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A B S T R A C T

Irradiation experiments on pressurized creep specimens of EUROFER97–3 steel were conducted using two heat 
treatment conditions, EUROFER97–3_1100/700 and EUROFER97–3_980/780, in the BOR-60 reactor at tem
peratures of 325 ◦C and 550 ◦C, reaching damage doses of 18–24 dpa. During three reactor shutdowns, inter
mediate unloading and outer diameter measurements of the creep specimens were performed at three different 
dose intervals. The results showed that, at both irradiation temperatures, the effective strain and steady-state 
creep rate of EUROFER97–3_1100/700 specimens were lower than those of EUROFER97–3_980/780. At 550 
◦C, both the effective strain and the steady-state creep rate were higher compared to 325 ◦C for both heat 
treatments. The irradiation creep modulus of EUROFER97–3 was found to be slightly higher than values reported 
in the literature for irradiated ferritic steels under comparable irradiation temperatures, effective stresses, and 
damage doses. However, in this study, the modulus exhibited a decreasing trend at damage doses exceeding 20 
dpa.

1. Introduction

The EUROFER97, a reduced activation ferritic/martensitic (RAFM) 
steel, is expected to be a primary structural material for the DEMO 
blanket [1–3]. The EUROFER97 steel is the successful result of the 
development of low-activation alloys in Europe, which began in 1986. 
This steel exhibits an excellent combination of strength and plasticity, 
along with low activation under irradiation for all included alloying 
elements. The first industrial batch of EUROFER97 steel, funded by the 
European Commission, was produced in 1999. This paper uses the third 
batch of EUROFER97, produced under the Fusion for Energy (F4E) 
program, referred to as EUROFER97–3.

In alignment with the DEMO R&D program [4,5], critical properties 
of EUROFER97–3 steel—essential for both the DEMO starter and second 
(advanced) blankets—are evaluated through neutron irradiation tests 
conducted in the BOR-60 reactor, followed by post-irradiation exami
nations (PIEs). The BOR-60 research reactor offers high fast neutron 
fluxes, allowing damage doses of 20 dpa and 40–50 dpa to be achieved 
for the starter and second blankets, respectively, within reasonable 

irradiation periods of 2 and 4 calendar years [6]. These doses (20 dpa 
and 40–50 dpa) represent the end-of-service doses for the starter and 
second blankets in DEMO, with 330 ◦C and 550 ◦C being the upper 
temperature limits for water- and helium-cooled blanket designs. Frac
ture mechanics (FM) data and tensile properties are fundamental values 
for design rules, determining the operating temperature limits. There is 
also missing data concerning creep, FM, and low-cycle fatigue (LCF) 
properties, which will be obtained for the first time during the current 
irradiation campaign in the BOR-60 reactor.

The objective of this study is to investigate the creep properties of 
EUROFER97–3 steel using pressurized tube specimens irradiated at 
temperatures of 325 ◦C and 550 ◦C, with damage doses ranging from 6.8 
to 24.1 dpa.

2. Experimental

2.1. Materials

The EUROFER97–3 plate, with dimensions of 1015 × 532 × 33.3 
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mm, was manufactured by Saarschmiede Freiformschmiede GmbH 
following these primary production steps: 

- melting in a vacuum induction furnace;
- remelting using a vacuum arc remelting furnace;
- forging of a 700 × 150 mm billet;
- cutting off scrap material from the top and bottom ends of the slab 
after forging. This scrap material was utilized for product analysis;
- rolling the plate at a trio rolling mill (thickness limit: ≥19 mm);
- conducting a quality heat treatment.

Specimens were fabricated from the final plate in two batches, 
differing by their heat treatment states (see Table 1).

The chemical composition of the EUROFER97–3 steel is shown in 
Table 2. It was measured at KIT (third column in Table 2) using mainly 
ICP-OES (iCAP 7600 DUO, Thermo-Fisher-Scientific) device which in
cludes the Echelle grating optical system combined with a dual- 
segmented SCD detector. It allows to measure of almost all elements 
except gases with concentrations range from less than 1 μg/g to 100 wt. 
% in solids. To measure the concentrations of C, N, O gases, the Oxygen- 
Nitrogen Analyzer (TC600, LECO), the Carbon-sulfur analyzer (CS 600, 
LECO) and the G8 Galileo, Bruker AXS devices with analysis range from 
0.0001 to 100 wt. % were used.

2.2. Creep specimens

Rod stocks were cut from the heat-treated plates, drilled, and pro
cessed to fabricate tubes with dimensions Ø5 × 0.3 mm and 28 mm in 
length. These tubes, along with end-caps, were then delivered from KIT 
to RIAR for the production of gas-filled pressurized creep specimens.

The creep properties of EUROFER97–3 steel under reactor conditions 
were evaluated using gas-filled creep specimens (Fig. 1). Each specimen 
(see the design in Fig. 1a, which shows two mutually perpendicular 
orientations) consists of a cladding tube with dimensions Ø5 × 0.3 mm 
and a length of 28 mm (2), a bottom plug (3), and an upper tip (1), 
inserted at both ends. The components are welded to the cladding using 
annular perimeter joints created via tungsten inert gas (TIG) welding in 
a high-purity argon atmosphere.

Following the welding of the annular joints, the specimens undergo 
heat treatment in a sealed metal capsule filled with high-purity helium. 
The heat treatment parameters are as follows: 

• heating temperature T1=720 ◦C;
• heating rate t1 =10 ◦C/mint;
• second heating temperature T2= 750 ◦C;
• second heating rate t2 =1 ◦C/min;
• cooling: oven-cooled.

A final view of the EUROFER97–3 creep specimen after fabrication 
and heat treatment is shown in Fig. 1b The marking on the bottom plug 
was applied using a thermogravimetric method.

The internal argon pressure at room temperature (P25), and irradi
ation temperatures (P325/550), hoop stress (σH325/550), and von Mises 
effective stress (σE325/550) in the creep specimens placed in the IR1b and 
IR3 rigs are presented in Table 3.

In selecting the internal argon pressure for filling the creep speci
mens at room temperature, the gas pressure was recalculated to achieve 
the desired hoop stress. The selection process was guided by the yield 
strength of EUROFER97–3 steel under the two heat treatment conditions 

at the irradiation temperatures. Specifically, the maximum pressure was 
chosen to correspond to 0.5–0.8 of the estimated yield strength. Other 
gas pressure values were evenly distributed between the maximum and 
minimum of them. For calculations of pressure at the irradiation tem
peratures (P325/550), the following correlation was used: 

P325/550 = P25T25
/
T325/550 (1) 

where P25 is the argon pressure in MPa at room temperature;
T25 = 25 ◦C is the room temperature;
T325/550 is the irradiation temperature of 325 ◦C or 550 ◦C.
For calculation of the hoop stress σH325/550 at irradiation tempera

tures of 325 ◦C or 550 ◦C, the correlation was used as follows: 

σH325/550 = P325/550 × dinn
/
2t, (2) 

where P325/550, MPa is the argon pressure at irradiation temperatures of 
325 ◦C or 550 ◦C; dinn= 4.4 mm is the inner-wall diameter of the creep 
specimen;

t = 3 mm is the tube wall thickness.
To aid in comparing creep data obtained from the pressurized tube 

specimens such as in this study with creep data obtained from standard 
creep tests, the von Mises effective stress σE325/550 is used [7,8]: 

σF25/550 =
̅̅̅
3

√
× σH325/550

/
2, (3) 

where σH325/550 is the hoop stress at irradiation temperatures of 325 ◦C 
or 550 ◦C.

Table 3 shows the argon pressure and stress parameters which were 
used at the study of the creep specimen behavior under irradiation and 
calculated using the correlations (1–3).

The relative creep strain ε at this study is obtained by the measure
ments of outer-wall diameters d of the creep pressurized specimens as 
follows: 

ε = Δd/d0 = ((dir − d0) /d0) × 100%, (4) 

where do, mm is the diameter of the creep specimen before irradiation; 
dirr, mm is the diameter of the creep specimen after irradiation.

The outer-wall strain ε is converted into a mid-wall strain εM using a 

Table 1 
Heat treatment of the EUROFER97–3 creep and swelling specimens in two states.

State/Grade Austenitization Quenching Tempering Final cooling

1/EUROFER97–3_1100/700 1100 ◦C, 0.5 h air 700 ◦C, 2 h air
2/EUROFEF97–3_980/780 980 ◦C, 0.5 h air 780 ◦C, 2 h air

Table 2 
Chemical composition of the EUROFER97–3 steel in wt. %.

Element Delivery status Measurement at KIT

Cr 8.50–9.50 9.00 ± 0.19
C 0.090–0.120 0.102 ± 0.009
N 0.015–0.045 0.0430 ± 0.0074
O 0.01 0.0004 ± 0.0001
B 0.002 0.0004 ± 0.0001
Al 0.01 0.0015 ± 0.0003
Si 0.05 0.0184 ± 0.0008
P 0.005 0.0017 ± 0.0003
Ti 0.02 0.00018 ± 0.00002
V 0.15–0.25 0.2117 ± 0.0044
Mn 0.20–0.60 0.529 ± 0.009
Fe Not defined 87.5 ± 2.6
Co 0.01 0.0020 ± 0.0003
Ni 0.01 0.0099 ± 0.0005
Cu 0.01 0.0015 ± 0.0002
Nb 0.005 <0.0004
Mo 0.005 0.0021 ± 0.0003
Ta 0.10–0.14 0.125
W 1.00–1.20 1.152 ± 0.040
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conversation factor of the order of 1.1 which is constant for outer-wall 
strains up to 10 % [8,9]. Then, the mid-wall strain εM can be con
verted to an effective plastic strain εE [8–10] as follows: 

εE = 2 × εMM

/ ̅̅̅
3

√
(5) 

where εM, % is the relative mid-wall strain.
Despite the fact that internal pressure and wall thickness of the creep 

specimens decrease with time, the stresses in the tube wall remain 
constant for uniform strains as large as 10 %. This is different to a typical 
uniaxial creep test in which the load remains constant, and the stress 
increases as the cross-sectional area of the specimen decreases [8].

2.3. Swelling specimens

The swelling behavior of the EUROFER97–3 steel was studied using 
cylindrical specimens with sizes of Ø5 × 20 mm. The density of the 
swelling specimens before and after irradiation was evaluated using a 
density measurement unit of the AX analytical balance Mettler Toledo, 
Switzerland.

The density was measured as follows: 

- the dry weight of the specimens was determined by weighing in air 
(with an accuracy of 0.1 mg);
- the weight of a reference of known volume was measured to 
determine the density of the working fluid (carbon tetrachloride) 
before starting to measure the swelling specimens;
- the weight of each specimen and the density reference in the 
working fluid was measured in the same way as weighing in air (the 

Fig. 1. Creep pressurized specimen of EUROFER97–3 steel.

Table 3 
The internal argon pressure P25 at room temperature (25 ◦C) and the argon 
pressure P325/550, the hoop stress σH/325/550, the von Mises effective stress σE325/ 

550 at irradiation temperatures of 325 ◦C and 550 ◦C in EUROFER97–3 creep 
specimens.

State/Tirr, ◦C P25, MPa P325/550, MPa σH/325/550, 
MPa

σE325/550, 
MPa

1/325 20 40 293 254
15 30 220 191
10 20 147 127
5 10 73 63

2/325 16 32 237 205
13 26 191 165
10 20 147 127
5 10 73 63

1/550 16 44 323 280
13 36 264 229
10 28 205 178
5 14 103 89

2/550 8 22 161 139
6 17 125 108
4 11 81 70
2 5.5 40 35

V. Chakin et al.                                                                                                                                                                                                                                 Fusion Engineering and Design 215 (2025) 115014 

3 



working fluid temperature was controlled according to the thermo
couple readings);
- the value of the specimen density ρ was calculated according to the 
formula: 

ρ = ρlq × mdr
/(

mdr − mlq
)
, (6) 

where ρlq is the density of the liquid used, g/cm3; mdr is the dry weight of 
a specimen, g; mlq is the weight of a specimen in the liquid, g.

For each swelling specimen, 5 dry weight measurements and 5 liquid 
weight measurements were performed. The accuracy of the swelling 
measurements is ± 0.01 %. Before the density measurements, the irra
diated swelling specimens were washed in a 95 % ethyl alcohol-water 
solution.

2.4. Irradiation

Irradiation of the gas filled creep specimens of EUROFER97–3 steel 
of two heat treatments was conducted in the IR1b and IR3 rigs in the 
BOR-60 fast reactor with a sodium coolant. The creep specimens were 
washed with liquid sodium during irradiation. Both irradiation tem
perature and neutron fluence (see Table 4) of each rig have been 
determined by the neutronic and thermohydraulic calculations. The 
accuracy of the irradiation temperature calculation is ± 10 %, and for 
neutron flux is ± 20 %. The damage dose calculation was performed 
according to the current international Norgett-Robinson-Torrens (NRT) 
standard model [11,12] for the rigs and reactor channels.

To verify the IR-3 (Tirr= 550 ◦C) calculations, a short-term 
methodical experiment was performed before the first cycle of the 
long-term irradiation, using a thermal probe, in the D-23 cell of the BOR- 
60 reactor core. Specimen dummies were placed in the IR suspension. 
According to the short-term methodical experiment results, a cell for 
long-term irradiation was selected by keeping a close neutron flux.

The irradiation temperatures and the neutron fluences on the creep 
specimens were controlled not only by calculations but also experi
mentally using fusible monitors and neutron activation detectors. For 
this purpose, a set of fusible monitors and neutron activation detectors 
were installed in the IRs and replaced with each removal of the creep 
specimens for interim measurements from the rigs. The investigations of 
the fusible monitors and neutron activation detectors showed a good 
agreement between the obtained results and the calculated data for the 
irradiation temperatures and neutron fluences.

2.4. Research methods

The diameters of the creep specimens were measured on an auto
mated laser measuring system, which includes: 

- laser micrometer Mitutoyo series 544 LSM-902 with a digital 
indication device with accuracy ± 1 μm:
- the specimen installation unit;
- the unit to move a specimen to be measured;
- the unit to rotate a specimen at a given angle.

The software of the measuring system allows for automated 

measurements, displaying data in real time and recording and storing 
measurement results in both ASCII text and in Excel formats. Before 
measuring the irradiated specimens, the caliber was measured. The 
measured caliber diameter was within the allowable error of ± 1 μm. 
Before measurements, the irradiated specimens were washed in a 95 % 
ethyl alcohol-water solution.

Before irradiation, the creep specimens’ diameters were measured by 
an automatic laser measuring system PROFILAB.Х40 with accuracy ± 1 
μm.

The creep specimens were measured in five positions along the 
length: in the center and at distances of ± 5 and ± 10 mm from the 
specimen center, in two mutually perpendicular directions. After pre
liminary processing of the measurement results at five positions along 
the length of the specimen, the results at the specimen center were 
selected for subsequent analysis since they showed the maximum strain 
values.

3. Results

3.1. Swelling

The results of the swelling measurements for the EUROFER97–3 
specimens are presented in Tables 5 and 6 for IR1 and IR3 rigs, 
respectively. These results indicate that the density of the swelling 
specimens after irradiation either remains unchanged or changes 
insignificantly with increasing damage dose. This suggests that the 
swelling of EUROFER97–3 steel is negligible under the given irradiation 
parameters [13].

3.2. Creep

Fig. 2 shows the dependence of the effective strain εE of the EURO
FER97–3 steel creep specimens, differing of the heat treatment and the 
irradiation temperature, on increasing damage dose D. For all combi
nations of heat treatment and irradiation temperature factors, there is an 
increase in the strain with increasing dose. Also, for all combinations of 
these factors, one can see a tendency of increasing strain εE with 
increasing effective stress σE. Significant differences are visible in the 
behavior of the creep specimens with different heat treatments and at 
different irradiation temperatures. At both irradiation temperatures, a 
greater strain of EUROFER97–3_980/780 compared to EURO
FER97–3_1100/700 is clearly visible. If to compare each of two states of 
the EUROFER97–3 steel irradiated at two different temperatures, it is 
obvious that the strain is higher at 550 ◦C compared to the 325 ◦C 
irradiation temperature.

Fig. 3 shows the steady state creep rate ε’ of the EUROFER97–3 
specimens versus the effective stress σE. This graph shows the averaging 
of the relative strain for two specimens of each effective stress. It is 
evident that the creep rate is very low for two states of EUROFER97–3 
steel and both irradiation temperatures. However, for both irradiation 
temperatures the creep rate is comparatively higher for state 2 of the 
steel to state 1. It should also be noted that the creep rate is 

Table 4 
Irradiation parameters of the EUROFER97–3 creep specimens where Tirr is the 
irradiation temperature, F is the neutron fluence, Dmax is the maximum damage 
dose for this irradiation temperature.

Rig Tirr, ◦C F, × 1026 m-2, E > 0.1 MeV Dmax, dpa

IR1 325–342 4.10 ± 0.22 18.3 ± 1.0
IR3 519–568 5.28 ± 0.14 24.1 ± 0.7

Table 5 
Density ρ of EUROFER97–3 swelling specimens in IR1 in g/cm3 where ρ0, ρ1, ρ2, 
ρ3 are the density values in non-irradiated state, and after irradiation at 325 ◦C to 
damage doses of 6.8, 12.7, 18.3 dpa, respectively.

Grade ρ0 ρ1 ρ2 ρ3

EUROFER97–3_1100/700 7.83 7.83 7.84 7.83
7.83 7.83 7.84 7.84
7.83 7.83 7.84 7.84
7.83 7.83 7.84 7.84

EUROFER97–3_980/780 7.83 7.82 7.83 7.83
7.83 7.83 7.83 7.83
7.83 7.83 7.84 7.84
7.83 7.83 7.84 7.83
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comparatively higher for the higher irradiation temperature of 550 ◦C to 
325 ◦C. An important fact is also the tendency for the creep rate to in
crease with increasing effective stress, which is different for each of the 
two irradiation temperatures. At 325 ◦C the creep rate tends to slow 
down with increasing stress while at 550 ◦C the creep rate slightly ac
celerates with increasing stress. It should also be noted that after 
increasing the dose from 6.8 to 12.7 dpa for 325 ◦C and from 8.1 to 16.1 
dpa for 550 ◦C, a general decrease in the creep rate occurs for all stresses, 
but a further increase in the dose to 18.3 dpa for 325 ◦C and 24.1 dpa for 
550 ◦C does not lead to a further general decrease in the creep rate, that 
is, a saturation effect is observed in the tendency to decrease the creep 
rate with increasing dose.

Fig. 4 shows the stress-normalized creep strain εE/σE on damage dose 
D for different effective stresses εE in the EUROFER97–3 pressurized 
specimens. This ratio increases with increasing dose, while a general 
decrease in the value of this ratio with increasing effective stress in the 
shell is clearly observed. It should also be noted that state 1 has a smaller 
absolute value of the ratio compared to state 2. Also, for both states the 
ratio is significantly higher for the higher irradiation temperature of 550 
◦C compared to 325 ◦C.

4. Discussion

According to [14–17], the stress-normalized creep strain εE/σE is 
expressed by the following correlation: 

εE/σE = B×D, (7) 

where D, dpa is the damage dose;
B, (MPa × dpa)-1 is the irradiation creep modulus.
Therefore, the irradiation creep modulus B can be expressed from (7) 

as follows: 

B = εE/σE/D, (8) 

Knowledge of B depending on the effective strain and stress in the 
specimen shell and irradiation parameters (temperature and damage 
dose) allows one to quantitatively evaluate the ability of the specimen 
material to exhibit the creep effect under given conditions and compare 
it with other structural materials. It should be noted that for ferritic 
steels, swelling under the irradiation parameters considered in the work 
is a small value, even, for example, the swelling rate was estimated as 
0.012 %/dpa for the HT9 and 9Cr-1Mo ferritic steels irradiated to 208 
dpa at 400 ◦C [18–20], therefore, in the following, the swelling effect 
will not be taken into account, since the considered dose of ~20 dpa is 
too low for its noticeable manifestation.

4.1. Irradiation temperature of 325 ◦C

It is known that at 325 ◦C thermal creep in EUROFER97 and other 
ferritic steels does not occur [20], while under irradiation conditions the 
irradiation creep occurs [19–21]. In the present work (see Fig. 2a,b), the 
effect of radiation creep is also clearly manifested.

Fig. 5 shows the irradiation creep modulus B behavior of EURO
FER97–3 on increasing damage dose D under irradiation at 325 ◦C to a 
damage dose of about 20 dpa. There is a significant difference in the 
value of B between EUROFER97–3_1100/700 and EUROFER97–3_980/ 

Table 6 
Density ρ of EUROFER97–3 swelling specimens in IR3 in g/cm3 where ρ0, ρ1, ρ2, 
ρ3 are the density values in non-irradiated state, and after irradiation at 550 ◦C to 
damage doses of 8.1, 16.1, 24.1 dpa, respectively.

Grade ρ0 ρ1 ρ2 ρ3

EUROFER97–3_1100/700 7.83 7.83 7.84 7.83
7.84 7.83 7.84 7.83

EUROFER97–3_980/780 7.83 7.82 7.83 7.82
7.83 7.83 7.84 7.83

Fig. 2. Effective plastic strain εE for creep specimens EUROFER97–3 as a 
function of damage dose D:.
a) Tirr=325 ◦C, EUROFEF97–3_1100/700;b) Tirr=325 ◦C, EUROFER97–3_980/ 
780;c) Tirr=550 ◦C, EUROFEF97–3_1100/700;d) Tirr=550 ◦C, EURO
FEF97–3_980/780
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780. In general, state 1 has lower B compared to state 2. A tendency 
towards a decrease in B with increasing damage dose is also visible for 
both heat treatments of EUROFER97–3 steel excluding the lowest 
effective stress of 63 MPa where an unregular behavior of B is observed.

4.2. Irradiation temperature of 550 ◦C

Fig. 6 shows the irradiation creep modulus B behavior of EURO
FER97–3 on increasing damage dose D under irradiation at 550 ◦C to a 
damage dose about 25 dpa. The difference in the B value between the 
two heat treatments of EUROFER97–3 is significantly more pronounced: 
despite the significantly lower value of the applied effective stresses, B 
for EUROFER97–3_980/780 (Fig. 6b) significantly exceeds B for 
EUROFER97–3_1100/700 (Fig. 6a). The tendency for B to stabilize in 
the dose range from 15 to 25 dpa is also more pronounced, with a sig
nificant decrease from the beginning of irradiation to a dose of 15 dpa. 
At an irradiation temperature of 550 ◦C, both thermal and radiation 
creep components contribute to the effective strain so, B is compara
tively higher than at an irradiation temperature of 325 ◦C, with com
parable effective stresses. It is also noteworthy that B decreases over the 
entire dose range with a decrease in the applied effective stress, in 
contrast to an irradiation temperature of 325 ◦C, where such a clear 
correlation is not observed.

4.3. Features for both 325 ◦C and 550 ◦C irradiation temperatures

It is necessary to note the limited number of experimental results on 
radiation creep of ferritic steels and, in particular, for EUROFER97 steel. 
In [22], F82H IEA heat (8Cr-2WVTa) and JLF-1 (9Cr-2WVTa) steels 
were studied using helium-pressurized creep tubes irradiated at tem
peratures of 300 ◦C and 500 ◦C to a dose of 5 dpa. The effective strain for 
both steels at 300 ◦C does not exceed 0.2–0.35 % at an effective stress of 
350 MPa, and 0.5–1 % at 500 ◦C for 130–140 MPa, which correlates well 
with the results of the present work (see Fig. 2). In [23], pressurized 
tubes of 9Cr1Mo-(EM10), EUROFER and 9Cr2WTaV steels were irradi
ated to determine the deformation due to irradiation-creep at 300 ◦C 
with doses ranging from 19.3 to 63 dpa. These ferritic steels show nearly 
the same average value of the irradiation creep modulus, which is B =
(0.7 ± 0.1) × 10–6 (dpa × MPa)-1. This value of B is somewhat lower 
than the results obtained in our study at an irradiation temperature of 
325 ◦C (see Fig. 5), however, in [23], the irradiation temperature is 
lower and the damage dose is significantly higher. Additionally, in our 
results, a tendency for B decrease with increasing dose takes place. In [8,
16,17,19,24,25], there are values of the irradiation creep modulus for 
ferritic steels such as (0.5–0.8) × 10–6 (dpa × MPa)-1 which are lower 
than the values obtained in this study ((0.6–7) × 10–6 (dpa × MPa)-1). 
However, increasing the irradiation dose should result in a decrease in 
the modulus.

4.4. Microstructure evolution

It was found by Duerrschnabel [26] before irradiation that the 
microstructure of EUROFER97–3 can be characterized by an average 
grain size of 5–6 µm and containing the M23С6 phase with the average 
particle sizes of 137–152 nm located mainly on grain sizes as well as the 
VN (29–35 nm) and TaC (45–52 nm) phases located in the grain bodies, 
and with the number density of all types of precipitates in the range of 
1019–1020 particles per m2. Structural studies of the irradiated EURO
FER97–3 steel will be conducted and published later. Presumably, the 
effect of irradiation will consist of the evolution of the phase structure of 
steel, leading to a change in the effective creep rate at given effective 
stresses and, accordingly, to evolution of the irradiation creep modulus.

Fig. 3. Steady state creep rate ε’ of creep specimens EUROFER97–3 as a 
function of effective stress σE:.
a) Tirr=325 ◦C, EUROFER97–3_1100/700;b) Tirr=325 ◦C, EUROFER97–3_980/ 

780;c) Tirr=550 ◦C, EUROFER97–3_1100/700;d) Tirr=550 ◦C, EURO
FER97–3_980/780
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Klimenkov [27] investigated the microstructure of the EUROFER97 
steel after annealing at 450, 500, 550, 600, 650 ◦C for 120,000 h (≈14 
years). The long-term annealing resulted in significant evolution of the 
microstructure, which can be approximately comparable with the effect 
of irradiation at the corresponding temperatures. It was found that there 
is a modification of existing phases and the formation of new phases. In 
particular, the size of M23C6 precipitates increases significantly at 650 
◦C. At lower temperatures the size of M23C6 particles moderately in
creases (at 600 ◦C) or even slightly decreases (<600 ◦C). The composi
tion of these precipitates changes only slightly. The Cr content in the 
M23C6 precipitates increases with increasing annealing temperature 
from 67 to 75 %. The V content in (Ta,V)C and (V,Ta)N particles in
creases slightly with annealing at 650 ◦C, while their composition does 
not show significant changes at lower temperatures. The formation of a 
modified Z-phase (CrVN) was detected at 550 ◦C and 600 ◦C. The size of 
the Z-phase particles can reach up to 1 µm. At 600 ◦C, the formation of 
Z-phase was observed after a few thousand hours. Formation of inter
metallic WFe2 Laves phase was observed at 500 ◦C and 550 ◦C. At 
annealing times of more than 120 kh, the size of the Laves phase par
ticles can reach up to 1 µm.

Neutron irradiation of EUROFER97–3 steel at temperatures of 325 ◦C 
and 550 ◦C can lead not only to modification of the phase structure 
existing before irradiation and formation of radiation-induced new 
phases, but also to formation of radiation defects, such as dislocation 
loops, voids and bubbles [28–30]. Only direct TEM examination of 
irradiated EUROFER97–3 specimens will allow to establish the nature of 
the real evolution of the microstructure to find an explanation for the 
obtained results on creep behavior of this steel presented in this study.

5. Conclusions

The study of creep behavior was conducted on pressurized creep 
specimens of EUROFER93–7 steel with two heat treatments during 
irradiation in BOR-60 reactor at 325 ◦C and 550 ◦C to damage doses of 
6.8 to 24.1 dpa.

If to compare the behavior of EUROFER93–7 steel after each of the 
two heat treatments and at different irradiation temperatures, the 
following features can be noted: 

- lower effective strain and steady-state creep rates at both irradia
tion temperatures for specimens of EUROFER97–3_1100/700 heat 
treatment compared to EUROFER97–3_980/780;
- for an irradiation temperature of 550◦С, the effective strain and the 
steady-state creep rate are higher compared to an irradiation tem
perature of 325◦С for both heat treatments of the EUROFER97–3 
steel;
- the obtained irradiation creep modulus is slightly higher than the 
values of the modules from literature on irradiated ferritic steels for 
comparable irradiation temperatures and effective stresses. At high 
damage doses, however, the modulus measured and calculated in the 
work tends to decrease with an increasing dose of more than 20 dpa.
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[18] J.L. Séran, V. Levy, P. Dubuisson, D. Gilbon, A. Maillard, H. Touron, R. Cauvin, 
A. Chalony, 15th International Symposium, ASTM STP 1125 (1992) 1209.

[19] M.B. Toloczko, F.A. Garner, C.R. Eiholzer, Irradiation creep and swelling of the US 
fusion heats of HT9 and 9Cr-1Mo to 208 dpa at ~ 400 ◦C, Journal of Nuclear 
Materials 212–215 (Part 1) (September 1994) 604–607.

[20] C. Cabet, F. Dalle, E. Gaganidze, J. Henry, H. Tanigawa, Ferritic-martensitic steels 
for fission and fusion applications, Journal of Nuclear Materials 523 (2019) 
510–537.

[21] P. Fernandez, A.M. Lancha, J. Lapena, R. Lindau, M. Rieth, M. Schirra, Creep 
strength of reduced activation ferritic/martensitic steel Eurofer’97, Fusion 
Engineering and Design 75–79 (2005) 1003–1008.

[22] M. Ando, M. Li, H. Tanigawa, M.L. Grossbeck, S. Kim, T. Sawai, K. Shiba, Y. Kohno, 
A. Kohyama, Creep behavior of reduced activation ferritic/martensitic steels 
irradiated at 573 and 773 K up to 5 dpa, Journal of Nuclear Materials 367–370 
(Part A) (1 August 2007) 122–126.

[23] A. Alamo, J.L. Bertin, V.K. Shamardin, P. Wident, Mechanical properties of 9Cr 
martensitic steels and ODS-FeCr alloys after neutron irradiation at 325 ◦C up to 42 
dpa, Journal of Nuclear Materials 367–370 (2007) 54–59.

[24] V.S. Neustroev, V.K. Shamardin, Effect of chemical composition on irradiation 
creep of stainless steels irradiated in the BOR-60 reactor at 420 ◦C, Journal of 
Nuclear Materials 307–311 (2002) 343–346.

[25] F.A. Garner, M.B. Toloczko, B.H. Sencer, Comparison of swelling and irradiation 
creep behavior of fcc-austenitic and bcc-ferritic/martensitic alloys at high neutron 
exposure, J. Nucl. Mater. 276 (2000) 123–142.

[26] M. Duerrschnabel, U. Jaentsch, R. Gaisin, M. Rieth, Microstructural insights into 
EUROFER97 batch 3 steels, Nuclear Materials and Energy 35 (2023) 101445.

[27] M. Klimenkov, U. Jaentsch, M. Rieth, A. Moeslang, Evolution of the EUROFER97 
microstructure during thermal treatment up to 122 000 h, Nuclear Materials and 
Energy 35 (2023) 101451.

[28] E. Gaganidze, C. Petersen, E. Materna-Morris, C. Dethloff, O.J. Weiß, J. Aktaa, 
A. Povstyanko, A. Fedoseev, O. Makarov, V. Prokhorov, Mechanical properties and 
TEM examination of RAFM steels irradiated up to 70 dpa in BOR-60, J. Nucl. 
Mater. 417 (2011) 93–98.

[29] M. Klimenkov, U. Jaentsch, M. Rieth, M. Duerrschnabel, A. Moeslang, H- 
C Schneider, Post-irradiation microstructural examination of EUROFER-ODS steel 
irradiated at 300 c and 400 C, J. Nucl. Mater. 557 (2021) 153259.

[30] M.B. Toloszko, F.A. Garner, V.N. Voyevodin, V.V. Bryk, O.V. Borodin, V. 
V. Melnychenko, Ion-induced swelling of ODS ferritic alloy MA957 tubing to 500 
dpa, J. Nucl. Mater 453 (2014) 323–333.

V. Chakin et al.                                                                                                                                                                                                                                 Fusion Engineering and Design 215 (2025) 115014 

10 

http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0001
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0001
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0001
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0001
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0001
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0001
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0002
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0002
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0002
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0003
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0003
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0003
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0003
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0003
https://doi.org/10.3390/app112411653
https://doi.org/10.3390/app112411653
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0005
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0005
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0005
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0006
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0006
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0006
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0007
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0007
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0008
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0008
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0008
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0008
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0009
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0009
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0010
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0010
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0011
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0011
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0012
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0012
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0012
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0012
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0013
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0013
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0013
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0014
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0014
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0015
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0015
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0015
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0016
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0016
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0016
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0016
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0017
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0017
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0017
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0018
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0018
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0019
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0019
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0019
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0020
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0020
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0020
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0021
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0021
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0021
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0022
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0022
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0022
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0022
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0023
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0023
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0023
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0024
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0024
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0024
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0025
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0025
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0025
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0026
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0026
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0027
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0027
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0027
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0028
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0028
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0028
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0028
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0029
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0029
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0029
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0030
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0030
http://refhub.elsevier.com/S0920-3796(25)00214-5/sbref0030

	Creep behavior of EUROFER97–3 steel during neutron irradiation at 325 °C and 550 °C to 7–24 dpa
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Creep specimens
	2.3 Swelling specimens
	2.4 Irradiation
	2.4 Research methods

	3 Results
	3.1 Swelling
	3.2 Creep

	4 Discussion
	4.1 Irradiation temperature of 325 °C
	4.2 Irradiation temperature of 550 °C
	4.3 Features for both 325 °C and 550 °C irradiation temperatures
	4.4 Microstructure evolution

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


