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a b s t r a c t

High-temperature oxidation phenomena play an important role in steel processing. What

is mostly underrated is the importance of internal oxidation in casting processes, namely

the continuous casting process. To investigate the impact of intergranular oxidation on

surface defect formation, experiments for two cooling strategies and time sequences for a

conventional slab caster were conducted. As the influence of silicon on high-temperature

oxidation is well known and its effect on surface ductility is marginal silicon was chosen as

an alloying element to provoke intergranular oxidation. The methods used were the In-Situ

Material Characterization by Bending test (IMC-B), which provides the investigation of the

susceptibility to surface crack formation by 3-point bending under oxidizing testing con-

ditions and simultaneous thermal analysis for the well-controlled study of high-

temperature oxidation phenomena. The results show that during a cooling cycle sup-

porting highly oxidizing conditions, silicon favors the formation of a low-melting eutectic

(FeOeFe2SiO4) at the interface, infiltrating the steel along the austenite grain boundaries.

The intergranular oxidation formed has a depth of less than 50 mm but leads to a stress

concentration during a subsequent tensile deformation. In consequence, cracks may easily

nucleate and propagate along austenite grain boundaries. A change in the steel composi-

tion by reducing the silicon content to almost zero or a less harmful temperature sequence

reduces intergranular oxidation and subsequently the susceptibility to crack formation.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
The classical phenomena behind the influence of phase

1. Introduction

Steelmaking processes have improved concerning productiv-

ity and product quality over decades. This applies particularly

to continuous casting, where in parallel, process automation

and quality control systems are steadily enhanced. Besides

internal quality, attention is mainly paid to surface quality.

For state-of-the-art continuous casting machines with highly

advanced operating systems, reliable control of most macro-

scopic defects is possible.
c.at (G. Gaiser).
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transformations and grain sliding on high-temperature

ductility are generally well understood [1]. Nevertheless,

microscopic defects may also form along grain boundaries

under the oxide scale layer [2]. They can occur network-like

and transversally with a typical depth of less than 1 mm.

This phenomenon may also be related to the formation of

coarse austenite grains due to the appearance of local de-

pressions or deep oscillationmarks on the surface, sometimes

referred to as “crazing” or “blown grains” [3].
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Among the already mentioned influences, selective

oxidation processes are considered a reason for such defects

[4]. High temperature accelerates the oxidation processes.

When the strand leaves the mold, unavoidable oxidation

processes occur. The risk of defect formation is even higher

when certain hot spots on the strand surface appear, e.g. in

the course of surface depressions already forming in themold,

like deep oscillation marks or off-corner depressions.

External and internal oxidation can generally be divided:

External oxidation processes lead to scale growth on the

strand surface and cause yield loss. The high availability of

oxidizing atmosphere propagates external oxidation. In

contrast, lower availability of oxygen favors internal oxidation

processes, particularly intergranular oxidation, causing pre-

liminary damage in the surface and sub-surface area of the

austenite grain boundary and finally affecting the crack

nucleation during secondary cooling and in the subsequent

straightening process [4].

A further consequence of grain boundary oxidationmay be

the appearance of liquid metal embrittlement in steels con-

taining low melting tramp elements like copper, tin and

antimony. During oxidation, these elements enrich at the

steel/scale interface due to their low affinity to oxygen. If the

solubility is exceeded, a metallic copper phase is formed,

which is liquid or solid, depending on the oxidation temper-

ature. A liquid metal phase is able to penetrate the steel,

particularly along the austenite grain boundaries, and causes

liquid metal embrittlement or surface hot shortness, respec-

tively [5e17].

Additionally, silicon alloyed steels form a liquid phase on

the steel surface at a sufficient oxidation temperature. Silicon

oxidizes to SiO2 and forms with FeO, a low-melting eutectic

(FeOeFe2SiO4; Ts ~1185 �C) [18]. Oxidation processes at tem-

peratures exceeding the eutectic temperature cause a sub-

stantial accumulation of the low melting eutectic in the

interface area. The liquid phase penetrates the grain bound-

aries of the base material and the scale [19e25]. Due to

increased scale adhesion, this phenomenon has been the

subject of various investigations, especially dealing with the

problem of rolling defects [21,26,27]. The depth of intergran-

ular oxidation produced by the liquid phase depends on the Si

content and oxidation time. Even for short oxidation times,

intergranular oxidation can reach a depth of around 20 mm

[24].

An additional source of intergranular oxidation is the for-

mation of an oxide layer in the close range of grain bound-

aries. The oxide layer consists of elements with a high affinity

to oxygen, like Al, Si, Mn and Ti [28e32].

All previously stated oxidation phenomena may also

appear in the continuous casting process, where the hot

strand surface is commonly cooled by an air/water mixture,
Table 1 e Chemical composition of the three investigated stee

Steel
Chemical

C Mn Si P

Steel 1

0.16 1.52

<0.05
0.01 0Steel 2 0.37 to 0.42

Steel 3 0.68 to 0.85
resulting in a high oxidation potential. The subsequent

appearance of intergranular oxidation should result in an

increasing crack susceptibility. As outlined before, Si is an

alloying addition in most steels and has a decisive influence

on high-temperature oxidation. The direct impact on hot

ductility and crack susceptibility of steel in casting machines

is marginal. Therefore, the focus of this work is to provoke

intergranular oxidation formation by adding Si for different

cooling cycles and investigate the effect on surface defect

formation in a subsequent bending test. The tests were per-

formed with the In-Situ Material Characterization by Bending

test (IMC-B), simulating oxidation and surface defect forma-

tion of directly cast samples under continuous casting con-

ditions. In addition, oxidation tests carried out by

simultaneous thermal analysis (STA) were applied in parallel

to simulate the oxidation in the IMC-B test under controlled

conditions to investigate whether the time and cost-saving

but well-controllable STA experiments can allow indicating

crack susceptibility of steel under the given cooling and

oxidation conditions.
2. Experimental section

The chemical composition of the steel grades for the test se-

ries presented is shown in Table 1. Except for Si, the chemical

composition remains constant for all elements. The given

chemical analysis of the individual elements refers to the

mean value of all samples examined in this study. Steel 2

represents the standard composition of the investigated

construction steel.

2.1. IMC-B test

The IMC-B test was developed at Montanuniversitaet Leoben,

representing a testing method for characterizing the material

behavior of cast steel samples after controlled cooling in

oxidizing at elevated temperatures. The aim of the method is

the experimental simulation of the susceptibility to surface

defect formation for continuous casting processes. A detailed

description is given in former publications [4,33]. 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 in the mold and cool-

ing, as indicated by the dotted lines in Fig. 1, the sample is cast

in the IMC-B mold. Both, the solidification structure, and the

finalmicrostructure of the sample after air cooling correspond

to that of the strand shell [33e35].

- Mechanical deformation of the sample is attained by an

isothermal three-point bending procedure under conditions as

closeaspossible to thestraighteningof the strand incontinuous
l-grades.

composition [wt.%]

S S (Cu, Ni, Sn) Al N Fe

.003 <0.050 0.035 <0.008 bal.
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Fig. 1 e Investigated cooling cycles.
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casting. The stamp velocity and displacement are the same for

all experiments. The maximum tensile strain values on the

sample surface amount to 6.3%with maximum strain rates 4.7

10�4 s�1 [33]. These strain rates are in the range of straightening

operations in continuous casting [36]. An elasto-viscoplastic

material 3D-FE model, parameterized in Abaqus, is used to

calculate the stress and strain state during testing [37].

The thermal cycles applied in this work are shown in Fig. 1.

Cooling cycle 1 simulates a mold exit temperature of ~1180 �C,
subsequent holding at 1050 �C and finally, slow cooling to the

bending temperature. Cooling cycle 2 represents the thermal

history of a surface depression or a deep oscillation mark. The

sample temperature after removal from the mold is approxi-

mately 1280 �C, and homogenization follows at 1200 �C. After
homogenizationat1050or1200 �C, thesamplesarecooled to the

bending temperatures 700, 850, 900, 950 and 1100 �C. The time

between the start of casting and the start of homogenization in

the bending furnace before bending is adjusted to 580 s. An

exception is thebending testat 1100 �Cfor coolingcycle1,where

the sample is directly cooled to the bending temperature after

removal from the mold, but like before, the time until homog-

enization is adjusted to 580 s. After homogenization, bending

starts at 700 s for a total of 175 s (125 s loading, 50 s unloading).

The complete experiment is finishedafter 875 s. This represents

the typical casting time until straightening in a slab caster with

1.2mmin�1 castingspeed [38]. Thesignificantparametersof the

testing sequences are listed in Table 2.

Previous results under the same testing conditions indi-

cated a high crack susceptibility of steel 2 at a bending tem-

perature of 900 �C, whereas bending temperatures of 700 �C
Table 2 e Important marks in the testing sequence.

Cooling
cycle

Mold
cooling [s]

T after
mold [�C]

T holding
step [�C]

t after
holding [s]

1 45 ~1180 1050
160

2 35 ~1280 1200
and 1100 �C resulted in only a few cracks [4]. After descaling

with citric acid, the bent samples are investigated for surface

defects in the strain-influenced area with a digital microscope

Keyence VHX7000; see Fig. 2, with the cracks indicated in red.

The crack detection procedure provides the total number of

intergranular cracks and the critical strain for first crack for-

mation ԑ2 on the sample surface [33].

2.1.1. Oxidation investigations on IMC-B samples
The samples from the IMC-B test are investigated for inter-

granular oxidation as a result of thermal history and steel.

Samples of steel 3 and thermal cycle 2 with bending temper-

atures of 1100, 900 and 700 �C - see Fig. 1 - were investigated in

order to show differences in the oxidation state. In addition,

the samples of all steels with a bending temperature of 900 �C
were compared and for steel 2, the sample for cycle 1 was also

examined. The significant points for temperature sequences

are listed in Table 2.

The examination took place in a strain-free zone, which

means that any influence by the bending test can be excluded;

see Fig. 2. For the best possible protection of the casting condi-

tion, the whole area besides the support left of the examined

bending specimen was directly cold-embedded without any

processing, which ensures optimal protection of the interface

steel/scale in the subsequent cutting operations and a more

straightforward handling during grinding and polishing (dia-

mond suspension, 9 mm and 3 mm). For particular measure-

ments, thefinished sampleswere etchedwithnital solution (3%

HNO3) or picric solution. Cross-sections were observed by opti-

cal microscopy (Polyvar Reichert-Jung MEF 2 and Keyence

VHX7000) and scanning electronmicroscopy (SEM, JEOLFE-SEM

7200F). Investigations with SEM require an appropriate con-

ductivity of the sample, which was ensured by sputtering the

entire sample surfacewitha thincarbon layer (~10nm). Inevery

metallographic examination, the intergranular oxidation depth

wasmeasured and the number of intergranular oxidationswas

determined. The appearing phases were analyzed by SEM/EDS.

2.2. STA oxidation experiments

For reproducing the intergranular oxidation from the IMC-B

samples, oxidation experiments on a simultaneous thermal

analysis (Netzsch STA 449 F3 Jupiter with a SiC furnace and a

DTA-TG sample carrier) were carried out. The gas inlet is

located on the bottom of the furnace (inner diameter 26.5 mm)

and the gas outlet is situated on the top side of the furnace. The

dimensions of the oxidation samples are 13� 12.2� 2mm. The

material for this investigation was cut from the samples

already used for the oxidation investigations of the IMC-B

samples to guarantee identical chemical composition. The

cutting was performed with a wet abrasive cutting machine -

ATM Brilliant 220. A hole of 2.5 mm in diameter was drilled to
t bending
start - end [s]

T in-situ bending
test [�C]

T oxidation
investigation [�C]

700e875 700, 850, 900, 950, 1100
900

1100, 900, 700
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Fig. 2 e Scheme of the IMC-B sample.
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secure the suspended specimen. To avoid contamination of the

sample, a cleaning step with ethanol and acetone was per-

formed immediately before any experiment. One of the main

objectives of the STA oxidation experiment, besides repro-

ducing the results from the IMC-B tests, is to predict the

intergranular oxidation in future IMC-B tests and thus estimate

how oxidation will affect cracking.

All samples were heated to 1320 �C and held at this tem-

perature for 10 min. The homogenization step ensures the

uniform condition of the samples and leads to the necessary

grain growth to compensate the grain size reducing phase

transformation which occurs during heating. The heating and

the isothermal holding steps were performed in an argon

5.0 atm. Depending on the steel and underlying cooling cycle

to be investigated, the samples were slowly cooled to the

respective shaping temperature of the IMC-B test, followed by

another homogenization step for 1 min. Afterward, the at-

mosphere was switched from argon to synthetic air (20 vol%

O2 and 80 vol% N2) and the samples were cooled according to

the measured temperature profile from the IMC-B test for a

total of ~840 s. As a final step, the sampleswere cooled to room

temperature. The amount of oxidation gas was set to 249 ml

min�1, which refers to the calibration temperature of themass

flow controller. This corresponds to a gas velocity in the

furnace in the range of 3.1e5.0 cm s�1, depending on the

respective oxidation temperature. According to a previous

publication, laminar flow conditions in the furnace can be

assumed for all experiments [39]. Fig. 3 shows a schematic

reconstructed cooling cycle for a bending temperature of

900 �C. The first vertical line represents the switch point from

argon to synthetic air andmarks the first contact with air after

the mold in the IMC-B cooling cycle; see Table 2 “mold cooling

time”. The metallographic preparation and examination of

the STA samples were similar to the oxidation investigations

of IMC-B samples and described in more detail in a former

publication [39].
Fig. 3 e Schematic illustration of the investigated STA

time-temperature-atmosphere program.
3. Results

3.1. Intergranular oxidation

In Fig. 4 (a), the cross-section of a nital-etched oxidation

sample is shown. The red dashed lines indicate former
austenite grain boundaries. At the steel/scale interface, the

formation of intergranular oxidation is clearly visible. The

detail shows exemplarily the depth measurement of inter-

granular oxidation on an unetched sample; see Fig. 4 (b) To

exclude changes at the interface due to etching, all the

oxidation sampleswere evaluated in an unetched condition. A

minimum depth of 10 mm was set as the evaluation limit for

the measurement of intergranular oxidation to avoid confu-

sion with other surface artefacts. In order to ensure a repre-

sentative evaluation of the measured intergranular oxidation,

a minimum number of at least 10 defects was defined for the

evaluation.

Fig. 5 (a) shows the average intergranular oxidation depth

and the frequency of occurrence for all three steels and

bending temperatures of 900 �C. The IMC-B oxidation in-

vestigations are displayed as empty bars and the STA oxida-

tion tests are exhibited in a dark shade. In addition, a

comparison between the two cooling cycles examined is pre-

sented for the IMC-B oxidation investigation of steel 2 as a

hatched bar. By examining the contrast between cooling cy-

cles 1 and 2, the higher temperature after the mold and

holding temperature for cooling cycle 2 drastically influence

the formation of intergranular oxidation. For steel 2 and

https://doi.org/10.1016/j.jmrt.2023.09.214
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Table 3 e Summary of all oxidation experiments performed.

Steel Test Cooling cycle; bending temperature Average value [mm] Standard deviation [mm] Number []

Steel 1 IMC-B 2; Tb ¼ 900 �C / / /

STA 2; Tb ¼ 900 �C 13.1 3.2 12

Steel 2 IMC-Ba 1; Tb ¼ 900 �Ca 13.3a 4.2a 2a

IMC-B 2; Tb ¼ 900 �C 16.3 5.3 94

STA 2; Tb ¼ 900 �C 20.7 5.7 118

STA 2; Tb ¼ 900 �C 21.3 6.1 123

Steel 3 IMC-B 2; Tb ¼ 700 �C 19.9 7.6 109

STA 2; Tb ¼ 700 �C 19.7 5.5 105

STA 2; Tb ¼ 700 �C 21.0 5.8 101

IMC-B 2; Tb ¼ 900 �C 19.2 5.9 95

STA 2; Tb ¼ 900 �C 19.3 5.2 93

IMC-B 2; Tb ¼ 1100 �C 16.1 4.1 17

STA 2; Tb ¼ 1100 �C 18.1 6.1 61

/ … no data.
a
… insufficient, not representative data.
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cooling cycle 1, there is hardly any intergranular oxidation

present. In total, only two defects are documented. Therefore,

the values are not representative and not considered in Fig. 5
Fig. 4 e (a) Cross-section of an oxidation sample

(nital-etched); (b) Detail of the interface with a measured

intergranular oxidation depth (unetched).
(a). In contrast, cooling cycle 2 has an average intergranular

oxidation depth of 16.3 mm, with a significantly higher total

number. For cooling cycle 2, the silicon-free steel 1 shows no

intergranular oxidation. A rise in Si content increases inter-

granular oxidation depth to 16.3 mm for steel 2. Steel 3 shows

the highest intergranular oxidation depth with 19.2 mm. The

total number of intergranular oxidations is equal for steels 2

and 3, with almost 95. The mean depth of intergranular

oxidation for steel 1 of the STA oxidation experiment is

around 13.1 mm, with a total number of 12 defects observed,

which contrasts with the absence of intergranular oxidation

for the IMC-B oxidation investigation. Nevertheless, both

mean depth and total number of defects is relatively small

compared to steels 2 and 3. The intergranular oxidation depth

for steels 2 and 3 is about 19e21 mm. For steel 3, this result

corresponds to that of the IMC-B oxidation investigation,

whereas for steel 2, a significant increase in the mean depth

occurred.

The influence of the bending temperature on the for-

mation of intergranular oxidation was also investigated.

For steel 3 and cooling cycle 2, an increasing bending

temperature decreases intergranular oxidation noticeably.

Bending at a temperature of 700 �C shows the highest

observed intergranular oxidation depth with 19.9 mm and a

bending temperature of 1100 �C the lowest, with 16.1 mm.

The bending temperature of 900 �C with 19.2 mm is in be-

tween. The results are displayed in Fig. 5 (b) as empty bars

for the IMC-B oxidation investigation and with dark

shading for the STA oxidation test. Both oxidation tests

confirm the trend where intergranular oxidation decreases

slightly with an increase in bending temperature. The STA

oxidation experiment of steel 2 and steel 3 at a bending

temperature of 700 �C was performed twice to ensure

reproducibility. The mean values of the intergranular

oxidation depths differ only slightly from the first experi-

ment, and the total number of intergranular oxidations

observed is nearly the same. All results of the oxidation

tests are summarized in Table 3. Except for steel 1 and the

experiment for cooling cycle 1, the standard deviation

hardly shows any differences. The qualitative mapping

shown in Fig. 6 reveals strong Si and O enrichment at the

former austenite grain boundary and the resulting

https://doi.org/10.1016/j.jmrt.2023.09.214
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Fig. 5 e (a) Intergranular oxidation depth of the investigated steels and cooling cycles for a bending temperature of 900 �C;
(b) Dependence of the intergranular oxidation on the bending temperature for steel 3.
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intergranular oxidation. Fig. 7 (a) shows a quantitative

spectrum analysis for steel 2. The measured composition is

similar to the low-melting eutectic and confirms its pres-

ence. The observed FeOeFe2SiO4 distribution is identical to

the one described by Zhou et al. [40]. The oxide layer

around the intergranular oxidation and along the interface

consists predominantly of manganese and silicon oxides;

see Fig. 7 (b).
Fig. 6 e SEM image from the interface with qualitative element
3.2. Surface cracks

Without going into detail, the reduction in ductility in a

certain temperature range basically depends on the formation

of precipitates (e.g., aluminum nitride) and the formation of

new phases or phase transformations [41,42]. Silicon,

frequently used as an alloying element, has not shown any

significant negative influence on the surface ductility so far.
distribution for steels 2 and 3 (cooling cycle 2; Tb ¼ 900 �C).

https://doi.org/10.1016/j.jmrt.2023.09.214
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Fig. 7 e (a) Quantitative spectrum analysis of the intergranular oxidation for steel 2; (b) Detail of the internal oxide layer.
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However, silicon and its tendency to form liquid phases at

sufficiently high oxidation temperatures can lead to inter-

granular oxidation phenomena, which further intensify

already existing ductility-reducing effects. For steel 2, a

detailed investigation of the ductility reducing mechanisms

was performed by Krobath et al. [4] which will not be further

discussed in this publication. However, it is also valid for steel

1 and 3 as silicon hardly influences surface ductility. The focus

in this publication is on the influence of intergranular oxida-

tion on surface crack formation in continuous casting.

Fig. 8 compares the crack distributions for the samples of

cooling cycle 2 in the temperature range of 700, 850 to 950 and

1100 �C. Furthermore, it shows the optical differences in crack

distribution for steel 2 between cooling cycle 1 and cooling

cycle 2. The surface is divided into segments, where white

describes a segment free of cracks, yellow means one to five

cracks and a red segment shows more than five cracks. Seg-

ments with a grid structure illustrate crack networks that

display a very high number of orientated and partially unor-

iented cracks, which can be directly related to pre-defects like

intergranular oxidation. The results of cooling cycle 2 clearly

indicate an increase in the documented cracks with rising Si

content in the area of the bending axis and in the outer seg-

ments of the bending samples. As a result of the intensified
oxidation for cooling cycle 2, the cracks around the bending

axis appear more network-like and the formation of the first

cracks occurs further away from the bending axis.

According to Krobath et al. [4], 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. Fig. 9 (a) and (b) show the total

number of detected cracks and the critical strain 32 for first

crack formation. The light red area in Fig. 9 (b) represents

strain values which can be considered critical for straight-

ening in continuous casting [3,41]. For cooling cycle 2, all three

steels were investigated, while for cooling cycle 1, only steel 2

was examined. The results of steel 2 at 700, 900 and 1100 �C
refer to a previous publication by Krobath et al. [4].

At a bending temperature of 700 �C, hardly any surface

cracks are formed for all investigated steel grades. A total of

eight cracks were documented for steel 3. Steels 1 and 2 are

crack-free. For the bending temperatures 850, 900 and 950 �C,
the number of documented surface cracks for steel 2 and

cooling cycle 1 amount to 228, 177 and 141, respectively. These

values are larger than those of steel 1, although it was cooled

according to cooling cycle 2. For steel 1, the number of docu-

mented surface cracks adds up to 153, 158 and 49. A massive

impact of the cooling cycle can be seen by comparing the steel

https://doi.org/10.1016/j.jmrt.2023.09.214
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Fig. 8 e Crack distribution for all investigated cooling cycles and samples.

Fig. 9 e Results of the IMC-B test: (a) Total number of cracks; (b) Critical strain 32.
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Fig. 10 e Comparison of the surface in the area of the

bending axis for cooling cycle 2: (a) steel 1; (b) steel 2;

(c) steel 3.
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2 results. The number of cracks increases dramatically to 780,

800 and 690, respectively, in the investigated temperature

region. For steel 3, more than 800 cracks were documented for

all three bending temperatures. Therefore, to compare pro-

nounced crack sensitive testing sequences, only the number

of cracks as an evaluation parameter is not sufficient to

determine a difference anymore. The critical strain ԑ2 is more

suitable as an additional evaluation parameter. At 1100 �C,
significant differences between the steels can be observed.

While steel 1 is without cracks and alloy 2 has about 10 cracks,

steel 3 has a total of 379 cracks.

For the critical strain, which by definition requires two or

more cracks, only steel 3 falls into this categorywith a value of

6% at a bending temperature of 700 �C. Regarding the bending

temperatures 850e950 �C, the critical strain for steel 1 with

cooling cycle 2 and steel 2 with cooling cycle 1 is almost the

same, with the lowest value of 2.5% at a bending temperature
of 850 �C. For 900 and 950 �C, the values are about 3%. For

steels 2 and 3, which were cooled with cooling cycle 2, the

values for the critical strain are in the range of 2% or lower. At

850 and 900 �C, the critical strain of steel 2 is approximately

1.7%, and at 950 �C it increases slightly to 2.1%. For steel 3, the

critical strain values at 850 and 900 �C aremarginally higher in

comparison to steel 2, with 1.9 and 2.1%, respectively. The

lowest value of steel 3 was documented at 950 �Cwith 1.5%. At

1100 �C, no critical strain can be determined for steel 1 since

no cracks are formed. For steel 2, the critical strain ranges

from 4 to 5%. The potential for cracking is highest for steel 3 at

around 2.1%.

Depending on the Si content, the crack morphology shows

significant differences. While steel 1 only shows singular

cracks with a maximum length of a few 100 mm, steel 2 and

steel 3 are covered in crack networks. The appearing crack

networks are substantially wider and have a crack length of

several millimeters. Fig. 10 shows a comparison of the crack

pattern in the area of the bending axis (vertical red line). For

steels 1 and 2, the picture was taken at bending temperature

850 �C and for steel 3 at 950 �C.
4. Discussion

4.1. Oxidation

The SEM analyses have proven that intergranular oxidation

forms due to the low-melting eutectic. The differing results

concerning intergranular oxidation depth and frequency

greatly depend on the underlying cooling cycle and the Si

content. The essential aspects of the oxidation investigations

will be discussed below:

Regarding cooling cycle 1, the average temperature of

1180 �C after the mold is slightly higher than that of the

fayalite eutectic, but due to the rapid cooling afterward, there

is hardly any time to form significant amounts of the

FeOeFe2SiO4 eutectic phase. The formation of intergranular

oxidation is low and occurs only sporadically.

For cooling cycle 2, the high temperature after the mold

and the homogenization temperature Th ¼ 1200 �C leads to

sufficient formation of the liquid eutectic, which favors

intergranular oxidation. As a consequence of Si content lower

than 0.05 wt%, hardly any liquid fayalite eutectic is formed for

steel 1 during the first cooling and homogenization, resulting

in almost no intergranular oxidation. In comparison, the

intergranular oxidation depth for steels 2 and 3 is significantly

higher. With increasing Si content, the amount of the formed

liquid eutectic phase rises. In the IMC-B oxidation investiga-

tion, the intergranular oxidation depth for steel 3 is increased

compared to steel 2. The total number of intergranular oxi-

dations stays approximately the same for steels 2 and 3. This

indicates that even for steel 2, the amount of liquid eutectic is

sufficient to infiltrate all superficial grain boundaries and

generate intergranular oxidation.

Furthermore, it is possible to reproduce the results from

the IMC-B tests using simultaneous thermal analysis and the

results essentially correspond to those of the IMC-B oxidation

investigation. Contrary to the IMC-B sample, the intergranular

oxidation depth of steel 2 at a bending temperature of 900 �C is
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https://doi.org/10.1016/j.jmrt.2023.09.214


Fig. 11 e (a) Schematic illustration of the temperature dependency on the growth of intergranular oxidation; (b) Reduction of

intergranular oxidation depth due to scaling; (c) chemical analysis of the appearing phases.
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increased and the value is even slightly higher than that of

steel 3. As this test is repeated, it reveals similar results, thus a

one-time occurrence can be excluded. This rather unexpected

behavior is likely to be multifaceted and, therefore, difficult to

fix on a single mechanism, like slight differences in the

experimental setup regarding the gas supply, sample size, or a

localized scale detachment. The real reason remains un-

known. Nevertheless, the experimental setup of the STA has

proven to be a fast and useful tool for the investigation of

intergranular oxidation, allowing the future prediction of the

state during bending in the IMC-B tests.

For both test methods, an influence of the bending

temperature on the mean intergranular oxidation depth can

be determined for steel 3, whereby an increase in the

bending temperature causes a reduction in the intergran-

ular oxidation depth. This is particularly pronounced in the

sample with the highest bending temperature of 1100 �C.
With increasing bending temperature, the oxidation time in

the high-temperature range of the sample rises, so scaling

increases. The formation of intergranular oxidation due to a

liquid fayalite phase is limited to a temperature range

higher than the melting point. In relation to the equilibrium

system FeOeSiO2 [18], this temperature is at least ~1185 �C.
Below this temperature, the liquid phase solidifies and

cannot penetrate further into the steel. The depth can no

longer increase. Further scaling of the sample leads to a
continuous decrease in the intergranular oxidation depth.

The processes described are illustrated schematically in

Fig. 11 (a). Kizu et al. [25] reported a similar mechanism

regarding depth progression for isothermal oxidation ex-

periments. Fig. 11 (b) shows the practical appearance of

steel 3 at a bending temperature of 1100 �C. The dashed

lines represent the original intergranular oxidation depth.

Due to subsequent scaling below the eutectic temperature,

the depth was significantly reduced. A quantitative analysis

is shown in Fig. 11 (c). The chemical analysis of the former

intergranular defect indicates similar silicon enrichment as

in Fig. 7 (a) and spectrum 2 primarily corresponds to iron

oxides. The schematic illustration of the polygonal grain

structure in Fig. 11 (a) corresponds to a reheated micro-

structure with a previous phase transformation during

reheating. Such a condition equates to the situation in the

STA oxidation experiments. For the IMC-B test, a columnar

grain structure appears [33]. The explained mechanism at

the surface remains the same.

4.2. Surface defect formation

The varying results regarding surface crack formation greatly

depend on the underlying cooling cycle. A change from cool-

ing cycle 1 to cooling cycle 2 generally leads to increased

cracking, which is due to the intergranular oxidation caused
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by the liquid fayalite phase. These surfacemicro-defects form

at higher temperatures, leading to stress concentration during

subsequent mechanical loading. If tensile stresses are applied

to steel at temperatures of low ductility, the micro-defects

lead to a further drastic decrease in surface ductility. None-

theless, Krobath et al. [4] showed that for temperatures of high

ductility, themicro-defects did not affect the surface ductility.

This applies for steel 2 and the temperatures 700 and 1100 �C,
comparing cooling strategies 1 and 2. The same is valid for

steel 1, and at 700 �C for steel 3.

As already mentioned, the Si content strongly influences

the depth and ratio of forming micro-defects. When the for-

mation of intergranular oxidation is suppressed, the suscep-

tibility to cracking is drastically decreased, as it can be seen by

comparing steel 2 after cooling cycle 1 and steel 1 after cooling

cycle 2. With steel 1, the number of cracks does not increase

further despite the stronger oxidation in cooling cycle 2. The

total number of cracks is even slightly reduced for steel 1, and

the critical strain for the samples of these two steel grades is

similar, with the lowest values of about 2.5% at 850 �C. A

typically knownmaximummechanically induced strain value

during straightening in continuous casting ranges up to ~2%

[3,41].

In contrast, for steel 2, a change in the cooling cycle leads to

a massive increase in detected cracks and a significant

decrease in the critical strain. As a result of the complete

damage to the surface austenite grains by intergranular

oxidation, crack networks were formed. The results of steel 3

correspond to those of steel 2, with a total number of cracks in

the range of 800 and a critical strain in the range of 2% or even

lower. Therefore, it can be deduced that as soon as a corre-

sponding intergranular oxidation is present, the quantification

parameters crack number and critical strain are hardly influ-

enced anymore, which is mainly affected by the Si content in

the current work. Under the investigated test parameters for

cooling cycle 2, an increased risk of cracking during the

straightening process could be assumed in the temperature

range of 850e950 �C for steel 2 and for steel 3 in the temperature

range of 850e1100 �C. Comparing the data in Fig. 9 reveals that

the ductility trough for steel 1 and steel 2 lies in the tempera-

ture range around 900 �C. For steel 3, an expansion of the

ductility trough towards higher temperatures can be seen.

According to the grain size evaluation for steel 2 by

Krobath et al. [43] and the values measured in this publi-

cation for steels 1 and 3, a minor influence of a difference in

grain size on the surface crack formation can be dis-

regarded. The measured surface austenite grain size for

cooling cycle 2 at 900 �C is 829 mm for steel 1 and 733 mm for

steel 3. Steel 2 has the smallest measured grain size of

607 mm for cooling cycle 2 and 538 mm for cooling cycle 1. All

values given refer to the mean equivalent circle diameter

(ECD), which is why the influence of intergranular oxidation

on crack formation is considerably more significant in the

current study.
5. Conclusion

In this publication, the influence of intergranular oxidation,

resulting from higher silicon and oxidation at 1200 �C, on

surface crack formation in a bending test at 700 �C to 1100 �C
was investigated for a 0.17% C construction steel. The in-

vestigations were performed by means of the IMC-B test and

simultaneous thermal analysis (STA). The steel was tested for

different Si contents and cooling strategies. The following

results can be highlighted:

� The formation of intergranular oxidation for cooling cycle 2

is favored by the infiltration of a liquid phase along the

austenite grain boundaries. EDS analysis confirms the

presence of a silicon-enriched oxide phase. This can be

attributed to the low melting fayalite-wüstite eutectic. A

cooling cycle with lower temperatures leads to weaker

oxidation and only few intergranular oxidations due to the

mostly missing low melting compound.

� Intergranular oxidation in steel 1 is due to traces. The

depth of intergranular oxidation for cooling cycle 2 in-

creases with rising Si content and is higher than 16 mm for

steels 2 and 3.

� The temperature profiles of IMC-B cooling cycle 2 were

successfully replicated in the STA. Repeated tests in the

STA demonstrated the reproducibility of the temperature

profile and the depth of the intergranular oxidation. The

composition of the formed phases and internal oxides

correspond to those of the IMC-B samples. In combination

with the knowledge from the IMC-B test regarding surface

ductility, oxidation experiments on the STA offer a time-

saving tool for the prediction of intergranular oxidation

and subsequently, to make a statement about their influ-

ence on surface crack formation.

� The intergranular oxidation formed during high-

temperature oxidation leads to a significantly facilitated

crack formation during the bending process in the IMC-B

test in a temperature range where surface ductility is

reduced. With increasing Si content, the number of cracks

rises. The critical strain for steels 2 and 3 is significantly

reduced compared to steel 1. For bending temperatures

with good surface ductility, the influence of the present

intergranular oxidation on surface crack formation is

negligible. Furthermore, it has been clarified how surface

cracking in the continuous casting process is affected due

to silicon-induced intergranular oxidation.

� For steel 2 in the temperature range of 850e950 �C and for

steel 3 in the temperature range of 850e1100 �C, the critical

strain values for the formation of two cracks are occa-

sionally less than two percent, which makes them crucial

for the straightening process of continuous casting. The

appearing cracks are located at the austenite grain

boundaries and partially network-like.
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