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1. Introduction
When exposed to the atmosphere or aqueous solutions, surfaces 

of steel, including stainless steel, are inevitably oxidized and cov-
ered with oxide films (scale). Oxide films are involved, therefore, in 
every reaction that takes place on the material surface, and play im-
portant roles in enhancing the properties of the material. Nippon 
Steel & Sumitomo Metal Corporation has conducted several R&D 
studies focusing on surface oxide films.

Such studies include those on the atmospheric corrosion of low-
alloy steels envisaging better corrosion resistance by using oxide 
films forming at room temperature. The mechanisms of corrosion 
resistance improvement of alloy elements and surface treatment 
have been clarified through detailed analysis of steel surface scale 
using different analytical methods.1–4)

The corrosion resistance of stainless steel is due to a natural oxi-
dation film called a passive film that forms at room temperature. For 
the improvement of corrosion resistance by the natural oxidation 
film, a technology was proposed whereby surface oxide films are 
formed at high temperature for the purpose of minimizing metal elu-
tion to high-temperature water or ultra-pure water as well as im-
proving the resistance to corrosion due to corrosive gases. With re-
spect to such protective oxide films, Matsuda studied the effects of 
their forming conditions on film properties using Raman scattering 
spectroscopy and other analysis methods.5) Stainless steel has long 
been used as the material resistant to corrosion at high temperature, 
and various products designed to withstand repetitive thermal histo-
ry have been developed and put into use.6, 7)

Since the reaction rate increases dramatically at high tempera-

ture, the roles of surface oxide films are even more important in 
such conditions. They insulate the base metal from the environment, 
and for this reason, when they are broken, the material is exposed 
directly to the hot environment, and it will undergo catastrophic re-
actions to a heavy thickness loss or burning out. To develop materi-
als resistant to environmental attack, it is important to form and 
maintain a protective film on the surface, and the key to this is to 
know what kind of oxide film forms in different use conditions and 
how, and what roles the component elements play in the oxide film 
formation.

On the other hand, oxide films influence the surface properties 
of steel products during use as well as during the manufacturing 
processes, and there have been many reports on such events. Re-
garding scale defects at hot rolling, for example, Okada et al. stud-
ied the effects of the conditions of high-pressure water descaling on 
scale formation and the scale deformation during hot rolling.8, 9) In 
addition to the above, Kondo et al. investigated the phenomenon of 
scale's spontaneous blistering and flaking off,10, 11) and Hidaka et al. 
examined the high-temperature strength of different types of iron 
oxides, the main components of scale.12, 13)

As those reports show, scale and other oxide films on steel sur-
faces play important roles at high temperature, but because of their 
high temperature and consequent high reaction rates, they keep on 
changing continuously and rapidly according to the changes in tem-
perature and atmosphere. Because of this quick change, the stage of 
oxide film that must be focused upon to solve specific problems is 
unclear, and research activities are being conducted arbitrarily in 
most cases. It is therefore necessary to thoroughly understand the 
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whole “life” of oxide film from its initial formation through growth 
to destruction during cooling. Only by this will it be possible to ob-
tain guidelines for the development of new steels, such as the effects 
of added elements and optimum alloy design. Figure 1 schematical-
ly illustrates the events that serve as the keys for understanding the 
behavior of the oxide film at different stages.

The methods for clarifying, or analyzing, surface oxide films at 
the stages of initial formation, growth and destruction during cool-
ing have so advanced that the region of examination is becoming in-
creasingly smaller, and smaller amounts of component elements are 
being detected. Thanks to this, combined with the advances of elec-
tronic and other devices, it is now possible to observe and analyze 
oxide films directly in corrosive or high-temperature oxidizing envi-
ronments, where they actually form and grow. Such in situ observa-
tion technology has proved to be a powerful problem solving means 
since it allows direct viewing of the reactions and material behavior 
that take place at different life stages of oxide films.

This paper introduces some application examples of in situ obser-
vation technology and related analysis tools to clarify the dynamics 
of surface oxide films and the mechanisms of steel surface properties.

2. Initial Formation of Surface Oxide Films
The behavior of the atoms of the component elements and oxy-

gen at steel surfaces has not yet been fully elucidated. According to 
Nii, as many as nine theories have been proposed regarding the for-
mation of a thin oxide film at the initial stage of oxidation of met-
als,14) but there is no unified understanding yet. This is presumably 
because it can only be conjectured based on the observation of spec-
imens after the event, and the film is so thin that new analysis tech-
niques that can delve into nano regions and detect minimal matter 
are required. In spite of the difficulty, it is essential for evaluating 
the environmental resistance of steel materials to investigate the de-
tails of the reactions taking place between the metal and gases at the 
interface in high-temperature, oxidizing environments.
2.1 Initial processes of Ni oxidation

Oxidation of alloy materials for common use is a very compli-
cated process because it involves surface segregation of alloy ele-
ments, the change in interface reactions due to the advance in inter-
nal oxidation, etc. To untangle the complex situation, it is necessary 
in the first place to understand the behavior of pure metal in an ini-
tial oxidation stage. Regarding the changes that take place at metal 
surfaces contacting high-temperature oxidizing gas, there have been 
various reports of detailed studies dealing with several pure met-

als.15, 16) Useful information on fundamental phenomena of metal 
oxidation such as chemical adsorption and dissociation of atmo-
sphere gas, and the nucleation, two-dimensional growth and thick-
ness increase of oxide are available in such reports. For the same 
purpose, we observed the initial surface oxidation phenomena of Ni 
in situ in a high sensitivity environment by X-ray photoelectron 
spectroscopy (XPS) using the high-intensity X-ray of the SPring-8 
as the excitation light source.17)

The XPS is a typical surface structure analysis technology 
whereby an X-ray beam is irradiated onto a specimen as a probe to 
measure the kinetic energy and intensity of the electron discharged 
from it, and thus to obtain information on the composition of the 
oxide film on the surface, the binding mode of its component ele-
ments and their valences.

The above-mentioned SPring-8 (Super Photon ring-8 GeV) is a 
large synchrotron radiation facility of the world's highest perfor-
mance, located at Harima Science Garden City, Hyogo, Japan. 
When an electron is accelerated to near the speed of light and its 
travelling direction is changed in a magnetic field, a strong and thin 
beam of electromagnetic wave is emitted. The present study took 
advantage of this beam, which is herein referred to as X-ray.18)

The surface of a pure Ni specimen was cleaned in an ultrahigh 
vacuum, an oxide film was formed at the surface using a very small 
amount (5 × 10−4 Pa) of oxygen at room temperature, and then the 
specimen was heated to 650°C (927K). All these processes were ob-
served by XPS in real time at BL23SXU, a beam line of the 
SPring-8. Part (a) of Fig. 2 shows the change of Ni2p3/2 spectra 

Fig. 2   Ni-2p3/2 XPS spectra on Ni
   (a) O2 adsorption and oxidation at room temperature
   (b) Oxidation at 650°C

Fig. 1   Schematic illustration of key points about dynamics of oxide films
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while the specimen was held at room temperature. Here, the process 
in which pure Ni adsorbed O2 and oxidized to NiO was observed. 
Part (b) shows the growth of the NiO layer in real time while the 
specimen was held at 650°C.

We are presently investigating the initial oxidation behavior of 
alloy steel containing a variety of elements by the same method.19) 
Such studies are expected to clarify the roles of alloy elements in 
the formation of oxide films and the reaction mechanisms, which 
will lead to new guidelines for developing new steel products.

3. Growth of Surface Oxide Film
The growth rate of a surface oxide film is an important and fun-

damental piece of information because it defines the service life of 
steel material.20) Wagner's theory of oxidation 21) is a famous concept 
regarding the growth of the oxide film on steel surfaces,21) according 
to which the growth rate of an oxide film depends on the rate of ele-
ment dispersion. However, Kofstad reported that the growth rate of 
Cr2O3 fluctuates across three decimal orders.22) We believe that the 
key to the cause of this large fluctuation of the growth rate will be 
revealed by clarifying ‘what diffuses and reacts with oxygen and 
how’ through in situ analysis of steel surface.
3.1 Growth stress of oxide film of stainless steel forming at high 

temperature and effect of rare-earth element addition
To clarify the above ‘what and how’, we observed by the Raman 

spectroscopic analysis (RSA) an oxide film on a stainless steel sur-
face forming at high temperature.23)

The RSA is a crystal structure analysis method taking advantage 
of the fact that the frequency of Raman scattering light from a sub-
stance shifts from the incident light by the energy of the phonon 
(lattice vibration) of the substance, and that the spectrum of the scat-
tering demonstrates a shape (the number of peaks and their posi-
tions) peculiar to the composition and structure of the substance. 
The result of the analysis yields information about the molecular 
structure of the substance in question. In appreciation of this, it is 
widely used for structural analysis even in compounds of low crys-
tallinity such as oxides and hydroxides, which X-ray diffractometry 
(XRD) cannot deal with effectively. When a visible laser beam is 
used as the incident light source and the spectroscopy is done also in 
the band of visible light, transparent matter such as glass, water so-
lutions or gas does not disturb the RSA analysis, and because of this 
advantage, when combined with optical microscopes, its spatial res-
olution becomes as high as several micrometers and it is effectively 
used for the structural analysis of objects in natural and controlled 
environments. Therefore, the method has been used for the structur-
al analysis of corrosion products 24, 25) and their in situ analysis in 
aqueous solutions.26) In addition, because the peaks of Raman scat-
tering are sensitive to stress, the method is also applicable to stress 
analysis of oxide films.5)

The growth of oxide films on the surfaces of 17 mass% Cr stain-
less steel and 25 mass% Cr-20 mass% Ni stainless steel (hereinafter 
called 25Cr-20Ni) were examined at 900°C, using an Ar-ion laser 
beam 514.5 nm in wavelength as the incident light source.23) The 
spectra thus obtained clarified that a single-layer film of α-Cr2O3 had 
formed on the surface of each specimen. Then, standard spectra of 
α-Cr2O3 were measured at high temperatures using a surface of sin-
tered α-Cr2O3, and the peak-shift values of measured spectra from 
the standard spectra were obtained; Fig. 3 shows the change in the 
peak-shift values. Since the oxide layer after the oxidizing test was a 
single layer of Cr2O3, we consider that the peak shift exhibits the 
state of stress. The peak shift was converted into stress as given 

along the right-hand vertical axis; in the absence of stress measure-
ment at high temperature, the value measured at room temperature 
by Mougin et al.27) was used for the conversion.

As seen in Fig. 3, whereas the compressive internal stress meas-
ured with the 1.2-mm thick 25Cr-20Ni test piece was approximately 
0.7 GPa, it was as small as 0.2 to 0.3 GPa with the 1.2-mm thick 17 
mass% Cr and the 0.1-mm thick 25Cr-20Ni test pieces. This demon-
strates that the internal stress of the oxide film is mitigated by the 
deformation of the base metal when the material strength is low as 
in the case with ferritic stainless steel, or when the base metal is thin 
and not rigid enough, if the steel is of a high strength.

A similar test was conducted using specimens prepared by add-
ing rare-earth elements (RE) by roughly 0.03% to 25Cr-20Ni stain-
less steel.6, 7) As a result, the growth stress of the oxide film after 
heating for 24 h was as high as 1.2 GPa. We consider that the signif-
icant increase in the compressive stress from 0.7 GPa of the 25Cr-
20Ni test piece without the RE addition is due to the RE atoms of 
large ionic radii segregating at grain boundaries of the oxide film 
and consequent large strain in the crystal structure. The state of 
stress in a material influences the ion diffusion in it: the higher the 
compressive stress, the more difficult it is for Cr3+ and O2− to diffuse 
across grain boundaries of the oxide, which presumably accounts 
for the thickness decrease of the oxide film, or a decrease in the 
growth rate of Cr2O3 after 24 h of heating.

As seen above, it is possible to decrease the growth rate of a 
Cr2O3 film on stainless steel surfaces by controlling its local struc-
ture. Taking advantage of the finding, a new stainless steel thin sheet 
product suitable for long-term use in a gas environment of 800°C or 
higher has been developed.6)

4. Destruction of Surface Oxide Film
Destruction of surface scale at high temperature has a fatal effect 

on the material since environmental resistance of a material results 
from the scale insulating it from the surroundings. Once an oxide 
film is broken and the base material is exposed to the environment, 
its effective constituent elements are depleted through rapid oxida-
tion, a protective oxide film does not form on the surface, and oxi-
dation advances catastrophically.28) The fracture characteristics of an 
oxide film have direct influences on its flaking behavior, and thus, 
its destruction is closely related to the ease or otherwise of its re-

Fig. 3 Growth stress of stainless steels (negative values are compressive 
stress)

 Solid circle: 25Cr-20Ni 1.2 mm thick, Open circle: 25Cr-20Ni 
0.1 mm thick, Solid triangle: 17Cr 1.2 mm thick
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moval. As stated herein earlier, the ease of scale removal has been 
studied as a cause of scale defects, an important issue in steel manu-
facturing processes.

The destruction of surface oxide films significantly affects the 
service life of steel materials and their surface properties, but the de-
struction mechanism has not yet been elucidated.
4.1 Destruction of surface oxide films during cooling and effect 

of RE addition
Surface oxide films flake off during cooling as a result of com-

pressive stress in the film layer due to the difference in the thermal 
expansion coefficients between it and the base metal, but the details 
of the flaking mechanism and the scale behavior are still unclear. To 
clarify them, we evaluated the stress inside the oxide film layer by 
Raman scattering spectroscopy and observed the course of scale de-
struction using acoustic emission (AE).7, 29)

Test pieces of 25Cr-20Ni stainless steel, 1.2 and 0.1 mm in 
thickness, were held at 900°C for 3 h to have oxide films form on 
their surfaces, and then the Raman spectroscopic analysis and the 
AE observation were conducted in real time during cooling at a rate 
of −0.83 Ks−1. Note here that the AE observation was done continu-
ously during the cooling, but the Raman spectroscopic analysis was 
conducted by suspending the cooling several times at prescribed 
temperatures and holding the specimen temperature there for 300 s 
each.

The AE observation was conducted by connecting the test piece 
in the furnace to a sensor with a Pt wire and detecting the vibration 
caused by the destruction (cracking, flaking, etc.) of the scale. In 
usual practice of AE measurement, the number of signals of a pre-
scribed intensity or higher is counted as the number of events, and 
in the present study, the events corresponded to the fracture of scale, 
but no information as to the size of the destruction was given. For 
simplicity's sake, the AE energy was assumed to be the square of the 
maximum amplitude Vp of the AE waveform, and the cumulative 
AE energy after the first signal was plotted as seen in Fig. 4. This 
AE energy corresponds to the energy released from the inside of the 
oxide film. In the case of the 1.2-mm thick specimen (solid curve), 
the cumulative energy increased drastically from −ΔT = 500 K, and 
it increased further as the cooling continued. As seen here, it is pos-
sible to follow the process of oxide film fracture by tracing in real 
time the cumulative change of AE energy, which corresponds to the 

released energy. Table 1 shows the temperature −ΔTAE at which the 
cumulative energy curves began to rise rapidly.

Figure 5 shows the peak shift values of the measured spectra 
from the standard spectra at different temperatures during the cool-
ing from 900°C (1 173 K) and the oxidizing temperature; the meas-
ured spectra were obtained through Raman scattering spectroscopy. 
The stress σth (hereinafter called thermal stress) arising in the oxide 
layer owing to the difference in the thermal expansion coefficients 
between the oxide layer and the base metal is calculated according 
to Equation (1) given below.

 σth  =    (1)

where E is Young's modulus, α linear coefficient of expansion, ν 
Poisson ratio, h the suffix for thickness, Me the same for the base 
metal and Ox the same for the oxide layer.

The right-hand vertical axis of the graph is the stress value con-
verted using the coefficient proposed by Mougin et al.21) as shown in 
Fig. 3. In the case of the 1.2-mm thick specimen (open circles), the 
compressive stress increased according to Equation (1) up to 
−ΔT = 400 K, then deviated from the equation and remained con-
stant. In the case of the 0.1-mm thick specimen (solid circles), the 
compressive stress increased according to Equation (1) up to 
−ΔT = 200 K, remained at the level temporarily, then increased again 
to −ΔT = 600 K and stayed there. We understand that the thermal 
stress was relaxed at those temperatures. These peculiar tempera-
tures of stress relaxation are those listed in Table 1 as −ΔTAE.

The stress inside the scale layer and its fracture behavior are ex-
amined below based on the above measurement results. As the Ra-
man analysis was conducted at intervals of 200°C, −ΔTR = 400 K 
and −ΔTAE = 500 K of the 1.2-mm thick specimen are substantially 

Eox 
.
 ΔT 

.
 (αMe − αox)

(1 − ν) 
.
 {1 + 2 (Eox / EMe) (hox / hMe)}

Fig. 4   Temperature dependence of AE energy of stainless steel
(solid line: 1.2 mm thick, broken line: 0.1 mm thick)

Table 1 Critical temperatures from AE and Raman measurements
 (−ΔTAE, −ΔTR)

Specimen thickness 
(mm)

−ΔTAE (K) −ΔTR (K)

1.2 500 400
0.1 600 200, 600

Fig. 5 Temperature dependence of stress of stainless steel (negative val-
ues are compressive stress)

 Solid circle: 25Cr-20Ni 1.2 mm thick, Open circle: 25Cr-20Ni 0.1 
mm thick, Solid line: calculation of Eq. (1)
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equivalent to −ΔTR = 600 K and −ΔTAE = 600 K of the 0.1-mm thick 
specimen. This means that the measurement captured the phenome-
na wherein the surface oxide film was broken by thermal stress at 
these temperatures, and the stress was relaxed as a result. Here, as 
for the stress value at which the oxide film broke, we presume that it 
is determined by the adhesion strength of the oxide film to the base 
metal at the temperature range (−ΔTAE = 600 K or below, 300°C or 
below), the composition of the film and mode of fracture, and think 
that, if the composition and the mode of fracture are the same, it can 
be used as an indicator for quantitatively evaluating the adhesion 
strength. They also think that by using this indicator, it is possible to 
quantitatively evaluate the effects of alloy elements, which will 
serve as effective guidelines for the development of new steel mate-
rials.

In contrast, the oxide film of the 0.1-mm thick specimen did not 
fracture as a result of the stress relaxation at −ΔTR = 200 K. The 
strength of the material measured at high temperature and the 
roughly estimated force imposed on the base metal are of the same 
order of magnitude, and for this reason, the stress relaxation is pre-
sumably due to the deformation of the base metal. Thin-sheet test 
pieces are often seen to wave in an oxidation test at high tempera-
ture; this is considered to result, like the above, from stress relax-
ation due to thermal stress of cooling and consequent deformation 
of the base metal.

As stated above, the combination of two in situ analysis methods 
makes it possible to closely follow the behavior of internal stress of 
surface oxide films and that of their fracture, which will be instru-
mental in clarifying the mechanism of oxide film fracture and in ob-
taining guidelines for the development of new steels capable of pre-
venting it.
4.2 Transformation of surface oxide film during temperature 

change
Oxide films on steel surfaces undergo phase transformation as 

the temperature changes during cooling. While the transformation is 
considered to affect the fracture of the oxide films directly, and indi-
rectly via consequent structural change, various details of the trans-
formation have not yet been elucidated. Regarding ferrous oxide 
films, for example, FeO is stable at 570°C or above, but it becomes 
unstable below the temperature, and undergoes eutectoid transfor-
mation into Fe and Fe3O4 during cooling (wüstite transformation).26)

The structure resulting from the wüstite transformation differs 
depending on the chemical composition of the steel and the cooling 
pattern. In view of this, we examined the transformation process of 
oxide films in situ by XRD.30)

Since steel materials and most oxide corrosion products on their 
surfaces are aggregates of polycrystalline bodies, when a monochro-
matic X-ray beam is irradiated to such an object, it is diffracted at 
the lattice planes of crystal grains, forming diffraction lines that sat-
isfy the Bragg condition, 2d sin θ = nλ (where d is the lattice spacing, 
θ the angle of the incident beam relative to the lattice plane, and λ 
the wavelength of the X-ray). The XRD is a method of crystal struc-
ture analysis making use of the fact that the pattern of the diffraction 
lines is different depending on the composition and structure of the 
object material. Since X-ray is highly penetrant and is not severely 
affected by aqueous solutions, gases, etc. in the environment, it is 
employed widely for in situ structural analysis. Angular resolved 
XRD using practically monochromatic X-rays such as CrKα, CoKα, 
CuKα, MoKα is widely used. Its time resolution is so enhanced by 
using a multidimensional pixel detector that it is now able to trace 
transient phenomena during oxidation at high temperature.

Specimens of 0.048 mass% C-Fe were heated at 670°C for 180 
s, then held at 400, 450 and 500°C, and their isothermal transforma-
tion was examined at these temperatures by XRD. For in situ obser-
vation of the change in the structure and composition of the surface 
oxide films growing to a thickness of several micrometers or more 
and the base metal immediately beneath, combined use of a high-in-
tensity radiation source and a high-speed and high-sensitivity detec-
tor is suitable. Accordingly, for the test at BL19 B2, another beam 
line of SPring-8, an X-ray source of 28 keV and a two-dimensional 
pixel detector Pilatus were used.31)

Figure 6 shows the Debye-Scherrer diffraction rings thus ob-
tained. The crystal structures of the specimens were evaluated by 
obtaining such images at intervals of 30 s and converting them one-
dimensionally. Figure 7 shows an example of the structural change 
during isothermal transformation of FeO at 400°C.

The details of the following processes were observed in real time 
at the present analysis: while Fe3O4 formed as a result of the isother-
mal transformation at 500°C from Fe1-xO, which had formed at 
670°C, at those at 400 and 450°C, Fe1-yO (y < x) of a higher Fe con-
tent formed in the first place, and Fe3O4 and Fe formed later.

As stated earlier, scale plays important roles in steel manufactur-
ing processes. The present study has created better understanding of 
scale transformation at different holding temperatures, and the tech-
niques employed therefor proved capable of clarifying the mecha-
nisms of scale flaking, which will provide hints for process im-
provement and guidelines for the development of new steels.

5. Conclusion
Some examples of studies on the behavior of oxide films on steel 

surfaces and the mechanisms of steel surface properties employing 
in situ observation techniques have been reported herein.

The combination of XPS and SPring-8 has proved effective at 
observing O2 adsorption and the growth of oxide films in the initial 
stage of oxidation. At their growth stage, internal stress of scale was 
evaluated by the Raman scattering spectroscopy, and then the effects 
of alloy elements to retard the growth of oxide films were clarified. 
Combined use of AE analysis and Raman scattering spectroscopy 
proved effective at clarifying the mechanisms of stress and film 

Fig. 6 Quarter circle of the Debye-Scherrer diffraction rings obtained 
for the wüstite scale transformed at 450°C for 6.6 ks in laborato-
ry air
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fracture in the film destruction stage. In addition, the combination of 
XRD and SPring-8 has clarified the process of wüstite transforma-
tion, which is believed to influence the flaking characteristics of sur-
face oxide films. These findings will lead to better knowledge of the 
corrosion resistant effects of alloy elements.

As has been reported herein above, the technologies for in situ 
observation are extremely useful for clarifying the dynamics and the 
behavior of surface oxide films, which change from moment to mo-
ment during the stages of initial formation, growth and destruction 
during cooling, according to temperature, atmosphere and other en-
vironmental conditions. We intend to expand the effective use of 
these technologies beyond mere understanding of the phenomena to 
surface metallurgy, or elaboration of new steel chemistry and the 
structure and creation of new steel material excellent in surface 
properties in response to the diverse requirements of customers.
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Fig. 7 Changes over isothermal transformation at 400°C in laboratory air
 (a) Diffraction angle 2θ, (b) Integrated intensity of wüstite (200) 

peaks
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