
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specific steel grade, caster configuration and cooling loops. Certainly, different strategies are 

needed for specific caster layouts and steel grades. Yet, it is the author’s contention that a similar 

approach to analyze the process variables and material properties could be applied to address the 

cracking issues on continuous casting. The models presented are considered suitable analysis tools 

for a first guess (via 1-D model) and a more detailed analysis of the influence of product size (via 

3-D model) in combination with plant monitoring and extensive microstructure characterization. 

The authors use a similar approach to analyze the impact of different tundish temperatures and 

oxide scale formation in continuing research.  
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Figures 

Figure 1. Transverse corner cracks and oscillation marks formed on a HSLA steel slab. 
Figure 2. Cracks induced by tensile and compressive stresses in bender and straightener zones showing 

the effect of oscillation marks. 
Figure 3. Schematic illustration of continuous caster indicating the pyrometers (P1 and P2) positioned at 

the Inner Bow (IB) of the bender and straightener zones. 
Figure 4. Temperature variation in P1 and P2 at the beginning of the sequence. 

Figure 5. Sample layout. 
Figure 6. Transverse corner cracks formed during CC process of a HSLA steel slab. 

Figure 7. Microstructure of a continuously cast HSLA steel with presence of pearlite and ferrite phases, 

and intergranular cracks at the previous austenite grains. 

Figure 8. Bainitic ferrite (Bf), Allotriomorphic ferrite (Af), Widmanstätten ferrite (Wf) and pearlite micro-

constituents formed on a HSLA steel slab during CC process. 

Figure 9. (a) Reduction of area, UTS, and (b) engineering-true total energy as a function of temperature 

after hot ductility test. 

Figure 10. CC machine layout including calculations of volume per segments and boundary conditions 

from bender to straightener zone. 

Figure 11. Cooling curves before and after the water flow changes in the secondary cooling zone. 
Figure 12. Full 3D scale of the casting machine layout and arrangement of sensors located at the Inner 

Bow (IB) along the travelling slice. 
Figure 13. Temperature profiles of the right and left side of the traveling slice. 

Figure 14. Localized melting at the fracture zone of specimen deformed at 800 ℃ at 0,001 s-1. 

Figure 15. Schematic representation of the cooling curves from temperature monitoring in bender (P1) 

and straightener (P2). 

Figure 16. Temperature profiles along the casting length obtained from the 1D and 3D model. 
Figure 17. Tundish temperature effect on quality for 10 casting sequences 
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Table 1. Variation of temperature ΔT in comparison with the quality of slabs. 
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