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A B S T R A C T

Delivering nuclear fusion requires the development of new materials. EUROFER97 is a prime candidate for first 
wall and structural applications, yet it needs improved corrosion resistance. Here we show how cryogenic 
processing (CP) changes the evolution of the native oxide layer before and after exposure to aqueous NaCl, with 
Fe and N now controlling the oxide formation, instead of Cr and Ce in the control sample. The N introduced into 
the matrix by the CP also results in increased corrosion resistance, as indicated by potentiodynamic corrosion 
resistance measurements.

1. Introduction

The advanced reduced activation ferritic-martensitic (RAFM) 9 % Cr 
steels, such as EUROFER97, are planned to be used as part of the first 
wall in fusion reactors[1]. The reason for this is its superior properties, 
such as thermo-physical and mechanical properties[2], good compati
bility with other materials and low sensitivity to radiation-induced 
swelling[2,3]. The reason lies in a unique microstructure that com
prises a matrix and tailored precipitation. The main precipitates are 
M23C6 carbides, nitrides, carbonitrides and also smaller amounts of 
other types of carbides[4–6]. Furthermore, safety and reliable operation 
of the fusion system are highly dependent on the performance of the 
materials in the extreme conditions, i.e. high temperature, high pressure 
and highly corrosive environment. In relation to corrosion and EURO
FER97, some studies have been carried out which have shown that high 
Cr values within the steel play an important role in the corrosion 
resistance of EUROFER97[7]. According to corrosion studies by Mukai 
et al. [8] and Duerrschnabel et al. [9] of EUROFER97, showed that two 
layers are formed in Li enriched environment. The first, i.e. the outer
most layer is enriched with Fe and the inner layer is enriched with 
Cr-oxides. The study by Ningshen et al. [7] showed with X-ray photo
electron spectroscopy (XPS) that the Cr enriched oxide layer, when 
exposed in NaCl, is mainly enriched with Cr2O3 oxide type. 

Furthermore, Hernández et al. [10] showed that the corrosion zone of 
EUROFER97 also contains hematite (α-Fe2O3) and magnetite (Fe3O4) 
Fe-oxides and the presence of more complex and mixed oxides. It is also 
noted that the layer of the Fe-oxides becomes denser and compact over 
time compared to the Cr oxide layer[10]. However, the higher Cr con
tent in many conventional steels can also have a detrimental effect on 
the steel, causing thermal ageing embrittlement[11,12]. Despite the 
high Cr content, EUROFER97 does not form a sigma phase, which can 
have a negative effect on the final properties[11,12]. Furthermore, a 
study by Terada et al. [13] also shows that the good corrosion resistance 
of EUROFER97 in NaCl is correlated with the lower number of carbides 
compared to the other types of EUROFER97, which is related to the 
location of carbide precipitation at the grain boundaries, which sup
posedly leads to the reduced corrosion resistance.

In the past, chloride salts were not much considered as a melting 
medium, but some studies[14] have shown that they have a lower 
melting point, which is more of an advantage than a disadvantage. The 
typical derivatives of chloride salts are ClLiBe, ClLiNa, ClLiK and ClLiPb, 
where K and Na are abundant and inexpensive[14]. A large variety of Fe 
oxides and passivation layers has been studied to some extent for 
EUROFER97, but one of the most powerful tools for analysing metal 
surfaces, Fourier Transform Infrared Spectroscopy[15] (FT-IR), has not, 
to our knowledge, been used for this purpose. FT-IR can show complex 
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molecular peaks in addition to typical oxides, which can be advanta
geous in understanding the complex passivation dynamics of EURO
FER97. Although corrosion behaviour of EUROFER97 steel has been 
studied before[13,16], cryogenic processing (CP) and its influence on 
the passivation layer and the corrosion resistance and Fe oxide dynamics 
hasn’t been well researched. Furthermore, the possible manipulation of 
the passivation layer by CP in relation to EUROFER97 literature does not 
exist yet (to our knowledge). There have been some studies on CP and 
corrosion resistance, which have shown for tool steels that CP has an 
influence on the passive layer and layering of oxides, such as green rust 
and magnetite, which has been shown to be beneficial for corrosion or 
even tribocorrosion resistance for selected tool steels[17–19]. It is 
important to note that there are studies where the material is tested at 
cryogenic temperatures in the final stage, rather than being treated at 
cryogenic temperature to tailor its microstructure.

This study investigates the corrosion behaviour of EUROFER97 in 
30 wt% NaCl containing environment. Specifically, the study and ex
periments were designed to examine the passive layer formation during 
a short-term corrosion study of EUROFER97 at room temperature. The 
oxide layer was examined using scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDS), XPS, angle resolved XPS 
(AR-XPS) and profile XPS in correlation with Raman spectroscopy, FT-IR 
and potentiodynamic polarization measurements. The microstructure 
was also examined using atom probe tomography (APT) to provide a 
detailed correlation. The study shows the different development of the 
native oxide layer before and after the application of NaCl in the control 
and test samples. In the CP-treated sample, the important role of oxide 
formation is shifted to Fe and N, compared to the control sample where 
Cr and Ce oxides also play an important role.

2. Methods

2.1. Material, processing and surface analysis

EUROFER97 (in the following text abbreviates as EF) is a RAFM Cr- 
rich iron alloy (actual measured chemical composition in wt%: 0.11 C, 
0.4 Mn, 9 Cr, 0.12 Ta, 1.1 W, 0.03 N, 0.15 V, base Fe, other elements 
<0.012) and was provided by the Karlsruhe Institute of Technology 
(KIT), Germany [20]. EUROFER97 material was melted in 16-ton vac
uum induction furnaces, then remelted in a vacuum arc furnace and 
forged into billets and then rolled. Heats of plate material were then 
prepared and samples taken for chemical and other analysis. The 
EUROFER97 samples were then divided into two sub-groups for the 
purpose of testing and observing oxide formation based on different heat 
treatment processes. Heat treatment was carried out in a controlled 
environment in a vacuum furnace with Ar, where the quenching rate can 
be controlled and adjusted. Control-EF and test-EF, where the austeni
tisation temperature was Ta= 1273 K for 30 min and quenching rate 
6 K/s (1073–823 K in ~ 40 s). Afterwards control-EF was subjected 
immediately subjected to 1 cycle tempering at 823 K for 120 min while 
the other sub-group test-EF was firstly subjected to CP for 1 day at 77 K. 
After CP, the test-EF group underwent 1 cycle of tempering under the 
same conditions as control-EF. At the Max Planck Institute for Sustain
able Materials (MPI SusMat), Germany, the samples were heat treated. 
The heat treatment of both sub-groups was carried out in an Ar atmo
sphere. This was done in order to eliminate the influence of the N2 gas on 
the microstructure during the quenching and tempering process. The 
specimens were metallographically prepared for further analysis 
following Jovičević-Klug et al. [19] for preparing cryogenically treated 
ferrous alloys for microstructural analysis and surface analysis. A scan
ning electron microscope (SEM) Zeiss Merlin I and Merlin II was used for 
the microstructural analysis of the EUROFER97 alloy at the MPI SusMat, 
Germany. In order to test the corrosion species, two experiments were 
done, one without and another one in 30 wt% NaCl aqueous solution for 
1 day in environment with ambient conditions (21 ◦C and 50 % relative 
humidity). The 30 wt% NaCl solution was selected and was found to be 

very effective in initiating corrosion of the sample within the given time 
and may be comparable to more aggressive salts.

2.2. Atom probe tomography

APT specimens were prepared according to the standard specimen 
preparation protocol described by Thompson et al. [21] using a Ga FIB 
(Helios 5 CX). A Cameca LEAP 5000 XR series atom probe was used for 
the APT experiments. The APT measurement was performed in laser 
pulse mode with 20–40 pJ laser energy with repetition rate of 100 kHz at 
40 K base sample temperature with an average detection rate of 1.0 ion 
per 100 pulses. Cameca’s Integrated Visualisation and Analysis Software 
(IVAS) in AP Suite 6.3 was used for data reconstruction.

2.3. Fourier transform infrared spectroscopy

Fourier Transform Infrared Spectroscopy (FT-IR) measurements 
were performed using a spectrometer model VERTEX 70 v, Bruker Optik 
GmbH, Ettlingen, Germany. The IR beam was guided out from the 
spectrometer to an external analysis chamber equipped with a sample 
manipulator (adjustable in vertical and horizontal axes and in angle) 
and to an external detector chamber, which can be flushed with different 
atmosphere and was built in house.

This detector was an LN-MCT (liquid N2 cooled HgCdTe) detector. 
The analysis chamber containing the sample was flushed with dry Ar 
atmosphere at a rate of 40 ln/h. The sample was fixed on a sample holder 
with Cu tape, introduced into the system and transferred to the analysis 
chamber, where it was adjusted until the detector showed a good signal 
intensity. The complete system for the IR is presented In Fig. 1. For this 
study, the spectrometer was configured with 4 cm− 1 resolution and 
2 mm aperture, using a KBr beam splitter and a mid-infrared (MIR) light 
source. The spectra acquisition was performed one hour after the LN- 
MCT detector has been cooled down with liquid nitrogen; these data 
were acquired by 1024 scans repeated ten times. The same procedure 
was performed for the background analysis on a freshly polished sample 
before the corrosion process and for sample after corrosion.

2.4. Raman shift spectroscopy

Raman shift spectroscopy was performed using a LabRAM confocal 
Raman microscopy system from Horiba Jobin Yvon, France. The system 
was equipped with a 50 × objective. It had a 600 L mm− 1 grating and a 
charge coupled device (CCD) detector. A HeNe laser was used for the 
measurements. The wavelength of the laser was λ = 532 nm. Focused on 
a sample area of 10 μm2, the spot laser power was approximately 6 mW. 
Data were collected with an accumulation time of 3 × 600 s and a 
spectral resolution of approximately 1 cm− 1. The Raman spectroscopic 
database library RRUFF was used for the identification of oxides.

2.5. X-ray photoelectron spectroscopy and scanning auger microscopy

X-ray photoelectron spectroscopy (XPS) was performed in a Physical 
Electronics PHI Quantera II spectrometer equipped with an Al Kα source 
at 1486.6 eV. A pass energy of 26 eV was used to record the O (O 1 s), Na 
(Na 2 s), N (N 1 s) core level spectra. The Fe (Fe 2p3/2), Cr (Cr 2p3/2), Ta 
(Ta 4 f7/2), Ce (Ce 3d5/2) and Cl (Cl 2p3/2) core spectra were obtained 
with a pass energy of 55 eV. A pass energy of 112 eV was used to acquire 
the survey scan spectra. All measurements were taken at an incident 
angle of 45◦. XPS depth profiling was performed by etching the sample 
with an Ar ion beam of 2 kV energy on an area of 2 mm × 2 mm for 
different time intervals (0–120 s). Angle resolved XPS (AR-XPS) was 
done in angles 0◦, 15◦, 30◦, 45◦, 60◦, 75◦ and 90◦. The smaller angles (e. 
g.15◦) were chosen to obtain more information from the oxide layer, i.e. 
the surface layer, while greater angles (e.g. 90◦) were chosen to obtain 
spectral information relating to the bulk of the samples. The peaks of the 
XPS spectra were fitted with the CasaXPS software version 2.3.22, 
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applying the Shirley-type background to all spectra. A Gaussian (70 %)─ 
Lorentzian (30 %) peak shape was used for the symmetrical compo
nents. A Lorentzian Asymmetric, LA(1,3,4,5), peak shape was used for 
the metallic Fe component to account for the asymmetric metallic peak. 
In addition, to distinguish small peaks (e.g. N1s) and shifts, detailed 
analysis was performed according to Major et al. [22], Tougaard [23]
and Pinder et al. [24].

Scanning Auger microscopy (SAM) was performed utilizing a JEOL 
JAMP 9500-F scanning Auger microprobe to generate high-resolution 
elemental maps of Cr, Ta, Fe, Ce, O and N. Each elemental map was 
produced by scanning for a corresponding Auger peak across the area at 
a resolution of 256 × 256 (256 lines with 256 points per line). The final 
elemental distribution maps are created by superimposing the individ
ual elemental maps.

2.6. Potentiodynamic polarization

Potentiodynamic polarization measurements were carried out using 
a Vertex One potentiostat from Ivium technologies on metallurgically 
prepared samples according to Jovičević-Klug et al. [19]. The sample 
was placed in an electrochemical cell, where an area of 0.2829 cm2 was 
exposed to the electrolyte using an O-ring of diameter 6 mm. The sample 
in contact with 30 wt% NaCl aqueous aerated solution at environment 
with ambient conditions (21 ◦C and 50 % relative humidity) was sta
bilized for 30 mins to obtain the open circuit potential and the poten
tiodynamic polarization was carried out from − 1.04 V vs Ag/AgCl to 
− 0.35 V vs Ag/AgCl at a scan rate of 1 mV/s. The solution volume used 
was 25 mL. Tafel extrapolation was carried out to obtain the corrosion 
current density and corrosion potential of the samples from the plots.

3. Results and discussion

3.1. Exploring the relationship between microstructure and native oxide

Detailed microstructural and advanced microstructural analyses 
have already been performed in our previous papers Jovičević-Klug 
et al. [4],[25], using various techniques such as SEM, electron back
scatter diffraction (EBSD), transmission electron microscopy (TEM), 
X-ray diffraction (XRD) and APT However, in order to understand the 
evolution and influence of chemistry and microstructure on the devel
opment of the native oxide and later passive film, the most important 
aspects are presented here (Fig. 2) with additional and detailed studies 
of Ce-oxide(s) using SAM and APT. Both heat treatment groups have 
martensite as the main phase and about 1 % retained austenite. In both 
cases, the matrix is enriched with Fe and Cr as the main alloying 

elements, all other alloying elements being less than 1 at% (Table 1). 
The EDS results also indicate that Cr is depleted in test-EF samples, and 
enriched with Fe compare to the control-EF sample, which is correlated 
to the cryogenic processing.

In the matrix composition of the test-EF sample (based on our 
detailed microstructural study in previous two articles), the depletion of 
Cr can be observed, which is correlated with the increased precipitation 
of carbides (mainly M23C6) due to the cryogenic processing (Fig. 2b-c). 
The main types are M6C (Fe, Cr and W), MCN (Ta and/or V), M7C3 (Cr 
and Fe), M3C2 (Cr and Fe) and M23C6 (see Fig. 2c). The carbides are 
mainly precipitated on prior austenitic grains (PAG), but nanoscopic 
M23C6 is also present in the martensitic laths[4]. The ratio of the main 
alloying elements is important, as they will form the native oxides and 
later the oxides induced by the selected saline medium (in this case 
30 wt% NaCl).

Individual Ce-oxides enriched in different ratio of rare earth ele
ments (REEs) can also be observed in both samples, which were added 
for easier manufacturability of the steel and refinement of microstruc
ture (Fig. 2d-f), in order to remove O and S from the matrix[26,27]. 
Therefore, there is a higher content of REEs in the Ce-oxides observed in 
this alloy (Fig. 2f and Fig. 3). This means that the oxides act as an iso
lated system, as the presence of REEs can only be detected within the 
oxides and not in the matrix or precipitates. However, the presence of 
Ce-oxides can be beneficial as they can act as an effective cathode, ul
timately improving the corrosion resistance of the alloy[27–33]. SAM 
results provided the first indications that the Ce-oxides are also enriched 
with elements such as N, Ta and Cr. In-detail study with cross-section of 
one of the Ce-oxide showed/confirmed that the Ce-oxides were formed 
above the carbides present within the matrix, which has been also 
proven by APT (Fig. 2g). In Fig. 3 can be seen that Ce-oxide was formed 
on the M6C carbide, which is enriched with Cr, Fe and W.

APT measurement of the Ce-oxide particle (Fig. 3) showed an outer 
(core) and inner shell structure with different partitioning of different 
REEs. The core structure consists of an REO oxide with a 1:1 stoichi
ometry, but it is known that oxygen is underrepresented in the APT due 
to the formation of neutral oxygen during the field evaporation process 
and therefore cannot be detected[34,35]. However, the main core ele
ments are Ce and Nd in equal concentrations of about 19 at%, 8 at% Pr 
and approx. 3 at% La. While the main elements in the shell structure are 
Ta and Ce with 17.65 at% and 26.6 at% respectively, it is interesting to 
note that there is also an enrichment of nitrogen and carbon in the shell 
structure (Fig. 3). In addition, La enriched precipitates/particles were 
observed in the shell structure. An exact compositional analysis of the 
shell structure is very challenging as many of the signals in the mass 
spectrum could not be unambiguously assigned (see Supplementary 

Fig. 1. Representation of the FT-IR setup with its main components and the sample analysis and external detector chambers employed in the present study.
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Fig. 2. The micrographs of the two samples a) control sample (control-EF) and b) tested sample (test-EF). In both micrographs the prior austenitic grains (PAG) are 
marked, precipitates which are mainly located at the grain boundaries as marked and martensitic lamellae. c) EDS mapping showing the MCN precipitates enriched 
with Ta and V. d) Ce oxides can be present in the chains or individually (e). d-e) Ce-oxides mapping obtained by EDS. f) Ce-oxide mapping done by SAM for selected 
elements. g) APT results show that Ce-oxides built up location is above carbide, which is mainly build-up by Fe, C, Cr and W.
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Material 1) and require further analysis with different techniques. These 
REEs in general were only detected in the Ce-oxide core-shell structure 
and are not present in the matrix. Regions containing Ce oxides can act 
as a source of Ce, which can be activated in corrosive media to form a 
passivation layer [30,32,33]. The composition of the alloy based on the 
APT analysis shows for the matrix 90.11 at% Fe, 8.44 at% Cr, 0.28 at% 
W, 0.10 at% V and the remaining amount consists of impurities of Si, Al, 
Mn, Co and Ni, no signals of REEs could be observed in the mass spec
trum (see Supplementary Material 1). In the 3D reconstruction of the 
APT measurement showed that the Ce-oxides were formed above the 
carbides present within the matrix (Fig. 3). This indicates and confirms 
that REEs have a high affinity to oxygen and can form complex oxides 
and also the interface can be the so-called rich carbo-oxide interface, 
which in some cases can also act as heterogeneous cores of RA under 
certain conditions, as suggested by Hufenbach et al. [36], which can 
have later an influence on the EUROFER97 final properties. The 
composition of the observed carbide suggested a M6C carbide with the 
following composition 55 at% Cr and 25 at% and 15 at% C and about 
1.5 at% W and some tracers of Mn and V. Secondly, oxide particles were 
observed in the Fe-Cr matrix following the composition of 64 at% O, 
19–20 at% V and 10 at% N.

3.2. Analysis of the native oxide layer at ambient conditions

Fig. 4a-b shows, the curve-fitted O1s, Cr2p3/2, N1s and Fe2p3/2 of in- 
depth etched spectra of conventionally (control-EF) and cryogenically 
processed (test-EF) samples (see Methods and Supplementary Material 

2a-b for survey(s)). The XPS analysis was performed to identify potential 
detrimental species and passivation layer forming species, for which two 
experiments were performed.

The native oxide XPS profile (Supplementary Material 3a-b) shows 
the thickness of the native oxide layers (based on O1s and Fe2p profiles 
selected as indicators of native oxide) for both samples, control-EF and 
test-EF (with CP), taking into account the sputtering rate of 1 nm min-1. 
The thickness of the control EF was estimated to be 0.50 nm and that of 
the test-EF (with CP) to be approximately 0.52 nm.

The spectra for O1s for both samples show (Fig. 4a-b) the presence of 
metal oxides, hydroxides/carbonates and nitrates, where low intensive 
nitrates peak was detected only after 120 s etching of the sample 
(0–120 s with 30 s interval). For Cr2p3/2 spectra for both samples 
(Fig. 4a-b) and both etching times showed presence of metal, Cr (III) 
oxide and Cr (IV) oxide. An interesting observation was made for the N1s 
spectra, where for the test-EF (Fig. 4a-b), an additional peak was present 
for both etching times, which are oxides, compared to the control-EF, 
where only metal nitrides are present. Furthermore, for Fe2p3/2 for 
both samples (control-EF and test-EF) presence of metal peak, Fe (II) 
oxide and Fe (III) oxide was observed (Fig. 4a-b). Etching profiles of O1s 
of both samples (Fig. 4c-d) show higher presence of hydroxides/car
bonates in the upper layers of the profile and higher presence of metal 
peak at the end of etching. The interesting observation was that in the 
control-EF sample the higher presence of the nitrate peak is in the up
permost surface layer, whereas in the test-EF sample an increased 
presence of nitrates is detected towards the bulk (Fig. 4c-d). The depth 
profile of Cr2p3/2 peak showed a similar trend for both samples with 
higher presence of Cr (III) and Cr (IV) oxides in the surface layer and 
metal peak towards bulk of the material (Fig. 4c1&d1). To check the 
oxidation dynamics and presence in the native oxide layer, Ta and Ce 
were also monitored. Ta as one of the main alloying elements in the alloy 
and Ce as the element that forms Ce-oxides and is added for higher 
corrosion resistance. Ta in-depth spectra (Ta4f7/2) showed for both 
sample (Fig. 4c2&d2) similar trend with higher presence of Ta oxides 
and Ta nitrides in upper most layers and higher metallic peak towards 
bulk of the material. However, main difference was that the Ta oxide 
peak was in the control-EF sample still present after 120 s of etching, 
whereas in test-EF this peak is gone already after 60 s (Fig. 4c3&d3). For 
Fe3p3/2 peak for both samples the presence of metal, Fe (II) and Fe (III) 

Table 1 
The EDS results show the chemical composition in at% for both groups’ matrix, 
where the deficit of Cr in matrix can be clearly observed for the test-EF sample, 
which is attributed to the increased precipitation of carbides, compared to the 
control-EF sample, where additional precipitation was not observed.

Sampleś matrix composition (at 
%)

Fe Cr Other alloying 
elements

control-EF 79.1 
± 1.2

20.5 
± 2.5

< 1

test-EF 84.5 
± 1.1

14.7 
± 2.5

< 1

Fig. 3. 3D reconstruction of the core-shell structure of the Ce-oxide particle in the EUROFER97 alloy, where Ta is enriched in the shell structure, as well as La-rich 
particles. In the Fe-Cr matrix different oxide particles and carbide particles could be observed.
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Fig. 4. Parts a and b show XPS spectra and peak fitting for both samples, control-EF (without CP) and test-EF (with CP), before exposure to NaCl at ambient 
conditions for selected alloying elements O, Cr, N and Fe. Parts c and d represent in-depth profile (0 s- 120 s etch time) of control-EF and test-EF samples for O, Cr, Ta, 
Fe, Ce and N.
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oxides was observed from 0 s to 120 s of the in-depth profile. The main 
difference is in the composition most of the oxide for control-EF is from 
Fe (III) oxide and in test-EF the predominate specie is Fe (II) oxide 
(Fig. 4c3&d3). Observations for Ce3d peak is that in control-EF sample 
throughout all in-depth profile the presence of Ce (III) oxide is observed 
with decreasing intensity towards bulk, whereas in test-EF sample the Ce 
(IV) oxide is observed to be present only towards the bulk (after 90 s and 
120 s) (Fig. 4c4&d4). The presence of Ce (III) throughout the oxide 
layer in the test-EF sample and in higher amounts compared to the 
control-EF sample can result in a more protective passive layer on the 
test-EF sample. For the N1s peak the results show that for both samples’ 
N is present in an un-oxidised state (Fig. 4c5&d5). The difference is 
observed in the presence of also oxidised N in the test-EF sample, 
whereas it was not observed in the control-EF.

3.3. Structure of oxide film after corrosion in 30 wt% aqueous solution 
NaCl

Fig. 5a-b shows the results of curve-fitted spectra of O1s, Cr2p3/2, N1s 
and Fe2p3/2 of in-depth etching spectra (0–120 s with 30 s interval) of 
conventionally (control-EF) and cryogenically processed (test-EF) sam
ples (see Supplementary Material 2c-d for survey(s)). The passivation 
layer thickness (Supplementary Material 3c-d) for both samples, 
control-EF and test-EF, after exposure to 30 wt% NaCl for 24 h (based on 
O1s and Fe2p profiles selected as indicators), showed the thickness for 
the control EF sample roughly 0.52 nm and for the test-EF sample (with 
CP) to be approximately 0.54 nm. The XPS analysis showed which ele
ments and oxidation states play an important role in the formed passive 
layer in each sample (control-EF or test-EF). In both samples for the O1s 
spectra (0 s − 120 s etch time) (Figs. 5a-a1&b-b1) the following com
pounds are present: nitrates, chlorates, hydroxides and metal oxides. 
With higher depth, higher intensity and presence of metal oxides and 
chlorates. Furthermore, detailed study showed that test-EF sample has a 
higher presence of nitrates near the bulk compared to the control-EF, 
and a lower content of metal oxides compared to control-EF 
(Fig. 5c&d). For Cr2p3/2 for both samples (Fig. 5a2-a3&b2-b3). In the 
control and the test samples, Cr metal peaks, Cr (III) and Cr (IV) oxide 
states were present (Fig. 5c1&d1), whereas in test sample also presence 
of nitride/nitrates can be detected, almost until the end of etching. In the 
control sample, the oxide layer is mostly composed of Cr (III) oxide, 
while in the test sample the structure changes from mostly nitride to 
mostly Cr (III) oxide after 30 s etching and to mostly Cr (IV) oxide after 
60 s etching. The results for N, N1s, showed the presence of oxidised N 
(nitrate), un-oxidised N and ammonium salt for both samples, control 
and test, at 0 s. After 120 s of etching, only the presence of the metal 
peak was observed for the test-EF sample (Fig. 5a4-a5&b4-b5). Closer 
observation showed that the oxidation state of nitrate and ammonium 
was gone after 60 s in the test-EF sample (Fig. 5c5&d5). Observation of 
Fe, Fe2p3/2, showed three main oxidation state of metal, Fe (II) and Fe 
(III) oxide for both samples (Fig. 5a6-a7&b6-b7). In the control-EF 
sample at 0 s the oxide layer is mostly composed of Fe (III) oxide, af
terward at 120 s toward bulk the state change to predominate compo
sition metal peak (Fig. 5c3). For the test-EF sample Fig. 5d3 shows that 
the oxide layer at 0 s etching is mainly composed of Fe (II) and Fe (III) 
oxides. At 60 s of etching also two additional oxidation states of metal 
and complex oxides with possible nitrates occur, afterwards the peak of 
complex oxidation state is gone, this could indicate changes in the oxide 
layer which could lead to the changes in the passivation layer build-up 
and later corrosion resistance.

Furthermore, Ta, Ce, Na and Cl oxidation states were also analysed. 
Ta4f oxidation state revealed that in the control-EF (Fig. 5c2), Ta is 
mostly in its metallic state, which mean that it doesn’t play an important 
role in building the passivation layer.

Compared with the test-EF (Fig. 5d2), where Ta clearly plays a role 
in the passivation player, where at surface (0 s) its presence as oxide, 
metal and nitride is detected, while after 120 s etch time only metal and 

oxide oxidation state are present. For Ce (Ce3d) in control-EF sample at 
0 s the oxide layer is mostly contains Ce in Ce (III) oxidation state, af
terward at 120 s mostly from Ce (IV) oxidation state (Fig. 5c4). In the 
test sample (Fig. 5d4), the presence of Ce oxides in the Ce (III) oxidation 
state is detected only after 90 s of etching, and at 120 s etching time the 
structure is mostly of the same oxidation state and a smaller portion of 
the Ce (IV) oxidation state. This indicates that in conventionally heat- 
treated samples Ce is an important element in corrosion protection, 
whereas in cryogenically processed sample its role is not so predominant 
compared to other elements. Na and Cl elements were also monitored to 
detect any particular dynamics in the depth profile and passivation layer 
formation (Fig. 5c6-c7&d6-d7). For Na, Na1s, in the control sample an 
almost equal presence of metal oxide and Na in NaCl form was detected, 
whereas for chlorine, Cl2p, the similar ratio was observed from 0 s to 
120 s etch time, with mostly metal oxidation state and some complex 
chlorine oxides. In the test-EF sample for Na1s, a lower presence of metal 
oxide state is observed until 60 s of etching and more NaCl, after which 
at 120 s etching time predominant presence of metal oxides is observed. 
For chlorine, Cl2p, a similar observation as for the control sample is also 
observed in the test sample.

These XPS-based observations indicate a complex formation of the 
passivation layer in test-EF, which is different compared to control-EF. 
Further FT-IR, AR-XPS and Raman shift spectroscopy (RS) tests were 
carried out to better understand the formation of oxides and corrosion 
behaviour of both samples.

AR-XPS (Fig. 6a&b) was performed to obtain better information of 
the outermost oxide layers for the most important elements in the pas
sive layers, such as O, Cr, Fe and N. AR-XPS showed for O1s, for both 
samples with higher angle (90◦) more metal peaks are present compared 
to lower angles (15–75◦). The difference between the two samples is that 
in the test-EF sample a higher presence of chlorates, nitrates and hy
droxides is observed compared to the control-EF sample. Observation of 
Cr (Fig. 6a1&b1), Cr2p3/2, indicated a different composition of the test- 
EF sample compared to the control-EF sample. In test-EF sample with 
higher angle, not only higher percentage of metal peak but also Cr (IV) 
oxidation peak was observed compared to control-EF sample where 
higher concentration of Cr (III) oxidation peak was observed. These 
results are consistent with the deep etching observations. For Fe 
(Fig. 6a2&b2), Fe2p3/2, the interesting observation showed the presence 
of complex Fe oxides and hydroxides for both samples with higher angle 
of observation, other observations are consisted with the depth profile. 
For the last observed element-N (Fig. 6a3&b3), N1s, the AR-XPS study 
displays a high presence of ammonium salts for both samples, which is 
correlated with the presence of N within the matrix and additionally, in 
the cryogenically processed sample (test-EF), with exposure to liquid N2, 
as demonstrated by Jovičević-Klug et al. [18,19] and [17]. However, for 
a deeper understanding and observation of the formation of the 
passivation layer, a longer study with longer exposure times (6 months, 
1 year, etc.) with different NaCl concentrations is needed to provide 
more answers as to how the cryogenic effect influences the unique and 
complex improvement of corrosion resistance.

FT-IR spectra were also obtained to identify possible Fe oxides and 
other oxides species (Fig. 7a). These results are consistent with other 
analytical techniques used in this work, such as XPS and RS. Fe bound to 
Cl oxides could be identified as a band around 1700 cm− 1. Ammonium 
salts were present on the surface of the samples at wave numbers around 
958 and 920 cm− 1. The chlorates and ammonium compounds were also 
identified using the XPS technique. Goethite (α-FeOOH) was present at 
806 and 648 cm− 1, akageneite (β-FeOOH) at 1420 and 660 cm− 1, lep
idocrocite (γ-FeOOH) at 735 cm− 1 and δ-FeOOH at 1118 cm− 1. These Fe 
oxide hydroxide compounds are reported in the literature in works using 
infrared spectroscopy[37,38]. Maghemite (γ-Fe2O3) was identified at 
680 cm− 1 [37,38]. Also, as results indicate around 800 cm− 1 could also 
be present Fe2(OH)3Cl[37]. An interesting observation could be made 
around the wavenumbers between 800 and 700 cm− 1; there is a 
decrease in the absorption intensity present in the sample, which could 
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Fig. 5. Parts a and b show XPS spectra and peak fitting for both samples after immersion in 30 wt% NaCl solution at ambient conditions, control-EF (without CP) and 
test-EF (with CP), for selected alloying elements O, Cr, N and Fe. Parts c and d represent in-depth profile (0 s- 120 s) of control-EF and test-EF samples for O, Cr, Ta, 
Fe, Ce, N, Na and Cl.
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probably be related to other species mixed with the Fe 
oxides-hydroxides. Raman shift spectroscopy (Fig. 7b&c) was used to 
provide information on the oxide species present in each heat-treated 
group. RS was performed on cross-section of both samples exposed to 
30 % NaCl for 24 h to observe the formation of different oxide species in 
cross-section (points 1–4 for sample control-EF and points 1–5 for 
test-EF). Cross-section of both samples showed presence of hematite 
(Fe2O3), goethite (α-FeOOH), maghemite (γ-Fe2O3), akageneite 
(β-FeOOH), magnetite (Fe3O4), lepidocrocite (γ-FeOOH) and (Fe, H, N) 
ClOx species[39–42]. In addition, chromite was also observed in the 
control-EF sample, but not in the test-EF sample. The (Fe, H, N)ClOx 

species can also be correlated with the complex ammonium salts 
detected by XPS and FT-IR, mainly for the test-EF sample.

All these results indicate a clearly different development of the 
oxide/passivation layer of different heat-treated samples of EUROFER97 
by different main components. For the control-EF (no CP) sample, the 
main elements that form the oxide layer are Cr, Fe, O, Ce and to some 
degree also N from the matrix. Similar observations were made in 
different test heat treatments and corrosion conditions observed by 

Terada et al. [13] and Duerrschnabel et al. [16]. However, the obser
vations made cryogenically processed EUROFER97 showed a different 
trend in the oxide/passive film formation, which showed important role 
of Cr, Fe, O, Ta and N, which is partially from matrix and partially 
enriched at the surface after CP. From this it can be confirmed that 
exposure in liquid N2 for 24 h influences on the structure of the oxi
de/passivation layers that form on the surface if the two differently 
treated samples. For the cryogenically processed sample (test-EF) it was 
shown that a special layer enriched with N is formed, which could play 
an important role in corrosion resistance (see next section).

For the test-EF sample, it was also shown that a higher presence of 
ammonia, which could be mixed with oxides and hydroxides and form 
green rust, could act as an effective medium for improving corrosion 
resistance. Certainly, the ratio and thickness of the different oxides play 
an additional role in corrosion resistance.

3.4. Potentiodynamic polarisation measurements

Fig. 8 shows the results of potentiodynamic polarisation 

Fig. 6. AR-XPS data for different angles for both samples (control-EF (no CP) and test-EF (with CP)) after immersion in 30 wt% NaCl aqueous solution for selected 
alloying elements O, Cr, N and Fe at ambient conditions.

Fig. 7. a) Spectra obtained on control ant test EUROFER97 samples showing the presence of different Fe oxides with FT-IR. b-c) Raman shift spectroscopy (RS) for 
control sample, control-EF and test sample, test-EF after exposure in 30 wt% NaCl aqueous solution at ambient conditions.
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measurements in 30 wt% NaCl carried out on the control-EF and test-EF. 
The corrosion potentials (Ecorr) of the control-EF and test-EF samples 
were − 635 and − 496 mV vs Ag/AgCl, respectively. The corrosion cur
rent densities (icorr) values obtained from the curves for the control-EF 
and test-EF samples are 2.65 and 0.034 µA/cm2, respectively. The lower 
corrosion current density in the case of test-EF sample and the higher 
(more noble) corrosion potential could arise from the inherent differ
ences in the protective oxide layer formed on the surface. The N intro
duced in the matrix by the cryogenic processing is likely to result in an 
increased corrosion resistance [17,18,43–46]. Furthermore, the lower 
content of Cr in the matrix after CP, shifts the role to Fe and N, as shown 
with XPS, which causes different current density, which plays and 
additional factor in shifting the curve for test-EF. The other important 
difference in the passive layers formed on the control-EF and the test-EF 
samples is the presence of Ce(III) on the surface oxide, as well as in 
higher amounts than Ce(IV) in the test-EF sample (Fig. 4. d4). Ce(III) is a 
well-known corrosion inhibitor due to its ability to form a stable passive 
layer[47–49].

The improved corrosion behaviour observed in the test-EF sample is 
therefore proposed to be a result of the synergetic effect of inclusion of N 
during the cryogenic processing and enrichment of Ce(III) species. This 
results in shifting of the Ecorr to more passive potentials and icorr to lower 
values, although the oxide layer on the surface is depleted of protective 
chromium oxide species.

4. Conclusions

The conclusions of this study are important and relevant not only to 
the energy sector but also to the materials and cryogenic society. The 
influence of cryogenic processing (CP) on the microstructure, oxide 
formation and corrosion resistance of EUROFER97 can be summarised 
as follows: (1) Both control and test-EF samples consist mainly of a 
martensitic matrix. The presence of MC, M6C, M3C2, M7C3 and M23C6 
carbides were observed in both groups. In the test-EF group (with CP) it 
can be also observed that the matrix is enriched with Fe compared to the 
control-EF, which indicates the increased precipitation of carbides and 
also that Fe is the main element that builds up oxides. (2) APT results 
confirm that the Ce-oxides are located close to or above the carbides and 
have an inner and outer shell composed of different REEs. (3) The study 
shows a different development of the passive layer before and after the 
immersion in NaCl aqueous solution at ambient conditions in the control 
and test samples. In the CP-treated sample, the important role of oxide 
formation is shifted to Fe and N, compared to the control sample where 
Cr and Ce oxides also play an important role. (4) Potentiodynamic po
larization measurements show improved corrosion behaviour of cryo
genically treated sample, which is suggested to be correlated to the 
synergetic effect of N introduced into the matrix by the cryogenic pro
cessing and enrichment of Ce(III) on the surface oxide, resulting in 
increased corrosion resistance.
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D. Raabe, Thermal Kinetics and Nitriding Effect of Ammonia-Based Direct 
Reduction of Iron Oxides, ACS Sustain Chem. Eng. 12 (2024) 9882–9896, https:// 
doi.org/10.1021/ACSSUSCHEMENG.4C02363/ASSET/IMAGES/LARGE/ 
SC4C02363_0010.JPEG.
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