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Excellent properties (durability, wear and corrosion resistance) and long service life under extreme conditions
are essential for the successful application of metallic materials in the energy sector. In particular, for future
fusion applications, high Cr ferrous alloys (in our case Eurofer) are of great interest. Importantly, modified

Il:/hcr.o S,ttnt?mre microstructure with higher dimensional stability improves corrosion and wear resistance properties. In this
recipitation . . . . . .
CarbiIt):les study, we successfully manipulate the desired type of microstructure, which could provide a solution to current

challenges in such a high temperature, highly corrosive and highly irradiated environment, using a novel
technique of cryogenic processing (CP). The research identifies the CP-driven changes not only to the micro-
structure, but also to the local chemistry and bonding state of the key alloying elements. The correlations and
individual phenomena associated with CP have been evaluated using state-of-the-art techniques such as atom
probe tomography and synchrotron-based in-situ scanning photoemission spectroscopy. This novel process and
its novel microstructural manipulation opens up new possibilities for materials processing for future energy

Oxidation state

applications.

1. Introduction

Improving the microstructure is a critical criterion for materials used
in various applications in the energy sector (including fusion sector), as
it tailors the final properties such as corrosion resistance, fatigue resis-
tance, and wear resistance as well as magnetism, mechanical properties,
and surface properties [1]. Failure of materials in the energy sector can
cost up to 1/3 of the investment [2]. It can lead to power plant shut-
downs or even disasters, which are directly correlated to microstructural
changes and subsequent changes in final properties due to material
degradation or alteration under operating conditions [3]. High tem-
peratures and pressures, highly corrosive environments and high-energy
particles can be commonly found in future fusion energy applications.
Such extreme environments can cause considerable changes in the

microstructure of exposed material, an issue that has remained unan-
swered [4,5]. In addition, strong magnetic fields, helium embrittlement
and diffusion as well as thermal fatigue are expected in fusion envi-
ronment [6], further increasing the risks of progressive material
degradation and failure. For construction of the first wall of future fusion
reactors as well as in the next-generation fission reactors [5,7], high-Cr
reduced activation ferritic-martensitic (RAFM) alloys, such as Eurofer,
are considered as the main candidates. Investigations of such materials
revealed microstructural changes such as induced alloy segregation,
void growth and increased precipitation that form during and after their
operation, which ultimately affect the material’s properties [8]. The
phase changes were mainly related to Cr mobility within the material at
local areas such as grain boundaries (GBs) that act as sinks or enrich-
ment zones [9]. The prior austenitic grain boundaries (PAGs) also

* Corresponding author at: Max Planck Institute for Sustainable Materials (Max-Planck-Institut fiir Eisenforschung GmbH), Max-Planck-StraBe 1, 40237 Diisseldorf,

Germany.
E-mail address: p.jovicevic-klug@mpie.de (P. Jovicevi¢-Klug).

https://doi.org/10.1016/j.apsusc.2024.160290

Received 12 March 2024; Received in revised form 28 April 2024; Accepted 13 May 2024

Available online 16 May 2024

0169-4332/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:p.jovicevic-klug@mpie.de
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2024.160290
https://doi.org/10.1016/j.apsusc.2024.160290
https://doi.org/10.1016/j.apsusc.2024.160290
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

P. Jovicevi¢-Klug et al.

displayed an increase in Cr concentration, which can modify the final
properties of the material due to matrix dealloying and grain boundary
(GB) embrittlement [10]. Increased precipitation was associated with
the formation of My3Cg carbides, which are considered instable with
long exposure times in fusion reactor environments. Additionally, these
precipitates displayed agglomeration and coarsening, which can nega-
tively impact the final mechanical properties through embrittlement and
swelling. On the other hand, the increased M3Cg precipitation can be
also considered favourable since it hardens the material, which can
compensate the swelling effect [6]. In addition, the changes in dimen-
sional stability and microstructure cause mismatch between the
different phases, resulting in residual stresses within the alloys [11],
which are precursors for fracturing of the material from micro-to macro
level [11]. These findings not only raise questions about how to deal
with these issues, but also provide opportunities for the materials
research community to find new ways for modification/tailoring of the
microstructure, residual stress state and final properties (fatigue, wear,
mechanical properties, etc.) through different techniques or processes.
Cryogenic processing (CP) offers a novel way of tailoring the micro-
structure and properties of materials by exposing them to cryogenic
temperatures (typically 77 K) [2]. CP has proven to be an effective so-
lution for improving the properties of stainless and martensitic steels,
such as corrosion, oxidation and fatigue resistance as well as improving
ductility and strength, therefore extending the life cycle of the treated
material or component [2]. Combined with various techniques, namely
in-situ observations of alloying dynamics and detailed microstructural
analysis of the Eurofer, this work explores and provides novel insight
into the processing of Eurofer as well as similar alloys used in the energy
sector, including fusion. With the use of cryogenic processing, this study
provides a possible answer to reducing CO, emissions from the energy
sector, steel and tool industries and using more environmentally friendly
techniques/processing of various materials, while providing novel
combinations of microstructure and properties that provide further
stability to alloys under extreme conditions.

2. Methods and materials
2.1. Material, Processing, microstructure and phase analysis

Selected Eurofer alloy is high-Cr ferrous alloy (chemical composition
in wt.%: 0.11C, 0.4 Mn, 9 Cr, 0.12 Ta, 1.1 W, 0.03 N, 0.15 V, base Fe,
others < 0.01 [12]), also known as Eurofer in fusion community, which
was supplied by Karlsruhe Institute of Technology (KIT), Germany.
Eurofer samples were divided into two subgroups C-EF and CRYO (T-EF
and ST-EF), for details about heat processing, see Table 1, samples were
heat treated at Max Planck Institute for Sustainable Materials (new
name) (MPI SusMat)/Max-Planck-Institute fiir Eisenforschung GmbH
(old name), Germany. Both subgroups were heat processed in Ar at-
mosphere under high vacuum, in order to exclude influence of N, gas
during hardening on the microstructure. CP was done with gradual
immersion for 24 h at 77 K, with cooling and warming rate of 10 K/s,
which is the standard and recommended rate in order to avoid micro-
cracking of the material [13]. The metallographic preparation of tested
samples for further analysis was according to Jovicevi¢-Klug et al. 2021

Table 1
Heat processing of different subgroups.

Sample group Heat processing
Hardening CP Tempering
EF-CHT Ta=1237 K/ 0.5h, - Tt=823K /2
Q rate ~ 10 s from 1073 K to h
773 K
CRYO Ta=1237K/0.5h DCT 24 h / Tt=823K/2
(T-EF, ST- Q rate ~ 10 s from 1073 K to 77 K h
EF) 773 K
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[13] for ferrous alloys.

Microstructural analysis of Eurofer alloy was performed using a
scanning electron microscope (SEM) Zeiss Crossbeam 550 FIB-SEM
Merlin II at MPI SusMat, Germany.

For the quantitative phase analysis XRD scans were carried out using
a Rigaku SmartLab diffractometer having a Cu Ka rotating anode X-ray
source. The diffractometer is equipped with a micro area beam optic
(500 um by 500 um beam size), a 5-circle goniometer, and a HyPix3000
area detector. The measurements were done as a continuous symmet-
rical overview scan using a step size of A20= 0.01°, a count rate of 4
deg/min, and a power setup of 45 kV/200 mA. With the measured data
the quantification of the single phases calculated using Rietveld simu-
lation (Software Bruker TOPAS V5.0).

2.2. FIB/(S)TEM

Lamellas for the (S)TEM investigations were prepared using Focused
Ion Beam (FIB)-SEM dual system (Helios NanoLab 650, FEI, USA) using
an in-situ lift-out technique. During the lamella preparation samples
were protected with 300 nm thick electron deposited W capping layer
and an additional 2.5 pm thick ion deposited capping W layer, which
were deposited on top of each other at the selected ion acceleration
voltages/beam currents of 20 kV/1.6 nA and 30 kV/0.7 nA, respectively.
The sample was extracted with gallium ions at 30 kV/21 nA. In the next
step samples were transferred with an OmniProbe 200 micromanipu-
lator on the Cu FIB lift out grids where final thinning and polishing of
lamella was performed: using accelerating voltage of 30 kV and beam
currents 2.5 nA-80 pA. In the final step FIB operated at 1 kV/100 pA was
used for 1 min on each side of the lamella, enabling the removal of the
amorphous residue and gallium artefacts and reaching the desired
thickness of < 20 nm, enabling atomic resolution in STEM.

High-resolution STEM experiments were performed on a probe Cs-
corrected JEOL ARM 200 CF operated at 200 keV. The probe semi
convergence angle was 24 mrad and the HAADF detection angles were
set to 68-185 mrad. For chemical analysis Jeol Centurio EDX system
with 100 mm2 SDD detector and Gatan Quantum ER double EELS
spectrometer were used.

2.3. Atom probe tomography (APT)

Atom probe tomography (APT) specimens were prepared using the
FIB-SEM lift-out process as described by Felfer et al. 2012 [14]. The two
samples were run on local electrode atom probes (LEAP) 5000 series.
The CHT specimen were run on a LEAP5000 XS at a base temperature of
60 K, a laser pulse energy of 60 pJ, with a pulse rate of 200 kHz and the
detection rate set to 1 %. The DCT specimen were run on a LEAP5000
XR, at a base temperature of 60 K, a laser pulse energy of 60 pJ, a pulse
rate of 200 kHz and a detection rate of 0.5 %. Data reconstruction and
analysis were performed using AP Suite 6.3.

2.4. Scanning photoelectron microscopy (SPEM)

Scanning photoelectron microscopy (SPEM) was performed on the
ESCA microscopy beamline at the Elettra Synchrotron Radiation Centre;
more information about the technique can be found in [15-17].The base
pressure of the microscope chamber was 3 x 10-10 mbar and the photon
energy was 740 eV. Samples were pre-hardened and then analysed in-
situ during CP (24 h) and tempering (823 K for 2 h for both samples)
for both setups (CHT/CP). Prior to the experiments, the samples were
ion sputtered with Ar to remove the oxide layer and surface contami-
nants. The cleanliness of each sample was thoroughly checked and no
contaminants were found. The surface chemistry of the samples was
mapped with high spatial resolution and spectral surveys. The surface
chemical maps of Cls, Cr2p, Fe3p, Mn3p and V2p) were recorded at
photon energies of 740 eV. For correct interpretation of the maps, a
subtraction of the topography signal was also analysed using existing
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procedures [18], so that the photoemission intensity maps represented
the correct chemical contrast. Data analysis was performed using Igor-
Pro9, WaveMetrics (Portland, OR, USA) and Origin, version 2022, Ori-
ginLab Corporation (Northampton, MA, USA).

3. Results and discussion
3.1. Alloy characterisation: microstructure and phase evolution

In this work, the high-Cr RAFM alloy, Eurofer, was subjected to
conventional heat treatment procedure and additionally to CP (in-situ
and ex-situ) in order to modify the dimensional stability and to saturate
the matrix with carbides [19-21]. Microstructural changes were
observed by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), energy dispersive X-ray analysis (EDX), electron
backscatter diffraction (EBSD), atom probe tomography (APT) and X-ray
diffraction (XRD). The results show that all three groups of samples (C-
EF (control), T-EF (ex-situ CP) and ST-EF (in-situ CP)) have martensitic
matrix embedded with different types of precipitates (carbides and
carbonitrides). The distinct difference between the samples is induced
by cryogenic processing, which on the one hand minimised the presence
of retained austenite (RA) within the matrix by 75 % (T-EF) and 67 %
(ST-EF), respectively (Fig. 1, Table 2). Furthermore, CP has influences
also on the micrometre-sized martensitic laths, which are 30-40 % finer
compared to those in C-EF and have a preferential orientation along
[101] direction, whereas the C-EF counterpart doesn’t have a prefer-
ential orientation. The change of orientation after CP correlates with
previous findings for high Cr-alloys and martensitic stainless steels
observed by Jovicevi¢-Klug et al. 2021 [20] and Jovicevic¢-Klug et al.
2023 [16]. On the other hand, cryogenic processing manipulated the
precipitation of carbides (MxCy) and carbonitrides (MxCyNz) within the
samples, increasing the volumetric fraction of the following precipitates:
M7C3 by 15% (T-EF), M3C2 by 21 O/O(ST-EF), M23C6 by 60 % for T-EF and
30 % for ST-EF, TaC by 66 % (T-EF) and 33 % (ST-EF) in compared to the
C-EF. Observation also showed less precipitation or no change in pre-
cipitation in the tested samples (M3Cz and MgC carbide types accord-
ingly). The phenomenon originates from the different dynamics in the
tested samples, which is induced by CP. This is an important observation
as this can potentially influence the alloying dynamics and the formation
of the passive film in terms of oxidation and its states within the samples.

Next observation also showed the presence of MCN and Ce-oxides
(Supplementary Information-Fig. S1), whose presence is highly vari-
able due to local distribution within each sample. The observed Ce-
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Table 2
XRD results in volumetric fraction for all three samples, C-EF (control group),
and testing groups ST-EF and T-EF:

C-EF T-EF ST-EF

BCC phase 88.4 88.6 88.8
FCC phase 1.2 0.1 0.7
M;Cs 3.5 4 3.4
M;C, 1.9 1.7 2.3
M¢C 1.7 1.1 1
Ma3Ce 1 1.6 1.3
TaC 0.3 0.5 0.4
MCN 0.6 0.6 0.6
different Ce-oxides 1.4 1.8 1.5

oxides (e.g. < 2 vol%) do not play an important microstructural role
related to the precipitation dynamics. In addition, the TaC are not
affected by the CP either, as their size and abundance remain un-
changed. Fig. 1d shows the ratio of the precipitates within each sample,
which indicates the precipitation dynamics induced by CP. Due to the
changes in the nature of the carbides, the chemical composition has to be
modified to compensate for the changes in the nucleation and growth of
the carbides. EDX analysis of the carbides can identify these changes.
The analysis confirms that primarily M;Cs carbides are enriched with Cr
and Fe, MgC are also enriched with Cr and Fe, whereas M3Cy are
enriched with Cr, Fe and V. EDX analysis also confirms MCN pre-
cipitates, which are enriched in V (Fig. 2c-m).

However, based on SEM and EBSD results, no correlation in the
distribution of carbides or carbonitrides can be correlated with CP,
which contradicts the observation of many authors [16,21,22] in rela-
tion to CP in high Cr-alloys. No M33Cs carbides were detected at the
microscopic level, which is different to previous studies [23,24]. How-
ever, EDX does not provide clear information on carbides below 100 nm,
which are present in all samples, this was later obtained by TEM and
APT. Due to the higher phase difference after CP, the T-EF was selected
together with its counterpart, the C-EF, for detailed analysis with (S)
TEM and APT (Fig. 2 and Fig. 3).

3.2. Nanoscale alloy characterization

TEM investigation of both samples confirms the presence of
martensite within the matrix, C-EF in Fig. 3c—e and T-EF in Fig. 4c-e. RA
was not detected due to the scarce spatial distribution as seen from EBSD
results. Different types of carbides were identified in the vicinity of PAGs
and newly formed GBs within the PAG (see Fig. 3g-h and Fig. 4g-h). The
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Fig. 1. A) xrd results for all 3 groups (c-ef (control), t-ef (ex-situ) and st-ef (in situ)) with corresponding main peak list displayed in the reference tab below. b)
enlarged section of the xrd data from a) in the region of a-fe {110} peak. ¢) Enlarged section of the XRD data from a) in the region of a-Fe {201} peak. d) Graphically
presented ratio of different precipitates within each sample extracted from the quantitative analysis of the XRD data. Blue colour stands for ST-EF, magenta for T-EF
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Fig. 2. The figure represents the results of SEM, EDX, EBSD and TEM (including HAADF and BF) results for selected samples of C-EF (a-j) and T-EF (k-t). Micrographs
a, b and k, 1 present SEM micrographs obtained with SEI mode. Micrographs ¢ and m present chemical distribution maps measured from areas presented in b and 1,
respectively. d and n present EBSD maps, while e and o present phase distribution maps. The analysed area from d, e and n, o correlate with the area from a and k,
respectively. Micrographs g-j and p-t represent TEM (including HAADF and BF) images. The SEM and TEM analysis were performed on different sampling positions.
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Fig. 3. a-b represent TEM micrographs of C-EF (control sample), where locations of SAED patterns are marked with yellow dots from c-e. STEM results for C-EF
sample are presented in f-g parts (2 locations), where main elements such as Cr, Fe, C and V are presented. They were chosen based on important role, which they
have in forming different types of precipitates. In h-i-j the results of APT analysis are presented. Part h represent 3D model with isosurface of Cr together with Fe, C,
VN and Ta. I and j part represent proxigrams of selected carbide within the sample.

types, which were also confirmed with TEM and SAED on nanoscale are
(Fe, Cr)3Cy, (Fe, Cr);Cs and (V, Ta)CN (Fig. 4). Furthermore, TEM has
also confirmed the presence of My3Cg carbides corroborating with XRD
results, which are enriched with Fe, Cr and Ta (Fig. 4e). There are two
types of M23Ce, one group holds larger (range of 100 nm) and is mostly
enriched with Fe, Cr and Ta, whereas smaller fine carbides (in the range
of 10 nm) are mostly enriched with Fe and Cr. These sub-micrometre
carbides could indicate the slow transition of this type of My3Cg to
MeC carbides, which is the final carbide type after prolonged tempering
[16,19].

In addition, Cr enrichment zones are found throughout the material
that decorate the GBs (see example in Fig. 3g and h) and GBs in-
tersections that in individual cases formed into larger agglomerates of Cr
that are not in the form of carbides or nitrides as visible in Fig. 4g and h.
A possible reasoning for these phases could be that they correspond to
o-phase of the Fe-Cr diagram that has the tendency to precipitate with
austenite destabilization at PAG boundaries [25,26]. This also follows

the probability that intermetallic phases, such as ¢ and y phases, can
form with prolonged exposure of Eurofer steel to temperatures of 550 °C
and above [27]. A presence of conjoined V-rich carbide and Cr enrich-
ment zone was observed with local EDX with TEM, as presented in the
upper-right corner of Fig. 3g. The TEM results do not detect any dis-
similarities between the T-EF and C-EF samples in terms of the Cr-rich
phases. APT results identify rod-like precipitation of chromium vana-
dium nitrides within the C-EF sample, Fig. 3h. Trace amounts of C are
also observed within these nitrides; however, the concentration is
generally less than one atomic percent. Contrastingly both large and
small chromium carbides are observed in the T-EF sample, Fig. 4h.
Analysis of the concentration of both big and small precipitates indicates
that Cr3C carbides have formed. The matrix composition for both C-EF
and T-EF samples is approximately Fe 85 at.% and Cr 14 at.% with trace
amounts of V, N, Mn, W, and C. APT also dislocate a slight Cr-
enrichment forming around the precipitates as seen from Fig. 3j and
4j. The trend of Cr increase at the interface between matrix and carbides
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Fig. 4. a-b represent TEM micrographs of T-EF (tested sample), where locations of SAED patterns are marked with yellow dots from c-e. STEM results for C-EF sample
are presented in f-g parts, where main elements such as Cr, Fe, C and V are presented. They were chosen based on important role, which they have in forming
different types of precipitates. In h-i-j the results of APT analysis are presented. Part h represent 3D model with isosurface of Cr together with Fe, C, VN and Ta. I and j

part represent proxigrams of selected carbide within the sample.

is also uncorrelated with C and N, which further corroborates to a
possible Cr-enriched surface of the precipitates. In terms of size effect,
the above-described features remain similar as seen from the additional
analysis of smaller-size precipitates of the T-EF sample (Supplementary
Information-Fig. §2).

The SAED confirms the presence of carbon-rich zones arranged in a
hexagonal manner attributed to the My3C¢ carbides. However, in spe-
cific instances of the T-EF sample, the enrichment zones display non-
characteristic d-spacing that of My3Ce and are more likely to be
related to the displacement of matrix phase interstitials in a specific low-
symmetry quasi-structure. Individually, the SAED peaks could be
partially related to a highly displaced M;Cs carbide form due to the
superposition of the individual peaks and unique orientation with the
zone axis (see example in Fig. 3d). Similar results were observed by
Jovicevi¢-Klug et al. for austenitic [28] and martensitic [20] stainless
steels. This provides a reasoning to expect that after a short-time
tempering at 550 °C the May3Cg carbides do in-fact evolve from the
Mj7C3 through carbon diffusion and agglomeration at Cr-rich interfaces.
The V-rich carbides are most probably residual structures that form from

the austenitisation portion of the heat treatment and later act as heter-
ogenous nucleation points for the carbides, similar as that of the Ta-rich
particles. This also explains the highly varying and site-specific content
of V, Ta and N in the precipitates that originates from the stochastic
residual presence of the V- and Ta-enriched particles. The results pro-
vide a clear understanding of the initiation of further carbide develop-
ment through the formation of additional GBs and interfaces that can
hold greater amounts of carbon for CP samples. This can be seen by the
obvious difference in the matrix density in terms of the number of
martensitic laths forming within specific areas. As has been observed
microscopically with SEM, TEM also confirms the much higher density
of smaller-sized martensitic grains. This is best visualized by the stag-
gering increase in the amount of the matrix peaks with varying orien-
tations for the T-EF case compared to the C-EF case (compare Fig. 3c-e
with Fig. 4c-e).

As a result, the increased density of GBs does accommodate an
increased density of the carbides and intermetallic phases as their
presence is detected in all boundaries. However, the thickness and size
of the particles is lower compared to those found at the PAG boundaries,



P. Jovicevi¢-Klug et al.

which correlates well with the nucleation effect of residual V-rich and
Ta-rich particles that also strongly decorate the PAG compared to the
newly formed martensitic GBs. Additionally, insufficient chromium
dissolvement and residual Cr enrichment at GBs can also Supplementary
add to the increased nucleation at PAG boundaries. Surprisingly, the
alloying content of the matrix for both samples is essentially the same
(see APT results in Figs. 3 and 4), suggesting that the alloying of
martensitic GBs occurs through GB diffusion rather than volumetric
diffusion and most probably occurs during tempering as the martensitic
lath density is influenced by the CP procedure [29,30].

3.3. Chemical binding state changes: In-situ observations

The SPEM technique was used to observe the in-situ and ex-situ
behaviour of the selected alloying elements and their dynamics during
formation of precipitates. The ex-situ experiments showed the carbide
evolution of the proposed My3Cg carbides in both samples C-EF and T-EF
(Fig. 5a, b, e and f). The maps suggest that after the application of CP,
finer My3C¢ carbides are formed, compared to C-EF sample, where
already the nucleus from the pre-tempered state shows the location and
growth of the carbide after tempering. They can be recognised by the
specific content of Cr and Fe. M23Cg carbides in C-EF are larger and have
a higher element content, while in T-EF they are much smaller and can
hardly be detected, as their size is close to the system’s spatial resolu-
tion. This observation also additionally confirms that carbides in both
samples are not only located at the PAG positions but also within
martensitic laths, which is best seen in Fig. 5e and f.

The single point analysis in spectra Fig. 5c, present the chemical
changes on the location of the proposed larger M»3Cg carbide (location
indicated by star) before and after tempering in C-EF sample. The major
difference is in the binding state of C1s, which is after tempering shifted
towards lower values, which indicates a binding state change of the
carbides after tempering (around 284 eV to 283-280.5 eV). In T-EF
sample (Fig. 5g) chemical shift of carbon specific to fine M3Ce can be
observed. Additionally, at 287 eV, the peak of Cls associated with
binding state of carbonitrides (CN) can be observed for both C-EF
(Fig. 5¢) and T-EF (Fig. 5g) [31]. The Cls binding state indicate also
different types of carbides on the same probed location, with the specific
peak at approximately 280.5-281.5 eV corresponding most probably to
complex Ta enriched carbide/carbonitride [31]. These features also
confirm the proposed complex structure of individual carbides in ag-
glomerates manner.

The correlation of the carbon shift is associated with the local
chemistry contributed by the small-sized carbides visible from Fig. Se
and f as well as the similar shift seen from previous research [16,17].
Despite their smaller size, the single point SPEM analysis can be used to
examine the chemical differences in the formed nanoscopic M33Cg car-
bides before (after CP) and after tempering. The spectra of My3Cg car-
bides reveal that their evolution is towards M6C composition (see
Fig. 5h), which is similar to the observation done by Jovicevi¢-Klug et al.
2023 for high-alloyed ferrous alloy (HAFA). In this case, additionally to
Mo, W and low presence of V, an important role is played by Cr and to
some degree also Fe (Fig. 5g). Furthermore, observation of C binding
state change is also in line with the theory that loosely bound C is in-
dependent of the chemical composition of the matrix and non-
stochiometric carbides, which are a chemically indifferent environ-
ment for the internal level of C, which was suggested by Gusev et al.
2001 [32].

It should be noted that these results show that also in Eurofer, W and
Fe elemental ratio seems to slightly change, when individual carbides
are formed with tempering, which corresponds to the carbide formation
contribution of both elements, as determined by other research of HAFA
[19,28]. Additionally, to conventionally expected alloying elements, Mn
also participates in the formation of carbides, as seen from the Mn signal
increase in Fig. 5d and h, similar as observed for HAFAs [17]. This
change is observed for both samples, which can impact on the
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conductivity of the material [33]. The latter can be an important factor
when dealing with electro-magnetic properties of Eurofer and its
applications.

Ex-situ observation of both samples in regards to O2s and Ta4f have
similar behaviour without any special dynamics, compared to other el-
ements. An interesting specific is also the slightly higher intensity of
Fe3p peak compared to the Cr3p peak for the T-EF compared to the C-EF
(more measurements on different positions were performed and dis-
played same tendency), which suggest that most probably the formed
carbides in the T-EF samples are on average smaller compared to those
in C-EF sample as the additional matrix is probed more often. This could
be possibly related to the refinement process and reduced nucleation
energy of carbides precipitation with additional CP as determined from
previous research [16,17,19,34].

In both samples in-situ observations showed that high Cr content
plays an important role during formation of carbides, especially after CP
and during tempering. In C-EF sample (sample with no CP, Fig. 5d)
shows that in the final state the Cr3p peak is considerably stronger. This
is suggested to be indicator of the development to M;Cs carbides as the
final state [35]. Whereas in-situ observation of CP (T-EF sample, Fig. 6)
showed that directly after CP the Cr3p is proportionally lower, which is
associated to the diluted state of the matrix [35], and is associated to the
increased formation of My3Cg carbides and later M;Cs carbides, as the
final stable state, in alloy exposed to CP. This observation of the final
development of the carbides in HAFA was also proposed as the main
mechanism of CP by Jovicevi¢-Klug et al. 2020 [19]. The presence of the
slight shoulder/broadening of the Cls peak, seen in Fig. 6d, towards
lower values furthermore supports the reforming of the binding state of
Cr with CP. In-situ observation of Ta4f has shown that Ta is more in a
metal state after tempering, since it is shifted more to the structure of
more complex Ta carbides [36], which indicate the partial role in M33Cgq
carbide formation [37]. Furthermore, due to the broadening of the O2s
+ Ta4f peak, it is suggested that Ta is partially present in an oxide form,
which suggest that Ta plays also a role in oxide layer at the surface of the
Eurofer, that is related to passivation layer build-up. The slight build-up
of upper oxide layer that inevitably forms in investigated samples over
time, provides direct evidence of Ta and Cr enrichment (see colour
change and contrast increase in Fig. 5e-f and 6a-b, indicating that both
elements are key participations in the oxidation of the alloy and its
surface. Similar suggestion was done also by Strom et al. 2018 [38],
however this observation was done after exposure to deuterium ion
beam and high temperatures.

4. Conclusions

In this work, we have found that the processing history of a high-Cr
ferrous alloy (Eurofer) is very important in terms of manipulating the
microstructure and hence the precipitation of the selected carbides. As
the literature conveys, prolonged exposure of Eurofer to extreme con-
ditions increases carbide precipitation and with it modifies the dimen-
sional stability of the alloy, which can lead to material failure. With this
study we present that CP can be used to successfully manipulate the
microstructure by increasing precipitation of nanoprecipitates, which
are mainly M23Cg. The resulting microstructure develops a deficit of free
atoms of alloying elements, which is suggested to lower the possibility of
later microstructure deterioration and modification under extreme
fusion conditions. Furthermore, the performed in-situ and ex-situ mea-
surements provided an in-detail investigation of the dynamics of alloy-
ing elements during CP and their role in the formation of precipitates
after CP and after tempering. The study also shows that the Ta dynamics
on the surface layer may be important for the characteristics of the
passivation layer, which plays an important role in the corrosion,
oxidation, and wear resistance of Eurofer.

It should be noted that our study has not yet tested the newly tailored
microstructure of CP under irradiation or other corrosive or wear
properties, which will provide direct evidence for a CP effect on Eurofer
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stability. However, this microstructure study provides guidance for the
selection of the best processing route for Eurofer and provides insight
into possible progression of carbide formation with CP. The aim of this
work was also achieved in providing fundamental understanding of the
alloying elements and their effect on the surface oxide layer after the
application of CP. This study also shows that CP has a bright future in
alloying metallic alloys and to design a proper heat processing for
changing properties for community to accelerate the understanding of
Eurofer alloying dynamic and how the microstructure can be tailored to
specific needs and applications.
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