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The Interaction Between Oxidation-Related
Phenomena Along Grain Boundaries on Surface
Crack Formation in Continuous Casting
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Oxidation-related surface defect formation in continuous casting is an under-researched topic,
as most of the experiments, which aim to define surface defect mechanisms, are performed under
a protective atmosphere. However, intergranular oxidation or the formation of low-melting
Cu-rich phases at the grain boundaries may lead to tremendous problems during straightening.
This study exclusively addresses the impact of oxidation-related pre-defects on surface crack
formation in continuous casting and how different parameters, such as cooling cycle and cooling
atmosphere, affect the outcome. The investigations were performed using in-situ material
characterization by bending tests (IMC-B) to evaluate crack susceptibility and simultaneous
thermal analysis (STA) to analyze oxidation mechanisms in detail. Both the damage of grain
boundaries by intergranular oxidation due to a low-melting fayalite-wustite eutectic and due to
low-melting Cu-rich phases favor crack formation at lower temperatures significantly. A
stronger external oxidation can have both positive and negative effects on surface crack
formation, depending considerably on the specific steel composition. Regarding intergranular
oxidation, increased external oxidation helps minimize internal and intergranular oxidation,
thereby reducing potential nuclei for surface defect formation in subsequent processing steps.
However, in the presence of Cu and Sn, which do not readily oxidize due to their low oxygen
affinity, enhanced external oxidation promotes their enrichment, consequently increasing the
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risk of defect formation.
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I. INTRODUCTION

OXIDATION processes and their influence on sur-
face quality are an important factor in continuous
casting. The slab surface temperature can reach up to
1200 °C and, depending on the cooling strategy, is
exposed to varying air-mist atmospheres. Consequently,
the steel surface oxidizes and scale forms. High temper-
atures due to hot spots (e.g., surface depressions formed
in the mold) accelerate these oxidation processes signif-
icantly. In addition to external oxidation, internal
oxidation phenomena may form near the steel/scale
interface, which are shown schematically in Figure 1.
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Those internal oxidation phenomena may result in
microdefects at the steel surface, affectinﬁ surface defect
formation in a subsequent deformation.!

One of these phenomena is intergranular oxidation
due to the selective oxidation of elements with a high
oxygen affinity (e.g., Si, Mn, Al). The oxidation prod-
ucts can be arranged near the steel/scale interface as a
layer of globular oxides or as thin oxide films along
grain boundaries as can be seen in Figures 1(a) and (b)).
Usually, oxidation products like Al,O3, MnO, and SiO,
are in a solid state. However, due to the formation of
complex low-melting oxide phases they may also be in a
liquid state, further enhancing internal/intergranular
oxidation phenomena. Publications explicitly investigat-
ing the role of intergranular oxidation in surface defect
formation during continuous casting are rare.' > Lee
et al® demonstrated a correlation between surface
crack formation and the depth of intergranular oxida-
tion in high-Mn steel. Their results showed that deeper
grain boundary oxidation increased crack formation
with surface cracks forming due to the cracking of grain
boundary MnAlL,O,. Krobath et a/!"” and Gaiser
et al?! focused on liquid-phase induced intergranular
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Fig. 1-—Schematic representation of oxidation processes at the steel/scale interface: (a¢) massive intergranular oxidation due to a liquid oxide
phase, (b) internal and intergranular oxidation without liquid phases, (¢) formation of low-melting metal phases and liquid metal infiltration of

grain boundaries.

oxidation due to a Si-rich oxide phase. Si is preferably
oxidized to SiO, and forms a low-melting eutectic
compound with FeO (FeO-Fe,SiOy4; T ~ 1180 °C). At
sufficiently high temperatures, the liquid accumulates at
the steel/scale interface and penetrates both the austenite
grain boundaries, causing extensive intergranular oxi-
dation, and the scale layer.® '*! The results clearly
indicate that the presence of intergranular oxidation
favors surface crack formation. For a temperature with
low ductility, network cracks were primarily formed at
higher strain levels. Additionally, it was illustrated that
grain boundary oxidation has minor influence at bend-
ing temperatures, where the ductility of the respective
steel is high.:>7

A further way to form small oxidation-related surface
pre-defects is the infiltration of grain boundaries due to
liquid metal phases (see Figure 1(c)). The most common
version is the continuous accumulation of unwanted
by-elements (tramp elements) such as Cu and Sn during
selective oxidation of elements with a high affinity to
oxygen (Al, Si, Mn, and Fe). Regarding Cu, its
solubility in austenite ranges from approximately
3 wt. pet at 900 °C to 10 wt. pet at 1200 °C.1¥ If the
solubility limit is exceeded, a separate metallic phase is
formed. The presence of Sn reduces the solubility
significantly and increases the amount of Cu phase
formed at the steel/scale interface.!'>'”) Moreover, Sn
has the tendency to dissolve into the Cu phases,
reducing the melting point as Cu and Sn forms a
low-melting peritectic system at roughly 800 °C.5>-1%:20]
During steel casting and processing, these phases are
potentially in the liquid state and may penetrate the
austenite grain boundaries, causing surface hot short-
ness in subsequent processing steps.*!¢-2!728!

The tendency for oxidation-related defect formation
in the presence of Cu and Sn may be summarized by an
equivalent Cu content (Cueg). Cueq describes the content
of Cu in steel, considering the interactions with other
elements that increase or decrease the solubility of Cu in
austenite. The most well-established ones were defined

by Wolf and Schwabe,*”! as %iven in Eq. [1] and
Melford."® According to,l'®*T values of 0.25 to
0.4 wt. pct shall be considered as critical for surface
defect formation. Wolf and Schwabe!*! identified Cu as
the cause for the formation of fine network cracks on the
strand surface and a ductility trough was presumed to be
in the temperature range of 1100 to 1200 °C.

[wt.pct Cug,| = [wt.pct Cu] + 10[wt.pct Sn]
— [wt.pct Ni] — 2[wt.pct S]  [1]

However, the understanding of Cu and Sn on surface
quality in continuous casting is primarily based on hot
tensile tests performed under a protective atmo-
sphere.[**** This limits their interpretability due to
the unique oxidation behavior of Cu and Sn. For all
those experiments, ductility was always high in the
high-temperature range due to dynamic recrystallization
and the proposed correlations in the Cue, (based on
Eq. [1]) and the presumed critical temperature range
were not clearly confirmed.

In these studies, the trough in ductility at “lower”
temperatures was attributed to the formation of pro-eu-
tectoid ferrite, the segregation of Cu and Sn toward
grain boundaries and/or precipitation of fine
Cu,S.B1733:35.36] According to Comineli et al. B3 the
interaction of (segregated) Cu with MnS seems to be the
key factor. Mintz et al.®” observed a similar behavior
for steels with Cu, even under oxidizing conditions for
both reheated and in-situ melted samples. Testing in an
air atmosphere caused only a slight ductility reduction
compared to a protective atmosphere, with the loss of
ductility attributed to the formation of Cu-(oxy)sulfides.
For the reheated samples, no influence was recognizable
in an air atmosphere. Furthermore, no evidence was
found that liquid Cu-rich films penetrated the austenite
grain boundaries.>”

A novelty in the field of continuous casting was
presented in the works by Bernhard e al.™! and Gaiser
et al.®7 They identified a clear correlation between Cu,
Sn, and Ni based on the Cu.q proposed by Wolf and
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Schwabe.*”! Their three-point bending experiments were
performed with in-situ cast samples under oxidizing
conditions in air or in an air/water vapor mixture. For
900 °C and a Cugq of roughly 0.2 wt. pct, even strains of
2 pct were enough to form the first surface cracks on the
sample surface. Low-melting Cu-rich phases were
clearly discernible.”®! Contrary to the literature, Gaiser
et al®3" further showed that steel at a temperature of
1100 °C is much more tolerant to Cu and Sn compared
to 900 °C.

As mentioned at the beginning of this section, higher
temperatures accelerate oxidation processes. Likewise,
the oxidation atmosphere may also have a significant
influence on the outcome. It is well known that the
additional presence of water vapor in an oxygen,
respectively, air atmosphere enhances external oxida-
tion.’*#? This subsequently leads to a shift in the
balance between internal and external oxidation pro-
cesses, whereby internal oxidation processes are nor-
mally weakened. On the other hand, increased external
oxidation in the presence of accumulating tramp ele-
ments such as Cu and Sn may lead to more enrichment
and a greater risk of defect formation in subsequent

. L [2.43-46] .
processes. Previous publications related to oxi-
dation experiments via thermogravimetric analysis have
demonstrated how essential the interaction between
liquid metal infiltration, respectively, internal (inter-
granular) and external oxidation processes, can be and
how one or the other mechanism can be promoted by
skillfully adjusting the oxidation parameters. However,
oxidation experiments only allow an estimate and do
not provide definitive information about defect forma-
tion in processes. Therefore, the direct influence of
oxidation-related surface defect formation in continuous
casting for different atmospheres remains practically
unanswered.

Summing up, quality problems in continuous casting
that specifically relate to the influence of oxidation
cannot be answered in a sufficient way by applying test
methods under inert conditions or singular oxidation
experiments without deformation. A more refined
approach to directly investigate the impact of oxidation
processes on crack formation in continuous casting is
the in-situ material characterization by bending test
(IMC-B% developed at the Technical University of
Leoben.' 78 It replicates the key aspects from con-
tinuous casting such as solidification in the mold,
cooling in an oxidizing atmosphere, and deformation
similar to the straightening operation. The benefits of
this approach were further highlighted by Lan er al.*”)
This work specifically addresses the interplay of internal
and external oxidation phenomena in an air or air/water
vapor atmosphere and the extent to which it affects
surface cracking for both intergranular oxidation and
the infiltration of grain boundaries due to low-melting
metal phases. Particular emphasis is placed on the
influence of the temperature profile and the underlying
oxidation atmosphere to validate how those contrasting
oxidation-related defects are affected by the parameters
and, consequently, their influence on surface crack
formation. Within the first part of this work, a
medium-carbon construction steel is investigated. Si
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was used to specifically provoke the formation of
intergranular oxidation and to define its role in surface
crack formation. The second part of this study focuses
on the same medium-carbon steel but with the addition
of Cu and Sn to address the influence of low-melting
metal phases on surface defect formation. Besides
bending experiments via the IMC-B test, simultancous
thermal analysis (STA) experiments were performed to
support result interpretation.

II. EXPERIMENTAL

Table I shows the chemical composition of the two
investigated steel grades and it represents the range of all
investigated. P, S, and N are below 100, 40, and 80 ppm,
respectively. Both steels are medium-carbon construc-
tion steels, with MC representing the base composition,
while MC + Cu/Sn has slightly higher levels of Cu and
Sn. MC + Cu/Sn symbolizes the expected future com-
position in terms of Cu and Sn and based on Eq. [1] it
corresponds to a Cuq of roughly 0.25 wt. pct.

A. In-Situ Material Characterization by Bending
(IMC-B)

The IMC-B test represents a unique experimental
setup for defining the susceptibility to surface crack
formation in continuous casting on directly cast sam-
ples. A detailed description is given in former publica-
tions,>>¢*) whereas the process and main advantages
can be briefly summarized as follows:

- Every sample is prepared for casting in an induction
furnace. To simulate fast solidification and cooling, as
indicated by the dotted lines in Figure 2, the sample is
cast in the IMC-B mold (180 mm x 58 mm x 24 mm).
Both the solidification structure and the final
microstructure of the sam[ple after cooling correspond
to that of the strand shell.*%>%-31

- Cooling is performed under oxidizing conditions,
representing an exclusive opportunity to assess the
oxidation-related impact of intergranular oxidation
and the formation of low-melting Cu-rich phases on
surface crack formation on in-situ melted samples. The
atmosphere can either be air or a mixture of air and
water vapor.>”) A further option may be experiments
with cooling under a protective Ar atmosphere and
comparing them with an oxidizing atmosphere to
further isolate the influence of oxidation and precipita-
tion processes.

- Mechanical deformation of the sample is attained by
an isothermal three-point bending procedure under
conditions as close as possible to the straightening of
the strand in continuous casting. The stamp velocity and
displacement are the same for all experiments. Depend-
ing on the bending temperature, the maximum tensile
strain values on the sample surface are up to0 6.5 S?Ct with
a maximum strain rate of 4.7 x 10~ s ".[**] These
strain rates are comparable to straightening operations
in continuous casting.’” An elasto-viscoplastic material
3D-FE model, parameterized in Abaqus, is used to
calculate the stress and strain state during testing.>’)



Table I. Chemical Composition of the Investigated Steels
Chemical Composition [Wt. Pct]
Steel C Si Mn Al Cu Sn Ni Fe
MC 0.16-0.18 0.35-0.45 1.50-1.60 0.025-0.035 < 0.01 < 0.001 < 0.015 bal.
MC + Cu/Sn 0.16-0.18 0.35-0.45 1.50-1.60 0.025-0.035 0.15 0.01 < 0.007 bal.
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Fig. 2—Investigated cooling cycles: (a) cooling cycle 1 with 7}, = 1050 °C; (b) cooling cycle 2 with T3, = 1200 °C.

The cooling cycles applied in this study are shown in
Figure 2 and all the relevant cooling and bending
parameters are summarized in Table II. The time cycles
are based on a slab caster operating at a casting speed of
1.2 m min~ """ Cooling cycle 1 represents the standard
process, where the sample is stripped from the mold
after 45 s at an average temperature of approximately
1180 °C. It is then cooled to 1050 °C and homogenized,
resulting in a total process time of 160 s. Further cooling
to the respective bending temperature continues until
580 s. Bending starts at 700 s and lasts for 175 s, with
125 s allocated for loading and 50 s for unloading. The
samples for the bending temperature of 1050 and
1100 °C were held at that temperature for the complete
experiment.

Cooling cycle 2 simulates extreme conditions, char-
acterized by an elevated oxidation start temperature of
about 1280 °C. This scenario represents an early
detachment of the strand shell from the mold with
reduced cooling in the initial phase. The sample is
stripped after 30 s and homogenized at 1200 °C. Beyond
this point, the time steps and bending process remain
identical to those in cooling cycle 1. In both cycles,
cooling up to 580 s is performed either in an air
atmosphere or in an air + 55 £ 5 vol. pct water vapor
mixture, while bending is always performed in air. The
ambient air/water vapor mixture is set via humidifica-
tion of dry air (10 I min~' at room temperature) by

passing it through a heated water tank (85 °C). The
composition is deduced from the weight difference of the
water tank before and after the experiment and the total
experimental time. The parameters are set to achieve a
water vapor content of roughly 55 vol. pct similar to the
investigations by Wang ez al."*>) and Chen et al.** The
overall composition of the atmosphere is roughly
55 vol. pct H,O, 9 vol. pct O,, and 36 vol. pct N».

After bending, the samples were slowly cooled to
room temperature. For investigation of oxidation phe-
nomena, the outer part of the sample (deformation-free
zone) was directly cold-embedded to protect the steel/
scale interface in subsequent processing. After cutting,
those samples were ground (160-320-600-800-1200) and
polished (9, 3, and 1 um). Detailed observations of the
steel/scale interface took place via a digital microscope
(Keyence VHX7000) and scanning electron microscope
(SEM, SEM, JEOL FE-SEM 7200F) equipped with a
100 mm?> SDD EDS detector (Oxford Instruments
Ultim Max 100). Investigations with SEM require an
appropriate conductivity of the sample, which can be
ensured by sputtering the entire sample surface with a
10-nm-thin carbon layer.

Descaling of the samples was performed with diluted
citric acid and the bent samples were investigated for
surface defects in the strain-influenced area with a
digital microscope. A schematic illustration of the
sample is given in Figure 3. The crack detection
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Table II. Experimental Parameters of the IMC-B Test

Cooling Cycle Mold Cooling [s] T After Mold [°C]

t After Holding [s]

t After Cooling [s] Bending Temperatures [°C]

Cooling cycle 1 ~ 45 ~ 1180 160 580 800-1100
Cooling cycle 2 ~ 30 ~ 1280 160 580 800-1100
t Bending Start-End [s] Maximum Strain [Pct] Strain Rate [s ] Atmosphere

700-875 5.9-6.5

47 x 1074

air or air + 55 + 5 vol. pct water vapor

procedure provides the total number and distribution of
intergranular cracks, the critical strain &, for first crack
formation and the crack depth.!>>¢

Building on previous work by the authors,”! the
determination of the critical strain based on a frequency
distribution of documented cracks was further refined to
capture high crack counts around the bending axis more
accurately, as well as crack networks and coalescence
effects of cracks. Methodologically, it is addressed as a
Poisson-based system, whereas the distribution is mod-
eled with a gaussian shaped intensity function and a
hyperbolic saturation approach to account for coales-
cence effects.>®>”! The final distribution is optimized
numerically and similar to Bernhard er al.,”) the critical
strain &, is defined as the strain value necessary to form
the first 2 cracks on the sample surface based on the
calculated crack distribution (see Figure 4).

B. Simultaneous Thermal Analysis (STA)

Detailed investigations of high-temperature oxidation
phenomena were performed by STA as it is an
approved, quick, and easy tool for forecasting condi-
tions in the IMC-B test.*” The experimental setup
consists of a Netzsch STA 449 F3 Jupiter equipped with
a DTA-TG (Differential Thermal Analysis-Thermo-
gravimetric Analysis) sample carrier. To maintain con-
sistent gas conditions, the system includes high-precision
pressure controllers and mass flow controllers for
supplying argon, nitrogen, and synthetic air (syn. air;
80 vol. pct N», 20 vol. pct O,). Additionally, a water
vapor generator (aDrop) provides controlled humidity,
while thermostats prevent condensation of the water
vapor within the system. For quality control, a mass
spectrometer (QMS 403 C Acolos) monitors gas com-
position, and a getter furnace (Nabertherm
RD30A173A) is used to enhance inert heating and
cooling conditions. The getter furnace operates by
passing high-purity argon (Ar 5.0, = 99.999 pct purity,
residual oxygen < 2 ppm) through a heated tube furnace
(~ 750 °C) filled with titanium granulate, effectively
reducing trace oxygen levels to below 107> ppm. To
ensure performance, an oxygen-measuring device (Zirox
SMGS5) is used for periodic control measurements. In
this study, suspended samples with a drilled hole
(2.5 mm diameter) were investigated to ensure homoge-
neous  gas  flow. The  samples  measured
13 mm x 12.2 mm with a thickness of 2 mm. A more
detailed description of the complete setup is given in
former publications.[**%!
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Figure 5 illustrates the full time—temperature—gas
program whereby the investigated cooling cycles repre-
sent the cooling profiles and atmosphere conditions of
the IMC-B tests (see Figure 2). The cooling for a
bending temperature of 900 °C is shown as an example
for both cooling cycle 1 and cooling cycle 2. Heating and
homogenization were always performed under a pro-
tective argon atmosphere to avoid pre-oxidation. After
15-min isothermal holding to achieve a similar grain size
as in the IMC-B test, the samples were cooled to the
respective stripping temperature of the IMC-B test and
homogenized for a further 5 minutes. For the experi-
ment shown in Figure 5(b), no cooling to the respective
shaping temperature was necessary as the stripping
temperature corresponds to the maximum furnace
temperature. Afterward, cooling starts in an oxidizing
atmosphere and, depending on the experiment, the
oxidation atmosphere is either syn. air + 50 vol. pct
water vapor and/or syn. air. The gas flow of syn. air was
always 200 ml min~'. This corresponds to a gas velocity
in the furnace depending on the respective oxidation
temperature of up to 3.87 cm s~ ! (air) and 7.74 cm s~ !
(air + 50 vol. pct water vapor). According to a former
publication, laminar flow conditions in the furnace can
be assumed for all experiments.[**! Final cooling of the
samples to room temperature was performed under an
argon and nitrogen atmosphere to stop oxidation and to
preserve the high-temperature condition. After the
experiment, the samples were directly cold-embedded
to protect the steel/scale interface in subsequent pro-
cessing. Sample preparation and investigation are iden-
tical to the bent samples.

III. RESULTS

A. In-situ Material Characterization by Bending

For MC, the influence of intergranular oxidation on
surface crack formation was prioritized. Cooling cycle 2
was used to specifically provoke the formation of
intergranular oxidation due to the oxidation of Si and
the formation of the low-melting fayalite-wustite eutec-
tic. For MC + Cu/Sn, the focus was set on hot shortness
caused by Cu and Sn, which was investigated with
cooling cycle 1. The examinations and findings in this
publication build upon the results of previous stud-
ies.[248] For a better understanding of the context of
this work, those results are also presented and appro-
priately cited.
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Fig. 3—Schematic illustration of the IMC-B sample.

Figure 6(a) shows the surface area around the bending cycle 2, the grain size is slightly larger and in the range of
axis for MC and cooling cycle 1 for both cooling in air 400 to 500 um. The oxidation atmosphere has no
and cooling in an air/water vapor atmosphere. Only influence on the surface grain size.
singular cracks form and their orientation is parallel to The results of MC in terms of the formed surface
the bending axis. The depth of the formed cracks is up to cracks are shown in Figure 7 as a clear, representative,
0.5 pct (in relation to the sample thickness). The same and interpretable crack intensity map. In this evalua-
crack appearance and maximum crack depth can be tion, a white segment indicates a segment free of cracks,
seen for cooling cycle 2, utilizing an air/water vapor whereas yellow describes a segment with 1 to 5 cracks
cooling atmosphere. In an air atmosphere, crack for- and red with more than 5 cracks. A hatched segment
mation is tremendously increased for cooling cycle 2, represents a very high crack number within this segment
leading to partly formed networks and crack depths up and the formation of network cracks and crack clusters.
to I pct (see Figure 6(b)). For MC + Cu/Sn, pro- Figure 7(a) shows the crack intensity map of MC for
nounced network cracks are preferably formed around cooling cycle 1 in an air atmosphere. Most cracks are
the bending axis as it can be seen in Figure 6(c) for both formed at temperatures between 850 and 1000 °C in the
cooling in air and air/water vapor. With respect to the area of the bending axis. At 800 °C, 1050 °C, and
crack depth, significant differences were observed 1100 °C, the number of formed cracks is significantly
between those two cooling atmospheres. In an air reduced and more concentrated around the bending
cooling, the crack depth is up to 1.2 pct, whereas in an axis. Changing to cooling cycle 2 (see Figure 7(b)) leads
air/water vapor atmosphere, the crack depth is up to to a tremendous increase in crack formation, especially
2 pct. For MC and MC + Cu/Sn, the average surface at the temperatures 850 °C to 1050 °C. For 850 °C,
grain size in cooling cycle 1 is approximately 300 to 900 °C, and 950 °C, partly network cracks are formed

400 um. The influence of the bending temperature on
the austenite grain size is minor.!® For MC and cooling
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around the bending axis. At 800 °C and 1100 °C, the
crack formation is similar to the results of cooling cycle
1.

Figure 7(c) shows the crack intensity map of MC and
cooling cycle 1 in an air/water vapor atmosphere.
Compared to the air cooling, the crack formation is
less intense. However, the temperatures 850 °C, 900 °C,
and 950 °C are clearly identifiable as the temperatures
where most cracks are formed. At 1000 °C, crack
formation is noticeably reduced, whereas at 800 °C,
1050 °C, and 1100 °C hardly any cracks were formed.
Utilizing an air/water vapor cooling for cooling cycle 2
(see Figure 7(d)) basically leads to the same results as for
cooling cycle 1. Cracks are exclusively formed for the
temperatures between 850 °C and 1000 °C, whereas
800 °C, 1050 °C, and 1100 °C are almost free of cracks.

Figure 8(a) compares the total number of formed
cracks for MC with respect to the bending temperature
for both cooling cycles and oxidation atmospheres.
Irrespective of the cooling cycle, crack formation is most
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intense in an air atmosphere and especially distinct for
cooling cycle 2, where around 800 cracks were formed
for the bending temperatures 850 °C to 950 °C. Accord-
ing to Krobath ez al.,""! the maximum number of cracks
on the entire sample is set at 800, since a significant
differentiation of individual cracks is hardly possible for
numbers exceeding this limit. For cooling cycle 1, most
cracks are formed at 850 °C, counting up to 250. With
increasing bending temperature, the number of formed
cracks slightly decreases. At 800 °C and 1100 °C, hardly
any cracks are formed.

In an air/water vapor atmosphere, the number of
formed cracks hardly exceeds 100 cracks, irrespective of
the applied cooling cycle. For cooling cycle 2 and in
comparison to an air atmosphere, the number of formed
cracks is reduced by approximately 90 pct. At 800 °C,
1000 °C, 1050 °C, and 1100 °C, hardly any cracks were
formed for both cooling atmospheres.



Fig. 6—Crack formation around the bending axis: (¢) MC for cooling cycle 1; () MC for cooling cycle 2; (¢) MC + Cu/Sn for cooling cycle 1.
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Fig. 7—Visualization of the crack intensity map for MC: (a) cooling cycle 1 in an air atmosphere (Experimental data from “®); (b) cooling cycle
2 in an air atmosphere (Experimental data from ); (¢) cooling cycle 1 in an air/water vapor atmosphere; (d) cooling cycle 2 in an air/water

vapor atmosphere.

With respect to the critical strain for first crack
formation shown in Figure 8(b), the former described
relations are obvious. Within this diagram, the upper
limit of mechanically induced strain for straightening in
continuous casting (CC) is marked at 2 pct.2>%” For
cooling cycle 1, the lowest critical strain for first crack
formation is between 2.5 and 3.5 pct in the temperature
range 850 °C to 950 °C, respectively, 1000 °C in an air
atmosphere. Utilizing cooling cycle 2 in an air atmo-
sphere, the critical strain for first crack formation drops
in the temperature range of 850 °C to 900 °C below the
2 pct threshold value, whereas it is roughly 2 pct at
950 °C. In an air/water vapor atmosphere, the critical
strain is in the range of 4 pct or higher for the complete
temperature range.

Detailed investigations from the steel/scale interface
in the strain free zone show internal oxidation and
pronounced intergranular oxidation for cooling cycle 2
in an air atmosphere as shown in Figure 9.*! Based on

qualitative and quantitative analysis, the intergranular
oxidation is attributed to the low-melting fay-
alite-wustite eutectic. Those microdefects are formed at
high temperatures at the beginning of the cooling cycle
but still are present at lower temperatures in the later
stage of cooling. For 94 measured defects, the average
depth of those microdefects is roughly 16 ym with a
standard deviation of 5 ym.”) In an air/water vapor
atmosphere, no defects are observed. The same applies
to cooling cycle 1 where no intergranular oxidation was
observed in an air/water vapor atmosphere. The steel/
scale interface is uniform, which is exhibited in Fig-
ure 10. In the air atmosphere, only two intergranular
defects were observed.”’ However, due to the small
sample size, no statistical significance can be determined.

Compared to MC (see Figures 7(a) and (c)), the
addition of Cu and Sn (MC + Cu/Sn) significantly
enhances surface crack formation as can be seen in
Figure 11. The results are based on cooling cycle 1.

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 8—Results of the IMC-B test for MC for cooling cycle 1 and 2:

bending temperature..

Cooling in the air atmosphere slightly intensifies crack
formation at 800 °C, whereas at 1050 °C and 1100 °C,
hardly any differences to the MC grade are observed.
Pronounced crack formation can be observed in the
temperature range between 850 °C and 1000 °C and, in
contrast to MC, crack formation is most intense at
950 °C and 1000 °C where network cracks form. The
addition of water vapor in the cooling atmosphere
further intensifies surface crack formation over the
complete temperature range. For the temperatures
900 °C to 1050 °C, network cracks are formed around
the bending axis. At 950 °C and 1000 °C, surface cracks
appear almost over the entire sample surface.

The total number of formed surface cracks and the
respective critical strain are shown Figures 12(a) and (b).
For a better comparison, the results of MC are also
visualized in those diagrams. As mentioned, the addition
of Cu and Sn intensifies surface crack formation,
especially in the temperature range of 950 °C and
1000 °C. In an air atmosphere, the total number of
cracks is higher than 800, but to improve visualization it
was capped there in the diagram following Krobath
et al Nevertheless, at 800 °C, 1050 °C, and 1100 ° C,
hardly any differences can be observed in terms of
formed cracks. A markedly different situation arises if
the cooling is performed in an air/water vapor atmo-
sphere. Except for 1100 °C, crack formation is signifi-
cantly increased over the complete temperature range,
especially distinct for 850 °C, 900 °C, and 1050 °C.

Similar trends can be observed for the critical strain.
In the air atmosphere, the critical strain drops to values
below 2 pct in the temperature range 900 °C to 1000 °C,
especially distinct at 1000 °C, where it is below 1 pct. At
800 °C, 1050 °C, and 1100 °C, the critical strain stays
well over 2 pct. The addition of water vapor in the
cooling atmosphere results in a drop of the critical strain
below 2 pct in a temperature range from 850 °C to
1050 °C and below 1 pct in the temperature range

900 °C to 1000 °C. Only for 800 °C and 1100 °C it stays
high.
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temperature [°C]

(a) total number of cracks vs. bending temperature; (b) critical strain vs,

Investigations of the steel/scale interface revealed
Cu-rich agglomerates at the interface and within the
surface area of the steel, as can be seen in Figure 13.1°
Albeit small in size, the effect of those Cu-rich phases on
surface crack formation is enormous. A more detailed

view of those Cu-rich phases is given within the next
chapter.

B. Simultaneous Thermal Analysis

Detailed investigations of the appearing oxidation

phenomena in the IMC-B test were performed by
simultaneous thermal analysis. Figure 14 illustrates the
mass gain and temperature profile of MC for both
cooling cycles and cooling atmospheres and is based on
Figures 5(a) and (d). Red represents cooling cycle 2 and
black displays cooling cycle 1. Based on mass gain, it is
obvious that the higher temperature of cooling cycle 2
leads to stronger oxidation compared to cooling cycle 1.
Furthermore, it is clear that the presence of water vapor
enhances oxidation, especially during cooling in the later
stage of the oxidation experiment, representing lower
temperatures. The overall mass gain for cooling cycle 1
is in the range of roughly 16 to 21 mg cm 2, whereas for
cooling cycle 2 it is in the range of approximately 31 to
36 mg cm 2. The lower value represents cooling in an
air atmosphere. Independent of the cooling cycle and
cooling atmosphere, the mass gain is linear in the
high-temperature region. Further cooling decreases the
oxidation rate significantly, especially in the air atmo-
sphere. Due to the earlier cooling in cooling cycle 1, the
transition toward parabolic oxidation is earlier than for
cooling cycle 2.

Within this diagram, a temperature of 1150 °C is
marked representing the temperature where according
to a former publication*? (based on oxidation experi-
ments) and Liu ez al.l'” (based on Differential Scanning
Calorimetry experiments), the fayalite-wustite eutectic is
still liquid and may form distinct intergranular oxida-
tion as shown in Figure 9. By comparing the mass gain
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Fig. 10—Steel/scale interface of MC in an air/water vapor
atmosphere.

to the point where the temperature goes below 1150 °C,
using the overall mass gain it can be stated that for
cooling cycle 1 in an air atmosphere roughly 50 pct of
the mass gain has already occurred in the first stage
where intergranular oxidation may form. For cooling
cycle 2 in an air atmosphere it is even higher with
approximately 90 pct. The results for cooling cycle 2

clearly indicate that the possibility of already-formed
intergranular oxidation being removed due to further
scaling is small. Furthermore, locally formed scale
detachments are likely to happen in an air atmosphere,
preserving the high-temperature condition of the inter-
face. A metallographic cross section of such conditions
is given in Figure 15. The average depth of intergranular
oxidation is in the range of 18 um with a standard
deviation of 8 um and therefore similar to the results of
the IMC-B test.”!

Differences can be seen for the air/water vapor
atmosphere where the oxidation is significantly stronger
in the later stage (see Figure 14). The intergranular
oxidation is weakened or in the best case completely
removed due to scaling. The scale layer is in contact with
the steel substrate. Figures 16(a) and (b) show the
condition of the steel/scale interface for both cooling
cycles in an air/water vapor atmosphere. For cooling
cycle 1, no intergranular oxidation was formed, whereas
for cooling cycle 2 last traces of intergranular oxidation

METALLURGICAL AND MATERIALS TRANSACTIONS B



no cracks 1to 5 cra

in the segment

20 mm D

in the segment

cks 5< cracks

in the segment

high number of cracks
network cracks / crack cluster

T, =800 °C T, =850 °C T, =900 °C
|

(a)

bending axis bending axis bending axis

(b) — -

T, =950 °C

T, =1000 °C T, =1050 °C T, =1100 °C

bending axis

bending axis bending axis bending axis

Fig. 11—Visualization of the crack intensity map for MC + Cu/Sn and cooling cycle 1: (a) air atmosphere (Experimental data from ©); (b) air/

water vapor atmosphere.

01— == 7
a T T T e b T T T T T T T
@ u A E, -~ a_ (b) B MC (ain)® o

1004 N A A A [ i T - A | A MC (air/water vapor) ]

Ao, I Ehaa ' N O MC+Cu/Sn (air)® A =]

200 ) Yo b ! ' i /A MC+Cu/Sn (air/water vapor)
= Lo CB-MC (ainy® .51 s -
% 300 U m A MC (air/water.vapor) i §
o ! Seo -0 - MC+Cu/Sn (air)® = 4 i
£ \ > o - A~ MC+Cu/Sn (air/water vapor)| — | |
5 400 \ . ; ; - g o A

'

Xx H \ . , 0 3. n 2 = .
© 500 \ \ ! E = u
[+ A \ " ! = suz oo
1\ > \ 1 o Upper strain limit for CC
© \ \ ! ! 2= e R e e G R e e = o]

600 \ \ I’ A 1 o A

\\ ‘\ Y , [u]
700 % N 5 ot ] th a o ]
\ \ 1, ¢
\ \ i A A
800 1 Aec oy 7Y ] 0
T _a

. : a T r
800 850 900 950 1000 1050 1100
temperature [°C]

800 850 900 950 1000 1050 1100
temperature [°C]

Fig. 12—Results of the IMC-B test for MC and MC + Cu/Sn for cooling cycle 1: (a) total number of cracks vs. bending temperature; (b) critical

strain vs. bending temperature..

25 pym,

Fig. 13—Cu phases at the interface and alon% grain boundaries for
MC + Cu/Sn at 1000 °C and cooling cycle 1. (Reproduced under
the CC-BY 4.0 license).

are visible. The average depth is reduced to roughly
10 um. Figure 16(c) shows a detail of the interface of
cooling cycle 2. It is obvious that the former intergran-
ular oxidation depth (dark gray region) is reduced due
to the ongoing scaling in the later stage. The original
depth is marked with red dashed lines. To further
outline this mechanism, Figure 17 qualitatively illus-
trates the loss of intergranular oxidation depth due to
scaling with quantitative area analyses.
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Investigation for MC + Cu/Sn and cooling cycle 1
shows (see Figure 18) that for a bending temperature of
900 °C, the overall mass gain ranges from 18 to
23 mg cm 2, which is similar to MC. Increasing the
final bending temperature to 1000 °C and 1100 °C rises
the mass gain significantly in the presence of water
vapor up to 29, respectively, 45 mg cm 2. However, air
cooling shows only minor differences as the overall mass
gain hardly exceeds 20 mg cm 2.

Figure 19 illustrates the steel/scale interface for all 3
investigated temperature cycles and Figure 20 presents
the quantitative spectrum analysis of the Cu-rich phases.
The focus is set on cooling in an air/water vapor
atmosphere as those samples show no scale detachment,
which may influence the interpretation. At all temper-
atures, the enrichment of Cu at the steel/scale interface is
evident. Additionally, Cu-rich phases are clearly identi-
fiable along surface-near grain boundaries, with higher
oxidation temperatures slightly promoting their forma-
tion. Besides the Cu phases in the close vicinity of the
grain boundaries at the steel/scale interface, isolated
copper phases can also be seen at some distance from
the surface, mostly close to oxide particles (see Fig-
ure 19(c)). An enrichment of Cu at the grain boundaries
without the formation of Cu-rich phases is also
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apparent. The composition of the Cu-rich phases can be
summarized as follows: Cu concentrations range from
80 to 85 wt. pct, Sn from 6 to 9 wt. pct, Fe from 6 to
10 wt. pct, and the concentration of Ni is approximately
1 to 2 wt. pct.

IV. DISCUSSION

A. Intergranular Oxidation and Surface Crack
Formation

For the investigated steel grade and cooling cycles,
intergranular oxidation is attributed to the presence of
the low-melting fayalite-wustite eutectic. Different cool-
ing cycles and oxidation atmospheres lead to varying
interface conditions for the subsequent bending opera-
tion. In cooling cycle 1, intergranular oxidation is hardly
visible, as the stripping temperature of 1180 °C is in the
range of the melting point of the low-melting eutectic in
the binary FeO-SiO, system. However, based on Liu
et al" and Gaiser et al.,** the eutectic may be liquid at
approximately 1150 °C, suggesting the possibility of
intergranular oxidation in the initial cooling stage.
Under air cooling, a few small intergranular defects
were observed, but their low depth and occurrence make
them statistically insignificant, so no mean value is
reported in this publication. These small remnants are
most likely caused by localized scale detachments, which
preserve the initial high-temperature state of the steel/
scale interface (as exemplified in Figure 15). In the
presence of a dense scale, the oxidation medium cannot
reach the sample surface and therefore the ongoing
oxidation of iron involves the transport of iron cations
through the scale,'®’l however, they cannot diffuse across
a gap, thereby maintaining the interface condition. In an
air/water vapor atmosphere, no intergranular oxidation
was observed.

For cooling cycle 2 under an air atmosphere, the
entire austenite grain boundaries on the surface are
covered with intergranular oxidation due to the high
temperatures of 1200 °C or higher in the initial cooling
profile. As a result, scale detachments and the generally
low oxidation rate at lower temperatures preserve the
high-temperature interface conditions until bending.
Notable differences arise in the presence of water vapor.
Water vapor is well known for enhancing external
oxidation and the avoidance of scale detachments.[** 4%
Consequently, as external oxidation is increased in the
later stages of the experiment, where the fayalite-wustite
eutectic is solid, the intergranular oxidation is gradually
consumed due to scale formation (see Figures 14 and
17). Experiments using STA confirmed these trends and
validated the results of the bending samples. As a result,
the preservation of the high-temperature interface state
is unlikely, as iron ions can continuously diffuse to the
reaction zone, leading to a continuous degradation of
the steel surface. In the presence of water vapor,
respectively, a stronger external oxidizing environment,
the balance between intergranular oxidation and exter-
nal oxidation shifts more toward external oxidation. In
contrast, during air cooling and the lower external
oxidation, intergranular oxidation may be more
dominant.

For both cooling cycles, it is obvious that the presence
of air or air and water vapor hardly influences the initial
linear oxidation. Therefore, it can be concluded that
oxidation is mainly controlled by the presence of oxygen
from the air atmosphere. Those findings are similar to
the results of a former publication with isothermal
oxidation experiments.[**!

In terms of surface crack formation, the differences
for cooling cycle 1 between the air and air/water vapor
are minor, which was expected. The critical strain for
first crack formation stays similar around 3 pct and it is
defined by the formation of AIN precipitates in the
temperature range of 850 °C to 950 °C (1000 °C).!"--48]
The slightly reduced crack formation for the air/water
vapor atmosphere may be attributed to the fact that rare
events, such as scale detachments occurring in the air
atmosphere and preserving the high-temperature state of
the interface, are not observed for the air/water vapor
atmosphere. Therefore, there is no pre-existing inter-
granular oxidation that would favor the formation of
surface cracks. With respect to continuous casting, such
conditions can be considered uncritical. For cooling
cycle 2 in an air atmosphere, the presence of intergran-
ular oxidation significantly increases surface crack
formation, particularly in a temperature range where
surface ductility is already diminished. At 850 °C to
950 °C, the critical strain drops to values below 2 pct.
Given that mechanical strain during straightening can
reach up to 2 pct,’”% this presents a critical risk for
surface defect formation in continuous casting. The
increase in crack formation is attributed to stress
concentration at microdefects during subsequent
mechanical loading.”) However, the results are strongly
dependent on the cooling profile. At temperatures where
surface ductility remains high, intergranular oxidation
has little impact on crack formation.l"? In an air/water
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Fig. 16—Interface appearance of MC in an air/water vapor atmosphere: (a) overview for cooling cycle 1; (b) overview for cooling cycle 2; (¢)
detail of the interface for cooling cycle 2 with the marked original depth (red dashed lines) of the former intergranular oxidation depth.

vapor atmosphere, no increased crack formation was
observed due to the absence of intergranular oxidation.
In fact, crack formation was similar to that of cooling
cycle 1 and even slightly reduced. Nevertheless, the
temperature range of 850 °C to 950 °C remains the most
critical for surface crack formation due to AIN precip-
itation."**! The differences in grain size for the two
cooling cycles examined are minor, which suggests that
intergranular oxidation is the main influencing factor for
the investigated steel grade and experimental parame-
ters. This further highlights the crucial interplay between
external oxidation and intergranular oxidation and how
the oxidation atmosphere may affect crack formation.

B. Tramp Elements and Surface Crack Formation

For all three final temperatures, the mass gain is
identical at the beginning of the cooling profile until a
temperature of roughly 1120 °C. At this temperature,
the oxidation rate decreases noticeably in an air atmo-
sphere, most likely attributed to scale detachments. As a
consequence of the interrupted Fe ion transport path,
the mass gain between 900 °C, 1000 °C, and 1100 °C
remains comparable. In the presence of water vapor,
external oxidation is intensified.”® **' However, the
effect depends on the temperature, as for 900 °C only
minor differences may be observed between air and air
water vapor. For 1000 °C, the effect of water vapor is
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noticeably stronger, whereas it is most distinct at
1100 °C. This may be attributed to different aspects.
Firstly, the diffusion of Fe ions through the scale is
higher at elevated temperatures and secondly, the
general kinetics are accelerated. Building upon the first
two points, it is easier to counteract the formation of
localized scale detachments at higher temperatures.
Especially for 1100 °C, it can be clearly seen that the
oxidation rate decreases markedly but increases again
with prolonged oxidation time, which is attributed to a
closed scale detachment and therefore a higher outward
diffusion of Fe ions is maintained.

Due to their low affinity to oxygen, Cu and Sn enrich
during oxidation along the steel/scale interface or along
surfaces near grain boundaries. If the solubility limit is
exceeded, a separate Cu-rich phase is formed. According
to O'Neilll®? and based on the correlation between
enrichment due to oxidation and back-diffusion of
enriched Cu into the matrix, the temperature range
between 1050 °C and 1150 °C should be considered as
most critical for the formation of Cu-rich phases.
Nevertheless, it strongly depends on the respective
parameters. The results in this publication show that
an increasing bending temperature (enhancing external
oxidation) favors the formation of Cu-rich phases at the
steel/scale interface. However, around surface-near
grain boundaries, the differences are minor.
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Fig. 17—Reduction of intergranular oxidation depth of MC due to
scaling with chemical analysis of the appearing phases.

The concentration measurement indicates that the
Cu-rich phase is enriched with Sn and Fe. Based on
calculations with FactSage 8.3'% (Database: SGTEa
2020) the solidus temperature of the measured phases
(see Figure 20) is in the range of 870 °C to 900 °C,
indicating that they may be most likely in (partly) liquid
state during bending. Furthermore, Bernhard er al.”
identified for the system 80 wt. pct Cu, 10 wt. pct Sn,
and 10 wt. pct Fe via Differential Scanning Calorimetry
and High-Temperature Laser Scanning Confocal Micro-
scopy that the calculated solidus temperature in
FactSage is ~ 30 °C higher compared to the measured
ones, suggesting that at the moment the underlying
database cannot replicate the reality with sufficient
accuracy. This further favors the statement of partially

liquid phases at the grain boundaries during bending
and provides a clear explanation for the increased crack
formation in the range from 900 °C (850 °C) to 1000 °C.
Since the grain size between MC and MC + Cu/Sn is
practically identical, the increased defect formation is
solely attributable to those phases.

Based on the results of FactSage it can be expected
that for the given composition, the Cu-rich phases are in
the solid state at 800 °C. Therefore, and in combination
with the overall better ductility at this temperature, the
crack formation is only slightly increased in relation to
MC. Based on the results of the concentration measure-
ments in this study and the findings of Bernhard et al.l”’
regarding the accuracy of the thermodynamic database,
it can be assumed that the first copper phases are
partially liquid at 850 °C, thus promoting defect forma-
tion especially for the air/water vapor cooling. The
improved ductility at the bending temperature of
1100 °C is likely due to a combination of factors rather
than a single dominant mechanism. Firstly, the ductility
of MC 1is generally excellent at this temperature.
Secondly, at elevated temperatures, both the solubility
of Cu in austenite and the back-diffusion of Cu and Sn
increase.['*!5-64%31 Additionally, higher oxidation tem-
peratures may promote the direct entrapment of Cu-rich
particles within the oxide scale,*¥ although this is
mainly stated for temperatures in the range of
1200 °C.[19:21:22.28:441 Aq g result, the enrichment of Cu
and Sn during oxidation, respectively, the amount of
Cu-rich phases, appears to be insufficient to significantly
promote crack formation at this temperature. Based on
a former publication by the authors,?"! a Cugq of around
0.5 wt. pct (based on Eq. [1]) is necessary to consider-
ably promote surface crack formation at 1100 °C. In
summary, it can be concluded that the detrimental effect
of low-melting Cu-rich phases is particularly severe
when combined with other negative factors, such as
precipitation processes (AIN for the investigated steel
grades).!"***) However, based on the result from MC +
Cu/Sn at 1050 °C in an air/water vapor atmosphere and
the results from a former publication,*” precipitation
processes do not necessarily have to occur to promote
surface cracking caused by low-melting Cu-rich phases.

Comparing the results of the IMC-B test, it becomes
evident that the stronger oxidation in the air/water
vapor atmosphere has extended the ductility trough to
lower and higher temperatures and further shifted its
trend toward lower strains. Similar observations regard-
ing oxidation and deformation have been reported by
Wolf and Schwabe,?”! Kunishi§e et al.*® Hatano
et al. ! and Shibata er al®®" They identified an
increased severity of cracking due to Cu-rich phases
with higher water vapor content or external oxidation.
Investigations by Burden er all°”! indicated stronger
crack formation in Cu-alloyed steel when spray water
was applied to the sample surface before deformation.

Studies by Chen er al.** and Sampson ez al.,"** solely
on oxidation experiments without any accompanying
deformation, identified a positive effect of water vapor.
It facilitated the entrapment of Cu-rich metal agglom-
erates in the scale, thereby reducing Cu-rich phases at
the interface. Based on this, Sampson et al.** concluded
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Fig. 18—Mass gain for MC + Cu/Sn and cooling cycle 1 in different cooling atmospheres: (a) air atmosphere; (b) air/water vapor atmosphere.
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Fig. 19—Appearance of the steel/scale interface for MC + Cu/Sn for cooling in an air/water vapor atmosphere: (@) T, = 900 °C; (b)

Ty = 1000 °C; (¢) Ty = 1100 °C.

a lower risk of hot shortness. On the other hand, Webler
et al ¥ identified for their oxidation experiments a more
pronounced penetration of Cu-rich phase along the
grain boundaries in the presence of water vapor. As the
oxidation kinetics between air and air/water vapor were
similar for their experiments, the authors argued that
this is due to the better scale adherence in the presence
of water vapor and, therefore, a lower stress state at the
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steel/scale interface, resulting in more favorable condi-
tions for Cu penetration. In addition to the increased
external oxidation in the presence of water vapor, and
consequently the increased enrichment of Cu and Sn, the
more pronounced formation of surface cracks and the
higher measured crack depth compared to an air
atmosphere may also be explained by the observations
by Webler er al.*’)
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Fig. 20—Quantitative spectrum of Cu-rich phases from MC + Cu/Sn: (a) T, = 900 °C; (b) Ty, = 1000 °C; (¢) T, = 1100 °C.

V. CONCLUSION AND OUTLOOK

Within this publication, two different medium-carbon
construction steels with and without Cu and Sn
(0.15 wt. pct Cu and 0.01 wt. pct Sn) were investigated
with a focus on the interplay between external and
intergranular oxidation and the formation of low-melt-
ing Cu-rich phases. The investigations were performed
by means of the in-situ material characterization by
bending test (IMC-B) and simultaneous thermal analysis
(STA). The steels were tested for different cooling cycles
and atmospheres to favor different oxidation mecha-
nisms. A dedicated focus was on the presence of water
vapor in the oxidation atmosphere. The following
results can be highlighted:

e If the oxidation temperature is sufficiently high,
intergranular oxidation is favored due to the infiltra-

tion of austenite grain boundaries by a Si-enriched
oxide phase, which can be attributed to the

low-melting fayalite-wustite

eutectic.

Increasing

external oxidation during the later cooling stage by
introducing water vapor into the atmosphere leads to
a significant reduction in both the depth and fre-
quency of intergranular oxidation. The intergranular
oxidation formed at high temperatures is continu-
ously consumed by the ongoing scaling. A cooling
cycle that begins near the eutectic melting point rarely
leads to intergranular oxidation due to the short
duration spent in the critical temperature range.

Intergranular oxidation promotes crack formation
during subsequent bending, particularly in the tem-
perature range of 850 °C to 950 °C, where ductility is
already low. These small microdefects serve as nuclei
for crack growth, reducing the strain required for the
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first crack formation below 2 pct. In the absence of
intergranular oxidation, no increase in crack forma-
tion is observed. The presence of water vapor reduces
surface crack formation compared to a pure air
atmosphere and for both cooling cycles 1 and 2, the
critical strain for first crack formation is in the range
of 3 pct or higher.

e The presence of Cu and Sn results in an enrichment of
these elements during oxidation due to their low
affinity to oxygen. The ongoing enrichment during
scaling favors the formation of low-melting Cu-rich
phases at the steel/scale interface and at surface-near
grain boundaries. From a thermodynamic perspec-
tive, these Cu-rich phases are inherently low melting.

e Surface crack formation is significantly increased in
the presence of Cu and Sn. Cooling in an air atmo-
sphere exacerbates crack formation between 850 °C
and 1000 °C. The additional presence of water vapor
notably broadens the ductility trough toward both
lower and higher temperatures, while also reducing
the strain values at which the first cracks appear. In
both cooling atmospheres, the most critical tempera-
ture range for surface crack formation is between
900 °C and 1000 °C, where the critical strain is as low
as 1 pct or even lower. However, at 1100 °C, minor
effects of Cu and Sn on crack formation were de-
tected. The experimental findings demonstrate that
applying dry cooling in the continuous casting process
(where applicable) could yield significant process
benefits for steels containing Cu and Sn.

e Summing up, this study found that the presence of
water vapor can have both positive and negative ef-
fects on surface crack formation in continuous cast-
ing, depending significantly on the specific steel
composition. Regarding intergranular oxidation, in-
creased external oxidation contributes to minimizing
internal and intergranular oxidation processes,
thereby reducing potential nuclei for surface defect
formation in subsequent processing steps. However,
in the presence of Cu and Sn, which are not readily
oxidized due to their low affinity for oxygen, en-
hanced external oxidation in the presence of water
vapor promotes their enrichment, consequently
increasing the risk of defect formation. This investi-
gation and its results represent a groundbreaking
advancement in the field of continuous casting, as
oxidation processes have largely been overlooked
until now. However, the findings indicate that these
processes can play a critical role in the formation of
surface defects during straightening in continuous
casting. Consequently, the results offer a valuable
foundation for steel manufacturers and serve as a
solid basis for future research in this area.
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