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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
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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.
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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.



Metals 2020, 10, 1245 6 of 19

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.
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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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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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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.
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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.
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