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Abstract

Gas-fired pusher furnaces are commonly used to heat steel slabs before hot rolling.
Temperatures well above 1000 °C combined with an oxidizing atmosphere containing
H20, CO2 and Oz result in rapid oxidation of most steel grades. The resulting oxide
scale and the chemistry of the metal-scale-interface are major determining factors for
the occurrence of hot rolling defects. To better understand these phenomena, lab-
scale trials were performed with two different steel grades in an electric tube furnace
in the temperature range 1000-1250 °C, using an atmosphere of about 20 % H20,
7 % CO2 and 3 % O2. Humidification of the gas was achieved by evaporation, using a
custom thermostat with standard laboratory glassware. The resulting samples were
prepared metallographically, using cold mounting under vacuum with taper section
angles, and analyzed using light microscopy and SEM/EDS. The scale structure of
the Si alloyed steel was highly dependent on the oxidation temperature due to the
formation of eutectic liquid phases of FeO, Fe2SiO4 and FeAl204. Below the eutectic
temperature, the scale of the Si steel appeared to be made up of three distinct areas:
The external scale consisting solely of Fe oxides, the internal scale containing
Fe2SiO4 and FeAl204, and an internal oxidation zone with SiO2 and Al203 in a mostly
plain Fe matrix. Comparisons of the experimental results with simulations of the
internal oxidation showed good qualitative agreement.
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1 INTRODUCTION

The formation of oxide scales on steels
during hot rolling is virtually inevitable.
Residual scale left on slabs after going
through descaling as well as chemical
changes at the metal-scale-interface
present a risk for generation of various
defects. Among all the common steel
alloying elements, silicon is probably most
often described as enhancing rolling
defects. Si-alloyed steels are prone to a
defect commonly referred to as “red scale”,
where residual scale is rolled into the steel,
affecting the surface quality of the final
product [1]. Nickel is often described as
contributing to this effect [2][3].

This paper aims to present experimental
methods for reproducing the oxidizing
conditions found in common reheating
furnaces, guidelines for preparing oxidized
samples and help gaining a better
understanding how oxide scales are
formed, supported by simulations of
internal oxidation processes.

2 MATERIAL AND METHODS

The general workflow for the oxidation
trials and the following metallographic
preparation can be seen in Figure 1.
Details are explained in the following
sections.

Slab sample Cutting
Grinding
Cleaning

—_—

Oxidation trial

Cold mountingi

-

Figure 1. Sample preparation scheme

Metallographic

preparation

2.1 Oxidation Experiments

Samples from two different steel grades
provided by voestalpine Stahl GmbH in the
form of 12 x4 x 0.5 cm3 pieces cut from

as-cast slabs were used. Their
compositions are shown in Table 1.

Table 1. Compositions of the steels used [wt. %]

Name C Si Al Mn Cr

Si steel <01 24 11 03 <01

Cr-Mn steel 0.1 0.2 <01 22 0.3

Before the experiments, samples were cut
to about 1.25x 1.25x 0.5 cm3, ground to
P2000 grit and cleaned in isopropanol in
an ultrasonic cleaner, with the last grinding
and cleaning step being performed shortly
before the experiment. For each
experiment, 10 samples each were placed
on fused corundum in a furnace boat
(C799) with a length of about 120 mm. The
prepared surfaces were facing up, with the
gas flowing over them laterally.

When trying to reproduce the conditions
found in a gas-fired reheating furnace in a
lab-scale electric furnace, two major
difficulties arise: First, due to the
combustion process, the atmosphere
contains approximately 20 % H20 by
volume (depending on the exact
composition of the fuel and the air-fuel-
ratio) [4], which has a significant impact on
the oxidation behavior [5][6].
Corresponding to a dew point of about
60 °C, this implies that all surfaces
between the humidification system and the
samples have to be heated above this
temperature in order to avoid
condensation, which is especially harmful
when using ceramic furnace tubes.
Second, the oxidation rate is dependent on
the flow velocity of the oxidizing agent up
to a certain point [7]. Especially when
oxidizing at higher temperatures with
resulting high reaction rates, one has to
make certain that enough oxidant is
provided to ensure homogeneous oxidation
of all samples.

Atmospheres consisting of H20, CO2, O2
and N2 are typically either generated by
combustion of natural gases [2][8] or by
humidifying a premixture of CO2, Oz and
N2 to a defined dew point [9]. The latter is
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Figure 2. Setup of the gas humidifier.

usually done by passing the dry gas
through water held at a constant
temperature, which should ideally result in
the gas getting saturated to the dew point
corresponding to the temperature of the
water. This is also the method chosen for
this work.

The  experimental setup for the
humidification system can be seen in
Figure 2. A dry gas pre-mix containing
about 3.7 % Oz and 8.7 % CO:2 by volume
(balance N2) is being led through a series
of two separatory funnels with thermo-
stated water. Proper dispersion of the gas
in the liquid is ensured through the use of
gas distribution tubes with sintered glass
filters with a pore size of roughly 0.25 mm.
The water in the first funnel was heated to
2-5 °C above the target dew point, while
the second was set to the desired dew
point temperature of 60 °C. This results in
a slight over-humidification in the first step,
so that the exact degree of humidity can be
controlled through condensation in the
second step. The dew point achieved was
checked by determining the mass
difference of the water inside the humidifier
before and after each experiment. In
addition, the amount of water actually
transported through the furnace was
determined by using a Dimroth-condenser

coupled with a gas washing bottle for
collecting the condensate behind the
furnace.

For transporting the humid gas to the
furnace while preventing condensation, a
self-regulating heated gas hose with a
holding temperature of about 120 °C was
employed. The valves allowing switching
between different gas types right before
the furnace were heated using a resistive
heating element, and the temperature of
the furnace tube end caps was held
constant at 80 °C by connecting them to a
laboratory thermostat.

The actual oxidation of the steel samples
was performed inside a mullite furnace
tube (C610) with an inner diameter of 35
mm within an electrically heated furnace.
With a dry gas flow of 6 L/min at room
temperature, this results in an average gas
velocity of 10.4 cm/s, well above the critical
gas velocity of 4.2 cm/s found by
Abuluwefa et al. for O2/N2 gas mixtures,
above which the weight gain rate remains
constant [7]. Assuming ideal gas behavior
of the humidified gas at 1000 °C, the gas
velocity would reach approximately 56.4
cm/s.

Before the experiments, the temperature
profile of the furnace under the humid gas
flow was determined with a type K thermo-
couple. Additionally, profile measurements
with ceramic process temperature control
rings (PTCR) were performed. The
samples were centered according to the
measurements. Later experiments also
included a single PTCR for verification.

2.2 Metallographic Preparation

For the preparation of the oxidized
samples, cold mounting in vacuum is
preferable. This helps to ensure that the
often fragile scale remains undamaged and
porosity is infiltrated, which is beneficial for
the following grinding and polishing steps.
10° taper section angles were used to
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achieve increased magnification of the
different scale layers.

As previously reported by Chen and
Yuen [10], extended polishing with 3 pm
diamond was found necessary to remove
defects introduced in previous preparation
steps, which could otherwise be mistaken
for genuine porosity. Figure 3 shows the
preparation progress using 3 um diamond
starting from a preparation with 9 um
diamond. After polishing for 3 min, there is
still a large amount of oxide breakout from
the previous grinding and coarse polishing
steps visible, especially near the scale
surface. Optimal mitigation of the scale
damage can usually be expected after
about 12-15 min, resulting in clearly
oy

resin

400 um

| —

Figure 3. Progress during preparation with 3 um
diamond, cold mounted 10°-taper section.

defined cracks and strongly reduced
porosity from oxide breakout.

2.3 Simulation

Previous research on the simulation of
internal oxidation in steels has been
conducted by Auinger et al. [11] and Bott et
al. [12], upon which this work is based on.
The formation of oxide scale on steel can
be broken down into two sub-processes:
diffusion and oxidation reaction. The
diffusion of alloying elements and oxygen
in the steel can be modeled according to
Fick’s second law (Equation 1):

oc _ 0%

at D Ax2 (1)

Using the implicit Euler method, the above
equation can be solved as a system of
linear equations for a discrete, one-
dimensional grid. Implementation of the
simulation was performed in MATLAB.

The reactions for oxidation were
predefined according to the various oxides
formed by alloying elements. Complete
reaction of the diffusing species according
to these reactions — sorted by ascending
Gibbs energy - was assumed. This
assumption was made as the calculation of
true equilibria for each time step would
have taken much more computational
resources.

Furthermore, the model only takes the
internal oxidation of base metals in the
steel into account. lon transport through
wuestite relies heavily on defects found in
its structure [13], and would thus require
another approach to model. In the model
used for this work, the wuestite/steel
interface  was assumed as stationary.
Furthermore, assuming the diffusion from
wuestite into the steel to be the limiting
factor for oxygen transport, the boundary
concentration at the interface was set to
the temperature-dependent solubility limit
of oxygen in pure iron [14].
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3 RESULTS AND DISCUSSION

3.1 Isothermal and non-isothermal
oxidation

The first oxidation trials were performed
isothermally: Samples were heated in inert
Ar atmosphere up to the holding
temperature before flowing the oxidising
gas mixture into the furnace. After
oxidation, the samples were cooled in Ar
inside the furnace with a nominal rate of 10
K/min. However, cooling slowed down and
became increasingly nonlinear below 800
°C furnace temperature.

Despite the high gas flow rate of 6 L/min,
the appearance of the samples after
isothermal oxidation was inhomogeneous,
as seen in Figures 4 and 5. In contrast to
the thicker, smooth oxides formed on the
samples closer to the gas entrance, the
samples to the back formed a thinner
scale, featuring a coarse, crystalline oxide
surface with whiskers (Figure 6). With a
reduced gas flow of 2 L/min, the coarse
oxide zone extends even further across the
samples, suggesting dependence on the
oxidizing atmosphere (Figure 7).

et .

Figure 4. Cr-Mn steel before (top) and aﬁér
(bottom) isothermal oxidation at 1200 °C, 15 min,
6 L/min.

middle
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Figure 5. Comparison of scale structures across
samples from Figure 4, 10° taper section.

Figure 6. SE image of the coarse oxide surface on
the backmost samples in Figure 4.

¥ -~ ¥

Figure 7. Cr-Mn steel before (top) and after
(bottom) isothermal oxidation at 1200 °C, 15 min,
2 L/min.

In order to ensure uniform oxidation of the
samples, the experimental setup was
changed so that the oxidizing atmosphere
could be introduced into the furnace
already during the heating period. The
assumption was that an even oxide layer
would form on all samples during lower
temperatures with lower reaction rates. At
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the holding temperature, the existing oxide
layer should slow down the oxidation,
preventing rapid consumption of the
oxidizing species by the front samples.
However, due to the aforementioned risk of
condensation, the humid gas could not be
safely lead into the furnace at room
temperature. As a result, the furnace was
first heated to about 500 °C under inert
atmosphere, held for 15 min, and then
heated with 10 K/min to the desired
isothermal holding temperature while
flowing the oxidizing gas into the furnace
tube. This resulted in a more even
appearance of the oxidized samples (see
Figure 8) and had the added benefit of
more closely resembling the actual
reheating process of steel slabs. Other
than Dblistering occurring at seemingly
random positions, the scale structure and
thickness are similar at all sample
positions, as shown in Figure 9.

Figure 8. Cr-Mn steel before (top) and after
(bottom) non-isothermal oxidation at 1200 °C,
15 min, 6 L/min.

front
(blistered)

2000 pm
| — |

Figure 9. Comparison of scale structures across
samples from Figure 8, 10° taper section.

3.2 Oxide scale structure after reheating

For the Si alloyed steel examined in this
work, the structure of the scale strongly
depends on the isothermal holding
temperature, especially in relation to the
binary fayalite-wuestite  (Fe2SiOas-FeO)
eutectic at about 1177 °C and the ternary
hercynite-fayalite-wuestite (FeAl20s-
Fe2SiOs-FeO) eutectic at about 1148°C
[15].

Figure 10 shows a sample oxidized at
1100 °C furnace temperature, resulting in
the samples being slightly below the
eutectic temperature. There are 3 different
regions visible: the base steel, an internal
scale containing oxides of Fe, Si and Al,
and the external scale consisting solely of
Fe oxides, specifically wuestite and
magnetite. Hematite was only visible on

resin

external
scale

internal
scale

steel

Figure 10. Scale structure of a Si-steel sample
oxidized at 1100 °C, 30 min, 10° taper section.
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FeO. + Fe,SiO, + FeALO,

Figure 11. Metal-scale-interface of the Si-steel
sample in Figure 10, 10° taper section.

the outside of the scale in cases where
separation of the scale during oxidation
occurred. The metal-scale-interface is
shown magnified in Figure 11. At the
interface, there is a zone of mostly pure
iron with embedded Si- and Al oxides, as
can be seen in the EDS spot analyses in
Figure 12. This can be explained by Fe
having a certain solubility for oxygen [14],
allowing the more oxygen-affine elements
Si and Al in the alloy to form oxides and
precipitate at the oxidation front, leaving
behind the pure iron. As more oxygen is
transported into the steel, the solubility limit
in Fe is reached and formation of wuestite
occurs, enveloping SiO2 and Al203 to form
Fe2SiOs and FeAlz04. The original steel
surface before oxidation lies between the
internal and the external scale, which was
also verified by sputtering samples with
gold as a marker before oxidation. Below
1120 °C furnace temperature, no oxides of
Si or Al were found in the external scale,
as can be seen in the EDS analysis in
Figure 13.
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Figure 12. BSE image of the interfacial region with
EDS spots and the steel bulk for comparison.

external scale internal scale steel

>

Si

10000 -| Al ——

8000

4000

2000

0 T T T T T
200 400 600 800 1000
Map x position [px]
Figure 13. EDS map and line profiles of an Si-steel
oxidized at 1050°C, 15 min, 10° taper section.
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When oxidizing the samples at a furnace
temperature of 1120 °C, the scale takes on
a completely different appearance, shown
in Figure 14. Parts of the internal scale
consisting of FeO, Fe2SiOs4 and Fe2AlO4
seem to have melted and infiltrated the
external scale, leaving behind a void near
the metal-scale interface mostly filled with
resin after cold mounting under vacuum.
By formation of the liquid phase, the
oxidation rate is increased very much,
resulting in a visibly thicker oxide scale
despite the shorter isothermal holding time
when compared to Figure 10. Figure 15
shows an EDS map of the eutectic area.
Both the ternary eutectic containing
hercynite, fayalite and wuestite as well as
the binary fayalite-wuestite eutectic can be
seen. An EDS analysis of the external
scale showing the infiltration with the
eutectic can be seen in Figure 16.
Interestingly, FeAl204 crystals surrounded
by what appears to be a hercynite-wuestite
eutectic can be seen.

Figure 14. Overview over a Si-steel sample
oxidized at 1120 °C, 15 min, 10° taper section.

Yo oL

AIK

BSE  SiK

BSE shades:
L] FeAl,O, L] Fe,SiO, [ IFeO

Figure 15. BSE and EDS analysis of the eutectic
(EDS area 1 in Figure 14).

BSE SiK AIK
Figure 16. BSE and EDS analysis of the external
scale (EDS area 2 in Figure 14).

The formation of liquid phases at a furnace
temperature of 1120 °C suggests that the
samples are in fact at a higher temperature
due to the exothermic nature of the
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oxidation reactions. With the ternary
eutectic as the lowest melting composition
in the system FeAl204-Fe2SiOs-FeO at
1148 °C and no indications for the
presence of other elements causing a
lower melting point, such as P, it can be

assumed that the actual sample
temperature is about 30—-60 K above the
temperature measured in the furnace tube.
For isothermal oxidation experiments in dry
N2-O2 mixtures starting at 1100 °C,
Abuluwefa et al. [7] report temperature
difference spikes of up to 100 K depending
on the oxygen content in the atmosphere
used, which drop to about 20 K after
roughly 10 minutes. Based on this data
alone, it is difficult to say how pronounced
this effect is for the non-isothermal
experiments in this work. However, with
the overheating of the samples being
dependent on the rate of oxidation, it
seems likely that the formation of liquid
phase is also self-accelerating by causing
a higher scaling rate.

For experiments at 1120 °C, especially at
longer holding times, the adhesion of the
scale to the substrate often failed during
the  experiment, resulting in an
overoxidized scale with high amounts of
hematite due to the interrupted transport of
Fe cations through the scale. An example
is shown in Figure 17. A possible
explanation is that the liquid phase formed
near the metal-scale interface infiltrates the
external scale through capillary action,
resulting in insufficient liquid phase at the
interface to keep the scale in contact with
the steel.

FigUre 17. Overview of a Si-steel sample oxidized
at 1120 °C, 15 min, 10° taper section.

An example for which the furnace
temperature is above both eutectic
temperatures at 1220 °C can be seen in
Figure 18. In contrast to the sample
oxidized at 1120 °C, shown in Figures 14—
16, no traces of the hercynite-wuestite
eutectic were found, but only the fayalite-
wuestite and the ternary hercynite-fayalite-
wuestite eutectic. Scale adhesion is also
improved due to the larger amount of liquid
phase formed. Figure 19 shows EDS maps
and line profiles derived from them, with
the external scale once more having been
infiltrated by the liquid oxides.

Figure 18. Overview of a Si-steel sample oxidized
at 1220 °C, 30 min, 10° taper section.
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Figure 19. EDS map and line profiles of the sample
in Figure 18 (1220°C, 30 min, 10° taper section).
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3.3 Simulation of Internal Oxidation

In the simulations performed, a recurring
pattern was the formation of bands
enriched with hercynite and fayalite during
the heating phase. These Si- and Al-rich
bands are also visible in the sub-eutectic
samples from the oxidation experiments,
e.g. in Figures 13 and 20. At the internal
oxidation front, a thin band of glassy SiO2
and Al203 can be seen as well (see Figure
11).

The simulation result most closely
resembling the conditions for the sample in
Figure 20 can be seen in Figure 21. Due to
aforementioned  overheating of the
samples caused by oxidation, the
simulation temperature was set 60 °C
above the furnace temperature in the
experiment. While a guantitative
comparison is difficult due to the formation
of wuestite missing in the simulation, the
enrichment of Fe2SiO4 and the formation of
Al203 and SiO2 at the front can be seen.

Based on the simulations performed in
Figure 22 for two isothermal holding steps
with a heating step in between, it was
found that the introduction of a second
heating ramp should also cause the
formation of a second Si/Al rich band. The
corresponding experiment can be seen in
Figure 23, indeed showing the additional
band.

Si/Al rich band
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Figure 20. EDS map and line profiles of the Si-steel
oxidized at 1100 °C, 30 min, 10° taper section.
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Figure 21. Simulation result for heating from 800 °C
to 1160 °C with 10 K/min and holding for 30 min.
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Figure 22. Simulation result for heating from 800 °C
to 1060 °C with 10 K/min, holding 30 min, heating to
1160 °C with 10 K/min and holding for 30 min.
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Figure 23. EDS map and line profiles of the Si-steel
oxidized at 1000 °C and 1100 °C for 30 min each,
10° taper section.

A possible explanation of this phenomenon
can be found in the activation energies of
diffusion for the elements involved. First,
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the diffusion coefficients of Si and Al are
very similar, causing them to behave alike.
While O diffuses much faster than Si and
Al in Fe at these temperatures, the
activation energy for the diffusion of Si and
Al is about twice as high, resulting in their
diffusion coefficients rising much faster
with temperature than that of O. This
results in more Si and Al being transported
from the steel bulk to the reaction front
during heating, causing more oxides to
form. At the holding temperature, an
equilibrium is reached, and the mass flow
of Si and Al decreases again. While the
solubility of O in Fe also increases with
rising temperature, it is not enough to
compensate the change of diffusion with
respect to temperature.

4 CONCLUSION

1. For oxidation experiments with multiple
or larger samples, one has to make
sure to provide enough oxidant flow in
relation to the oxidation reaction rate.
Insufficient supply will cause changes in
the atmosphere between the front and
back samples, resulting in different
scale morphologies.

2. The scale structure of the Si steel was
found to be highly dependent on the
oxidation temperature. Liquid phases,
which are responsible for most changes
in the morphology, were first observed
at a furnace temperature of 1120 °C,
despite the lowest melting ternary
eutectic being at 1148°C [15]. A
possible  explanation could be
overheating of the samples due to the
reaction heat of oxidation, as reported
by Abuluwefa et al. [7].

3. Below the eutectic temperature, Si- and
Al-rich bands were observed in the
internal scale, corresponding to the
heating phases in the experiments.
Simulations suggest a relationship to
the proportion of the activation energies
of diffusion of O and Si/Al.

4. At the metal-scale interface, a zone of
internal oxides of Si and Al in mostly
pure Fe was found, implying a certain
solubility of O in Fe, as suggested by
Swisher and Turkdogan [14].
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