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The reduced activation ferritic-martensitic steel EUROFER is a prime candidate for fusion structural ap- 

plications. In the advanced helium-cooled pebble bed blanket concept of DEMO, this steel is in direct

contact with Li-ceramics pebbles and experiences cyclic thermomechanical loading under operating con- 

ditions. In this work, the effect of ceramic breeder environment on both the microstructure and par- 

ticularly the fatigue properties of the RAFM steel was investigated. For this purpose, EUROFER samples

were embedded in ceramic pebbles and annealed at 550 °C under a purge gas atmosphere for dura- 

tions ranging 8–128 days. Microstructural studies show that annealing at the given conditions leads to

the formation of a complex corrosion multilayer consisting of ferrite and iron oxide in an outer layer, as

well as chromium oxide in both an intermediate and an inner layers. For annealing durations up to 32

days, the thickness of the oxide layer is continuously increasing. However, for more prolonged annealing,

the thickness of the corrosion layer reaches saturation at about 20 μm. Similar to the growth behavior of

the oxide layer, the strain-controlled LCF tests showed a remarkable reduction of the LCF lifetime with

increasing in the annealing duration up to 32 days. However, beyond an annealing duration of 64 days,

an additional decrease of lifetime is not observed. When performing additional experiments (annealing

with ceramic pebbles in vacuum and annealing in purge gas without pebbles) it is found that corrosion

is mainly caused by purge gas impurities, namely oxygen and water. Furthermore, the decrease in fa- 

tigue lifetime is related to the degradation of surface quality, causing an accelerated progress of damage.

Finally, Charpy impact tests combined with carrier gas hot extraction investigations revealed that hydro- 

gen embrittlement of the samples, annealed in a breeder environment containing 0.1 vol.% H 2 , can be 

excluded.
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. Introduction

According to the helium-cooled pebble bed (HCPB) concept of 

EMO, the reduced activation ferritic-martensitic (RAFM) steel EU- 

OFER is used as a structural material, e.g. as pressure tubes in 

uel-breeder pins [ 1 –3 ]. These tubes are filled with a ceramic 

reeder material (Li 4 SiO 4 / Li 2 TiO 3 pebbles), which produces tri- 

ium under neutron irradiation that is used as fuel for the fu- 

ion reaction. The ceramic breeder pebbles are in direct contact 

ith EUROFER pressure tube at higher temperatures up to 550 °С 
o avoid irradiation induced low-temperature hardening of steel 

4] . At operating conditions, the contact triggers mutual diffusion

f main constituent elements which lead to both the dissolution

f ceramic breeder and corrosion of EUROFER [ 4 –6 ]. Besides, the

otential diffusion of lithium into EUROFER is of particular con- 

ern, since its transmutation under neutron irradiation can cause 
∗ Corresponding author.
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he formation of gasses (especially He that may form bubbles) 

nd hence lead to a degradation of mechanical properties [7] . Fur- 

hermore, it needs to be considered that the steel pressure tubes, 

ontaining the ceramic pebble bed, are purged with a mixture of 

elium and 0.1 vol.% hydrogen to facilitate tritium release from 

he ceramic pebbles [1] . Hydrogen presents another potential risk 

ecause it diffuses relatively easily into metals, causing embrit- 

lement. In addition, during the pulsed operation of the reactor, 

he EUROFER pressure tube will experience cyclic thermomechan- 

cal loading [ 8 –11 ]. Thus, EUROFER needs to be operated under 

omplex multifactorial conditions, including contact with ceramic 

ebbles, a purge gas atmosphere, strong neutron irradiation, ele- 

ated temperatures, and thermomechanical loads. Various experi- 

ents have been carried out to mimic such severe operating con- 

itions. Microstructural changes in various RAFM steels under such 

onditions have already been studied in detail [ 4 , 5 , 12 –15 ]. How-

ver, it remains unknown how the mechanical properties change, 

n particular fatigue properties, which are crucial in pulsed plasma 

onditions. 
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Fig. 1. LCF specimens of EUROFER after annealing for different durations together

with ceramic pebbles in a purge gas atmosphere.
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This work continues the previous work aiming in evaluating 

he chemical compatibility between EUROFER and ceramic pebbles 

ith respect to fatigue lifetime [16] . In this study, a new series 

f annealing experiments was carried out, including an extension 

f the annealing duration up to 128 days, mainly to investigate 

he growth behavior of the corrosion layer also under long-term 

onditions. Furthermore, to separate the effect of the ceramic peb- 

les from that of the purge gas on the corrosion behavior of the 

teel, two additional test series with customized annealing condi- 

ions were performed. Besides LCF tests on the differently treated 

amples, extensive microstructural investigations were used to de- 

ermine the reason of the obtained differences in lifetime. Addi- 

ionally, Charpy impact tests on both annealed and non-annealed 

amples were conducted to estimate a potential embrittlement of 

UROFER by hydrogen uptake under breeder operating conditions. 

inally, a novel TEM technique was used to determine the effect of 

i uptake on the structural composition of the near-surface region 

f the steel. 

. Experimental details

Reduced activation ferritic-martensitic steel EUROFER97 batch 2 

as used as a sample material. The steel has a composition of Fe- 

.5Cr-1.1W-0.2Mn-0.15V-0.12Ta-0.1C (wt.%) and was received after 

eat treatment (960 °C for 1.5 h, oil quenching + 750 °C, 4 h, air

ooling). For low cycle fatigue (LCF) investigations, sub-sized spec- 

mens exhibiting a nominal diameter of 2 mm and a gage length 

f 7.6 mm were prepared. To investigate the toughness behavior as 

 function of temperature, sub-sized Charpy-V specimens of KLST 

ype with dimensions of 27 mm × 4 mm × 3 mm, a V-notch 

epth of 1 mm and a notch angle of 60 ° were manufactured. In 

ddition, samples for metallographic studies with dimensions of 

 mm × 5 mm × 10 mm were cut and polished. 

To mimic the working conditions of EUROFER pressure tubes 

n the HCPB design of DEMO, EUROFER samples were annealed in 

nconstrained contact with pebbles of lithium ceramics (70 mol.% 

i 4 SiO 4 and 30 mol.% Li 2 TiO 3 [ 17 , 18 ]) at 550 °С in a purge gas

ow atmosphere (ceramic breeder environment). The flow rate of 

urge gas, consisting of He and 0.1 vol.% H 2 , was chosen to be

200 ml/min at a pressure of 1200 mbar. The amount of gas im- 

urities, particularly oxygen and water, was measured at the inlet 

nd outlet of the furnace. A more detailed description of the test 

et-up is given in [19] . While LCF specimens, 9 per experiment, 

ere annealed for 8, 16, 32, 64 and 128 days, respectively, Charpy 

amples were only annealed for 64 days. 

To separate the effects of Li-ceramics and purge gas flow on the 

orrosion behavior of EUROFER, two additional annealing experi- 

ents were conducted. In the first additional experiment, 6 LCF 

pecimens were annealed in contact with ceramic pebbles in vac- 

um for 64 days. In contrast, 6 other LCF specimens were annealed 

or 64 days in a flowing purge gas atmosphere without lithium ce- 

amics pebbles. 

Microstructural features of specimens were studied by X-ray 

iffraction (XRD), scanning electron microcopy (SEM) combined 

ith energy dispersive X-ray spectroscopy (EDS). Additionally, 

lectron-transparent lamellae prepared by focused ion beam (FIB) 

echnique were examined using transmission electron microscopy 

TEM). 

Strain-controlled LCF tests were carried out in air at 550 °C, ap- 

lying strain ranges of 0.6, 1, and 1.6%, respectively. The tests were 

erformed using a strain rate of 3 × 10 −3 s −1 and a fully-reversed 

riangular waveform ( R = −1). Impact tests were conducted in a 

emperature range from −120 to −50 °C. Furthermore, carrier gas 

ot extraction was used to measure the amount of hydrogen in 

UROFER samples. 
. Results and discussion

.1. Effect of annealing in a ceramic breeder environment on the 

icrostructure of EUROFER 

Fig. 1 presents the appearance of LCF specimens of EUROFER 

fter annealing at 550 °C in contact with Li-ceramics pebbles in 

 purge gas flow atmosphere. The surface color of the specimens 

hanged after annealing. After interaction for 8 days, black dots 

orresponding to the contact zones (imprints) of ceramic pebbles 

an be found. After annealing for 16–64 days, imprints are clearly 

isible as black dots surrounded by a brighter area. The imprints 

re barely visible after annealing for 128 days. 

The change in the phase composition of the surface of EUROFER 

amples after annealing for different durations has been studied 

y X-ray diffraction analysis. The XRD patterns ( Fig. 2 ) of the as-

eceived EUROFER show only ferrite peaks (highlighted in green). 

fter annealing for 8–32 days, in addition to ferrite peaks, strong 

eaks of FeO and Fe 3 O 4 /Fe 2 O 3 appear. With an increase in the 

nnealing time to 64 days, the intensity of the oxide peaks de- 

reases. After annealing for 128 days, additional peaks were found 

n the XRD pattern, which were identified as (Fe + Li) 3 O 4 . Appar-

ntly, upon interaction for a long time, a sufficient amount of 

ithium diffuses from the lithium ceramic into the EUROFER sur- 

ace, so that its amount exceeds the detection limit of XRD. This is 

n agreement with other works, in which lithium-containing oxide 

hases were also detected, but of different compositions, namely 

i 2 Fe 3 O 4 , LiFe 5 O 8 , LiFeO 2 , and LiCrO 2 [ 4 , 13 , 20 ]. 

Fig. 3 presents results of surface analyses of EUROFER speci- 

ens after annealing in a ceramic breeder environment at 550 

C. After annealing with different durations, SEM micrographs and 

orresponding EDS maps were obtained from similar areas, de- 

icting the contact zones with ceramic pebbles and their periph- 

ry ( Fig. 3 ). EDS analysis shows that these contact zones after an- 

ealing for 8 days are composed of iron and chromium oxides. 

ost of the surface is covered with iron oxide. However, con- 

act zones (steel-pebble) are dominated by chromium oxide. In 

ddition, around imprints, hillocks of pure iron appear. With an 

ncrease in the annealing time to 16 days, the number of iron 

illocks formed on the surface increases. After annealing for 32–

28 days, the hillocks grow and merge, so that the surface is grad- 

ally covered by pure iron. Accordingly, as already reported in 

ther works, the reduction of iron oxide by hydrogen is strongly 

ncreased with increasing interaction duration [ 13 , 20 ]. 

Both XRD and EDS analyses detected oxides on the EUROFER 

urface after annealing. The main sources of oxygen during anneal- 

ng are the lithium ceramic itself and the purge gas, in which oxy- 

en and water are present as impurities. The effect of purge gas 

s discussed in more detail in chapter 3.3. The XRD and EDS re- 

ults are consistent in detecting that the amount of oxides on the 

urface decreases with increasing annealing duration. At the same 
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Fig. 2. X-ray diffraction patterns for as-received samples and after annealing for different durations with ceramic pebbles in a purge gas atmosphere.

Fig. 3. Results of surface analyses of EUROFER samples after annealing with ceramic pebbles in a purge gas atmosphere for different durations. SEM micrographs are

presented in the top row and corresponding EDS maps in the bottom row. On the EDS maps, oxides are highlighted in green and ferrite is highlighted in orange. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ime, the reflection peaks of chromium oxide were not detected in 

RD patterns, apparently due to their small volume fraction on the 

urface. 

A cross-sectional SEM micrograph and elemental EDS mappings 

or a EUROFER sample annealed for 64 days are shown in Fig. 4 .

hree different corrosion layers can be distinguished. The outer 

orrosion layer with a higher Fe content (A in Fig. 4 a) consists of

wo phases. The bright phase in the SEM micrograph ( Fig. 4 a) was

dentified as pure iron and the gray phase as Fe-rich oxide. Pure 

ron has pores and Fe-rich oxide is often cracked. The intermedi- 

te layer with a higher Cr content (B in Fig. 4 a) consists of Cr-rich

xides. The inner corrosion layer (C in Fig. 4 a) is adjacent to the

UROFER and contains Cr-rich oxides, formed at the lath bound- 

ries of EUROFER. The total thickness of the corrosion layer after 

nnealing for 64 days was measured to be about 13–18 μm. The 

ame cross sections were also prepared for EUROFER samples an- 

ealed for all other durations. Fig. 5 presents the total thickness 

f corrosion layer of EUROFER versus annealing duration at 550 

C in the ceramic breeder environment. The diagram shows that 

he thickness of the corrosion layer gradually increases up to 64 

ays. With an increase in the duration of annealing to 128 days, 

he thickness of the corrosion layer does not change significantly 

nd reaches about 12–20 μm. 

Cross-sectional microstructural studies show the complexity of 

he corrosion layer formed during annealing of EUROFER in the ce- 
amic breeder environment. The results are consistent with other (
orks performed on EUROFER [ 4 , 13 ], F82H [20] , and other RAFM

teels [21] . Detailed corrosion studies of chromium-containing steel 

ith gold markers left on the surface show that the corrosion layer 

ith chromium oxide grows inward from the gold markers, and 

ron oxide grows towards the outside of the former surface of the 

teel [22] . Thus, iron atoms diffuse through the chromium oxide 

ayer to the surface where they form iron oxide. 

As already mentioned, if lithium atoms diffuse into EUROFER 

ue to long-term contact with ceramic pebbles at elevated temper- 

tures, then during neutron irradiation in the fusion reactor, these 

ithium atoms can transmute forming gasses that would deterio- 

ate the mechanical properties of the steel. In order to study the 

esult of lithium penetration more detailed, several lamellae from 

he corrosion layers were prepared by FIB for TEM study. For this 

urpose, a cross-section of a EUROFER sample was used after an- 

ealing for 64 days in contact with ceramic pebbles in a purge 

as atmosphere. Fig. 6 shows a lamella that was lifted out from 

he outer corrosion layer (layer A in Fig. 4 a). Ferrite and LiFeO 2 

xide were identified by electron diffraction analysis. Some pores 

ere found in the ferrite phase. Lithium was not found in the fer- 

ite phase, apparently due to its insolubility in iron [23] . Another 

amella was lifted out across the whole corrosion layer ( Fig. 7 a). 

his lamella represents all three corrosion layers that have been 

dentified in Fig. 7 a in analogy to Fig. 4 a. The intermediate layer, 

onsisting of fine-grained particles, was studied in more detail 

 Fig. 7 b). A crack was found at the boundary between the interme- 
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Fig. 4. (a) Microstructure and (b-d) corresponding elemental EDS maps of a cross

section of EUROFER sample annealed with ceramic pebbles in a purge gas atmo- 

sphere: (b) iron, (c) chromium, (d) oxygen. In (a), three different corrosion layers

can be distinguished: outer A with a higher Fe content, intermediate B with higher

Cr content, and inner C adjacent to EUROFER.

Fig. 5. The total corrosion thickness of EUROFER depending on the duration of an- 

nealing with ceramic pebbles in a purge gas atmosphere.

Fig. 6. (a) General view of the TEM lamella lifted out from the outer corrosion

layer of EUROFER annealed for 64 days, and (b) TEM image of the area indicated by

the red square in (a). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Fig. 7. (a) General view of the TEM lamella lifted out across three different corro- 

sion layers (A, B, and C) of EUROFER annealed for 64 days, and (b) TEM image of

the right window in (a). A red circle on (b) indicates an area that was identified as

Li 2 Fe 3.2 Cr 6.8 O 16 by diffraction analysis. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Results of the LCF tests of EUROFER specimens annealed for different dura- 

tions with ceramic pebbles in a purge gas atmosphere. The specimens were tested

at 550 °С 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.
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iate and inner corrosion layers, which is also often observed on 

etallographic cross-sections. The TEM diffraction analysis of the 

ntermediate corrosion layer determined its crystal structure as of 

i 2 Fe 3.2 Cr 6.8 O 16 type. Crystal structures of non-lithium containing 

xides did not fully explain the diffraction pattern. Thus, the TEM 

tudy revealed the diffusion of lithium into the corrosion layers of 

UROFER after annealing in ceramic breeder environment. A sepa- 

ate work will be devoted to a more detailed analysis of lithium- 

ontaining phases in the corrosion layer of EUROFER. 

.2. Effect of annealing in a ceramic breeder environment on the 

atigue life of EUROFER 

The results of LCF tests on the as-received and annealed sam- 

les are presented in Fig. 8 . They generally confirm and extend the 

esults obtained in the previous work [16] . The diagram shows a 

emarkable reduction of the LCF lifetime with an increase in an- 

ealing duration, particularly at total strain ranges of 0.6 and 1%. 

t the strain range of 0.6%, the reduction in the lifetime is ap- 

roximately 50% for an annealing duration of 32–128 days. When 

lotting the number of cycles to failure versus annealing duration 

 Fig. 9 ), it can be seen quite well that the strongest decrease in

ifetime is found for samples annealed up to 32 days. However, the 

ubsequent increase in the annealing duration does not have an 

dditional significant effect on the fatigue life. Taking into account 

he results depicted in Fig. 5 , this new series of tests clearly shows
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Fig. 9. Number of cycles to failure plotted versus annealing duration for three dif- 

ferent total strain ranges of 0.6, 1, and 1.6%.

Fig. 10. (a) Cracking of the EUROFER specimens close to the imprints of ceramic

pebbles: (a) specimen in the tension phase of the LCF test, (b) specimen surface

after testing, (c) cross-section of imprints after testing. In (a), black arrows indicate

the cracks propagating from the imprints.
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Fig. 11. LCF specimens of EUROFER for additional experiments: (a) after annealing

with ceramic pebbles in vacuum for 64 days, (b) after annealing in a purge gas

atmosphere for 64 days.

Fig. 12. EUROFER sample after annealing with ceramic pebbles in vacuum for 64

days: (a) SEM of the surface close to the ceramic pebble imprint and (b) FIB cut

into a sample showing a very thin corrosion layer.
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hat when reaching a certain oxide layer thickness leads to a passi- 

ation of the steel surface and, therefore, to a stop of the materials 

egradation. Consequently, the decrease in lifetime is also limited 

but to a fairly low level, especially for low cyclic loads.

The dramatic effect on fatigue lifetime is unambiguously the

esult of corrosion caused by annealing the specimens in contact 

ith ceramic pebbles in a purge gas atmosphere. The surface struc- 

ure plays an important role, since under cyclic loading, both the 

ormation and growth behavior of surface micro-cracks are sig- 

ificantly affecting the lifetime of a component. In this case, the 

egradation of fatigue properties is obviously related to: 

• already existing surface micro-cracks (see Fig. 3 upper row pic- 

ture 2 – 16 days), probably formed during cooling down the

samples when taking them out of the furnace (appearance of

residual stresses, caused by different thermal expansion coeffi- 

cients of EUROFER and chrome oxides);
• an accelerated formation of additional surface micro-cracks,

based on local stress concentrations caused by the strong in- 

crease of surface roughness (particularly imprints need to be

seen as notches – see Fig. 10 );
• an accelerated growth of micro-cracks through the brittle oxide
layers on the surface (see Fig. 10 ). s
.3. Additional annealing experiments 

Fig. 11 presents the appearance of LCF specimens of EUROFER 

fter additional annealing experiments. In the first experiment, the 

pecimens were annealed at 550 °C for 64 days in contact with 

ithium ceramic pebbles in vacuum. In contrast to the main ex- 

eriment, the imprints of lithium ceramics in this case are barely 

oticeable, and the sample has a brownish color ( Fig. 11 a). In the

econd experiment, the specimens were annealed at 550 °C for 

4 days in a purge gas atmosphere without ceramic pebbles. The 

pecimens have a bluish color ( Fig. 11 b), comparable to the speci- 

ens from the main experiment ( Fig. 1 ). 

Fig. 12 presents the microstructure of EUROFER specimens after 

nnealing at 550 °C in contact with Li-ceramic pebbles in vacuum 

or 64 days. The imprint of ceramic pebbles is barely visible and 

he surface is covered by tiny needles of iron and chromium ox- 

des, which was confirmed by EDS (not shown). The thickness of 

he corrosion layer is so small that it was only revealed in cross- 

ections during FIB cutting ( Fig. 12 b). The thickness of the layer 

urned out to be 0.45–0.85 μm, which is significantly smaller than 

he thickness of layers from samples annealed under breeder en- 

ironment conditions (13–18 μm). Accordingly, it is found that the 

mpact of the pebbles on the corrosion behavior of the steel un- 

er breeder operating conditions is more or less negligible. Similar 

esults were reported in [15] . 

Fig. 13 shows results of surface analyses of EUROFER specimen 

fter annealing at 550 °C in a purge gas flow atmosphere for 64 

ays. The surface of the sample is covered with pure iron hillocks. 

n-between, iron and chromium oxides are found. The corrosion 

ayer resembles the surface of the sample in the main experiment 

n the periphery of contact zones with ceramic pebbles ( Fig. 3 ). 

ross-sectional microstructural studies were used to measure the 

hickness of the corrosion layer. It is found to be 13–17 μm, so 

omparable to the thickness of layers from samples aged under 

reeder environment conditions. Taking into account the result ob- 

ained on samples annealed in vacuum, it becomes clear that de- 

pite their small volume fractions, purge gas impurities, namely 
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Fig. 13. (a) Results of surface analyses of EUROFER samples after annealing in a

purge gas atmosphere for 64 days: (a) SEM micrographs and (b-c) elemental EDS

maps: (b) iron, (c) chromium, (d) oxygen. The EDS maps correspond to the indicated

red square in (a). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 14. Results of the LCF tests of EUROFER specimens in as-received and annealed

conditions. The specimens were tested at 550 °С 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.
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xygen and water (0.18 and 0.0053 vol.% of oxygen and water, re- 

pectively, at the inlet of the furnace), are mainly responsible for 

he chemical attack on the steel surface. 

The LCF test results obtained from tests performed on the ad- 

itional treated samples are plotted together with the results ob- 

ained from tests on both as-received specimens and specimens 

nnealed under breeder conditions ( Fig. 14 ). The diagram shows 

hat compared to the as-received state, annealing with ceramic 

ebbles in vacuum has no significant effect on the LCF lifetime. 

n contrast, annealing in a purge gas flow atmosphere significantly 

educes the LCF lifetime, but not as much as annealing in both 

ebbles and purge gas. This is obviously related to the absence of 

mprints, mainly resulting in a delayed formation of micro-cracks. 

Generally, the corrosion of EUROFER subjected to a breeder en- 

ironment could be significantly reduced by removing purge gas 

mpurities (oxygen and water). However, in the new design of the 

CPB concept, it is proposed to use water, since it facilitates the 
Fig. 15. Charpy impact energy versus test temperature
ritium transport [24] . This implies the development of protec- 

ive coatings on EUROFER surface that not only solve the prob- 

em of corrosion and deterioration of mechanical properties, but 

lso prevent tritium permeation and lithium penetration into the 

teel. Recently, several attractive protective coatings have been de- 

eloped [ 20 , 25 –27 ], but their compatibility with EUROFER during 

yclic loading needs to be verified. In addition, the design of the 

CPB blanket could be changed so that EUROFER does not exhibit 

 contact with ceramic pebbles as structural material. 

.4. Effect of a ceramic breeder environment on impact properties of 

UROFER 

Since EUROFER in the HCPB concept is operated in a purge gas 

tmosphere containing 0.1 vol.% of hydrogen, it was assumed that 

ydrogen atoms could diffuse into the material and cause an ad- 

itional embrittlement [16] . To detect a possible hydrogen embrit- 

lement, Charpy impact tests on EUROFER specimens, subjected to 

 ceramic breeder environment for 64 days, were performed. For 

omparison, as-received specimens were tested, as well as speci- 
 curves for as-received and annealed EUROFER.
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[

ens annealed in vacuum (without ceramic pebbles) for 64 days. 

he experiments were carried out at temperatures ranging from 

120 to −50 °C.

Fig. 15 presents the results of Charpy impact tests. In general,

he results of the impact tests for all specimens are similar. The 

uctile to brittle transition temperature (DBTT), determined at half 

pper shelf energy (USE/2), is found to be −110, −97, and −113 °С 
or the as-received, annealed in ceramic breeder environment, and 

nnealed in vacuum states, respectively. Taking into account the 

eneral progress of the different curves one may assume that the 

light differences are mainly related to slight differences in crack 

nitiation. When comparing the upper shelf energy (USE) of the an- 

ealed samples with the one of the as-received samples, one can 

ractically see no difference. Accordingly, a significant embrittle- 

ent of the samples annealed in a breeder environment can be 

xcluded. 

Subsequently performed carrier gas hot extraction investiga- 

ions confirmed this result. While the as-received EUROFER shows 

n amount of hydrogen lower than the precision of measurement 

 < 0.23 ppm), a sample annealed in a ceramic breeder environment 

eveals an amount of hydrogen of 6.7 ± 1.0 ppm. When remov- 

ng the entire corrosion layer by grinding, the amount of hydrogen 

urned out to be much less and reaches 2.6 ± 0.3 ppm. Accord- 

ngly, most of the hydrogen is concentrated in the corrosion layer 

lose to the surface and only a very small amount of hydrogen dif- 

uses into the material. 

. Conclusions

Within the frame of this work, the effect of annealing in di- 

ect contact with Li-ceramic pebbles in a purge gas atmosphere 

n the microstructure and mechanical properties of EUROFER was 

nvestigated. Microstructural studies reveal the complexity of the 

orrosion layer formed during annealing. The outer corrosion layer 

s composed of ferrite and Fe-rich oxide. This oxide can also con- 

ain lithium as shown by XRD and TEM. The intermediate cor- 

osion layer is formed by Cr-rich oxides, which can also contain 

ron and lithium. In the inner corrosion layer adjacent to EUROFER, 

hromium oxides are often located along the lath boundaries of the 

teel. The total thickness of the corrosion layer reaches saturation 

fter annealing beyond 32 days and is measured to be 12–20 μm. 

n contact zones with ceramic pebbles, cracks are often found both 

fter fatigue tests and before them. 

The strain-controlled LCF tests performed at 550 °С show a re- 

arkable reduction of the LCF lifetime with an increase in the an- 

ealing duration. At total strain range of 0.6%, the reduction in the 

ifetime compared to as-received specimens is approximately 50% 

or an annealing duration of 64–128 days. The LCF lifetime de- 

reases most rapidly for the annealing duration of 8–32 days, while 

t appears to saturate when the annealing time is increased to 128 

ays. 

To separate the effect of Li-ceramic pebbles from that of the 

owing purge gas on the corrosion behavior of the steel, two addi- 

ional annealing experiments were performed with deviating con- 

itions. It turned out that annealing in contact with ceramic peb- 

les in vacuum practically does not lead to corrosion of EUROFER 

nd thus, does not reduce the LCF lifetime. In contrast, annealing 

n a purge gas flow atmosphere leads to significant corrosion due 

o impurities, namely oxygen and water, and significantly shortens 

he LCF lifetime, but not as much as annealing at breeder condi- 

ions. 

Charpy impact tests and carrier gas hot extraction tests con- 

rmed that a possible embrittlement of EUROFER by hydrogen up- 

ake during annealing can be excluded. 

The results obtained indicate the need to protect the EUROFER 

urface from corrosion during its operation in the HCPB blanket 
oncept so that the fatigue properties of the structural steel do not 

eteriorate in ceramic breeder environment. 
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