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INTRODUCTION
Hydrogen fuel combustion provides CO2-free heating 
methods for reheating furnaces compared to natural gas 
combustion, and efficiency of heating methods can be in-
creased by changing combustion from air-fuel to oxyfuel. 
The complete combustion of the fuel gas is ensured by 
excess oxidant, providing free oxygen in the furnace gas 
atmosphere. Free oxygen content is kept low in industrial 
reheating furnace, typically around 2-5% [1-2], to prevent 
material loss due to excessive oxidation. Transition from 
natural gas combustion with air to hydrogen combustion 
with oxygen increases proportion of water vapor in fur-
nace gas atmosphere. Oxidizing atmosphere produces 
oxide scale on the steel surface, and higher water vapor 
content has an increasing effect on the oxide scale for-
mation [3]. 
After reheating, oxide scale is removed by hydraulic de-
scaling to provide cleaner surface for hot rolling process. 

Susanna Airaksinen, Konsta Siltala, 
Juho Haapakangas, Anne Heikkilä, 

Qifeng Shu
Process metallurgy, University of Oulu, Finland

KEYWORDS:  HYDROGEN COMBUSTION; OXYFUEL; REHEATING; LOW-CARBON STEEL;
OXIDE SCALE; DESCALING. 

Scientific papers - Co2 Mitigation

DOI 10.36146/2026_0708_13

Effect of hydrogen oxyfuel combustion on 
oxide scale descalability by thermal shock 

for low‑carbon steels
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Steel industry is in transition concerning heating methods due to requirement to reduce CO2 emissions. Use of hydro-
gen as a fuel in combustion for heating makes the reheating furnace a possible method to reduce use of fossil fuels, and 
oxyfuel combustion increases efficiency of the heating process compared to air-fuel method. Oxide scale formation of 
two low carbon steels is studied under isothermal tests at 1200 °C for 2 hours with methane-air, methane-oxygen, and 
hydrogen-oxygen combustion atmospheres using free oxygen contents of 1% and 6%. Both steels contained silicon, 
but Steel A had higher amounts of manganese and Steel B had higher amounts of chromium and nickel. Descaling 
efficiency of oxidized samples is studied by thermal shock. Characterization for oxidized and descaled cross-sections 
of samples was performed by digital microscopy and field-emission scanning electron microscopy (FESEM). Results 
show that more nickel and chromium containing Steel B produces less oxide scale in all studied atmospheres, but its 
descaling efficiency by thermal shock is weaker compared to Steel A. Descaling efficiency decreases for both steels 
by changing heating method from methane-air to hydrogen-oxygen. Decrease of free oxygen content removes oxide 
scale from wider surface area. Steel B has more entanglement structure with deeper scale penetrations at oxide-steel 
interface, making its adherence higher. Thickness of interface scale for both steels after thermal shock decreases from 
methane-air method to hydrogen-oxygen method.
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Tab.1 - Composition of low-carbon steels (wt.%).

Hydraulic descaling is based on thermal shock by water 
for hot surface of steel and mechanical impact by high 
pressure jets with descaling parameters such as pressure, 
working distance, and lead angle [4]. Thermal shock has 
wider impact area compared to mechanical impact, and 
it is observed to be the main method for descaling [5, 6]. 
Efficiency of thermal shock is based on different thermal 
expansion coefficients of steel and oxide scale, which 
cause cracking on oxide scale and peeling of it from the 
steel surface [5].

Steel elemental composition and heating conditions 
(temperature, time, atmosphere) were observed to affect 
the descaling. Increasing silicon and nickel contents de-
velop entanglement structure of oxide-steel interface, 
decreasing descaling efficiency.[1] Free oxygen content 
in furnace gas atmosphere has found to have the most 
significant difference on thickness of residual oxide sca-
le on the steel surface using 1150 °C temperature [7]. In-
crease of water vapor content from 18 to 32% based on 
air-combustion change from natural gas to hydrogen is 
not observed to affect oxide scale removability by water 
jets [8].

In this study, oxides gas combustion of low-carbon steels 
was studied under isothermal tests at 1200 °C for 2 hours 
using simulated combustion gas atmospheres with 1% 
and 6% free oxygen. The aim of the work was to investi-
gate how the change of combustion method from natural 
gas to hydrogen and air-fuel to oxyfuel affects oxide scale 
descalability using water thermal shock.

MATERIALS AND METHODS
Two different low-carbon steel grades were supplied by 
Ovako Imatra Oy Ab. Composition of steel grades are pre-
sented in table 1. The sample size was 12 mm ˣ 12 mm ˣ
30 mm, and the actual dimensions of each sample were 
measured using average of three measurements for the 
determination of surface area. A diameter of 2 mm han-
ging hole was drilled on the top of each sample. Before 
heating tests, the samples were polished with SiC 220 grit 
paper, cleaned with ethanol, and dried using temperature 
of 105 °C. 

Heating tests were performed in a vertical tube furnace, 
producing thermogravimetry (TG) data by hanging sam-
ple inside the furnace from the digital scale. Time of iso-
thermal heating at 1200 °C was 2 hours. The sample was 
placed inside the furnace with 100% nitrogen atmosphere 
to prevent oxidation during pre-heating for 10 minutes 
before test. After test, the sample was removed from the 
furnace and placed in the cooling box with argon gas flow 
or dipped in the water vessel for faster cooling.

Heating atmospheres simulate the combustion of nat-
ural gas or hydrogen with air or oxygen as oxidant. The 
main component of natural gas is methane (CH4), which 

is used as fuel gas in calculations for heating atmosphere 
composition after combustion. Studied atmospheres 
were methane-air (MA), methane-oxygen (MO), and hy-
drogen-oxygen (HO). Different shares of excess oxidant 
were used in calculations to provide suitable free oxygen 
content to the heating atmosphere. Gas composition of 
each heating atmosphere is presented in table 2. During 
test, the gas mixture of heating atmosphere was fed to the 
furnace at 2 L min-1.

After heating tests, the samples were cold mounted in ep-
oxy, cut in half, and polished for cross-section character-
ization. Digital microscope was used for characterization 

STEEL COMPOSITION

Steel C Si Mn P S Cr Ni Mo Cu Al

A 0.15 0.22 1.16 0.01 0.03 0.17 0.13 0.03 0.21 0.02

B 0.14 0.29 0.55 0.01 0.01 1.62 1.51 0.26 0.20 0.03
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RESULTS AND DISCUSSION
Differences in oxide scale formation
Total weight gain results of samples are presented in ta-
ble 3 and weight gain with respect to time is presented in 
figure 1. The results show that higher free oxygen con-
tent (6% O2) in furnace atmosphere produced more oxide 
scale compared to lower oxygen content (1% O2) for both 
steel grades, as expected based on literature [7, 9-10]. Ef-
fect of free oxygen content was greater for methane-air 
(MA) method than hydrogen-oxygen (HO) method, when 
the increase of weight gain was 56% between MA meth-
ods and about 20% between HO methods. Correspond-
ingly, a greater effect of free O2 in heating atmosphere on 
oxide scale formation has also been observed in dynamic 
heating for MA method compared to HO method, when 
oxygen content changed from 1% to 2.5% [10]. Difference 
between free oxygen contents is lower for HO method 
due to having significantly higher water vapor content. 
Water vapor promotes internal oxidation of iron by inward 
transport and dissociation of H2O, producing oxygen in-
side the oxide scale [11]. Thus, at high water vapor con-
tents in gas atmosphere, the effect of H2O produced ox-
ygen increases, decreasing the difference between HO1 
and HO6 methods.

Increase of water vapor content in furnace gas atmosphere, 
when the fuel gas is changed from methane to hydrogen 
and oxygen is used as oxidant compared to air, increased 
oxidation for both steels. In comparison between MA6 
and HO6 atmospheres, oxide scale formation increased 
by 55% for Steel A and 41% for Steel B. Heating methods 
with higher free oxygen content have the lower propor-
tions of water vapor and carbon dioxide in atmosphere. 
However, based on the oxidation results that higher O2 

content produces more oxide scale, the decrease in H2O 
and CO2 content was not as significant as amount of free 
oxygen in these heating conditions.

Amount of oxide scale was higher for Steel A compared to 
Steel B using all studied atmospheres, which was attribut-
ed to the lower Ni and Cr amounts of Steel A. The higher 
Ni content of Steel B presumably reduced the oxidation 
rate due to the slow diffusion of nickel in iron, causing 
nickel enrichment at oxide-steel interface. Diffusivity of 
iron and oxygen is lower in nickel than in iron, reducing 
oxide scale formation. [12] Furthermore, higher chromi-
um alloying can form FeCr2O4, which acts as a diffusion 
barrier for ions, decreasing the oxidation rate [13]. Steel 
A has higher Mn content than Steel B, which can decrease 
the oxidation rate with high manganese content at 650 °C 

of oxide scale structure and measurement of structural 
lengths. Average thickness of oxide scale at oxide-steel 
interface after thermal shock was measured from the 
three points at center area of each sample side (12 points 
in total). Average penetration depth of oxide scale into the 

steel matrix was measured from all penetrations on one 
sample side. FESEM (Zeiss Ultra plus) equipped with EDS 
was used for analysis of oxide scale structure with chem-
ical composition. FESEM imaging was performed using 
backscattered electrons (BSE). 

Tab.2 - Gas composition of heating atmospheres (vol.%).

GAS COMPOSITION

Atmosphere ID CO2 H2O N2 O2

MA1 9.1 18.1 71.8 1.0

MA6 6.8 13.6 73.6 6.0

MO1 33.0 66.0 - 1.0

MO6 31.3 62.6 - 6.0

HO1 - 99.0 - 1.0

HO6 - 94.0 - 6.0
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Fig.1 - Weight gain during heating tests: a) Steel A and b) Steel B.

Oxide scale structures using different furnace atmo-
spheres for both steel grades are presented in figure 2. 
Low O2 produced sharp-shaped surface on the oxide-gas 
interface, while the surfaces of high O2 samples were 
smooth. Due to low O2 levels, iron oxide formed is mainly 
wüstite (FeO), because it requires lower partial pressure 
compared to magnetite (Fe3O4) and hematite (Fe2O3), but 
magnetite precipitates is found inside and above wüs-
tite layer. Using higher O2 content (6%), magnetite layer 
and a thin hematite layer formed above the wüstite layer 
as seen in figure 3 and table 4. Similar observations from 
outer iron oxide phases are presented in previous studies 
[10,16].

Shape of pores inside the oxide scale was different be-
tween atmospheres, because the shape was more hori-
zontally layered for MA atmospheres and round-shaped 
for oxyfuel atmospheres (MO, HO). Difference of pore 
shapes is discussed in previous study [17]. Furthermore, 
Steel B exhibited visually higher porosity and a greater 
number of pores than Steel A in the MO and HO atmo-
spheres, which may be attributed to differences in alloy-
ing between the steel grades. For example, nickel is pre-
sented to increase oxide scale porosity. Due to difference 
in diffusion rates of iron and nickel, outward diffusion of 
iron generates and condensates vacancies at oxide-steel 
interface, forming voids [12, 18]. 

[14]. However, Fe-Mn alloys with low manganese con-
tents (1-5 wt-%) were not detected significant difference 
in oxidation rates at 1150 °C for 20 minutes [15]. In this 

study, the effect of Mn on oxide scale formation remained 
low in relation to chromium and nickel.

Tab.3 - Total weight gain of samples after heating test (mg/cm2)

TOTAL WEIGHT GAIN

Steel MA1 MA6 MO1 MO6 HO1 HO6

A 114.6 178.3 214.3 264.6 224.3 276.5

B 113.2 176.7 191.7 246.0 212.0 248.9
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Fig.2 - Overview of oxide scale structures using different atmospheres.

Fig.3 - Iron oxide phases at oxide-gas interface for Steel B with MA1 on the left and MA6 on the right.

Tab.4 - Elemental contents of EDS poinst (wt-%) from figure 3.

ELEMENTAL CONTENTS

Point 1 2 3 4 5 6 7

Fe 75.4 76.5 81.0 72.0 76.8 81.3 78.0

O 24.6 23.5 19.0 28.0 23.2 18.7 22.0

Iron oxide Fe3O4 Fe3O4 FeO Fe2O3 Fe3O4 FeO Fe3O4
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Oxide-steel interfaces after heating using 6% free oxygen 
in gas atmospheres are presented in figure 4. A horizon-
tal crack formed near the steel surface due to different 
shrinking behavior of scale and steel during cooling [19]. 
When looking at oxide scale below the uniform horizon-
tal crack, methane-air method left an uneven and thicker 
oxide scale at the interface for Steel A, while oxide scale 
attached at interface is more layer-like after oxyfuel meth-
ods. For Steel B, thickness of oxide scale layer at ox-

ide-steel interface is both thicker and more uniform us-
ing MA method compared to MO and HO methods. Pore 
structure can affect the cracking behavior during cooling 
at interface because more horizontal layered pores for 
air-fuel method can provide easier cracking route com-
pared to round-shaped pores for oxyfuel methods. 

Oxide-steel interface structures of studied steel grades 
are presented in figure 5, and the elemental composition 
of EDS points is presented in table 5. Based on EDS the 
lighter gray phases in oxide are wüstite (Points 1 and 4), 
darker gray phases are fayalite (Points 2 and 5), and white 
phases are metallic (Points 3 and 6). Metallic phases for 
Steel B are more strongly enriched with nickel compared 
to Steel A. Inside the steel matrix the small oxide nuclei 

are enriched with manganese for Steel A and manganese 
and chromium for Steel B as seen from EDS maps. Ox-
ide-steel interface structure of Steel B is more entangled, 
and formation of pores is higher, which correlates with 
higher amounts of metallic phases. Oxide scale penetra-
tion inside the steel matrix into grain boundaries is more 
significant for Steel B, as also seen in figure 4.

Fig.4 - Oxide-steel interface after heating with different methods.
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Fig.5 - Oxide-steel interface structure with EDS maps for Steel A: a) and b), and Steel B: c) and d).

Tab.5 - Elemental contents of EDS poinst (wt-%) from figure 5.

ELEMENTAL CONTENTS

Point Fe O Si Mn Cr Cu Ni Mo

1 79.0 19.6 0.2 0.9 0.3 - - -

2 56.3 27.6 13.6 2.5 - - - -

3 90.2 - - - - 7.4 1.6 0.7

4 76.8 20.2 0.3 - 2.7 - - -

5 62.2 25.1 11.0 1.0 0.7 - - -

6 86.9 - - - 0.7 2.7 9.7 -

Differences in descaling efficiency by thermal shock
Steel samples oxidized with different furnace gas atmo-
spheres and descaled by water thermal shock are pre-
sented in figure 6. The results show that descalability of 
Steel A was better than Steel B even though the amount 
of oxide formation was slightly higher for Steel A using 
all heating atmospheres. Transition from methane-air to 
hydrogen-oxygen affected the descaling efficiency of 
Steel A, decreasing the amount of thick outer oxide scale 
detached from the surface. For Steel B, the oxide scale 
was detached from the surface only after heating in meth-
ane-air atmosphere, although the amount of removed 
scale was minor for MA6. Oxide layers were not detached 
after heating in methane-oxygen and hydrogen-oxygen 
atmospheres. In addition to the heating method, free 
oxygen content had effect on descalability: more oxide 

scale was detached from the samples with lower O2 in at-
mosphere. Difference between heating methods for ther-
mal shock descaling can be based on higher H2O and O2 
contents in atmosphere that produce thicker oxide scales 
with better thermal insulation [20].

Figure 6 shows that sharp-shaped surfaces from both MA1 
samples were partially removed on the thick iron oxide 
layer when this thick layer remained on the steel surface. 
Similar sharp-shaped surface detaching behavior was not 
observed from MO1 and HO1 samples. As seen in figure 
2, MA1 formed more horizontally shatter scale structures 
compared to other 1% O2 containing atmospheres, indi-
cating less adhesion inside the oxide scale. 
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Fig.6 - Oxide scales after descaling by thermal shock.

Depending on the furnace gas atmosphere, different 
amounts of thick iron oxide scales are removed from the 
surface after descaling by thermal shock. Figure 7 shows 
sample sides for MA and MO methods, which still have 
iron oxide scale left on the surface. Oxide scale of HO 
methods is very similar to MO methods. Thermal shock 
cooling has significantly detached the outer iron oxide 
layer, leaving interface oxide on the steel surface. Only 
Steel A with MA1 method does not have a clear cooling 
crack in the center of the one sample side. However, all 
sharp-shaped outer oxide is removed on the remain-
ing oxide layer and other three sample sides are without 
whole layer of outer iron oxide. 

In addition to cooling cracks and sharp-shaped outer 
oxide removal from both steels in MA1 method by ther-
mal shock, fast cooling causes more vertical cracking of 
oxide scales compared to ones without thermal shock. 
Furthermore, oxide scale formed using oxyfuel methods 
is more cohesive, while air-fuel methods have horizon-
tal crack between more pores containing inner oxide and 
outer iron oxide with wide vertical voids. Similar cracking 
between porous inner wüstite and outer magnetite pre-
cipitates containing wüstite layer was found after air-fu-
el method of propane by Adolfi et al. [19], while oxyfuel 

method does not have crack above the porous zone. The 
cause of the cracks was suggested to be a lower adhesion 
in the oxide scale layers when cooling causes mechanical 
stress due to higher shrinkage of steel compared to oxide 
scale. Different pore structure can also be the reason for 
horizontal cracking. As seen in figure 4, outer line of pores 
inside the oxide scale of MA6 samples is almost connect-
ed horizontally to form continuous crack, while similar 
pore merging is not detected for oxyfuel samples.

Both vertical and horizontal cracks promote oxide scale 
removal in industrial descaling process, in which includes 
mechanical impact by water jets to remove oxide scale. 
Difference in pore structure and cracking between air-fu-
el and oxyfuel methods can be reason for observation by 
Adolfi et al. [19] that oxide scale formed using oxyfuel 
method comes off steel surface in larger pieces compared 
to air-fuel method.
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Fig.7 - Oxide scales after descaling by thermal shock.

Oxide-steel interfaces after descaling by water thermal 
shock are presented in figure 8. Steel A has more un-
even oxide layers on the steel surface compared to more 
continuous layers of Steel B, indicating weaker scale ad-
hesion. Stronger adhesion of Steel B is based on higher 

oxide penetration into the steel matrix and entanglement 
structure formation due to nickel and silicon alloying [1]. 
Furthermore, increase in chromium content has been re-
ported to increase the scale adhesion [13].

Fig.8 - Oxide-steel interface after descaling by thermal shock.

Measured thickness averages of interface oxide scale re-
siduals on the steel surface and penetration depth aver-
ages of oxide scale pegs are presented in figure 9. Tran-
sition from methane-air to hydrogen-oxygen decreases 
the thickness of oxide scale at interface, indicating that 
heating method change can even enhance the descaling 
efficiency. Even if the average thickness using HO meth-
od slightly increased compared to MO methods for Steel 
A, the thickness of the residual scale is still lower than 
the methane-air method (MA6). Higher unevenness and 
variation in measured average thickness of residual oxide 
scales after MA methods can be the result of different pore 
structures between air-fuel and oxyfuel methods. Similar 
unevenness of internal oxide scale after MA methods was 

observed in samples without thermal shock descaling 
(figure 3).

Average penetration depths of oxide scale pegs into the 
steel matrix are about 30 µm for Steel A and about 55 µm 
for Steel B as seen in figure 9b. Variations of depths is mi-
nor and therefore no significant effect of heating method 
on oxide scale peg depths can be observed. In consid-
eration of interface oxide thickness and depths of oxide 
pegs, there is not a noticeable decrease in descaling effi-
ciency in transition of heating methods from methane-air 
to hydrogen-oxygen, when industrial descaling with me-
chanical impact can also remove thick outer iron oxide 
scale layer from the steel surface.
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