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Technical Report

In-situ and Non-destructive Analysis of Protective Coatings on
Structural Materials for Chemical Plants

Abstract

Takashi DOI*

To improve the reliability of structural materials for energy production exposed to harsh
corrosive environments, the protective properties of the films formed at the interface be-
tween the environment and the material are important. To understand the formation and
degradation mechanisms of protective films, it is desirable to extract as much information
as possible about these films in the functional state. Non-destructive and in-situ analysis
methods were studied for this purpose. As a result of applying these methods, the mecha-
nism of gas reaction inhibition by Cu addition to metal dusting corrosion in the GTL fuel
fabrication process and the mechanism of corrosion inhibition by Cr in low-alloy Oil Coun-
try Tubular Goods materials in a CO, environment were elucidated.

1. Introduction

Steel manufacturers are actively engaged in the research and de-
velopment of structural materials for chemical plants that not only
provide a stable supply of energy, but also produce new energy,
aiming to reduce carbon dioxide (CO,) emissions. These materials
are used in energy production and support our living infrastructure
and are often exposed to harsh environments such as high tempera-
tures and high pressures. Oxide films are formed on the surfaces of
materials exposed to such environments due to their interaction with
the environment. The durability and reliability of materials depend
on the characteristics of this oxide film. The composition and struc-
ture of the interface containing the oxide film contain information
that reflects the oxidation resistance and reactivity of the material in
its operating environment. During evaluation and analysis, a lot of
information must be carefully extracted.

The analysis uses a method whereby “probe” particles are irradi-
ated and impinged onto the target substance, and the various parti-
cles emitted as a result of various interactions within the substance
are detected as information. The range of information to be obtained
is wide, such as the amount, existence state, crystal structure, etc.,
and the examination method is flexible. It is necessary to use appro-
priate methods depending on the target substance and the informa-
tion required. We are proceeding with the study and development of
analysis techniques to elucidate the protectivity of films and their
deterioration mechanisms. New corrosion resistance and oxidation

resistant mechanisms obtained from analysis of the protectivity and
deterioration behavior of films formed on surfaces are implemented
for research on the reliability improvement of structural materials.

The recent energy situation has led to an increase in the severity
of the environment where structural materials for energy production
plants are used. As a result, examples have been observed where ox-
idation and deterioration behavior proceed through processes differ-
ent from those previously known. Unconventional approaches and
analysis methods are needed to analyze the oxidation and deteriora-
tion proceeding at the interface between the operating environment
and materials and the factors that suppress and control them. Atten-
tion is focused on nondestructive analysis and in-situ analysis meth-
ods to analyze the surface films formed in such harsh environments,
clarify their surface reactions, and extract the maximum amount of
information. In Chapter 2, we introduce the nondestructive analy-
sis? of the scale/base metal interface using hard X-ray photoemis-
sion spectroscopy (HAXPES). Chapter 3 introduces a high-tempera-
ture and high-pressure moisture optical analysis cell and describes
the in-situ analysis? of corrosion product films using the optical cell
and Raman scattering spectroscopy.

2. Nondestructive Analysis of Scale/Base Metal In-
terface by HAXPES
Recently, GTL (gas to liquids)® and DME (dimethyl ether),?
clean fuels made from natural gas, have been attracting attention as

*

Research Laboratories
1-8 Fuso-Cho, Amagasaki City, Hyogo Pref. 660-0891

-100-

Ph.D., Senior Researcher, Materials Microstructure Characterization Research Dept., Materials Characterization Research Lab., Advanced Technology



NIPPON STEEL TECHNICAL REPORT No. 132 FEBRUARY 2025

new sources of energy that are advantageous in reducing CO, emis-
sions. Recently, it has been pointed out that severe corrosion called
metal dusting (MD) corrosion® may occur in the GTL and DME
manufacturing processes.? The MD corrosion behavior differs de-
pending on the alloy composition. For example, in low-alloy steel,
whose main component is Fe, CO in these synthesis gases is ad-
sorbed on the steel surface and carburizes it, and Fe,C is formed
near the steel surface. On the Fe,C surface, carbon is deposited by
the reaction with the synthesis gas (syngas), Fe,C is re-decomposed
into Fe and graphite, and fine Fe particles fall off. After Fe flakes
off, Fe,C is formed again at the interface between the steel and the
syngas. The repeated generation and decomposition of Fe,C causes
significant corrosion thinning.” On the other hand, stainless steel
and Ni-based alloys exhibit different corrosion behavior. A protec-
tive film is formed on the surfaces of these metals, even in a syngas
environment. Still, carburization of the base metal progresses
through exposed metal regions, such as film cracks and peel-off that
inevitably occur during use. As carburization proceeds, compounds
like M,.C, and M.C, are formed with Cr as the main component,
and graphite also precipitates on the surface of the base metal. It is
thought that as a result, the metal flakes off and pit corrosion pro-
gresses. 510

Conventional materials are not suitable for long-term use in cor-
rosive environments, making it challenging to design equipment for
producing syngas like GTL. To address this issue, Nippon Steel
Corporation conducted internal studies and discovered that Ni-based
alloys containing Cr, Cu, and Si are less susceptible to corrosion in
such environments.'" As a result of this research, NEXAGE™ 696
(Ni-30Cr-2Cu-1.5Si)'» was developed based on a new corrosion
protection concept as a result of mechanism elucidation research.
The study found that Cr and Si in the developed material form a
protective oxide layer in an MD environment, but the effect of Cu
was not very clear. To clarify this point, a study was conducted us-
ing Ni, Cu, and various Ni-Cu binary alloys.!” The study found that
Cu is less likely to cause MD corrosion and is considered to be low
in the adsorption activity of CO, which is the main cause of MD
corrosion. Although Ni is subject to MD corrosion, MD corrosion
was largely suppressed in the Ni-Cu alloys. It is well known that Cu
segregates on the surface of Ni-Cu alloys at high temperatures.'?
Even for Ni-Cu alloys that exhibited MD corrosion resistance, heat-
ing experiments in an ultra-high vacuum confirmed that Cu segre-
gated on the surface. In other words, in the developed material as
well, there was a high possibility that Cu would segregate on the
base metal surface directly below the protective scale in the high-
temperature syngas environment. When defects are inevitably
formed in the protective scale in the operating environment, Cu mi-
grates to the surface defects in the base metal and suppresses the
dissociative adsorption of CO and, hence, the MD corrosion resis-
tance of the developed material can be well understood. To verify
this idea, it is crucial to obtain detailed information on the composi-
tion and chemical bonding state in the depth direction of test speci-
mens exposed to a simulated syngas environment. After evaluating
various methods, we discovered that the distribution and existence
state of Cu and other alloying elements at the scale/base metal inter-
face could be analyzed by nondestructive in-depth analysis with the
HAXPES method. This method excites photoelectrons with large
kinetic energy by using hard X-rays as a radiation source. Unlike
normal XPS, XPS measurements using hard X-rays can acquire
XPS spectra at several tens of nanometers or more than 10 times the
information depth of normal XPS. When we perform angle-resolved
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Fig. 1 Schematic diagram of angle resolved XPS

measurements using this HAXPES and with the specimen tilted rel-
ative to the photoelectron analyzer, as shown in Fig. 1, we can ob-
tain information on the depth distribution and existence state of each
element, including Cu.

Two types of specimens were prepared: alloy 1 and alloy 2. Al-
loy 1 has MD corrosion resistance in a syngas environment, but al-
loy 2 promotes MD corrosion. The composition is Ni-22Cr-2Cu for
alloy 1 and Ni-22Cr-1Cu for alloy 2. The two alloys were subjected
to an oxidation test at 650°C for 600 s in a simulated syngas envi-
ronment (60%CO + 26%H, + 11.5%CO, + 2.5%H,0) and then im-
mediately taken out and used for measurements.

HAXPES measurements were conducted at SPring-8 BL47XU
using 8 KeV X-rays. The measurements were performed using the
angular resolution method, and the photoelectron take-off angle
(TOA) was set to 80, 52, 30, and 15 deg.

Figure 2 shows representative spectra obtained from alloy 1.
The Cr 2p3/2 peak shown in Fig. 2(a) consists of the low binding
energy component (Met. Cr) that has spectral information from a
metal component and the low binding energy component (Cr-O)
that has spectral information from an oxide (Cr-O). The Ni 2p3/2
spectrum shown in Fig. 2(b) and the Cu 2p3/2 spectrum shown in
Fig. 2(c) suggested that both Ni and Cu exist mainly in the metallic
state, respectively. Although not shown here, O 1s and C 1s spectra
were also obtained. Among these, C 1s had two components: hydro-
carbon (CH) and graphite (C).

All photoelectron peaks were background processed by the Shir-
ley method.'” Cr 2p3/2 and C 1s were fit by the Voigt function and
separated into the respective components. Figure 3 shows the ele-
ment concentrations obtained from these integrated peaks using the
theoretically calculated photoionization cross sections of Yeh et al.'®
The TOA dependence of the concentration of each element consti-
tuting alloy 1 and alloy 2 can be roughly divided into three groups.
First, the concentration ratios of Ni, Cu, and Cr-Met. tended to de-
crease as the TOA became shallower. C and CH showed the oppo-
site trend, with the concentration ratio increasing as the TOA be-
came shallower. Cr-Ox and O exhibited maximum values near a
TOA of 30 deg. These behaviors for TOA reflect a characteristic
distribution in the depth direction. For example, the behavior that
the concentration ratio of C and CH components increases as the
TOA becomes shallower indicates that they are distributed toward
the surface. On the other hand, Cr-Met., Ni, and Cu, which showed
the opposite tendency, are distributed on the lower layer side. Due to
their TOA dependence, Cr-Ox and O components are distributed be-
tween the C and CH groups and the Cr-Met., Ni, and Cu groups.
These Cr-Ox and O components constitute a protective scale, and
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Fig. 2 Angle-resolved XPS spectra of each element in alloy1"
(a) Cr 2p3/2 spectrum. In the figure, Met.Cr indicates the metallic component and Cr-O the oxide component. (b) Ni 2p3/2 spectrum. (¢) Cu 2p3/2 spec-
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Fig. 3 Angular dependence of the quantitative values of each element on the take-off angle of photoelectron”
(a) alloyl, (b) alloy2. In the figure, Cr-Met. is the Cr metal component, Cr-Ox is Cr the oxide component, and CH is the hydrocarbon component.

Cr-Met., Ni, and Cu correspond to the base metal components di-
rectly below the scale. C and CH were distributed on the outermost
surface of the specimen, which was closest to the environment.
From this C distribution and photoelectron peak profile, it is thought
that graphite was formed on the outermost surface due to the prog-
ress of CO decomposition in the environment. Regarding the CH
component, it cannot be determined whether it is derived from reac-
tion products in the simulated syngas or from surface contamination
after specimen removal.

What needs to be clarified is the existence state of Cu and its
depth distribution. Cu existed in a metallic state. From its angular

-102-

resolution behavior, Cu is judged to be a base metal component just
below the scale, along with Cr-Met. and Ni. To confirm the depth
distribution of the three components Cr-Met., Ni, and Cu, the con-
centration ratio with respect to the TOA was calculated using only
the three components. The results are shown in Fig. 4. The Cr-Met.
component ratio decreased as the TOA decreased. On the other
hand, the Ni and Cu component ratios increased as the TOA de-
creased. These TOA profiles show that Ni and Cu were distributed
relatively more on the surface side than Cr-Met. Since Cr is con-
sumed as an oxide, it tends to be depleted at the interface between
the scale and the base metal. The angle-resolved measurement re-



NIPPON STEEL TECHNICAL REPORT No. 132 FEBRUARY 2025

100——m—————————7 77— 15
I G Q=——— 0
r °
°\° L
s | @ 110
= Cr 4 _:A
S50
[T L
Q o_ [ o 15
g Cu
o
z
[ N, N WU SR N N | L 1 L T R T 1 1
00 25 50 75 U
TOA/deg.
100— ———T—T—T7 T 715
I Ni\o O (©)
5 L ,_,
< [ (b) 110
o
| or -
]
£50- s =y
L r
S 15
eI Cu
<t . o—
o —— o
L L A1 T N T 1 1 L L L1 1 1
C0 25 75 ¢

50
TOA/deg.
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Fig. 5 Dependence of Cu and Ni ratio on the take-off angle of photo-

electron”

sults with HAXPES are thought to reflect this tendency. Further-
more, to clarify the difference in the in-depth distribution of Ni and
Cu, Fig. 5 shows the concentration ratio of Cu and Ni. It was shown
that in both alloys 1 and 2, Cu tends to exist more on the surface
side than Ni. This means that immediately below the scale and base
metal interface, Cu is more abundant than the bulk composition; that
is, it tends to segregate on the surface. As is clear from Fig. 5, the
Cu concentration at this interface is higher in alloy 1, which sup-
presses the MD corrosion, than in alloy 2. By adding further analy-
sis to the measurement results obtained using the angle-resolved
HAXPES method, quantitative information on the composition and
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thickness of each component can be obtained." As a result, the Cu
concentration at the interface was more than twice as high in alloy 1
than in alloy 2. This difference in the Cu concentration at the inter-
face is thought to have greatly contributed to the suppression of the
progress of carburization through protective scale defects and deter-
mined the difference in MD corrosion resistance.

As mentioned at the beginning, surfaces and interfaces contain
information that reflects the oxidation resistance, reactivity, etc., of
materials in their operating environment. It is necessary to extract
this information carefully. Destructive analysis is often applied by
using Ar" sputtering, but this causes considerable damage to the sur-
face and interface of the specimen. Nondestructive extraction of in-
formation often leads to the elucidation of essential phenomena.

3. In-situ Analysis of Effect of Cr Action on Corro-
sion Resistance Improvement of Oil Country Tu-
bular Goods (OCTGs) in CO, Corrosion Envi-
ronment
Oil and natural gas are still important energy sources that sup-

port our daily lives, and their stable supply is required from the per-
spective of energy security. Recently, drilling from deeper locations
has become necessary, and the development of deep, highly corro-
sive wells has been increasing. As a result, OCTG materials are re-
quired to have higher strength and corrosion resistance than ever be-
fore. Corrosive environments are high-temperature and high-pres-
sure water environments with temperatures ranging from several
tens of degrees Celsius to over 300°C. These environments contain
many corrosive gases such as H,S and CO,, but the concentration of
O,, which is essential for the formation of a protective oxide film, is
low. These environments are very severe for structural materials.
Nippon Steel has continued to promote the development of corro-
sion-resistant materials that can be used in these harsh environ-
ments. Most corrosion tests are conducted in a sealed pressure-resis-
tant vessel called an autoclave, which can simulate a high-tempera-
ture and high-pressure environment. Specimens may deteriorate as
they are moved from a high-temperature and high-pressure water
environment, which is a corrosion environment, through a normal-
temperature and normal-pressure environment into an evaluation
and analysis unit. This makes it difficult to have a detailed discus-
sion on the corrosion mechanism. Therefore, we proceeded with the
development of a high-temperature and high-pressure spectroscopy
cell that can simulate a severe high-temperature and high-pressure
corrosive environment and can also conduct the in-situ analysis of
surface films, which are key to the corrosion resistance of steel. As
part of this activity, we present the results of a study on the corro-
sion resistance of OCTGs in a CO, corrosion environment.

It is widely known that the addition of Cr is effective in improv-
ing the corrosion resistance of OCTGs in a CO, corrosion environ-
ment.'? Cr-containing steel exhibits characteristic corrosion behav-
ior in this environment. For example, the peak corrosion rate de-
creases as the amount of Cr added increases but shifts to the high
end of the temperature range.'”'® On the other hand, the reason is
not clear. Also, the effectiveness of FeCO, as a protective film for
low-alloy steel is well known.'? It is also well known that films on
steel containing 9% or more of Cr also have films that are high in Cr
content and low in crystallinity.?” There are surprisingly few exam-
ples of detailed research into the action of Cr and its effect on corro-
sion resistance, as compared to the importance of the material and
its operational history since development. The reason for this is pre-
sumably because many things were not clarified by the evaluation
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and analysis of specimens removed from the high-temperature and
high-pressure autoclave at room temperature. We investigated this
action of Cr using the developed spectroscopy cell.

This spectroscopy cell is made of a Ni-based alloy that has cor-
rosion resistance in H,S-containing OCTG operating environments.
To allow spectroscopic analysis with the use of an optical micro-
scope, the spectroscopy cell is designed by considering the objective
lens working distance and can be used together with a commercial
micro-Raman scattering spectrometer. )

The specimen materials were Fe-0.01C-xCr alloy (x =0, 1, 2, 3,
5,9, 13) and the specimen surfaces were mirror-polished. A 5 wt%
NaCl solution was prepared. The specimen was installed in the cell,
and the atmosphere in the cell and piping was replaced with CO,
gas. The test solution was introduced into the liquid bottle, and the
cell was pressurized and degassed with the CO, gas. A liquid pump
sent the test solution into the cell at 0.5 ml/60 s. A heater was in-
stalled in the cell and used to adjust the cell to the test temperature
quickly. The internal pressure of the cell was adjusted with a back
pressure valve located downstream so that it was always 3.0 MPa.
During the test, a pump constantly supplied the test solution, and the
solution that came into contact with the specimen was directly dis-
charged outside. The discharged solution was used for analysis by
ICP-AES (Inductively Coupled Plasma Atomic Emission Spectros-
copy) as required. Immediately after the solution was introduced,
microscopic observation and micro-Raman scattering spectroscopy
analysis were performed during the heating process. An LD laser
(532.05 nm) was used for Raman scattering spectroscopy, and spec-
tra were obtained with a diffraction grating spectrograph. The cell
temperature was maintained at 100°C, 150°C, or 200°C. The speci-
mens were maintained at each temperature for 3600 s and were ob-
served and analyzed.

Figure 6 shows changes in the appearance of 0Cr, 2Cr, and 5Cr
specimens by fixed point observation immediately after heating to
200°C (early stage), at about 600 s later (middle stage), and at about

200°C

RT

1800 s later (later stage). The observed corrosion process is supple-
mented below. For the OCr and 1Cr specimens, corrosion products
were observed to flow through the solution from a relatively low
temperature of 100°C or less during the heating process. This sug-
gests that the OCr and 1Cr specimens were severely corroded. On
the other hand, for the 2Cr and 5Cr specimens, no corrosion prod-
ucts were observed to flow in the solution. This suggests that Cr acts
as a corrosion inhibitor from the early stage of corrosion.

For the 0Cr specimen, corrosion products were observed to flow
in the solution for a while after reaching the predetermined test tem-
perature. When the granular corrosion products indicated by the red
circles in Fig. 6 started to be observed on the OCr specimen surface,
the corrosion products flowing in the solution gradually began to
decrease. The granular products formed on the specimen surface
grew with the holding time. In the later stage, when the O0Cr speci-
men was held at 200°C, corrosion products were no longer observed
to flow in the test solution. This suggested that the granular corro-
sion products acted protectively. Furthermore, these granular corro-
sion products tended to form and grow more quickly as the test tem-
perature increased. The granular corrosion products behaved in the
1Cr specimen in almost the same way as in the OCr specimen.

Figure 6 shows the changes in the appearance of the 2Cr speci-
men during the heating process. Unlike the OCr and 1Cr specimens,
the base metal surface of the 2Cr specimen exhibited hues that ap-
peared like interference colors. The interference colors showed dif-
ferent tones for different base metal grains and changed moment by
moment as the corrosion progressed. This color tone change was
observed in all specimens containing 2% or more Cr. We thought
that an extremely thin corrosion product film had probably formed
and gradually changed in thickness. In addition, the degree of this
color tone change differed with the Cr content. In the case of the
2Cr specimen, the corrosion product film grew thickly in the later
stage at about 1800 s after reaching 200°C. Consequently, few
bright interference colors were seen. The grains appeared black or

early stage middle stage

OCr

Fig. 6 The results for 0Cr, 2Cr, and 5Cr specimens at room temperature, immediately after heating up to 200°C (early stage), about 600 s after reaching
200°C (middle stage), and about 1800 s (later stage). The red circles in the figure indicate corrosion products of interest.?
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gray on the whole, although they individually differed in brightness
and darkness. Specimens containing 3% or more Cr showed bright
interference colors from the early stage, like the 2Cr specimen. Steel
specimens containing 3% or more Cr were held in such a condition
that the interference colors could be confirmed up to 3600 s after
the observation was completed, although the color tone changed.
Figure 6 shows a representative change in the appearance of the 5Cr
specimen. Although it cannot be clearly identified in the micro-
graphs of Fig. 6, granular corrosion products similar to those of the
0Cr and 1Cr specimens were observed in the 2Cr specimen after the
middle stage and in the 3Cr specimen in the later stage.

Raman spectra were obtained from the respective regions of the
specimens while observing the images. Representative spectra are
shown in Figs. 7 to 10.

The spectra shown in Fig. 7 were obtained from the 0Cr speci-
men, regardless of the experimental temperature. A spectrum show-
ing no clear peak and indicated as position 1 was obtained over a
wide range. A spectrum with a sharp Raman peak indicated as posi-
tion 2 was obtained from the granular corrosion products indicated
by the red circles in the microphotographs of the 0Cr specimen in
Fig. 6. The position 2 spectrum matched well with the Raman spec-
trum of FeCO,.” A similar spectrum was detected from the granular
corrosion products of the 1Cr specimen. In these specimens, FeCO,
was formed in the early stage and was detected from almost the en-
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Fig. 8 Raman spectra from 2Cr material at 200°C?
Spectra observed at the early stage and middle stage are shown, respec-
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tire surface from the later stage to the end of the experiment, regard-
less of the temperature.

For specimens containing more than 2% Cr, spectra different
from those of the OCr and 1Cr specimens were collected, as shown
in Fig. 8. The spectrum acquired in the early stage was obtained
from the region exhibiting the interference colors confirmed in Fig.
6. This spectrum has characteristics of spinel-type iron oxide.? In
the 2Cr specimen, FeCO, also began to be confirmed from the mid-
dle stage onwards. Although there was a tendency for FeCO,; to in-
crease over time, during the observation period, it did not cover the
entire surface, unlike the OCr and 1Cr specimens.

Figure 9 shows the Raman spectra obtained from the 3Cr speci-
men. In the early stage, a Raman spectrum with a peak around 520
cm ' was observed. After that, a spectrum with peaks around 670
cm ! and 550 cm™' began to be observed, and the spectrum with a
peak around 520 cm™' was no longer observed. This spectrum
change over time was similar to that for the SCr specimen. Among
these spectra, the corrosion products with peaks near 670 cm™ and
550 cm™ match the characteristics of spinel-type iron oxide, which
was also confirmed in the 2Cr specimen. On the other hand, we be-
lieve that the spectra observed in the 3Cr and 5Cr specimens, mainly
in the early stage, are highly likely to be spectra from Cr(OH),. Al-
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Fig. 9 Raman spectra from 3Cr material at 200°C?

Spectra observed at the early stage, middle stage, and later stage are
shown, respectively.

T T T T
13Cr@200deg.C spinel iron oxide

1 1

later stage

middle stage

Intensity / arb. unit

- eartly stage

~700cm™
800 600
Raman Shift, fem™

| 1 1
1200 1000 400 200

Fig. 10 Raman spectra from 13Cr material at 200°C?
Spectra observed at the early stage, middle stage, and later stage are
shown, respectively.
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though there are not many reports on the spectra of oxides with a
peak around 520 cm!, Melendres et al.?* reported the presence of
Cr(OH), exhibiting a broad peak near 520 cm™ on the surface of Cr
containing steel in a high-temperature and high-pressure water envi-
ronment. Brook et al.? also pointed out that the stability range of
Cr(OH), expands under high-temperature water.

This Cr(OH), was observed only in the early stage immediately
after the temperature rise when the specimen was maintained at
200°C. Still, it tended to be observed even after the early stage when
the specimen was maintained at 100°C and 150°C. This is probably
due to the fact that heating to 200°C takes time compared to heating
to 100°C or 150°C. In other words, we believe that spinel-type iron
oxide was subsequently deposited on the Cr(OH), formed during the
heating process to 200°C, making it difficult to observe Cr(OH),.

Figure 10 shows Raman spectra obtained from the 13Cr speci-
men at 200°C. Only a Raman spectrum with characteristics of spi-
nel-type iron oxide was observed from the early stage immediately
after heating up until the end of the observation. However, the Ra-
man spectrum is characterized by a shoulder peak around 700 cm™!
with a tail at the high end of the frequency range as compared to the
spectrum of spinel iron oxide observed in the 2Cr specimen shown
in Fig. 8. For example, the Raman spectrum of FeCr,0,% is well
known as a Raman spectrum exhibiting such characteristics. A spec-
trum of spinel iron oxide with similar characteristics was also ob-
served on the surface of the 9Cr specimen. It is highly likely that the
spinel iron oxide formed on the surface of high Cr content steels,
such as the 9Cr and 13Cr specimens, contains spinel-type complex
iron with a high Cr content, such as FeCr,0,.

The formation behavior of corrosion products on the surface of a
Fe-Cr alloy was tracked using micro-Raman scattering spectroscopy
in a high-temperature and high-pressure CO, gas-containing aque-
ous solution environment. Table 1 summarizes the changes over
time in the corrosion products formed on Cr-containing steels in the
CO, corrosion environment where OCTGs are used. Up until now, it
has been difficult to observe and discuss corrosion products as they
change over time depending on the composition of the steel and the
corrosive environment. In-situ analysis has confirmed this change
over time for the first time.

In this environment, the results of solution analysis by ICP-AES
conducted at the same time as the observation and the results of
XPS analysis of the specimens removed from the cell were added to
the changes in the corrosion products with the Cr content, tempera-
ture, and time revealed by the in-situ analysis. Figure 11 summariz-
es the Cr action in the environment discussed above. For details, re-
fer to Reference 2). The results are outlined below.

When the specimen contains less than about 2% Cr, FeCO, be-
gins to precipitate from the early stage of corrosion, as shown in
Fig. 12. However, the FeCO, crystals start to become granular,
spread in the in-plane direction, and cover the surface at least after
the later stage. The corrosion is thought to continue to some extent
until then.

On the other hand, in the case of Cr-containing steel (Fig. 11),
during the initial stage of corrosion, base metal components such as
Fe and Cr are severely corroded and eluted in an aggressive CO,
corrosion environment.?” However, the eluted Cr quickly forms cor-
rosion products with low solubility and begins to precipitate directly
on the base metal as Cr(OH),. Fe** eluted at the same time also be-
gins to form Fe oxide. The formation of FeCO, was suppressed by
the action of Cr*" ions coexisting in the solution. In most cases, a
thin and relatively uniform film was quickly formed as spinel-type
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iron oxide, suppressing its elution from the base metal.

Changes over time in the process leading to material deteriora-
tion or the acquisition of protective properties can be investigated
not only by in-situ analysis of corrosion products, but also by using
experimental data such as surface morphology, color, texture, and
the amount of corrosion and elution during that time. By combining
this information with previous knowledge, we were able to under-

Table 1 Changes over time of corrosion products revealed by in-situ
analysis?

Elapsed time after temperture increase

Specimen Temperature(°C
P P 0 Early stage Middle stage Later stage

100 FeCO, — —
0Cr 150 FeCO, — —
200 FeCO, — —
100 FeCO, — —
1Cr 150 FeCO, — —
200 FeCO, — —
100 Sp SP+FeCO, —
2Cr 150 Sp SP+FeCO, —
200 SP SP+FeCO, —
100 Cr(OH), SP SP+FeCO,
3Cr 150 Cr(OH), SP SP+FeCO,
200 Cr (OH)3+SP SP SP+FeCO,
100 Cr (OH)3 SP SP+FeCO,
5Cr 150 Cr(OH), SP SP+FeCO,
200 Cr(OH) +SP SP SP+FeCO,
9Cr 200 SP — SP+FeCO,
13Cr 200 SP — —
SP: Spinel iron oxide
H20+CO2<> H,CO3
HCO3 <»H*+ HCO 3
Fé' i Fe' >> o Fe2=—Cr**
T /M T q CHOH) Spigel type oxide
} cromy, £ \% %
‘ Fe—xCr ‘—) Fe-xCr — Fe-xCr — Fe—xCr
early stage middle stage later stage

Fig. 11 Schematic diagram of time-dependent corrosion products
changing on chromium-containing steels with chromium at a 2
mass% or higher content?

H0+CO, <> H,CO 4

H,CO;<>H"+HCO 5
FeZ+ Fez+ FeCO3 Fe2+ Fez+
FeCO3
NN A 1 P S
‘ Fe ‘9‘ Fe - ‘ Fe ‘—> Fe
early stage middle stage later stage

Fig. 12 Schematic diagram of time-dependent corrosion products
changing on steels with less than 2 mass% chromium?
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stand the phenomena occurring on the material surface comprehen-
sively. This method will become a useful technology for corrosion
analysis of structural materials for energy production, which will be
used in increasingly harsh environments.

4. Conclusions

Structural materials for energy production are exposed to harsh
operating environments. Interaction with the environment forms ox-
ide films on these materials. Information on the oxidation resistance,
reactivity, etc., of materials in their operating environment is con-
centrated in the composition and structure of interfaces containing
oxide films, which affect the durability and reliability of materials.
We have introduced some nondestructive and in-situ analysis tech-
niques that can be used to carefully extract such information and
lead to understanding the phenomena involved.

As a result of the analyses, a deeper understanding of phenome-
na and updated material knowledge will enable the development of
the next highly durable and highly reliable materials. Alloying ele-
ments play a major role in the surface functions of steel. In the cases
introduced in this report, for example, Cu and Cr interacted with the
local operating environment, changed their distribution, and unique-
ly changed their state of existence. Consequently, these elements, in
turn, contributed to improvement in the surface functionality and re-
liability of materials. There are many cases where other alloying el-
ements function effectively as the combination of the environment
and composition varies. In the future, the steelmaking process will
greatly change due to global warming countermeasures. Geopoliti-
cal risks are also expected to restrict the alloying elements that can
be used. We will build elementary technologies to contribute to the
development of various materials while identifying the phenomena
proceeding on the surfaces of materials in severe operating environ-
ments and constantly being aware of material design techniques that

make the most of the functions of these alloying elements and of
how to incorporate them into the creation of the material surfaces.
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