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A B S T R A C T   

In the helium-cooled pebble bed blanket concept of DEMO, the reduced activation ferritic-martensitic steel 
EUROFER97 will be in direct contact with lithium ceramic pebbles and undergo cyclic thermomechanical 
loading during operation. This study compares the impact of pre-corrosion for 64 days, simulating working 
conditions of EUROFER97, on the microstructure and low cycle fatigue properties of full-sized standard and sub- 
sized specimens. In both cases, the pre-corrosion process leads to the formation of three layers with a combined 
thickness of approximately 17 µm. Standard specimens (Ø8.8 mm) exhibit a notable decrease in fatigue life after 
pre-corrosion, though not as severe as the sub-sized specimens (Ø2 mm). At a 0.6 % strain range, pre-corroded 
standard and sub-sized specimens experience a reduction in fatigue life by 35 % and 60 %, respectively. 
Microstructural studies reveal, that surface micro-cracks, commonly observed after exposure at contact zones 
with lithium ceramic pebbles, accelerate the evolution of surface damage during cycling and often act as initi-
ation sites for fatigue crack. Potential factors contributing to the observed difference in fatigue life based on 
specimen size are discussed. The estimated maximum allowable deformation range of EUROFER97 components, 
without considering creep and neutron irradiation effects, is determined to 0.25 %.   

1. Introduction 

The reduced activation ferritic-martensitic (RAFM) steel EURO-
FER97 is planned to be used as a structural material in the helium-cooled 
pebble bed (HCPB) blanket concept of the DEMO fusion reactor [1–3]. In 
this concept, EUROFER97 is chosen as the material for tubes in fuel- 
breeder pins, which are filled with a ceramic breeder material consist-
ing of 70 mol.% Li4SiO4 + 30 mol.% Li2TiO3 pebbles [4]. The primary 
objective of this configuration is to generate tritium under neutron 
irradiation, which acts as fuel for the fusion reaction. 

The interaction between the lithium ceramic pebbles and the inner 
surface of the EUROFER97 components is of utmost importance, given 
the complex operational conditions they undergo. These components 
experience alternating tension and compression due to the cyclic heating 
and cooling process of the DEMO reactor. Furthermore, the EUROFER97 
components are exposed to helium flow from the outside and purged 
with a mixture of He and 0.1 vol% H2 from the inside, which may 
contain impurities and contribute to corrosion. All these factors must be 
carefully considered, especially given the conditions of high 

temperatures up to 550 ◦C and an intense flux of high-energy neutrons. 
Our previous studies have conducted experiments to partially 

simulate the operating conditions of EUROFER97 in the HCPB blanket 
[5,6]. These experiments involved the use of sub-sized specimens with a 
gauge length diameter of 2 mm. The sub-sized specimens underwent 
pre-corrosion by exposing them to lithium ceramic pebbles in a purge 
gas atmosphere at 550 ◦C for a duration of 8–128 days. Following the 
exposure, low-cycle fatigue (LCF) tests were performed on the pre- 
corroded specimens. The results revealed a significant reduction in the 
fatigue lifetime as the exposure duration increased up to 32 days. 
However, beyond an exposure duration of 64 days, there was no further 
decrease in the lifetime, due to the cessation of the growth of the 
corrosion layer thickness after the same exposure time [6]. Based on 
these findings, it was determined that the duration of exposure could be 
limited to 64 days since longer exposure had minimal effects on the 
corrosion layer thickness and the fatigue lifetime in LCF tests. 

The use of sub-sized samples allowed for a large number of tests 
(over 100) to be conducted within a reasonable timeframe, enabling the 
identification of general trends. However, for more reliable fatigue test 
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results, it is necessary to repeat these tests on full-sized standard speci-
mens with a larger gauge length diameter of 8.8 mm. It remains un-
known whether testing standard pre-corroded specimens will yield 
similar deterioration in fatigue life as observed in the sub-sized speci-
mens. Furthermore, it is uncertain whether pre-corrosion will result in 
the formation of a similar corrosion layer. This paper aims to discuss the 
causes of deterioration in fatigue life and explore potential differences in 
the fatigue behavior between standard and sub-sized specimens. Addi-
tionally, an assessment of the maximum allowable deformations of 
EUROFER97 will be conducted based on the results of this study. 

2. Experimental details 

RAFM steel EUROFER97 batch 2 was used as the material for the 
study. The steel, with a nominal composition of Fe-8.5Cr-1.1 W-0.2Mn- 
0.15 V-0.12Ta-0.1C (wt.%), was heat-treated (960 ◦C for 1.5 h, oil 
quenching + 750 ◦C for 4 h, air cooling) prior to the experiments. This 
heat-treated state is referred to as-received in the paper. For the low 
cycle fatigue (LCF) investigations, standard specimens were prepared 
with a nominal diameter of 8.8 mm and a gauge length of 23 mm. 
Additionally, data from previous studies on sub-sized specimens [5,6] 
were included for comparison purposes. The working part of these 
specimens had a nominal diameter of 2 mm and a gauge length of 7.6 
mm. 

Pre-corrosion experiments were conducted in pressurized furnaces at 
550 ◦C using a purge gas flow atmosphere. The purge gas, consisting of 
He and 0.1 vol% H2, was maintained at a flow rate of 1200 ml/min at a 
pressure of 1200 mbar. The amount of gas impurities, particularly ox-
ygen and water, was measured as 0.14–0.24 vol% and 0.005–0.08 vol%, 
respectively. The oxygen content remained approximately the same at 
both the inlet and outlet, showing no significant changes over time, 
while the water content consistently exhibited higher levels at the outlet 
in comparison to the inlet, gradually decreasing from a maximum value 
at outlet of 0.08 vol% after 5 days to 0.02 vol% after 128 days of the 
experiment. The EUROFER97 specimens were placed in open ceramic 
containers and completely covered with lithium ceramic pebbles. The 
pebbles used in the experiment were spherical in shape and had a size 
ranging from 250 to 1250 µm. These pebbles were composed of a 
mixture of 70 mol.% lithium orthosilicate (Li4SiO4) and 30 mol.% 
lithium metatitanate (Li2TiO3) [6]. The exposure time for the standard 
specimens was 64 days. Henceforth, the conditions designed to simulate 
the EUROFER97 operating environment in the blanket will be referred 
as the “ceramic breeder environment” for the sake of simplicity. 

Strain-controlled LCF tests were performed in air at 550 ◦C, applying 
various strain ranges: 0.4 %, 0.6 %, 0.8 %, 1 %, 1.2 %, and 1.6 %. The 
tests utilized a strain rate of 3 × 10-3 s− 1 and a fully-reversed triangular 
waveform (R = -1). The tests were carried out according to the ASTM A. 
E2714-13 standard [7]. To analyze the microstructural features of the 
specimens, scanning electron microscopy (SEM) combined with energy 
dispersive X-ray spectroscopy (EDS) was employed. Surface and cross- 
sections of the samples were examined using this characterization 
technique. 

3. Results and discussion 

3.1. Effect on the microstructure 

Fig. 1 depicts the appearance of standard LCF specimens in the as- 
received state and after exposure to the ceramic breeder environment 
for 64 days. After the exposure, the specimens displayed a bluish surface 
color resembling that of the sub-sized specimens shown previously in 
[6]. The contact zones with the lithium ceramic pebbles are clearly 
visible to the naked eye, revealing a portion of the pebbles that adhered 
to the surface during exposure (Fig. 1). These pebbles are easily dis-
lodged from the surface and were manually removed before conducting 
the fatigue test. The distance between the centers of contact zones 

represents the average diameter of the pebbles. 
On the SEM micrographs (Fig. 2a) prominent imprints, resulting 

from contact with lithium ceramic pebbles, are the main feature of the 
surface. The diameter of the imprints corresponds approximately to the 
size of the pebbles. Notably, at the center of almost each imprint, a pit is 
consistently present, providing insight into the internal structure of the 
corrosion layer (Fig. 2b). Moreover, micro-cracks tend to propagate 
from the central region of the imprints, extending up to a distance of 
approximately 100–200 µm. Additionally, hillocks are observed at the 
periphery of the imprints (Fig. 2c). These hillocks consist of ferrite for-
mations that develop on the surface of iron oxide due to its reduction 
with hydrogen as also shown in [6,8,9]. It is worth mentioning that the 
hillocks can exhibit heterogeneous cross-sections and may contain iron 
oxide crystals in the core (Fig. 2d). 

Fig. 3 presents the SEM surface microstructure of a EUROFER97 
specimen after exposure to the ceramic breeder environment, along with 
corresponding EDS maps. The analysis focused on an imprint with a 
peeled surface, revealing an internal corrosion layer enriched in chro-
mium and oxygen as shown in Fig. 3c-d. Surrounding the imprints, a 
layer of pure iron with hillocks can be observed on the surface. These 
surface characteristics align with previous findings on sub-sized samples 
and microstructural investigations [6], indicating the consistency and 
reproducibility of the results. 

In the cross-sectional view, the corrosion layer can be divided into 
three distinct layers labeled as A, B, and C in Fig. 4. The outer layer A 
comprises a combination of pure iron (light gray phase) and iron-rich 
oxide (dark phase). The intermediate layer B consists of chromium- 
enriched oxides. As was shown in the separate TEM study [10], this 
layer is formed by lithium containing spinel. The inner corrosion layer is 
EUROFER97 with chromium-enriched oxides (spinel) particles along 
grain/laths boundaries. The thickness of the corrosion layer in the 
standard specimen, exposed to the ceramic breeder environment for 64 
days, ranged from 15 to 20 µm, with an average thickness of 17 µm. This 
thickness closely corresponds to the corrosion layer observed in sub- 
sized specimens after the same exposure. Hence, the exposure of the 
standard specimen to the ceramic breeder environment led to the for-
mation of a corrosion layer with almost the same structure and thickness 
as observed in the case of sub-sized specimens [6]. 

3.2. Effect on the fatigue life 

Fig. 5 presents diagrams of tensile peak stress versus number of cy-
cles for different total strain ranges, including two curves for both 
standard and sub-sized specimens in the as-received state and after 
exposure to the ceramic breeder environment for 64 days. Fatigue tests 
were conducted under the same conditions in air and were accompanied 
by minor surface corrosion. It was decided not to take into account the 

Fig. 1. Standard (Ø8.8 mm) LCF specimens made of EUROFER97 in the as- 
received state (top) and after exposure to the ceramic breeder environment 
for 64 days (bottom). 
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effect of this short-term corrosion, but to isolate and identify the effect of 
pre-corrosion. For all samples, fatigue softening behavior typical of 
EUROFER97 is observed. The first stage for all four curves (at all cor-
responding total strain ranges) practically coincides, but the duration of 
the linear second stage differs, resulting in the as-received standard 
specimens (blue curves, Nf = 5100 cycles for Δεtot = 0.6 %) enduring a 
greater number of cycles to failure than the as-received sub-sized spec-
imens (red curves, Nf = 3100 cycles for Δεtot = 0.6 %) under the same 
test conditions. 

The pre-corroded standard specimens (light blue curves, Nf = 3250 
cycles for Δεtot = 0.6 %) showed a longer fatigue life compared to the 
pre-corroded sub-sized specimens (pink curves, Nf = 1150 cycles for 
Δεtot = 0.6 %) and even a slightly longer lifetime compared to the as- 
received sub-sized specimens (red curves). However, the undoubted 
decrease in fatigue lifetime associated with exposure to the ceramic 
breeder environment, is observed for standard specimens. The observed 
effects remain for all tested full strain ranges, and the scatter in life 
values is greater for larger values of the full strain range, when loads 
become high, and the effect of pre-corrosion attack can decrease. 

The Wöhler diagram for the standard and sub-sized specimens in 
both as-received and pre-corroded conditions (64 days in the ceramic 
breeder environment) is presented in Fig. 6. Evidently, the standard 
specimens endured more cycles to failure compared to the correspond-
ing sub-sized specimens. Exposure to the ceramic breeder environment 
for 64 days has a pronounced effect of deteriorating fatigue life for both 
sub-sized and standard specimens. For sub-sized specimens, the degra-
dation in fatigue life is 60 %, 40 %, and 35 % for total strain ranges of 
0.6 %, 1 %, and 1.6 %, respectively. However, for standard specimens, 
the effect was less dramatic, with an average degradation of 35 %, 10 %, 

and 30 % for the same total strain ranges. The greatest deterioration 
effect was observed for the total strain range of 0.6 % for both sub-sized 
and standard specimens. As the total strain range increases, the effect 
decreases and can be covered by data scattering. As the tests for standard 
specimens were carried out in accordance with the ASTM standard [7], 
the fatigue life values obtained for them are more reliable. 

3.3. Factors of fatigue life deterioration 

One of the evident factors contributing to the premature failure of 
EUROFER97 specimens exposed to the ceramic breeder environment is 
the presence of pre-existing cracks on the EUROFER97 surface even 
prior to LCF testing. As illustrated in Fig. 2b, such exposure leads to 
surface cracking from almost each imprint. The cracks propagate radi-
ally from the center of the imprint and deviate in different directions 
depending on the crystals orientation. This suggests that the cracks were 
formed after exposure, most likely during the cooling stage of the 
samples. If the cracks were pre-existing, the crystals could grow and heal 
the crack during exposure so that the cracks would not be visible on the 
surface. 

After exposure, the specimens were cooled from 550 ◦C to room 
temperature at a relatively slow rate of approximately 32 K/h. However, 
the corrosion layer can experience tensile stresses during cooling inde-
pendently to the cooling rate as a result of the difference in thermal 
expansion coefficients. Stresses arise due to the fact that a massive 
substrate in the form of EUROFER97 specimen shrinks when cooled, 
regardless of the presence of a thin corrosion film on the surface. In this 
case, the corrosion layer, being adhered to EUROFER97, will have to 
shrink by the same amount as the substrate. The thermal expansion 

Fig. 2. Microstructure of the surface after pre-corrosion: (a) imprints together with adherent pebbles, (b) imprint with cracks indicated by red arrows, (c) ferrite 
hillocks surrounding the imprints on the surface (45◦ view), (d) internal structure of one of the hillocks. 
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coefficients of iron oxide and chromium-rich oxide are likely differ to 
that of EUROFER97, causing the surface layer to be under tension/ 
compression. The imprints, acting as pits, can concentrate these stresses 
and lead to cracking. 

Imprints of lithium ceramic pebbles not only can serve as sites of 

crack initiation during the cooling of specimens after exposure, but what 
is more important, also during the fatigue tests. These imprints, along 
with the pre-existing cracks, can act as significant stress concentrators 
during the tests. Point defects in the form of pits pose a greater risk for 
crack initiation compared to general corrosion, which spreads uniformly 
over the surface. These pits or cracks concentrate stress and act as 
notches, making crack initiation more likely. 

Fig. 7 displays video macro shots of LCF testing performed on one of 
the standard EUROFER97 specimens following a 64-day exposure to the 
ceramic breeder environment with a total strain range of 1.6 %. During 
the initial cycles up to approximately 0.75Nf, the predominant behavior 
observed is the formation and propagation of micro-cracks (smaller than 
1000 µm). It is only at around 300 cycles that visible cracks become 
apparent (as shown in Fig. 7b). The red circles in the figure indicate the 
specific imprints through which the crack propagates, while other im-
prints do not exhibit such cracking behavior. As testing progresses and 
reaches approximately 340 cycles, a fatigue crack develops along a part 
of the imprints previously indicated by red circles. Other cracks cease 
opening on the imprints due to the onset of strain localization (Fig. 7c). 
While the number of cycles to failure Nf for this particular specimen was 
calculated to be 388, the testing continued up to 410 cycles. At this 
point, the fatigue crack opened entirely, resulting in the fracture of the 
specimen (Fig. 7d). These observations indicate that the cracks present 
on the imprints after exposure represent pre-existing defects that can 
propagate further during fatigue testing, leading to the development of a 
fatigue crack. 

Fig. 8 shows typical EUROFER97 specimens after the exposure to the 
ceramic breeder environment for 64 days and subsequent LCF tests. In 

Fig. 3. (a) Microstructure and (b-d) corresponding elemental EDS maps of a surface of EUROFER97 specimen exposed to the ceramic breeder environment for 64 
days: (b) iron, (c) chromium, (d) oxygen. 

Fig. 4. SEM microstructure of a cross section of a standard EUROFER97 sample 
exposed to the ceramic breeder environment for 64 days. Three distinct 
corrosion layers are identified and labeled with capital letters. 
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the case of a sub-sized specimen with a 2 mm diameter (Fig. 8a), only a 
few imprints can be seen close to the fatigue crack. It is evident that the 
fatigue crack runs along the diameter of at least one of the imprints. 
Additionally, the imprint, which is somewhat distant from the fracture 
zone, also cracked in diameter. On the other hand, in the case of a 
standard specimen with an 8.8 mm diameter (Fig. 8b), there are 4.2 
times more imprints per cross-section in terms of geometry. In this case, 
it can be observed that the crack predominantly passes through imprints, 
but not as clearly as in the case of sub-sized specimens. Fig. 8c and 8d 
show specimens that underwent LCF testing and were cut along their 
length to examine how deeply cracks propagate from imprints. It is clear 
from the figures that cracks can penetrate deep into the sample, some-
times several hundred microns, even far from the fracture zone. These 
observations suggest that the imprints serve as sites for fatigue crack 
initiation and that the cracks observed on the surface, passing through or 
starting on imprints, are not limited to surface cracks passing through a 
relatively brittle corrosion layer. 

The study of EUROFER97 specimens after exposure to the ceramic 
breeder environment and LCF tests showed that the presence of pre- 
existing micro-cracks, which arise during cooling due to the difference 
in coefficient of thermal expansion, and imprints themselves have a 
significant effect on fatigue life. These micro-cracks on imprints serve as 
fatigue crack initiation sites and facilitate their growth. The number of 
cycles to failure for pre-corroded specimens decreases due to the pres-
ence of such cracks, since no time is required for the initiation of surface 
damage in form of micro-cracks. Fatigue cracks were observed to grow 
predominantly along the pre-existing small cracks on imprints. 

3.4. Size effect 

As illustrated in Figs. 5 and 6 standard specimens exhibited greater 
fatigue life in comparison to sub-sized specimens under similar condi-
tions, but the reasons for this behavior are unclear. Given that the 
number of cycles required for fracture is partly affected by the nature of 

Fig. 5. Typical tensile peak stress versus the number of cycles for sub-sized and standard specimens tested at a total strain range of (a) 0.6 %, (b) 1 %, and (c) 1.6 %.  
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the fracture and the development of fatigue crack, it is reasonable to 
explore the fracture surfaces of sub-sized and standard specimens. Fig. 9 
presents the fracture surface of a pre-corroded sub-sized specimen, as 
well as a panoramic photo (owing to its significantly larger size) of a pre- 
corroded standard specimen after LCF testing with a total strain range of 
1.6 %. Notably, the fractography exhibits clear evidence of crack 
propagation in each cycle, known as striation, despite surface oxidation 
(tests were conducted at 550 ◦C in air). The crack growth marks often 
coincide at the beginning of the test, likely due to small crack growth 
and surface oxidation. 

To gain a deeper understanding of the fracture mechanical differ-
ences between standard and sub-sized specimens, the crack propagation 
rate was measured for specimens where possible. For each cycle, starting 
from the last one, the crack depth was measured as a distance from the 
initiation point (Fig. 10). Note that the last test cycle is not equivalent to 
the Nf cycle, i.e., the number of cycles to failure. The fatigue crack 
depths for both standard and sub-sized specimens were approximately 

half the diameter 4.4 mm and 1 mm, respectively, before final failure. At 
the end of the test, the crack depth increments were approximately 100 
µm and 25 µm for the standard and sub-sized specimens, respectively. In 
general, the crack growth pattern for standard and sub-sized specimens 
is similar, with rapid crack growth occurring for the standard specimen 
after approximately 300 cycles, and for the sub-sized specimen, after 
about 100 cycles. Under the assumption that the fracture initiates from a 
crack with depth in the range of micrometers, the measured data can be 
fitted with dashed curves shown in Fig. 10. 

It should be noted that the accelerated development of surface 
damage in sub-sized specimens will contribute to the reduction in the 
number of cycles to failure compared to standard specimens. Future 
work will involve interrupted fatigue tests with measurements of crack 
length and depth using focused ion beam techniques, while the current 
study primarily focuses on fractography analysis. Furthermore, it is 
important to acknowledge that the growth of fatigue cracks in cylin-
drical specimens is affected by the orientation of the crack related to the 
position of the extensometer at strain controlled conditions and that 
fatigue cracks do not necessarily propagate strictly perpendicular to the 
applied load. To obtain more precise measurements of crack depth, 
compact tension specimens (CT) would be required for specific testing in 
accordance with standards. 

The fatigue crack growth rate da/dN is dependent on the stress in-
tensity factor range ΔK, following the Paris-Erdogan law: 

da
dN

= C • ΔKm (1)  

where C and m are material constants, and ΔK is the stress intensity 
factor range. The stress intensity factor range in its turn can be calcu-
lated as: 

ΔK = Fn • Δσ •
̅̅̅̅̅̅̅̅̅̅
π • a

√
(2)  

where Fn is a dimensionless geometric factor that is dependent on the 
geometry of the crack, Δσ is the applied stress range, and a is the crack 
depth. 

The geometric factor is a critical component in the above equations 
as it takes into account the differing geometric dimensions of the sub- 
sized and standard specimens. In the case of a crack in cylindrical 
specimens, the geometric factor can be calculated using the following 

Fig. 6. Results of the LCF tests of EUROFER97 sub-sized and standard speci-
mens in as-received and pre-corroded (64 days) conditions. The specimens were 
tested at 550 ◦C at three different total strain ranges of 0.6, 1, and 1.6 %. 
Vertical offset within a strain range is used to avoid data overlap. 

Fig. 7. Video macro shots of LCF test of a pre-corroded standard EUROFER97 specimen: (a) the beginning of the test, (b) after 300 cycles, (c) after 340 cycles, and (d) 
after 410 cycles. The total strain range was 1.6 %, and the number of cycles to failure is 388 cycles. The diameter of the specimen is 8.8 mm. In (b), the red circles 
indicate the imprints on which cracks opened during the tension. 

E. Gaisina et al.                                                                                                                                                                                                                                 



Nuclear Materials and Energy 36 (2023) 101497

7

equation [11–13]. 

Fn = 0.92 •
2
π • secβ •

̅̅̅̅̅̅̅̅̅
tanβ

β

√

• (0.752 + 1.286 • β + 0.37 • Y3) (3)  

where Y = 1 − sinβ and β = π
2 •

a
D. In the last equation, D is the diameter 

of the specimen, so the geometric factor depends on it in a complex way. 
The dependence of the geometric factor Fn on the crack depth a, 

calculated using equation (3), is presented in Fig. 11. Notably, the 

Fig. 8. Propagation of pre-existing cracks on imprints following LCF testing of EUROFER97 specimens exposed to the ceramic breeder environment: (a,b) surface, (c, 
d) longitudinal section; (a,c) sub-sized and (b,d) standard specimens. Imprints are indicated by red circles. 

Fig. 9. The fracture surface of specimens after LCF test: (a) sub-sized specimen of Ø2 mm with Nf = 136 cycles to failure, (b) standard specimen of Ø8.8 mm with Nf 
= 388 cycles to failure. Total strain range 1.6 %. The red dashed lines indicate the propagation path of a fatigue crack. 
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geometric factor increases more gradually for the standard specimen 
compared to the sub-sized specimen. For example, for a crack depth of 
0.5 mm, the geometric factor is 0.675 and 0.875 for the standard and 
sub-sized specimen, respectively. For a crack depth of 1 mm, the cor-
responding values are 0.711 and 1.655. Thus, it is evident that cracks of 
the same depth result in significantly different geometric factors for 
specimens of different sizes. In other words, a specimen with a larger 
diameter is less sensitive to a crack of the same size as in a sub-sized 
specimen, and therefore can withstand a greater number of cycles. 
This may explain partly the greater fatigue life of standard specimens as 
shown in Figs. 5 and 6. 

3.5. Estimation of lifetime of components 

The knowledge gained in the course of the work showed a consid-
erable reduction in the fatigue life of EUROFER97 specimens exposed to 
the ceramic breeder environment for an extended period of time. 

However, it is important to acknowledge that the experiments only 
partially mimic the operational conditions of EUROFER97 components 
in the DEMO breeder blanket. Under intense irradiation with high- 
energy neutrons and a maximum dose of up to 20 dpa by the end of 
the first phase [14,15], it is probable that the fatigue properties will 
deteriorate even further. The real interaction between EUROFER97 and 
the Li-ceramic pebble bed in a purge gas atmosphere, under variable 
tension and compression, remains unclear, since simultaneous corrosion 
fatigue will develop instead of pre-corrosion fatigue studied in the work. 
Another critical factor, which was not taken into account, is the creep of 
EUROFER97 tubes that can occur after a period of rapid heating during 
two hours of full power operation at high temperature. This, in turn, will 
exacerbate the decrease in fatigue life. 

Nevertheless, to determine the permissible operating conditions of 
EUROFER97 components in contact with Li-ceramic pebbles in the 
breeder blanket, a fundamental approach was adopted in this study. The 
Wöhler diagram was used to demonstrate how many cycles to failure the 
specimen can withstand, depending on the total strain range experi-
enced. Additional tests were conducted on standard EUROFER97 spec-
imens exposed to the ceramic breeder environment for 64 days, using 
total strain ranges of 0.4 %, 0.8 %, and 1.2 %, to increase the number of 
data points. 

Fig. 12 displays a Wöhler diagram including additional test results 
for other total strain ranges for standard as-received EUROFER97 
specimens. A curve was generated for six data points using automated 
fitting to minimize the sum of squared deviations. The total strain range 
follows the equation Δεtot = 0.00382 + 3.74663⋅N− 0.89846, where N 
represents the number of cycles to failure and the total strain range is 
presented as a fraction (not in percentage). 

With the available data and the fitting curve, it is possible to estimate 
the allowable maximum total strain range for a known number of cycles 
that a component undergoes. One of the approaches to achieve this is the 
use of ASME Code Case N-47, which provides guidelines for the evalu-
ation of LCF in nuclear power plant components. This code case is 
specifically designed for metallic materials that experience a limited 
number of load cycles, typically less than 10,000 cycles, at high loads or 
stresses. The code is applicable for materials used in fusion reactors such 
as EUROFER97 [16]. The design fatigue curves are derived from the fit 
curve by applying a factor of 2 on the strain range or a factor of 20 on 
cycles, depending on which is more conservative at each point. The 
purpose of these factors is to account for various effects, such as 

Fig. 10. The fatigue crack depth in the pre-corroded sub-sized (black) and 
standard (blue) specimens as a function of the number of cycles during LCF 
testing. The measured crack depth based on fractography is indicated by solid 
lines, while the corresponding fitted curves are represented by dashed lines. 

Fig. 11. The calculated value of the geometric factor depending on the depth of 
the crack in the sub-sized and standard specimens. 

Fig. 12. Results of the LCF tests of EUROFER97 specimens in as-received and 
pre-corroded conditions. The Nf-Δεtot, Nf-0.5Δεtot, and 0.05Nf-Δεtot curves are 
shown for the as-received specimens. The design fatigue strain range curve was 
built according ASME code design. The red arrows show how the allowed total 
strain range was determined. 
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environmental factors, scale differences between the material and test 
specimen, surface finish, and data scatter [16,17]. 

The obtained Nf-0.5Δεtot, and 0.05Nf-Δεtot curves are illustrated in 
Fig. 12 as red and black dashed lines, respectively. By using these two 
curves, the ASME design code curve was derived and is represented by 
the solid green line in Fig. 12. It should be noted that the data points 
obtained for standard specimens exposed to the ceramic breeder envi-
ronment exceed the ASME design code curve. This indicates that the 
approach taken in this study accounts for environmental factors and 
surface deterioration due to pre-corrosion experiment. 

To determine the number of heating and cooling cycles with ten-
sion–compression that EUROFER97 tubes inside the DEMO blanket will 
be subjected to, it is necessary to consider the cyclic operation of the 
DEMO reactor. Each DEMO cycle consists of a ramp up in 150 s, 2 h of 
full power operation, 150 s of ramp-down, and a 600 s dwell period [18]. 
Thus, a single DEMO cycle lasts for a total of 2.25 h. It is known that the 
first blanket in the DEMO reactor will need to operate for a duration of 2 
years. Therefore, the total number of cycles N can be calculated as N =
2⋅365⋅24/2.25 = 7787 cycles. As a result, EUROFER97 tubes will be 
subjected to a total of 7787 heating and cooling cycles during their 
operational lifespan. 

For a conservative estimate of the allowable total strain range, 
7787 cycles can be considered the minimum number of cycles before 
failure, as indicated by the red arrows in Fig. 12. The maximum 
allowable total strain range corresponding to 7787 cycles on the ASME 
code design curve was then calculated to be 0.25 %. It should be 
emphasized that this value was determined without considering neutron 
irradiation and the effect of creep, which will most likely result in a 
further reduction of the resulting value of the allowable total strain 
range. 

The strain induced by heating or cooling of EUROFER97 tubes 
(without considering the effects of creep) can be estimated and 
compared to the allowable total strain range limit. The strain (ε) is 
calculated as ε = α⋅ΔT, with α being 11.9⋅10-6 K− 1 (within the 
300–550 ◦C temperature range, the operational temperature for 
EUROFER97 tubes) and ΔT as 250 K in the same range. The calculated 
strain value is ε = 0.2975%, slightly exceeding the allowable limit of 
0.25 %. Consequently, in the case of a perfectly rigid system in con-
strained conditions (real conditions should be evaluated by finite 
element method) it is likely that the required number of cycles (7787 
cycles within 2 years of operation) may not be endured by EUROFER97 
tubes, even without considering the effects of strong neutron irradiation 
and creep. 

4. Conclusions 

The pre-corrosion of standard specimens in the ceramic breeder 
environment (exposure to the Li-ceramic pebbles in a He + 0.1vol.%H2 
purge gas atmosphere at 550 ◦C for 64 days) resulted in corrosion similar 
to that observed in the previously studied sub-sized specimens. The 
corrosion process led to the formation of three distinct layers with 
varying phase compositions, collectively measuring approximately 17 
µm in thickness. 

The fatigue life of standard specimens with a diameter of 8.8 mm 
underwent a notable reduction after pre-corrosion treatment, indicating 
a significant deterioration compared to the as-received specimens. 
Despite being subjected to the same testing conditions, the standard 
specimens exhibited a higher number of cycles to failure compared to 
the corresponding sub-sized specimens with a diameter of 2 mm. Under 
a strain level of 0.6 %, the exposure of the standard specimens to the 
ceramic breeder environment for 64 days resulted in a 35 % decrease in 
the fatigue life, while the sub-sized specimens experienced a more 
substantial reduction of 60 % under the same conditions. 

A rough, corroded surface on EUROFER97 samples with imprints left 
by contact with lithium ceramic pebbles could be regarded as notches 
and lead to the accelerated formation of surface micro-cracks, even 

when the samples are cooled after exposure. These cracks can be 
considered as sites of fatigue crack initiation. Therefore, the reduction in 
the time required for fatigue crack initiation leads to a decrease in the 
total number of cycles to failure. 

The maximum allowable total strain range of EUROFER97 compo-
nents for 2 years of operation in DEMO (7787 cycles) was estimated 
using the ASME code design curve as 0.25 % without considering the 
effects of strong neutron irradiation and creep. 
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