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Abstract: Surface defects are a critical indicator of semi-fin-
ished product quality, with the elements Cu and Sn exerting
a significant influence through the phenomenon known as
hot shortness. The present study quantifies the defect sen-
sitivity caused by Cu and Sn for three different steel grades
under continuous casting conditions using the In-situ Ma-
terial Characterization by Bending (IMC-B) test. Building on
this, purposefully pre-damaged samples were subjected to
reheating under process-related conditions within a natu-
ral-gas combustion atmosphere. The objective is to inves-
tigate how surface defects from the casting process evolve
depending on their initial depth and the selected final re-
heating temperature. Finally, metallographic analyses al-
low for a correlation between the initial defect depth and
the surface morphology after reheating.

Keywords: Continuous casting, Tramp elements, Surface
crack formation, IMC-B, Reheating

Prozesskettensensitivitaten bei der umweltfreundlichen
Stahlproduktion: Auswirkungen von Spurenelementen
auf das GieRRen und das Wiedererwarmen

Zusammenfassung: Oberflachenfehler sind ein entschei-
dender Indikator fir die Qualitdt von Halbzeugen, wobei
die Elemente Cu und Sn durch das als Hot Shortness be-
kannte Phanomen einen erheblichen Einfluss ausliben.
Die vorliegende Studie quantifiziert die Defektsensitivitat
durch Cu und Sn fir drei unterschiedliche Stahle mittels
dem In-situ Material Characterization by Bending (IMC-B)
Test. Darauf aufbauend erfolgt an gezielt vorgeschadig-
ten Proben eine Wiedererwarmung unter prozessnahen
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Bedingungen in einer Erdgasverbrennungsatmosphare
mit dem Ziel, die Veranderung von Oberflachendefekten
in Abhangigkeit ihrer Anfangstiefe und der gewahlten
Wiedererwarmungsendtemperatur zu untersuchen. Me-
tallographische Analysen ermdglichen abschlieBend die
Korrelation zwischen der anfanglichen Defekttiefe und der
Oberflachenmorphologie nach der Wiedererwdarmung.

Schliisselworter: Stranggiel3en, Spurenelemente,
Oberflachendefektbildung, IMC-B, Wiedererwarmung

1. Introduction

The transformation of steel production towards a more cir-
cular economy inevitably leads to an increased use of steel
scrap. In certain cases, this may result in an increased con-
tent of undesirable tramp elements (particularly Cuand Sn),
while remaining within the limits required to guarantee the
mechanical and technological properties of the final prod-
uct. Due to technical and economic limitations, these el-
ements can hardly be removed in the metallurgical pro-
cess, which may have a massive impact on subsequent
process steps such as continuous casting, reheating, and
hot rolling. The negative effects of Cu and Sn with regard
to the formation of low-melting phases and the resulting
surface defects are well documented and described [1-5].
To summarize it briefly, while Fe oxidizes and forms scale,
elements with a lower affinity to oxygen like Cu and Sn ac-
cumulate at the interface between steel and scale and at
the surface near austenite grain boundaries. If the accu-
mulation exceeds the solubility limit, (partly) liquid Cu-rich
phases form. These significantly promote the formation of
surface defects in subsequent processes, a phenomenon
known as hot shortness. However, defects are not uniform
in their impact as their effect on product quality depends
largely on their point of origin. While casting defects may
be eliminated during the reheating phase, those introduced
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TABLE 1
Chemical composition of the investigated steel grades

Steel Chemical composition [wt.%]

C Si Mn Al Cu Sn Ni Fe
TRIP 0.23-0.25 0.55-0.65 2.20-2.30 0.70-0.80 0.15 0.01 <0.015 Bal.
mMcC 0.16-0.18 0.35-0.45 1.50-1.60 0.025-0.035 0.15 0.01 <0.007 Bal.
MC (Si-free) 0.16-0.18 <0.005 1.50-1.60 0.025-0.035 0.15 0.01 <0.004 Bal.

during the rolling process inevitably result in quality issues
on the semi-finished product.

This contribution aims to clarify how surface defects that
have already developed during continuous casting affect
subsequent reheating and descaling. The goal is to eval-
uate the surface condition before hot rolling and to define
critical defect sizes from casting, which may lead to quality
problemsinthe subsequentrolling steps. A particular focus
is placed on the influence of the Si content. The experimen-
tal investigation in this study is carried out in two stages.
First, crack formation is investigated using the In-situ Ma-
terial Characterization by Bending (IMC-B) test. To ensure
a distinctive defect formation, the investigated steels con-
tain Cu and Sn [5]. Second, samples with defects from the
IMC-B test are subjected to oxidation experiments under
process-near reheating cycles to analyze in detail the inter-
action between cracks and scaling.
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Fig. 1: Investigated cooling cycle

2. Experimental

The focus in this investigation is set on three different steel
grades with moderate additions of Cu and Sn. The chem-
ical composition is summarized in Table 1. P, S, and N are
below 100, 40, and 60 ppm, respectively. The TRIP steel
is micro alloyed with 0.02wt.% Ti and Nb. MC represents
a medium carbon construction steel, whereas MC (Si-free)
corresponds to the same steel grade but without Si.

Inthefirst part of this investigation, samples with surface
defects were produced using the IMC-B test. The advantage
of the IMC-B test is that, due to the oxidizing conditions pre-
vailing in the experiment, it exhibits high sensitivity to the
tramp elements Cu and Sn [5]. Therefore, it can reliably
produce defects, which is the prerequisite for the second
part of this study. A detailed description of the IMC-B test
can be found in previous publications [4-6]. The cooling
cycle applied in this study is shown in Fig. 1 and focuses on
bending at 1000°C to ensure a distinct defect formation [5].
The experimental parameters are summarized in Table 2.
After the experiment the samples were slowly cooled to
room temperature, descaled with diluted citric acid, and in-
vestigated for surface cracks in the strain-influenced area
(crack distribution, morphology and depth) via a digital mi-
croscope (Keyence VHX7000). Also, the critical strain for
first crack formation is defined. Those samples serve as
a reference for the second part of the investigation in this
study.

In the second part of this investigation, samples with de-
fects from the IMC-B test were cooled to room temperature
and then directly reheated (6°C min~') under a combustion
atmosphere (A~ 1.11; 2vol.% Oz, 9vol.% CO», 18vol.% H»0,
71vol.% N3) to either 1100 or 1200°C and kept there for
120 min. In order to be as close to the real casting and re-
heating process as possible, descaling is omitted between
the IMC-B experiment and the reheating. After reheating,
the samples were cooled to room temperature under ambi-
ent air. The applied reheating cycle is shown in Fig. 2. The
samples were then descaled with diluted citric acid and in-
vestigated for any remaining surface defects and compared
to the reference samples from part 1.

TABLE 2
Cooling and bending parameters

Mold cooling [s] T after mold [°C] t after holding [s]  t after cooling [s] = Bending temperature [°C]

~45 ~1180 160 580 1000

t bending start-end [s] ~ Maximum strain [%]  Strain rate [s”'] Atmosphere

700-950 ~13 4.7¥10™ Air or air +55+ 5vol.% water vapor
(1000 after unloading)
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Fig. 2: Investigated reheating cycles

3. Results and Discussion

3.1 In-situ Material Characterization by Bending
(IMC-B)

The results of the IMC-B test in terms of the formed sur-
face cracks are shown in Fig. 3 as a representative and in-
terpretable crack intensity map where the area on the left
and right of the bending axis is divided into eight equally
sized sections, each containing four segments. In this eval-
uation, a white segment indicates a segment free of cracks,
whereas yellow describes a segment with one to five cracks
and red with more than five cracks. A hatched segment rep-
resents a very high crack number within this segment and
the formation of network cracks and crack clusters. All three
steels exhibit pronounced crack formation and a preferred
formation of network cracks. Nevertheless, it is obvious
that the TRIP steel shows a more favorable behavior than
MC or MC (Si-free). The critical strain for first crack forma-
tion is around 1.5% for the TRIP steel, and below 1% for MC
and MC (Si-free). Based on the literature [7, 8], the upper
limit of mechanically induced strains for straightening is in
the range of 1 to 2%. Therefore, all three steels should be
considered critical for surface defect formation under the
given parameters.

Fig. 3: Crackintensity map and
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Fig. 5: Depth of formed surface defects with respect to the distance to the
bending axis

Figure 4 illustrates the appearance of the sample sur-
face with respect to the distance to the bending axis. As
the applied strain on the sample surface decreases with
increasing distance to the bending axis, cracks formation
changes significantly over the sample surface. In a dis-
tance of 35 to 40mm (section 1) to the bending axis, no
cracks were formed for the TRIP steel, for MC first singu-
lar cracks can be noticed, whereas for MC (Si-free), beside
singular cracks, also first network cracks appear. Lower-
ing the distance to the bending axis to 25 to 30 mm (sec-
tion 3) intensifies cracks formation for all three steels. Now
the first singular defects were also evident for the TRIP
steel. For MC and MC (Si-free) preferred network cracks
were formed. Further reducing the distance to bending axis
down to 10 to 15mm (section 6) respectively 0to 5 mm (sec-
tion 8) strengthens crack formation significantly for all three
investigated steels. However, it is obvious that TRIP shows
the best and MC (Si-free) the worst behavior.

Figure 5 illustrates the average and max. crack depth for
the three investigated steels. In each section the deepest
ten cracks were measured. Itis obvious that a higher strain
(lower distance to the bending axis) increases the depth of
formed cracks. For MC (Si free) cracks with a depth of up to

1500 um were documented in the area of the bending axis,
whereas it drops to roughly 800 ym for MC and 600 um for
TRIP. For MC and MC (Si-free) the differences can be clearly
attributed to the presence of Si. Based on oxidation exper-
iments, Si is known to counteract the negative effects of
Cu-rich phases as it favors the entrapment of Cu-rich par-
ticles directly into the scale. However, this effect is mostly
associated with temperatures in the range of 1150°C and
above [9, 10]. As the stripping temperature of the sample
after the mold is roughly 1180°C, the time frame, where the
sample has atemperature high enough for this mechanism
to take effect, is only a few seconds. Thus, the influence
is noticeable but limited. For the TRIP steel the interpre-
tation cannot be solely attributed to the higher presence
of Si as it also differs for other alloying elements such as
for example Al. As the TRIP steel is micro-alloyed, smaller
grains are present on the sample surface, which may re-
duce the amount of Cu-rich phases at the grain boundaries
and therefore leading to a reduction of the depth of formed
surface cracks [11].

3.2 Reheating of IMC-B Samples

Figure 6 shows the scale layer thickness after the reheating
of 1100 and 1200°C. The layer thickness is in the range of
1.5mm for 1100°C and up to 2 respectively 3mm for 1200 °C.
Independent of the final reheating temperature, MC (Si-
free) shows the thickest scale. Scale detachments are visi-
ble, particularly for MC and TRIP, while the layer for MC (Si-
free) is continuous.

Compared to the surface of the reference experiments
(see Fig. b), clear differences can be detected after the re-
heating tests. No surface defects can be seen on the TRIP
steel for either reheating to 1100 or 1200°C (see Fig. 7atod
and Fig. 8a to d). The surface is smooth with no noticeable
roughness. For MC no traces of former defects can be iden-
tified for reheating to 1200°C (see Fig. 8e to h). The same
applies for reheating to 1100°C, except for the area of the
bending axis, (see Fig. 7e to h). Around the bending axis,
a surface roughness with depths of up to 0.7 mm is notice-
able, representing the remains of larger cracks. Apparently,
the increased scaling of approximately half a millimeter at

Fig. 6: Scale layer thickness after reheating for TRIP (aand d), MC (b and e) and MC (Si-Free) (candf): ato ¢ 1100°C;dtof 1200°C
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Fig. 7: Appearance ofthe
sample surface after reheating
at1100°C for the three investi-
gated steels with respectto the
distanceto the bending axis:
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1200°C was enough to remove the last traces of former
cracks. Oxidized grain boundaries with a depth of around
30um can be found across the entire surface for TRIP and
MC, with a more intense formation for reheating to 1200°C.

A different situation arises for MC (Si-free) (see Fig. 7i
to | and Fig. 8i to I). The surface is without defects in
sections 1 to 4, however a significant surface roughness
due to the remains of bending cracks can be observed
for sections 5 to 8. The roughness is partly more than
1mm, which is practically identical to the maximum mea-
sured crack depth in the reference experiments (see Fig. 5).
Furthermore, scale residues can still be detected at the base
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gated steels with respectto the
distance to the bending axis:
atod TRIP;etohMC;itoIMC
(Si-free)

Section 1
(35 to 40 mm)

Section 3
(25 to 30 mm) -

Section 3
(25 to 30 mm)

bending axis

Section 6
(10 to 15 mm)

Section 8
(0 to 5 mm)

1110

[‘W"‘]

of these former cracks. Therefore, it can be concluded that
descaling a rough surface is more difficult than descaling
smooth surfaces, since the descaling time was the same
for all samples and sections.

For TRIP and MC, isolated Cu phases can be discov-
ered on the surface, while the entire surface of MC (Si-free)
is covered with them. Compared to reheating at 1100°C,
Cu-rich phases are noticeable at the sample surface, but
their intensity is reduced, which can be attributed to the
higher temperature and the preferred entrapment of Cu-
rich phases directly into the scale [12]. For both reheating
temperatures, the higher tendency for the formation of Cu-

bending axis

Section 8
(0to 5 m) I

Section 6
(10 to 15 mm) )
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rich phases at the steel surface in the absence of Si aligns
well with literature [10].

Based on the results of the crack depth measurement
taken after the bending test (see Fig. 5) and the location of
surface roughness after reheating, a critical defect depth
prior reheating of approximately 0.8 to 1 mm for reheating
to 1100°C and around 1 to 1.5mm for reheating to 1200°C
can be estimated. Defects exceeding this size pose an in-
creased risk of remaining on the surface and affecting sub-
sequent processes, whereas smaller defects can be consid-
ered virtually uncritical as they will be completely removed
by scaling.

4. Conclusion and Outlook

Allthree examined steels show a high tendency to form sur-
face defects, even at moderate concentrations of Cuand Sn.
A direct comparison of two medium carbon construction
steels, one with and the second without Si, clearly shows
that the absence of Si leads to a significant intensification
of crack formation. Based on the investigated reheating
parameters and obtained results, a defect depth prior re-
heating of around 1mm should be considered as a criti-
cal threshold for any potential remaining surface defects/
roughness after reheating, which may pose a risk for rolling
related defects. In addition, the remaining surface rough-
ness makes descaling more difficult as scale residues are
more likely to be observed in those remaining defects. The
results further outlined that the absence of Si drastically en-
hances the formation of Cu-rich phases at the steel surface,
which, ifthey are not removed during descaling, may result
in difficulties in subsequent processes. These results offer
a foundational understanding of how surface defect size
influences reheating and descaling, establishing a robust
framework for future research in the field.
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