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Abstract

In this article, oxidation kinetics of carbon steel is investigated with respect to the existence of copper (Cu). It is aimed to
figure out the high-temperature oxidation behaviours of Cu bearing steel. Cu induced hot shortness is the main problem
of recycling of tramp element containing steels. The experimental temperature range was decided according to the steel
deformation process. Oxidation experiments were conducted between 900 and 1200 °C with 100 °Cintervals in an elec-
trical resistance furnace. High-temperature oxidation kinetics of Cu bearing carbon steel was examined. Topographical
surface analysis’ of samples were carried out via X-ray diffraction, scanning electron microscopy, optical microscopy. Mass
gain rate and kinetical results were algebraically evaluated. Cu segregation on steel surface at elevated temperatures

and its behaviour against oxygen were observed.
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1 Introduction

Oxidation kinetics of materials is highly studied for differ-
ent materials under various conditions. High-temperature
oxidation is affected by atmospheric conditions, the par-
tial pressure of gases, temperature, material conditions
such as surface roughness, alloying, and coating, etcetera.
Tramp element behaviours in steels are crucial to under-
standing because the recycling of steel increases tramp
element concentration in scrap continuously. Cu is not
able to be refined from steel via conventional steelmak-
ing in electric arc furnace (EAF) due to the nature of the
process. The conventional EAF process follows the oxida-
tion route for impurities with basic oxide slags. Cu, arsenic,
antimony, and tin cannot be refined via the EAF process,
and in every recycling step, these elements accumulate in
the steel. Accumulated elements are called as tramp ele-
ments in steel [1-6].

Tramp element behaviours in steels are known as
hazardous effects. Cu has the highest concentration as a
tramp element in steel scraps. The solution of Cu-induced

problems in carbon steel at industrial practice is based
on using cleaner scrap or dilution with cleaner scrap [4].
Using chlorination followed by oxidation processes to
separate copper from steel is proposed in different stud-
ies. Although the authors stated that the process is tech-
nically feasible, large production amounts in the steel
industry restrain using chlorine gas due to environmental
and safety issues [7, 8]. The alloying effect on Cu bearing
steels is studied to minimize the hazardous impact of Cu.
Manganese, sulphur, silicon, phosphorus, and nickel effect
on Cu in steel are studied from different researches [9-14].
The effect of Cu and Sn on the oxidation mechanism of
steel is studied by Konda [15, 16] with a low amount of Sn
and Cu. Studies have shown those tramp elements have
a vital role in the oxidation of steel besides detrimental
effects on mechanical properties. Our previous studies
have shown that Cu affects mill scale characteristics of
hot rolled steel slabs [17]. In this study, oxidation kinet-
ics of low and high copper containing steel samples are
studied. Oxidation kinetics and surface morphology with
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scale characterizations are applied to understand Cu effect
on the oxidation kinetics of steel.

2 Experimental

Samples for oxidation kinetics were prepared via machin-
ing of steel castings with different amounts of copper.
Samples were produced in an induction furnace by smelt-
ing. 0.20% Cu sample was casted then copper alloyed to
liquid steel. Carbon was decreased in 2.00% sample, alloy-
ing time caused decarburization and copper diluted the
carbon amount. Chemical compositions of the samples
were given in Table 1. Samples are prepared as rectan-
gular shape measure of 20x20x5 mm. Surface areas
of the machined samples were calculated manually and
the samples were placed in alumina crucibles. They were
put in a pre-heated electric resistance furnace. The fur-
nace was adjusted to the ambient conditions during the
experimental procedure. Experiments were carried out for
10, 20, 30, 60, and 90 min at the oxidation temperatures
between 900 and 1200 °C with 100 °C intervals. Mass gain
of the samples were carried out from the mass difference
of oxidized and initial samples in Precisa™ XB320M sensi-
tive balance. The oxidation rate was calculated as the mass
gain per surface area. Kinetical values were evaluated with
the Arrhenius equation, and the calculation procedure is
obtained from the previous study [18]. X-ray diffraction

(XRD) investigations of the scales were carried out using a
Panalytical™ X'Pert Pro with Cu Ka (k=1.5406 A) radiation
in the 26 range of 20-70 at a rate of 2/min. The surfaces
of the samples were grinded up to 2500 mesh using SiC
papers followed by polishing with 1 palumina paste. Then
polished samples were washed with distilled water and
ethanol. Dried samples were etched with a solution of 10 g
of FeCl;-10 ml H,0,-100 ml distilled water. The surfaces
of the samples were examined with optical microscopy via
Olympus X70 microscope. Then they were examined with
SEM imaging and EDS analysis for detailed investigations.
Initial microstructures of the samples were given in Fig. 1.
Initial microstructures did not contain any copper segrega-
tion. Microstructures of the materials consisted dendritical
grains of typical casting structure.

3 Results and discussion

The results of the oxidation rate were given in Fig. 2. Oxi-
dation rate increased according to the oxidation tempera-
ture and exposure time. Cu bearing steel had the same
oxidation behavior with low Cu steel at 900 °C. Oxidation
level of the steel increased due to the temperature as
expected. Higher temperature increased the mass gain
of copper-bearing steel more than mass gain of the low
copper steel. The oxidation rate of steel with high copper
content showed an increasing trend with time. Longer

Table 1 Chemical composition

o Sample % Mn% Si% S% P% Cr% Cu% Ni%

of oxidized steel samples
0.20% Cu 0.419 0.45 0.39 0.02 0.017 0.1 0.2 0.09
2.00% Cu 0.209 0.47 0.48 0.02 0.017 0.1 1.96 0.09

Fig. 1 Original microstructure of samples (0.20% Cu on left, 2.00% Cu on right)
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Fig.2 Oxidation rate of 0.20% Cu and 2.00% steel for 900, 1000, 1100 and 1200 °C

exposing time to the oxidative atmosphere broke the oxi-
dation resistance of steel with copper alloying. Exposing
the material to the shorter oxidation durations revealed
a protective mechanism against oxidation. The oxidation
resistance of material decreased due to the time of expo-
sure. After 30 min of oxidation, all specimens had a stable
oxidation regime.

XRD results for scales of oxidized samples were given
in Fig. 3. Figure 3 showed that increasing copper content
in steel increased the oxidation rate. Higher oxygen-con-
taining phases of iron such as hematite formed in scale
in 2.00% Cu containing steels. Wustite phase was mainly
eliminated in 2.00% Cu containing steel. Magnetite exists
in both scales due to thermodynamics because wustite is
the most stable phase of iron oxide at elevated tempera-
tures. This result explained higher mass gain in copper-
containing steel due to the formation of hematite. The for-
mation of hematite also declared the oxidation process of
the surface was completed. The completion of oxidation
on the steel surface mean the kinetical model of oxida-
tion was controlled by diffusion. Further oxidation of iron
atoms below the surface needs ion exchange from the iron
oxides on the surface. That situation decreased the oxida-
tion rate of the steel after 30 min.

SEM and EDS analysis showed copper enrichment
under the mill scale, as stated in the literature for hot
shortness mechanism [19]. The copper-rich region was

found in 2.00% Cu containing steel. SEM images, along
with optical microscopy images, showed copper segrega-
tion on the steel surface. The optical microscopy image
of 0.20% Cu is given in Fig. 4, and the image of 2.00%
Cu image is provided in Fig. 5. Optical and SEM images
showed a cross-sectional view of the steel surface. Figure 4
showed resin mold, scale, decarburization zone, and origi-
nal microstructure from top to bottom. All images were
collected with the same structure. SEM images of 2.00% Cu
bearing steel after oxidation treatment with EDS analysis
were given in Figs. 6, 7 and 8. EDS analysis of samples was
presented in Tables 2 and 3, respectively.

EDS results of Fig. 5 showed copper segregation under
the scale. Blister formation under the scale was visible from
the SEM image. EDS analysis showed copper segregation
along with sulfur content. The thermodynamic point of
view states sulphur affinity of copper is higher than iron
[20]. Inner oxide particles could be seen below the surface
and copper segregation. Blister formation due to vapour
pressure of liquid copper and CO that formed during the
decarburization of the surface decreases steel-scale cohe-
sion. Previous study revealed that blister formation also
related with Kirkendall effect caused by segregated phases
diffusion constant [21]. Figure 6 and EDS analysis showed
a smoother oxidation surface without large blisters. Inner
oxide formation was less than Fig. 5. It was reported that
fayalite formation possible in silicon and silicon-copper
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Fig.3 XRD results of scales of 0.20% and 2.00% Cu containing steels at 1100 °C

Fig.4 The cross-sectional view of the optical microscope image of Fig. 5 The cross-sectional view of the optical microscope image of
0.20% Cu bearing steel after oxidation at 1100 °C for 90 min 2.00% Cu bearing steel after oxidation at 1100 °C for 90 min

containing steels but fayalite formation restricted due  boundaries and diffused to the inner parts of the steel.
to surface decarburization [22, 23]. Copper segregation  Similar behaviour of copper was reported by previous
below the surface could be seen with the penetrated  research [22].

copper on the steel grain boundaries. Segregated cop- Kinetical model was derived from the study of Cao et al.
per on the surface followed the path of austenite grain [18] that based on the Arrhenius equation. Mass gain per
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Fig.6 The cross-sectional view of the SEM image of 2.00% Cu bear-
ing steel after oxidation at 1100 °C for 90 min

Fig. 7 The cross-sectional view of the SEM image of 2.00% Cu bear-
ing steel after oxidation at 1100 °C for 90 min
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Fig.8 In K~1/T relationship for 0.20% Cu Alloy

Table 2 Point EDS analysis results of Fig. 5

Spot Fe% Cu% Mn% 0% S%
67.98 - 6.598 2542 -
15.37 57.12 - - 27.51
3 89.51 2.63 - 7.86 -

Table 3 Point EDS analysis

. Spot  Fe% Cu% 0%
results of Fig. 6

1 133 86.7 -
2 8692 - 13.08
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Fig.9 In K~1/T relationship for 2.00% Cu Alloy

area was used for the determination of the oxidation rate
constant of the oxidation process. Oxidation rate constant
was calculated by using the equation:

AW" = K; - t

where AW is the mass gain of material per surface area,
K is oxidation rate constant, and t is time. The mass gain
of material can be expressed in mg mm™ and time in
minutes. n is a constant that proposed for different scale
types. In loose and porous scale structures n is n<2 for
compact scales n>2 [18]. In this study, n value was set to
1.5 because of blister formation on the scale. Blister for-
mation decreased compactness of the scale. Calculations
were based on this formulae, and activation energy was
calculated from the slope of In K~T~" line. In K,-T~" graphic
was plotted in Figs. 7 and 8 for 0.20% Cu alloy and Fig. 9
for 2.00% Cu alloy consecutively. T is the temperature in
Kelvins. Calculated K, values for 90-min oxidation were
given in Table 4.

The calculated activation energy of oxidation for 0.20%
Cu and 2.00% Cu alloys were 150.9 kJ/mol and 159.1 kJ/
mol, respectively. The activation energy for the oxidation
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Table 4 Calculated K; values for 90 minutes of oxidation

Sample K, (mg? mm= min~")
0.20% Cu, 900 °C 2.106x1078
0.20% Cu, 1000 °C 1.094x 1077
0.20% Cu, 1100 °C 2.017x1077
0.20% Cu, 1200 °C 5.578x1077
2.00% Cu, 900 °C 2.087x1078
2.00% Cu, 1000 °C 1.625x 1077
2.00% Cu, 1100 °C 2.474%x1077
2.00% Cu, 1200 °C 6.961x 1077

Table 5 Activation energy of oxidation in different steel composi-
tions

Steel Activation Atmosphere Source
energy (kJ/
mol)
Low Si-steel 150.48 20% H,0/Ar [12]
High Si-steel 181.25 20% H,O/Ar [12]
Low C steel 125.50 21% 0,-79% N, [18]
0.06% Sn low-C steel  142.07 o, [24]
Low-C steel 164.80 20% O,/Ar [25]
0.20% Cu low-C steel 150.90 Air This study
2.00% Cu low-C steel 159.10 Air This study

of steel was calculated for various compositions under
different atmospheric conditions. The comparisons of the
activation energies of the previous investigations were
given in Table 5. Generally, low carbon steels have activa-
tion energies of oxidation between 125 and 180 kJ/mol.
The activation energies for Cu bearing carbon steels were
in the range of 125-180 kJ/mol value. The copper effect
on oxidation activation energies in steel were insignificant
but the oxidation process was affected dramatically. Blister

Oxygen Oxygen
C C C (
Austenite

(a) Low Copper Steel Oxygen Diffusion Pathway

formation in scale-steel interface is unique for copper-
bearing steels.

Formation of liquid segregated copper layer between
steel-scale interface decreased the steel-scale cohesion.
Decreased cohesion between the steel and scale, along
with vapour pressure from molten copper, creates a free
surface for blister formation. Liquefied copper acts as a
protective layer in the early stages of the oxidation. Steel
with lower copper content had an adherent scale on the
surface. Adherent scale formation created a smooth path-
way of diffusion for further oxidation. The formation of
segregated copper on the steel surface created a block-
age for oxygen diffusion. Lower oxygen affinity of copper
restrained oxidation of copper in the presence of iron.
Hematite formation in high copper-bearing steel was the
result of a disconnected scale from the steel surface by
segregated copper. Restrained oxygen diffusion to steel
was given in Fig. 10.

Kinetical phenomenon proposes two different path-
ways; chemical controlled and diffusion controlled. Oxida-
tion of copper-bearing steel occurs in two steps; chemical
controlled process occurs at the beginning of oxidation,
the high oxidation rate is observed in this step, diffusion-
controlled mechanism takes place after the formation of
scale on the steel surface with a stable oxidation rate. In
the diffusion-controlled stage of oxidation, copper-bear-
ing steel has two protective mechanisms: loose scale and
liquid copper segregation on the surface. Copper bearing
steel needs higher activation energy for oxidation because
of restrained oxygen diffusion to the steel surface. The
difference between high and low copper bearing steel
derives from the segregation of copper on the steel sur-
face. The general oxidation mechanism of copper-bearing
steel is illustrated in Fig. 11. The scale on the steel surface
forms after short exposure time to the oxidative atmos-
phere at elevated temperatures. Liquid copper particles

Oxygen Oxygen
i Blister /Copper
|
Scale [ 7 & Z — S
Austenite

(b) High Copper Steel Oxygen Diffusion Pathway

Fig. 10 Oxygen diffusion pathways in low copper and high copper bearing steels
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Fig. 11 lllustration of oxidation mechanism in copper bearing steel

form in scale in case of higher oxidation temperatures than
coppers melting point, 1083 °C. Copper particles accumu-
late on the steel surface to decrease formation energy.
Liquid copper film penetrates the material through grain
boundaries. Vapour pressure from molten copper, along
with the CO discharge from decarburization, creates blis-
ters on the steel surface. Liquid copper advances to inner
parts of material by following the grain boundaries and
causes intergranular cracks on the steel surface.

4 Conclusion

Results showed that copper segregates at elevated tem-
peratures, and it works as an oxygen barrier on the steel
surface. This mechanism results in increased activation
energy of oxidation in copper-bearing carbon steel.

(1) The copper amount is found to be ineffective at
900 °C for the oxidation rate of steel; however, at ele-
vated temperatures, copper enhances the mass gain
rate of steel. Higher copper content increases the
oxidation level of steel. Hematite is found in 2.00%
Cu containing steel scale, while 0.20% Cu containing
steel scale consists of magnetite and wustite.

(2) The formation of blisters on the scale/metal interface
restrains the diffusion of oxygen atoms to the inner
parts of the material. Liquid copper existence under
scale also suppresses the diffusion pathway of oxygen
atoms. This mechanism works as a protective surface
condition on the steel surface and results in elevated
activation energy of oxidation in copper-bearing

(e) Formation of Blisters

(f) Advance of Copper Segregation

steel. Copper bearing steel has an activation energy
of oxidation 159.10 kJ/mol, while low copper bearing
steel has 150.90 kJ/mol activation energy.

(3) Cu has higher oxidation resistance than iron, thus
remains in the metallic form under the steel surface
and causes segregates on the steel surface. Segre-
gated copper migrates to austenite grain boundaries
and decreases grain cohesion. This mechanism, along
with high temperature and rolling process results in
macro cracks known as hot shortness.
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