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This study investigates the effect of cryogenic processing (CP) on the microstructure and properties of a steel,
Eurofer97, being considered for application in the energy sector - fusion. Relatively simple microstructural
tailoring with CP provides a novel route to advanced steels for the energy sector, utilizing existing alloys and
chemistry. The resulting microstructural changes provide improved microhardness of the material and altered
micro-residual stresses to a more compressive nature. The study shows that CP modifies the microstructural
evolution immediately after application and during tempering. Magnetic characterisation was carried out using
magneto-optical Kerr effect (MOKE) microscopy, a versatile technique for imaging magnetic domains and
evaluating the behaviour of magnetic materials. Temperature-dependent magneto-optical characterizations were
carried out in ultra-high vacuum MOKE, ranging from cryogenic to elevated temperatures, to avoid thermal-
induced reactions in ambient pressure. The combined investigation of magnetic properties and microstructural
features elucidates the clear formation of carbides over intermetallic enrichment zones that stabilizes the
microstructure. This pioneering work carried out provides important research for the application of CP for the
development of next generation metallic materials for current and future energy sectors.

1. Introduction plastic deformation and dislocation distribution) [2,3]), magnetic

behaviour (saturation, magnetization, exchange energy and intrinsic

Eurofer97 belongs to the group of reduced activation ferritic-
martensitic (RAFM) steels, which are of great interest for being the
main material for the construction of the first wall of future fusion re-
actors [1,2]. The correlation between microstructure and final proper-
ties such as magnetic properties, mechanical properties, corrosion
properties, etc. is critical to the application and longevity of Eurofer97.
Previous studies have shown that Eurofer97 presents a strong correla-
tion between microstructure parameters (grain/particle size, dislocation
density, particle spacing, influence on residual stress development,

magnetic anisotropy [2,4,5]), and mechanical behaviour ((micro)hard-
ness, toughness and strength [3,5-8]). The interrelations between
microstructure and material properties are critical aspects when the
material is exposed to neutrons, as the microstructure can be altered
during exposure in a fusion reactor. These radiation-induced micro-
structural changes directly influence the final properties that in specific
cases can be critical to the material stability, leading to embrittlement
and failure of reactor components [2,9]. Studies showed that irradiation
of Eurofer97 causes that alloying elements (C, Cr, Mn, N etc.) at
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dislocations are driven by strain energy relief, which can also cause the
segregation of alloying elements at these dislocations, leading to local
dealloying and formation of embrittled regions [10-12].

In order to stabilise the Eurofer97 microstructure for withstanding
the exposure to high energy particles during its usage, various heat
treatment/processing techniques and different chemical compositions
are applied to maximise the performance and durability of Eurofer97
[13-15]. One of the options is Cryogenic Processing (CP), where the
material is exposed to cryogenic temperatures as part of CP, usually
below 77 K, for a period of time to modify the material’s microstructure
and nanoscopic features and thus its final properties [16-26]. Many
studies have demonstrated a positive influence of CP on alloys and
improvement of various properties. However, despite the positive
promises of the new processing method, there is a perceived lack of
research in this area, particularly in regards to the mechanisms that
drive the individual changes in these specific steels. Previous studies by
Jovicevic-Klug et al., 2024a [17], 2024b [16] and 2024c [27] have
demonstrated that CP alters the microstructure and oxidation dynamics
of alloying elements, which has been shown to increase the corrosion
and surface resistance of Eurofer97. To our best knowledge, there are no
other studies on the testing of Eurofer97 and CP. There are some studies
that perform and test mechanical behaviour, magnetic behaviour and
observe microstructural changes of stainless and RAFM steels in cryo-
genic temperatures [28-30], which is not the same as processing them in
these extreme temperatures. But there are studies on other steels, which
were cryogenically processed and tested in regards to their magnetic
behaviour and properties [28,31-33].

Furthermore, advanced magnetic studies of CP on materials used in
the energy sector have never been carried out to observe the in-situ and
in-operando behaviour of the material. Therefore, it is necessary to make
an in-depth study of the effect of CP on Eurofer97 in terms of induced
changes in microstructure and final properties. This is particularly of
interest in relating the underlying sub-micrometre microstructural fea-
tures and defects to the magnetic domain structures and overall mag-
netic properties that can serve as indicators and tracing figure of merits
for selected properties.

This study focuses on the effect of heat treatments with varying
tempering temperature and exposure to cryogenic processing on the
microstructure (including macro-residual stresses), magnetic and me-
chanical behaviour of Eurofer97. Furthermore, in this study one of the
first observations with advanced synchrotron measurements of the
magnetic behaviour of Eurofer97 in relation to CP is tested, presented
and interpreted.

2. Methods
2.1. Material, processing, microstructure and phase analysis

Eurofer97/2 is a Cr-rich Fe 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, other
alloying elements <0.012). A plate (heat 993394) with 9.2 mm (nominal
8 mm) thickness was supplied by the Karlsruhe Institute of Technology
(KIT), Germany [13]. The plate was provided in the as manufactured
condition, i.e., after rolling, a heat treated was conducted at Bohler
Bleche GmbH: 980 °C for 14 min, air quenched, 760 °C for 90 min and
finally air cooled. Eurofer97 samples were firstly divided into six
sub-groups, control (C1, C2, C3) and test groups (T1, T2, T3). The test
groups were exposed to cryogenic processing, where three different heat
treatments were applied on the selected subgroups as presented in
Table 1. The temperature of austenitisation was fixed at T, =
1000 °C/0.5 h and a quenching rate (800-500 °C) of ~10 °C/s was
achieved. Afterwards the control subgroups were subjected to 1 cycle of
tempering, whereas the test subgroups were subjected to CP followed by
1 cycle of tempering.

All samples were heat treated at the Max Planck Institute for Sus-
tainable Materials (MPI SusMat), Germany. All specimens were heat
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Table 1
Heat treatment parameters of all subgroups, where CX are control groups with
no CP application, and TX are test groups with CP.

Sample Austenitisation Cryogenic processing ~ Tempering
Group temperature (T, in °C) (CP=24hat-196 °C) temperature (T, in
°C)
C1 1000/0.5 h No 350/2h
T1 1000/0.5h Yes 350/2h
Cc2 1000/0.5 h No 450/2 h
T2 1000/0.5 h Yes 450/2 h
Cc3 1000/0.5h No 550/2h
T3 1000/0.5 h Yes 550/2 h
TaQ 1000/0.5 h No No
TaQCP 1000/0.5 h Yes No

treated in an Ar atmosphere under high vacuum. This was done to
eliminate the influence of Ny gas on the microstructure during hard-
ening and tempering. Samples were metallographically prepared for
further analysis according to Jovicevié¢-Klug et al., 2021 [34] for the
preparation of cryogenically processed ferrous alloys. The microstruc-
tural analysis of the Eurofer97 alloy was performed using a Zeiss
Crossbeam Merlin I scanning electron microscope (SEM) at MPI SusMat.

For quantitative phase analysis, XRD scans were performed using a
Rigaku SmartLab diffractometer with a Cu K, X-ray source. The
diffractometer is equipped with a micro area beam optic (500 pm by
500 pm beam size), a 5-circle goniometer and a HyPix3000 area de-
tector. The measurements were performed as a continuous symmetrical
overview scan with a step size of 426 = 0.01°, a scan rate of 4°/min and
a power setup of 45 kV/200 mA. The measured data were used to
quantify the individual phases using Rietveld simulation.

2.2. Micro-residual stress measurements

The micro-residual stress measurements were carried out using a
Rigaku SmartLab with a Cu Ko rotating anode X-ray source. The
diffractometer is equipped with a micro area beam optic (beam size 500
pm by 500 pm), a 5-circle goniometer, and a HyPix3000 area detector.
For each sample a residual stress measurement was done for the major
phases (weight fraction >10 %). The 20 position of a reflex selected for
the respective phase was measured for 13 different sample tilts
(—63.5°>y>+63.5°), for three different stress directions (® = 0°, ® =
45° and © = 90°) each. The 20 position there used to calculate the re-
sidual stress according the sinzw-method [35].

2.3. Thermodynamic modelling

Thermodynamic modelling was conducted in order to understand
ratio and formation of phases during exposure to cryogenic tempera-
tures followed by the tempering. It was performed with Thermo-Calc
Software using TCFE11 database and MOBFE6 database.

2.4. Mechanical behaviour testing

2.4.1. Microhardness

Microhardness of samples obtained after different heat treatment
procedures was measured using Vickers HV30 method at room tem-
perature (21 °C and 50 % humidity). For each subgroup multiple mea-
surements were performed on several specimens (at least 6) and the
average value was calculated.

2.4.2. Impact toughness

The evolution of Charpy energy was measured utilizing a pendulum
machine (ZwickRoell) with a capacity of 25 J and an instrumented fin
with a tip radius of 1 mm. The testing machine was equipped with a
specimen magazine and a conditioning box for heating/cooling the
specimens to the aimed test temperature. Heating/cooling and
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subsequent testing was conducted in air. Miniaturized V-notch Charpy
specimens (KLST) 27 x 4x3 mm in size were used, which are described
in DIN EN ISO 14556:2017-05 Figure D1. The orientation of the crack
system for all specimens was L-T; cf. ASTM E399-19 Fig. 1 for the
definition of directions in plate samples. Outer specimen geometry as
well as the V-notch were machined by electrical discharge machining.
Testing the KLST specimens was conducted as follows: (1) The speci-
mens were loaded into the magazine; (2) In the control software, a test
temperature was assigned to each specimen in the magazine. (3) At the
start of the test program, the first KLST specimen was automatically
transferred to the conditioning box for heating/cooling. (4) After a dwell
time of 2 min the specimen was transferred from the conditioning box to
the test position and the pendulum was released. The temperature
change that took place during the transfer from the conditioning box to
the test position was compensated in advance by heating/cooling the
specimen in the conditioning box slightly above/below the aimed test
temperature. Following the test of the first specimen the second KLST
specimen was fed to the conditioning box, the pendulum returned to the
release position. After completion of the test campaign, the lateral
extension of the fractured and unfractured specimens was determined;
cf. DIN EN ISO 148-1:2017-05 Figure B1. The inspection of the samples
was conducted with an optical microscope Keyence VHX7000.

2.5. Magnetic behaviour testing

2.5.1. Atom force microscopy — mode magnetic force microscopy

Atomic force microscopy (AFM) with a measurement mode magnetic
force microscopy (MFM) was used to measure the static magnetic
domain structure of the investigated samples. This non-contact scanning
force method directly measures the presence and distribution of
inherent magnetic fields emitted by the remanent magnetic domain
states. Magnetic domains are imaged by measuring magneto-static in-
teractions between the tip (30 % Ni and 70 % Fe) and the sample during
slow scanning of the cantilever over the sample surface [36]. The
AFM-MFM measurements were carried out in the Cypher Environmental
System from Oxford Instruments in a dry N»-gas environment.

2.5.2. Magneto-optical Kerr effect microscopy

For microscale resolved imaging of present magnetic structures
magneto-optical Kerr effect (MOKE) microscopy is carried out. Here a
modified high-resolution bright-field microscope setup with polariza-
tion optics is used. This setup includes a high-power LED as the light
source and an electromagnet to apply homogeneous magnetic fields to
the sample. By eccentrically positioning the light source in the back focal
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plane, longitudinal MOKE sensitivity is achieved [37]. Differential im-
aging is used to extract the weak MOKE contrast [38]. Furthermore, to
reduce the effect of sample displacement due to the applied external
magnetic field, images are acquired by switching from positive to
negative fields as described by Jovicevi¢-Klug et al., 2021 [31] and 2022
[39]. Additional image postprocessing is carried out in order to remove
the topographical and illumination artefacts as described in Ref. [31].

2.5.3. UHV MOKE

Temperature-dependent (from —248 °C to 77 °C) MOKE experiments
were carried out at the MAGNEDYN beamline at the FERMI free electron
laser [40]. The setup utilized the off-line end station sector dedicated to
magnetic experiments. The experimental setup consisted of a stabilized
HeNe laser, a mechanical chopper operating at 700 Hz, a high-quality
polarizer, the sample, a half-wave plate, a Wollaston polarizer, and a
balanced photodetector. The signal from the photodetector was ana-
lysed using a lock-in amplifier. The sample was mounted on a
closed-loop cryostat and placed between the poles of an external elec-
tromagnet. Measurements were performed in longitudinal MOKE ge-
ometry, with an angle of incidence of 15° that also has a polar
component present in the measurements. Kerr rotation data as a func-
tion of the magnetic field were acquired from —248 °C up to 77 °C, with
temperature stability maintained at +1 °C during acquisition. Due to the
contraction of the sample holder caused by temperature variations, the
vertical position of the sample had to be adjusted during the measure-
ment procedure. An imaging camera was used to minimize the
displacement of the laser spot on the sample, with an accuracy of +200
pm. Temperature-dependent (from RT to 477 °C) MOKE characteriza-
tion was carried out in another ultra-high vacuum experimental cham-
ber, specifically designed to be coupled with the optical setup for
magnetic measurements. A continuous-wave HeNe laser at 633 nm was
used as the light source, as the one employed in the MAGNEDYN station.
Changes in polarization were determined using a polarization modula-
tion technique involving a photoelastic modulator [41]. Details of the
optical layout and the entire system can be found in Ref. [42]. The
electromagnet available in the MOKE chamber is capable of generating
magnetic fields up to 140 mT. The sample was positioned using a
manipulator, allowing measurements in either longitudinal or polar
geometry; the measurements presented here were acquired in longitu-
dinal geometry with an angle of incidence of 45°. The temperature of the
sample was increased by radiative heating and monitored using a K-type
thermocouple attached directly to the sample, and measurements were
taken in 50 °C increments. For the analysis of the acquired hysteresis
data, data postprocessing was performed in terms of correction of
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Fig. 1. Parts a & al show modelling results of precipitation and formation of phase through changes in temperature from —200 to 1100 °C, insert al) shows a
magnification of the highlighted region. Parts b-b2 show the XRD results of all 6 groups (Cx & Tx), where different tempering temperature and cryogenic processing
(CP) was applied. The selected tempering temperatures were 350 °C (C1 & T1 sample groups), 450 °C (C2 & T2 sample groups) and 550 °C (C3 & T3 sample groups).
c-c2 parts represent XRD results of the observed microstructural evolution for the last heat treatment with elevated tempering temperature, where after hardening
(TaQ sample) and directly after CP (TaQCP) sample were tested in order to observe CP effectiveness on the selected Eurofer97 alloy. For comparison purposes, the
intensities of diffractograms in inserts b-b1 and c-c1 were normalized to present the relative displacement of the main peak of the BCC phase along the 26 axis.
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Faraday rotation and thermal drift [31,43].
3. Results and discussion

3.1. Material description Eurofer97: thermodynamics modelling,
microstructure and micro-residual stresses

Thermodynamic modelling (Fig. 1a and al) predicts precipitation of
vanadium nitrides (red curve - VN) after 750 °C and precipitation of
tantalum-vanadium nitrides (light blue curve - TaVN) from —200 °C to
750 °C. Formation of the BCC Fe phase (purple curve - ferrite or
martensite) occurs up to about 840 °C. From 800 °C onwards the
transformation to the FCC Fe phase (black curve - austenite) is present.
Precipitation of My3Cg carbides (green curve) is modelled to occur from
—200 °C to 850 °C. This type of carbides is not present at selected aus-
tenitisation temperature as they dissolve during the transformation from
the BCC phase to the FCC phase. Based on the thermodynamic modelling
also formation of 5-phase (olive green curve - Cr/Fe phase) is exacted in
the range from 285 °C to 430 °C. Under lower temperature conditions, in
the range of —200 °C-375 °C, the o-phase and BCC Fe phase are
reformed to a Cr-rich phase (orange curve). Thus, the model indicates
the potential of the additional nucleation sites for CP that are related to
the prior high-temperature My3Cg carbide phase as well as the potential
of retransformation to Cr-rich BCC phase. XRD results (Fig. 1b and ¢ and
Fig. 2, Table 2) of the samples showed the presence of BCC phase, FCC
phase and Cr-rich BCC phase and precipitation of the following carbides
M3Cy, M23Cg, MgC, M7C3 and (V, Ta) nitrides.

Fig. 1b and Table 2 indicate the trend of higher presence of BCC
phase in the matrix with higher tempering temperatures in CP samples
compared to the control groups (C2 & C3). Then, for all test groups (T1,
T2 & T3) the effective transformation of FCC (nonmagnetic phase) into
BCC (magnetic phase) has been observed (50-100 % effectiveness of CP
according to XRD data). Furthermore, the presence of o-phase
(nonmagnetic phase) is higher in the control groups (C1 & C2) with
lower tempering temperature compared to CP groups (T1 & T2). In
regards to different types of precipitated carbides (nonmagnetic phase),
the XRD and modelling provide and confirm the remarkable observation
that after application of CP an increase of M3Cg carbides occurs (300 %
C1-T1, 270 % C2-T2 & 260 % C3—T3). This observation is partly
confirmed by the mechanism observed by Jovicevi¢-Klug et al., 2020
[44], in which in CP the maternal phase is M;Cs However, in this
observed case it is proposed that the source of their formation are also

MgC n Cr-rich BCC
TaQ
[ lTaqcP
| |C3-EF
T3-EF
M,C, 2 FCC
10
(V,Ta)N

M 23CG

Fig. 2. Spider diagram of groups, which show evolution of microstructure in
vol%.
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Table 2
XRD results of control (no CP, C1, C2, C3 & TaQ) and test samples (with CP, T1,
T2, T3 & TaQCP) in vol%.

Sample  BCC Cr-rich FCC  M3C, My3Cs  (V, M;C; MC
BCC Ta)N
Cl 86.5 8.6 0.1 2.2 1.1 0.1 1.1 0.3
T1 86.1 7.3 0 1.6 3.3 0.2 1.2 0.3
Cc2 84.7 87 0.6 2.2 1.3 0.8 1.3 0.4
T2 849 75 0.2 2.1 3.5 0.3 1 0.5
c3 84.7 85 0.3 3.1 1.2 0.8 1.1 0.3
T3 849 7.6 0.1 2.5 3.1 0.2 1.2 0.4
Evolution of microstructure
BCC  Crrch FCC  M3C, MasGCs  (V, M;C;  MeC
BCC Ta)N
TaQ 853 85 0.8 2.4 1.3 0.3 1.2 0.2
TaQCP 85.2 8.4 0.2 2.4 1.9 0.4 1.2 0.3
c3 84.7 85 0.3 3.1 1.2 0.8 1.1 0.3
T3 849 7.6 0.1 2.5 3.1 0.2 1.2 0.4

the intermediate M3C, carbides and partially also the o-phase. In this
particular case, the intermediate carbides (M;C3 and M3Cy) are not
shown by the thermodynamic equilibrium due to their metastability, but
are known as the prior base carbides for the formation of M3Cg and MgC
carbides [44,45]. The subsequent alloying of the carbides and enrich-
ment with metal content is thus insinuated by the interfacial exchange of
alloying elements, particularly Cr, between the carbides and the Cr-rich
BCC phase. The formation of the Cr-rich BCC phase is associated with the
occurrence of a miscibility gap between the Cr-rich BCC phase and the
conventional Fe BCC phase, which is associated with spinodal decom-
position, as described by Jacob et al., 2018 [46]. In essence, the misci-
bility gap can be compensated for by a heterogeneous nucleation and
growth event of the BCC phase. This forces the desegregated formation
of the Cr-rich BCC phase and the Fe BCC phase. This is particularly
visible for the C3/T3 case, where the tempering temperature is highly
above the transition temperature of the o-phase, which enables suffi-
ciently enhanced mobility of the Cr as well as other alloying elements
from the matrix phase and o-phase towards the carbides. The proposed
role of intermetallic 6-phase for carbide precipitation was suggested by
Diegele et al., 2017 [47], but not in correlation to CP. However, the
observation of high Cr and Fe intermetallic 5-phase at cryogenic tem-
perature has been observed by Jo et al., 2018 [48] for FCC high entropy
alloys (commonly known as HEA) with higher ratio of Cr, Fe, Ni, Co and
V, which can be correlated to the observation of Eurofer97, due to the
high Cr and Fe content with lower amount of Ni, V and Co. The results
corroborate this observation by the lower presence of c-phase derived
Cr-rich BCC in CP samples, further confirming the proposed mechanism
and source of Cr and Fe for newly precipitated carbides.

To confirm the mechanism of the CP-enhanced My3Cg carbides for-
mation, the evolution path of the effect of CP on microstructure for the
third group (C3/T3) was also monitored to understand the effect of CP
on microstructure and consequently on final properties, which is shown
on Fig. 1c—2 and 2 and Table 2. The results of the phases showed that
immediately after CP (TaqQ is for the sample directly after hardening and
TaQCP is sample after hardening and CP before tempering) a slightly
lower presence of Cr-rich BCC and significantly lower presence of FCC
(by 75 %). Furthermore, the data confirm the mechanism of My3Cg
precipitation involved by CP, which showed 38 % increase in their
precipitation immediately after CP. After an additional tempering step
after CP was carried out to observe the role of CP placement in the
heating route. This showed an increase in the BCC phase, a further
decrease in the Cr-rich BCC and FCC phases and slight changes in the
volume ratio of the precipitates due to segregation of alloying elements
and their mobilisation during the high temperature treatment.

Further investigation of microstructure with SEM was done to sup-
port the XRD results and, in addition, to observe any morphological
changes of the phases (size, refinement, shape etc.) induced by CP in
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different groups. The microstructural analysis of samples undergone six
different heat treatments is presented in Fig. 3a—f. For all samples, the
major phase is confirmed to be in the form of martensitic laths that
become coarser with increasing tempering temperature. A more prom-
inent recrystallization occurs for the groups C3/T3, which is associated
with the relaxation of the martensitic matrix with tempering tempera-
ture exceeding the transformation temperature of 6-phase as determined
from thermodynamic calculations (see Fig. 1). Such microstructural
changes of Eurofer97 is also supported by previous literature [2,49]. The
matrix showed smaller martensitic laths with CP, which was also
observed and consistent with our previous studies of Eurofer97 [16,17].
Martensitic laths are smaller in first group C1/T1 by roughly 30 %, in
second group C2/T2 by 50 % and in third group C3/T3 by roughly 30 %,
corroborating with the results from previous study [17]. The pre-
cipitates are mainly present for all samples at the grain boundaries,
which is suggested to be correlated to the prior c-phase that tends to
precipitate with austenite destabilisation at prior austenitic grains [50].
The Cr-rich BCC phase is consistently found as smaller grains that
accompany the non-enriched martensitic laths. The carbides are majorly
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found at the grain boundaries, associated to the heterogenous nucleation
of the matrix with respect to the prior present carbides. However, as also
confirmed in a previous study by Jovicevi¢-Klug et al., 2024 [17]
smaller, nanoscopic carbides can precipitate also within martensitic
laths as best seen from group C3/T3.

The XRD data clearly show the influence of the CP on the evolution of
the lattice misfit/strain, as can be seen from the comparison of the (211)
peak of the BCC phase in Fig. 1b-bl. Particularly, it shows how the
lower temperature tempering in the case of C1/T1 and C2/T2 has a clear
relation to a more compressive-like (reduced tensile) stress state with CP
compared to the conventional group. These effects corroborate with the
CP inherently allowing the generation of higher compressive stresses
associated with to the migration of alloying elements and relaxation of
the phase transformation before and after tempering [20,39,51]. Inter-
estingly with the intermediate tempering the compressive character is
enhanced with C2, while the stresses are practically compensated in the
case of C3 with respect to their conventionally treated group. The higher
tempering temperature groups C3/T3 show values of the lattice pa-
rameters close to zero-stress nominal values for BCC Fe/ferrite (a =
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2.8656 [o\) [52]. These results clearly show the active effect of the
tempering temperature on the capabilities of CP to compensate the
tensile stresses, when it is of sufficient level. This is corroborated by the
evolution pathway presented in Fig. 1c—cl, where after quenching we
have slight tensile character of the lattice, while after CP without
tempering a lower tensile character is developed, but then with
tempering the strain characteristics are modified, with C3 being more
tensile and T3 more less tensile. It should be noted that these estimates
present a general view of the orthogonal lattice strains related to the
(211) planes that can effectively be related also to alloying and not to the
microscopic overall inherent stress states in the different directions. For
the accurate estimation of the stress states, further analysis of the sam-
ples is performed via micro-residual stress measurements.

The micro-residual stress measurements (see Supplementary Mate-
rial 1a & b) helped to provide deeper analysis of reduced tensile stresses
with CP, originating from the modified microstructure, as shown in
Fig. 3g and h. In all heat treatment groups, the test groups, displayed
always lower tensile stresses than their control counterpart. The
lowering of the tensile stresses was on average 25 %, 24 % and 45 % for
the C1/T1, C2/T2 and C3/T3, respectively. The results also show that
with higher tempering temperature the residual stresses are reduced
(regardless of presence of CP), which are proportionally further reduced
with the intermediate CP (see arrows in Fig. 3g). Generally, no direct
relations were identified between the different orientations and the
corresponding residual stresses. This suggests that the heat treatments
do not develop any clear texture-governed stress evolution. However, a
larger disparity between the 0° and 45° against 90° directions was
visible for the lower tempering temperature groups (C1/T1 and C2/T2),
which could indicate that a weak stress texture could be present for these
groups, which goes in hand with the strongly modified ferrite matrix in
the case of C3/T3. The most significant change in micro-residual stresses
is observed in the third group (C3/T3), this can be correlated, as
mentioned above, to the higher number of defects in the crystal lattice
with greater change of increased precipitation of precipitates, which was
also confirmed by our XRD and SEM analysis. A particularly interesting
fact is the subtle change of the residual stress state between C2/C3,
while the T2/T3 is considerably stronger, which strongly corroborates
with the high effect of CP with higher tempering temperature as
observed also for other martensitic stainless steels [19].

In addition to final states and their results of residual stresses also
evolution of micro-residual stresses was analysed for the third group
(Fig. 3h), where TaQ is for sample directly after hardening and TaQCP is
sample after hardening and CP before tempering. The results show as
expected that there are high values of tensile residual stresses in the
sample directly after hardening, where the values were 254 + 23 MPa,
274 + 25 MPa and 276 + 17 MPa, accordingly. The same sample also
exhibits the highest value of FCC phase and Cr-rich BCC compared to
other samples in evolution monitoring (Table 2), which explains the
highest values of micro-residual stresses. Directly after exposure to CP
(sample TaQCP) the stresses are partly transformed into more
compressive residual stresses by 7-32 %, respectively. This confirms our
previous observation [16,19] that direction of 90° promotes the
build-up of more compressive residual stresses and releases of tensile
residual stresses. This suggested that 90° direction is the direction with
the most potential for occurrence of defects and nucleation site during
tempering, which also can correspond to the weak site in regards to
chemo-physical-mechanical properties. As observed T3 exhibits more
compressive stresses compared to C3, but the most interesting aspect is
that C3 and correspondingly then also C2 and C1/T1 develop higher
tensile stresses compared to the stress state of the quenched material.
This clearly indicates the strong impact of the CP on the evolution and
thus also the relation to the development of the residual stress state that
cumulatively affects the dimensional stability and resistance to cracking
of Eurofer97.
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3.2. Mechanical behaviour

3.2.1. Microhardness

From Fig. 4a and b the trend of minor increase of microhardness after
application of CP is observed for all heat treatments groups (C1-C3, T1-
T3).

The increase of microhardness (Fig. 4a) in the first two groups with
the lowest selected tempering temperature (350 °C) (C1/T1) is very
minor (~2 %) (from 225 + 1 HV to 230 + 2 HV). In the second two
groups (C2/T2) with medium selected tempering temperature (450 °C)
the highest change of microhardness is observed after application of CP,
reaching 5 % from 363 & 6 HV to 386 + 11 HV. In the third treatment,
the highest selected tempering temperature (550 °C) groups (C3/T3)
also experienced a minor increase (~3 %) after application of CP from
353 + 5 HV to 366 + 9 HV. Monitoring the evolution of the micro-
structure (Fig. 4b) after CP showed a very small increase immediately
after exposure to CP (TaQCP sample, by ~1 %) from 380 + 4 HV (TaQ
before CP) to 384 + 6 HV (TaQCP after CP), which is also within the
standard deviation of the samples. The samples after tempering had in
average lower microhardness value, alto the effect of CP was stronger on
the final samples (Fig. 4b). Overall, the trend of increased microhardness
seems to follow well the trend of reduced tensile residual stresses,
indicating that the general stress state can be related to the strength of
the material that is governed by the microstructural changes.

The explanation for the increased microhardness after CP in Euro-
fer97 is suggested to be correlated to the efficient retained austenite
(FCC phase) transformation into BCC phase (especially seen in C2/T2
groups), as seen in the microstructure part and by our previous studies
[16,17] in correlation to the Eurofer97. Furthermore, the increase in the
microhardness can be also related to the increased nucleation of car-
bides and transformation of the o-phase to carbides that inherently also
reduces the tensile residual stresses. The explanation of the phenome-
non, where the microhardness is lower after tempering, could be
attributed to the changes in the matrix, however as seen in the micro-
structure part, the CP is effective already directly after application, so no
major changes are present [16,17,44]. However, the decrease in hard-
ness can in C3 be well correlated to the higher presence of RA and lower
presence of My3Cg carbides. In T3 the increase in the hardness can be
nicely correlated not only to the matrix, but also to the evolution of
M3Ce [44] and at the same time, this can explain the lower micro-
hardness after tempering (M33Cs have on average 900-1400 HV
microhardness) [53].

Due to the prominent effect of the CP effect on Eurofer97 in the case
of the C3 and T3 group and the general trend between the different
tempering groups, further detailed investigation was performed only on
groups C3, T3, TaQ and TaQCP. This is also particularly sensible based
on prior literature that stipulates that no significant softening and
massive carbide precipitation is expected to occur up to tempering
temperatures of 550 °C [2,49,54,55].

3.2.2. Impact toughness

Fig. 4c—d shows the results of the impact toughness tests using the
Charpy method, where Fig. 4c shows the fractographic analysis and
Fig. 4d the impact toughness results in J for evolution racking samples
(TaQ, TaQCP, C3 and T3). Fractographic analysis (Fig. 4c) of Eurofer97
showed a generally flatter cleavage surface for CP samples (TaQCP and
T3) compared to TaQ and C3 samples (no CP), which is suggested to
correspond to a more refined BCC phase. Additional observations (Fig. 4
c-1 and c-2) also showed that carbides exhibit cracking, which is more
common in CP samples. This is correlated with the higher degree of
cohesion for CP samples of the matrix and carbides, which corresponds
to the higher resistance to stress cracking of the matrix by dislocation
pinning on precipitates. A similar observation for CP effect on impact
toughness and cracking was observed for high Cr high speed steels [56].
Based on the residual stress results, the slight preferential pinning of
dislocations will be in the 90° direction.
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similar upper shelf energy at about 9-10 J.

The testing results of impact toughness (Fig. 4d) showed on average
lower impact toughness values (] ~15-100 %) for CP treated selected
samples (TaQCP and T3) in different temperature testing environments
(=100 °C, =75 °C, —50 °C, —25 °C, 0 °C and 25 °C). At —100 °C testing
environment the values of CP were 0.3 & 0.05 J (T3) and 0.8 + 0.04 J
(TaQCP), accordingly, whereas values for samples without CP were 0.4
+ 0.05 J and 0.9 £ 0.05 J, respectively. The most notable difference in
CP samples and without CP samples were at —75 °C (1.1 + 0.06 J for CP
samples and 2.1 + 0.12 J for samples without CP) and —25 °C (1.2 +
0.06 J and 4.1 + 0.21 J for CP samples and 5 + 0.25 J and 6.3 + 0.28 J
for samples without CP, accordingly), where values were 80-100 %
lower in CP samples compared to samples with CP. The lowest difference
in the samples were at 25 °C environmental temperature of testing,
where values for CP samples were 7.8 + 0.39 J (T3) and 8.5 + 0.43 J
(TaQCP), respectively. For control samples were 8.4 + 0.42 J (C3) and
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9.5 + 0.48 J (TaQ), accordingly. Impact toughness is related strongly to
the cohesion and composition of the matrix, which is also strongly
correlated to the (micro)hardness of the material. The decrease of the
toughness can be explained by a slight increase in the microhardness for
all CP samples and increase in BCC phase [19,57] that is overall related
to the higher amount of carbides and thus higher density of stress con-
centration points.

3.3. Magnetic characterisation and nanoclustering

The changes in the microstructure, local alloying and stress state can
be related to and monitored through the changes in magnetic properties
as the local spin-orbital coupling and exchange between the highly
magnetic matrix phase and less magnetic carbide and intermetallic
phases are directly related to these changes. The overall magnetic
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response of the material can be assessed by the magnetic hysteresis
measured with magneto optical Kerr microscopy (MOKE), as presented
in Fig. 5a. The hysteresis displays an opening from —0.2 to 0.2 T
externally applied field (H.y) that indicates spontaneous changes in
magnetization related to domain wall motion, whereas at higher fields
most magnetization changes occur due to coherent magnetization
rotation coupled with local demagnetization effects. For establishing a
spatial correlation of the magnetization/magnetic domains to the
microstructural features, local magnetic hysteresis (Fig. 5b) and domain
imaging (Fig. 5¢, c1, c2, ¢3) was performed on the C3 and T3 samples. To
establish a proper relation of the magnetization with the saturation
magnetization (M), the hysteresis of the MOKE microscopy was
normalized based on the hysteresis obtained with a laser setup that
enables application of higher magnetic fields to confirm the maximum
MOKE contrast related to the M; of the material (see Fig. 5a). It should be
noted that due to the optical geometry of the MOKE setup a polar
component is inherently measured, which is slightly visible by the signal
change in a form of a peak near poHe, = O T, which is accounted for in
the interpretation of the hysteresis.

The magnetic hysteresis of the T3 displays a larger opening
compared to C3, as seen from Fig. 5b. The opening effectively reaches
coercive fields of 135 mT and 83 mT, for T3 and C3 respectively, while
the remanent magnetization is 40 % larger for T3 compared to C3. The
overall characteristics of the opening indicate that the grain-to-grain
coupling needs to be stronger, which can be attributed to a more Cr-
rich boundaries and the simultaneous refinement of the ferrite grains
as already determined from the SEM results. Additionally, the coercivity
can be enhanced by pinning of the magnetic domain walls by the car-
bides, especially since the M33Cg carbides, whose numbers increase with
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CP, display low M; compared to other Fe-rich carbides found in Euro-
fer97 [58].The refinement of ferrite grains and the higher coercivity is
visible from the MOKE micrographs in Fig. 5¢c, cl, c2 and c¢3, which
present clearly the finer domain structure of the T3 and the slightly
lower change of magnetization with application of Hy. To further
present the strong change in remanence and grain-to-grain magnetic
coupling with higher spatial resolution, atomic force microscopy with
magnetic mode was performed on remnant states of both C3 and T3. The
resulting domain structures, presented in Fig. 5, confirm the refined
magnetic domain structure even on pm-scale as well as the reduced grain
coupling with T3. With the accompanying topographic maps, the
domain patterns are shown to clearly extend through several grains,
confirming the coupling of the different grains in both samples, but less
extensive in T3. The higher-resolution images in d3 and e3, present also
clearly that the segmentations of the domains are finer for T3, indicating
an inherently higher M. The higher field response from the hysteresis
corroborates with this, since the hysteresis present a weaker increase in
magnetization of T3 compared to C3, indicating a lower susceptibility
and thus harder magnetic character of T3. This in turn correlates well
with the less tensile residual stresses [59] for T3 compared to C3. This
effectively also indicates a slight increase of the M; with CP. Addition-
ally, the potentially lower alloying of the matrix with Cr with CP due to
the formation of a larger amount of carbides can also contribute to in-
crease of the M; [60]. The different magnetization development with
H,, is also presented through MOKE images in Supplementary material
2-5.

Further elucidation of the differences in the magnetic characteristics
of the Eurofer97 with CP (sample T3) and with no CP (sample C3) is
provided by in-situ hysteresis measurements of the samples during

1.0 4

—— MOKE laser
— — -MOKE microscope

o
[
|

0.5+

MoHex=50 mT d

[

HoHext =150 mT

M/Ms
o
o

L

-0.5 4

normalized MOKE intensity
< =)
=)

\

——MOKE C3
10 104 ——MOKE T3
' T T T T T T T T T
15 1.0 05 00 0.5 1.0 15 0.6 0.4 0.2 0.0 02 04 0.8

HoHex [T]
NI -

di)—'zf.

500

750

e .
-1000 -500 0 500
HoHext [T]

T T
-1500 1000 1500
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exposure to cryogenic temperatures (down to —248 °C (25 K)). The in-
situ results confirm the differences in the hysteresis opening between
C3 and T3. However, compared to previous MOKE microscopy extracted
hysteresis the opening is larger for C3 than for T3 (see Fig. 5b and
compare with Supplementary Material 6) indicating a local dependency
of the hysteresis opening that corroborates with the visibility of domain
patches seen from MOKE micrographs (Fig. 5c-c3). Additionally, to the
hysteresis form, the evolution of the hysteresis of the C3 and T3 with
temperature show also clear differences between the samples. In the case
of C3, the hysteresis shows a clear modification of the curvature of the
hysteresis close to saturation with temperature as presented in Fig. 5f.
The modification of the hysteresis follows an initial magnetic softening
with decreasing temperature down to —196 °C (77 K), while with even
lower temperatures, the trend is reversed, indicating a stepwise hard-
ening of the hysteresis in this field regime (see inserts in Fig. 5). On the
other hand, the T3 sample displays no strong changes in this field
regime. Furthermore, the T3 hysteresis presents overall significantly
lower changes with temperature compared to the C3 hysteresis.

To provide more quantitative relations, the individual parameters of
relative M;, coercive field (H,) and maximum slope of the hysteresis for
both samples was extracted for both C3 and T3 samples as presented in
Fig. 6. The M; (see Fig. 6a) indicates that the relative change of M; with
temperature is lower for T3 than for C3. The diagram also indicates an
abrupt change in M for C3 at a temperature of about —33 °C (240 K),
indicating a discontinuity that could be related to a secondary phase that
exhibits a magnetic transition at this temperature. The potential origin
of such discontinuity could be the presence of Cr-rich segments that
exhibit a Néel transition temperature connected with Cr, as explained in
Refs. [61,62]. In turn this could be either explained from the My drop
originating from the antiferromagnetic coupling of the Cr-rich segments
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with the Fe-rich matrix (i.e Cr-rich grain boundaries and ferrite grains)
or from Cr-nanoclustering in the Fe matrix. This can be theoretically
explained by the dominant antiferromagnetic coupling of the Fe-Cr
neighbours, which effectively reduce the M; once the Fe-Cr coupling
dominates over the Cr-Cr coupling. In turn this leads to a preferred
parallel coupling of the Cr—Cr neighbours that effectively induce a
ferromagnetic ordering of the Cr-rich clusters. A theoretical calculation
by Fu et al. [63] indicates that under the nanoclustering of Cr in octa-
hedral form, such antiferromagnetic coupling of the cluster to the Fe
matrix is a possibility at the temperatures observed in this study. This is
also supported by the fact that the relative M; change after this anomaly
follows a similar trend of decreasing M; with increasing temperature as
for T3, which follows Bloch’s law and primarily originates from the M
change of the Fe matrix. Overall, this suggests that the Cr clustering is
suppressed in the case of T3 sample due to the CP-induced preferential
formation of My3Cg carbides over intermetallic clusters. This proposed
theory is also supported by the observed changes in Cr binding with CP
measured by scanning photoelectron microscopy and the formation of
Cr-rich interfaces and zones by atom probe tomography (APT) from
previous studies [16,17,27]. Additional data analysis of the APT data
also clearly shows that the carbides in the C3 sample develop a clear
Cr-rich layer around pre-existing M3Cy and M;Cg carbides (see Fig. 6b)
that has no correlation with carbon or nitrogen. In contrast the T3
sample clearly exhibits only the formation of carbides with no distinct
Cr-rich zones, consistent with the proposed mechanism of suppression of
Cr clustering with CP through the formation of fine M33Cg carbides. The
study of Cr-enrichment and clustering in Fe-Cr alloy systems by Fedorov
etal. [64] corroborates to the formation of Cr clusters in the surrounding
of carbides and nitrides. In addition, the same study through Monte
Carlo modelling stipulates that the Cr-rich clustering is only possible
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with the presence of non-equilibrium defects that in this study can be
associated to the higher residual tensile stresses of C3 that with CP are
removed in the case of T3. Furthermore, in the same study, APT analysis
was also carried out and it was found that a discontinuity of C and N
occurs in the Cr enrichments with respect to the Cr-Fe trend, corrobo-
rating with the observations of this study. Overall, the previous litera-
ture and our results strongly support the proposed theory of Cr-rich
cluster suppression with CP via modification of Cr binding, defect
reformation, carbide precipitation, chemical homogenization and
structural relaxation of Eurofer97.

Another aspect in regards to M; is also the scattering of the data that
is considerably less prominent for T3 than for C3. The possible expla-
nation is considered to be related to the homogeneity of the matrix phase
that enables lower dispersion of the Kerr signal with encompassing
varying grains that occurs due to the local drifting of the laser position
on the sample. This in turn screens different sections of the sample with
different domains and thus intermediate magnetic states that can in-
fluence the M; in relation to local chemistry or structural parameters (i.e.
Cr-enrichment). This goes hand in hand with the perspective of the
higher homogeneity and reduced stress state of the material with CP as
observed in this work and previous studies [17,31,39,51]. The variation
due to the drifting position of the laser signal is visible from the H, (see
Fig. 6¢) that shows for both samples similar scattering between different
temperature points. Despite this, it is clear that T3 presents on average a
lower H, compared to C3 (83 mT against 105 mT) as seen already from
the overall investigation of the hysteresis. Additionally, the H, presents a
differing trend in dependency of the temperature between C3 and T3 as
indicated by the arrows in Fig. 6¢. For T3, a slight decrease of H;, which
follows well the trend of thermally-induced agitation of the material.
However, for C3 a slight increase of H, is determined by about 10 mT
with increasing temperature, which is speculated to originate from the
aforementioned Cr clustering that inhibits antiferromagnetic coupling of
them with the Fe matrix at temperatures below the Néel temperature
that would explain the reduced H, with lower temperature.

The temperature variation is also imprinted onto the slope of the
hysteresis regime that occurs after the opening that can be seen from the
maximum slope plotted in Fig. 6d. The maximum slope was obtained
from the first derivative of the hysteresis, which is presented in Sup-
plementary Material 8. Overall, no significant trend of the slope with
temperature is found, indicating that both materials exhibit a similar
maximum susceptibility in the measured temperature range. This is
confirming that the relative M; differences between C3 and T3 originate
from changes in the local chemistry or presence of clusters and not from
the in-situ effect of the cooling on the stress state of the material or other
extrinsic effects. With the in-situ results it can be concluded that with CP
Eurofer97 exhibits a generally more stable magnetic response with
temperature variation and that the CP effectively modifies the local
chemistry and phase formations that inadvertently influence the
inherent magnetic properties in comparison when no CP is applied. With
such relation to the microstructure, the magnetic properties can be used
to predict the mechanical properties of Eurofer97 in a non-destructive
manner and to predict the potential stability of Eurofer97 to high-
energy radiation exposure.

4. Conclusions

This work investigates the effect of cryogenic processing (CP) on the
selected properties of Eurofer97/2. The overall CP-induced changes of
Eurofer97 indicate a more stable to changes and homogenized micro-
structure with a sufficiently equivalent ensemble of mechanical prop-
erties that indicate a potential to be used in current fission and future
fusion reactor applications that require high material stability to
microstructural changes induced by high-energy neutrons. The effect of
CP is also studied in relation to different heat treatment parameters,
such as tempering temperature (350 °C, 450 °C and 550 °C), which gives
an insight to the influence of tempering on the CP performance and
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induced changes.
The study concludes the following effects of CP on Eurofer97.

. The microstructural changes induced by CP confirm the successful
transformation of FCC phase into BCC phase, transformation of Cr-
rich intermetallic c-phase into precipitates and Cr-rich BCC phase
and consequently increased formation of refined carbides, such as
M23Ce. The analysis of micro-residual stresses shows the changes of
tensile residual stresses to more compressive character for all
investigated CP samples.

. Observations of mechanical behaviour show a slight increase in
microhardness after application of CP for all studied subgroups. The
decrease of the impact toughness can be explained by a slight in-
crease in the microhardness for all CP samples and an increase in BCC
phase and a higher fraction of carbides.

. CP modifies the magnetic properties by generally increasing the
magnetic hardness and increase coercivity of Eurofer97 that is
correlated to reduced tensile residual stresses and refined micro-
structure that results in finer magnetic domains and higher parti-
tioning of magnetic regions with similar local magnetization change
with the application of external magnetic field.

. In-situ changes of magnetic hysteresis with cryogenic temperatures
confirm the CP-induced chemical and microstructural changes that
relate to a modified magnetic saturation and coercivity dependency
with temperature. The changes are correlated to the higher homo-
geneity of the material and the suppression of formation of Cr-rich
nanoclustering that is determined to be inherently present in Euro-
fer97 under conventional (without CP) processing conditions.

. The mechanism for the stabilized microstructure is proposed to be
related to the suppression of Cr-rich cluster formation with CP via
modification of Cr binding, defect reformation, carbide precipita-
tion, chemical homogenization and structural relaxation of
Eurofer97.
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