
Hydrogen and helium effects on advanced 
structural materials for Gen IV nuclear 
reactor systems such as reduced activation 
ferrite-martensite (RAFM) and oxide 
dispersion strengthened (ODS) RAFM 
steels were studied. Hydrogen and helium 
stabilize the small vacancy clusters and 
facilitate the further formation of the voids 
that causes the swelling of the structural 
steels. At the same time, hydrogen plays an 
important role in degradation of the 
mechanical properties of the structural 
steels due to the hydrogen embrittlement. 
Hydrogen and helium uptake and trapping 
were studied using thermal desorption 
analysis. The effect of hydrogen on tensile 
properties of the RAFM and ODS-RAFM 
steels was studied at room and elevated 
temperatures using unique instrument for 
hydrogen charging from glow discharge 
plasma. The role of non-metallic inclusions 
in hydrogen embrittlement was studied and 
possible mechanisms of the hydrogen-
induced fracture were discussed. 
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Abstract 
Significant amounts of hydrogen and helium are generated in the structural materials of the 

nuclear reactor systems by the interaction of the alloying elements with both fast and thermal 
neutrons. Hydrogen can also be effectively absorbed by other environmental processes. Helium 
and hydrogen stabilize the small vacancy clusters and facilitate the further formation of the 
voids that causes the swelling of the structural steels. At the same time, hydrogen plays an 
important role in degradation of the mechanical properties of the structural steels due to the 
hydrogen embrittlement (HE). In the thesis, the deleterious effects of hydrogen and helium are 
studied on the reduced activation ferrite-martensite (RAFM) and oxide dispersion 
strengthened (ODS) RAFM steels, which are promising materials for Gen IV nuclear reactor 
systems. 

Hydrogen and helium uptake in RAFM and ODS-RAFM steels are studied by thermal 
desorption spectroscopy (TDS) evidencing the higher hydrogen and helium concentration in 
ODS-RAFM steel after hydrogen charging and helium irradiation, respectively, than that 
observed in the base RAFM steel. Activation analyses for the hydrogen and helium desorption 
are performed using the obtained TDS curves. Possible role of the dispersoid phase of yttrium 
oxide nanoparticles in hydrogen and helium trapping is discussed. 

Mechanical properties of the RAFM and ODS-RAFM steels are studied in terms of their 
sensitivity to hydrogen embrittlement after electrochemical hydrogen charging at room 
temperature (RT). The obtained results evidence that there is a critical hydrogen concentration 
above which the ODS steel suffers from hydrogen embrittlement in form of intergranular 
fracture. 

The instrument for hydrogen charging from glow discharge plasma is developed and the 
suitable conditions of hydrogen charging were obtained experimentally. The mechanical 
properties of RAFM and ODS-RAFM steels are studied during continuous hydrogen charging 
using the developed hydrogen charging process instrument at room and elevated temperatures. 
Sensitivity to HE of the ODS steel is found to be less pronounced at elevated temperatures 
compared with that at RT, while the susceptibility to hydrogen of the matrix material remains 
approximately the same at all the testing temperatures. 

Hydrogen-induced cracking in the studied steels initiates preferably from non-metallic 
inclusions (NMI) such as chromium and tungsten carbide particles. Possible mechanism of 
hydrogen interaction with NMIs is discussed. 

Keywords hydrogen embrittlement, reduced activation ferrite-martensite steels, ODS steels, 
thermal desorption spectroscopy, fracture, non-metallic inclusions 

ISBN (printed) 978-952-60-6539-7 ISBN (pdf) 978-952-60-6540-3 

ISSN-L 1799-4934 ISSN (printed) 1799-4934 ISSN (pdf) 1799-4942 

Location of publisher Helsinki Location of printing Espoo Year 2015 

Pages 138 urn http://urn.fi/URN:ISBN:978-952-60-6540-3 





Tiivistelmä 
Aalto-yliopisto, PL 11000, 00076 Aalto  www.aalto.fi 

Tekijä 
Evgenii Malitckii 
Väitöskirjan nimi 
Vedyn ja heliumin vaikutus matala-aktiivisiin Fe-Cr ferriittis-martensiittisiin ja ODS teräksiin 
Julkaisija Insinööritieteiden korkeakoulu 
Yksikkö Koneenrakennustekniikan laitos 

Sarja Aalto University publication series DOCTORAL DISSERTATIONS 198/2015 

Tutkimusala Koneenrakennuksen materiaalitekniikka 

Käsikirjoituksen pvm 04.09.2015 Väitöspäivä 27.11.2015 

Julkaisuluvan myöntämispäivä 04.11.2015 Kieli Englanti 

Monografia Yhdistelmäväitöskirja (yhteenveto-osa + erillisartikkelit) 

Tiivistelmä 
Ydinreaktorin rakennemateriaaleihin seosaineiden ja nopeiden sekä termisten neutronien 

vuorovaikutuksessa muodostuu huomattavia määriä vetyä ja heliumia. Vety voi absorboitua 
tehokkaasti materiaaleihin myös muissa ympäristövaikutteisissa prosesseissa. Helium ja vety 
stabiloivat pieniä vakanssiryhmiä ja helpottavat tyhjän tilan muodostumista, joka aikaansaa 
teräksen turpoamista. Teräkseen absorboitunut vety johtaa mekaanisten ominaisuuksien 
heikkenemiseen vetyhaurauden seurauksena. Väitöskirjassa on tutkittu vedyn ja heliumin 
haitallisia vaikutuksia matala-aktiivisissa Fe-Cr ferriittis-martensiittisissa (RAFM) ja ODS 
RAFM teräksissä, jotka ovat lupaavia materiaaleja Gen IV ydinreaktorin 
rakennemateriaaleiksi. 

Vedyn ja heliumin loukkuuntumista RAFM ja ODS-RAFM teräksissä tutkittiin termisen 
desorptio spektroskopian (TDS) avulla. ODS-RAFM terästen vety- ja helium pitoisuudet vedyn 
sähkökemiallisen latauksen ja helium säteilytyksen jälkeen ovat korkeammat RAFM teräksiin 
verrattuna. Vedyn ja heliumin desorption aktivaatioanalyysi on tehty mitatuille TDS käyrille. 
Yttriumoksidi nanopartikkelien dispersion vaikutusta vedyn ja heliumin loukkuuntumiseen 
arvioidaan tulosten perusteella. 

Vetyhaurauden vaikutus RAFM ja ODS-RAFM terästen mekaanisiin ominaisuuksiin 
määritettiin sähkökemiallisen vetylatauksen jälkeen huoneenlämpötilassa. Tulokset 
osoittavat, että on olemassa kriittinen vetypitoisuus, jonka ylittäminen johtaa vedyn 
aiheuttamaan raerajamurtumaan. 

Tutkimuksessa suunniteltiin ja rakennettiin vedyn lataukseen plasmasta soveltuva 
erikoislaitteisto, jonka avulla voidaan aikaansaada kontrolloitu vedyn absorptio teräksiin myös 
korkeissa lämpötiloissa. Sopivat vetylatauksen parametrit määritettiin kokeellisesti. RAFM ja 
ODS-RAFM terästen mekaaniset ominaisuudet testattiin vetylatauksen aikana 
huoneenlämpötilassa ja korotetuissa lämpötiloissa in-situ kokeissa tällä laitteistolla. ODS 
teräkset ovat alttiimpia vedyn vaikutukselle huoneenlämpötilassa, mutta perusmateriaalin 
alttius vedyn vaikutukseen pysyy samana kaikissa tutkituissa lämpötiloissa. 

Vedyn aiheuttama murtuma ydintyy yleensä epämetallisista kromi- ja volframikarbidi 
partikkeleista. Tutkimuksessa arvioidaan vedyn ja epämetallisten partikkelien 
vuorovaikutusmekanismeja. 

Avainsanat Vetyhauraus, matala-aktiiviset ferriittis-martensiittiset teräkset, ODS teräkset, 
terminen desorptio spektroskopia, murtuminen, epämetalliset partikkelit 

ISBN (painettu) 978-952-60-6539-7 ISBN (pdf) 978-952-60-6540-3 

ISSN-L 1799-4934 ISSN (painettu) 1799-4934 ISSN (pdf) 1799-4942 

Julkaisupaikka Helsinki Painopaikka Espoo Vuosi 2015 

Sivumäärä 138 urn http://urn.fi/URN:ISBN:978-952-60-6540-3 





1

Acknowledgements

The thesis is based on the research work that was carried out at Aalto Universi-
ty School of Engineering Department of Engineering Design and Production
by  the  research  group  of  Engineering  Materials  during  2010-2015.  The  work
was partly supported by Doctoral Programme for Nuclear Engineering and
Radiochemistry YTERA in Finland. The studied materials were provided by
Forschungszentrum Karlsruhe Institute for Materials Research, which is grate-
fully acknowledged.

I would like to express my appreciation to my supervisor, Professor Hannu
Hänninen, for opportunity to be a part of the laboratory team, for his guidance
and valuable  advices.  I  must  say  how grateful  I  am to  my thesis  advisor,  Dr.
Yuriy  Yagodzinskyy,  for  his  great  support  in  the  research,  for  our  long-time
scientific discussions and invaluable experience.

In addition I wish to thank Dr. Maria Ganchenkova from National Research
Nuclear University in Moscow and Dr. Rainer Lindau from Karlsruhe Institute
of Technology, Institute for Applied Materials for effective collaboration.

I  must  thank  also  the  personal  of  the  Laboratory  of  Engineering  Materials
especially Tapio Saukkonen for useful lessons of SEM observations, Kim
Widell, Jari Hellgren, Janne Peuraniemi and Seppo Nurmi for their kind sup-
port in the experimental part of the research and Johanna Salmela for her help
in administrative issues.

Finally, I wish to thank my whole family especially my parents Tatiana and
Alexander and my brother Dmitry for their support.

Espoo, 4 September, 2015
Evgenii Malitckii





3

Contents

Acknowledgements.................................................................1

List of Publications ................................................................ 5

Author’s Contribution ........................................................... 7

Research Hypothesis and Original Features .......................... 9

List of Abbreviations ............................................................ 11

List of Symbols ..................................................................... 13

1. Introduction ................................................................ 15

1.1 Structural materials for Gen IV nuclear reactors .................... 15

1.1.1 ODS steels ................................................................ 17

1.2 Sources of hydrogen in structural materials of nuclear reactors
 .……………………………………………………………………………………..19

1.2.1 Transmutation source of hydrogen .......................... 19

1.2.2 Corrosion-generated hydrogen ................................ 20

1.2.3 Hydrogen from atmosphere......................................21

1.3 Hydrogen trapping in iron-based alloys ................................ 22

1.3.1 Trapping by voids .................................................... 23

1.3.2 Trapping by vacancies ............................................. 23

1.3.3 Trapping by second-phase precipitates and inclusions
 ………………………………………………………………………….24

1.3.4 Trapping by crystal lattice imperfections ................. 24

1.4 Experimental methods for investigation of hydrogen trapping
 ……………………………………………………………………………………..25

1.5 Hydrogen-induced cracking (HIC) ........................................ 28

1.5.1 Hydrogen-enhanced decohesion (HEDE) ................ 28

1.5.2 Hydrogen-enhanced localised plasticity (HELP)...... 30

1.5.3 Hydride formation and fracture ............................... 30

1.5.4 Adsorption-induced dislocation emission (AIDE) .... 30



4

1.5.5 Hydrogen-enhanced stress induced vacancy (HESIV)
mechanism ............................................................... 31

1.5.6 Recent investigation of HE ....................................... 31

1.6 Role of helium in structural steels of nuclear reactors ........... 33

2. Aims of the study.........................................................35

3. Experimental methods and techniques ....................... 37

3.1 Materials ...............................................................................37

3.2 Electrochemical hydrogen charging ....................................... 41

3.3 Hydrogen charging process instrument ................................ 42

3.4 Thermal desorption spectroscopy ......................................... 46

3.5 Mechanical tests ................................................................... 47

3.6 Microscopy ........................................................................... 49

4. Uptake and trapping of hydrogen and helium ............. 51

4.1 Hydrogen trapping in ferrite-martensite RAFM and ODS steels
 .............................................................................................. 51

4.2 Helium trapping in ferrite-martensite RAFM and ODS steels
 ………………………………………………………………………………………56

4.3 Hydrogen uptake from plasma .............................................. 58

5. Hydrogen effect on mechanical properties of ferrite-

martensite and ODS steels ................................................... 61

5.1 Constant extension rate tests (CERT)..................................... 61

5.2 Fractography and TEM microstructure investigation ............ 64

5.3 Hydrogen-induced crack nucleation and propagation ........... 69

5.4 Role of NMI in hydrogen-induced cracking in ODS steel....... 74

6. Conclusions ................................................................ 75

Bibliography ........................................................................ 77

Publication I ........................................................................ 85

Publication II ....................................................................... 91

Publication III ..................................................................... 99

Publication IV ..................................................................... 111

Publication V ....................................................................... 117

Publication VI .................................................................... 125



5

List of Publications

This doctoral dissertation consists of a summary and of the following publica-
tions which are referred to in the text by their numerals

I E. Malitckii, Y. Yagodzinskyy, M. Ganchenkova, S. Binyukova, H. Nän-
ninen, R. Lindau, P. Vladimirov, A. Moeslang. Comparative study of hydrogen
uptake and diffusion in ODS steels. Fusion Engineering and Design, Vol. 88,
pp. 2607-2610, 2013.

II Y. Yagodzinskyy, E. Malitckii, M. Ganchenkova, S. Binyukova, O. Emel-
yanova, T. Saukkonen, H. Hänninen, R. Lindau, P. Vladimirov, A. Moeslang.
Hydrogen effects on tensile properties of EUROFER 97 and ODS-EUROFER
steels. Journal of Nuclear Materials, Vol. 444, pp. 435-440, 2014.

III E. Malitckii, Y. Yagodzinskyy, M. Ganchenkova, T. Saukkonen, H. Hän-
ninen, R. Lindau, P. Vladimirov, A. Moeslang. Hydrogen uptake and its effect
on mechanical properties of EUROFER 97-2 and ODS-EUROFER steels. In
Proceedings of the 22nd International Conference on Structural Mechanics in
Reactor Technology (SMiRT 22), San Francisco, CA, USA, pp. 2486-2494,
2013.

IV E. Malitckii, Y. Yagodzinskyy, H. Hänninen. Hydrogen charging process
instrument. Fusion Engineering and Design, Vol. 100, pp. 142-145, 2015.

V E. Malitckii, Y. Yagodzinskyy, H. Hänninen. Hydrogen uptake from plas-
ma and its effect on EUROFER 97 and ODS-EUROFER steels at elevated tem-
peratures. Fusion Engineering and Design, DOI information:
10.1016/j.fusengdes.2015.05.049.

VI E. Malitckii, Y. Yagodzinskyy, H. Hänninen. Hydrogen-induced crack nu-
cleation in tensile testing of EUROFER 97 and ODS-EUROFER steels at ele-
vated temperature. Journal of Nuclear Materials, Vol. 466, pp. 286-291, 2015.



6



7

Author’s Contribution

Publication I: “Comparative study of hydrogen uptake and diffu-
sion in ODS steels”

The author has prepared the samples and run all the experimental work such
as hydrogen charging of the specimens and TDS measurements. The author
has also contributed in microstructure characterization and in activation anal-
ysis of the hydrogen release from the studied steels. The article has been partly
written by the author.

Publication II: “Hydrogen effects on tensile properties of EU-
ROFER 97 and ODS-EUROFER steels”

The preparation of the samples of the studied steels has been performed by the
author as well as their following hydrogen charging and tensile testing. The
author has also contributed in analysis of the obtained results.

Publication III: “Hydrogen uptake and its effect on mechanical
properties of EUROFER 97-2 and ODS-EUROFER steels”

The author has prepared the samples of the studied steels and performed ex-
periments of the hydrogen charging, TDS measurements and mechanical test-
ing. The author has performed the activation analysis of the hydrogen release
from the studied steels and contributed in characterization of the obtained
results. The author has also participated in fractography after tensile testing of
the specimens. The article has been written by the author.

Publication IV:  “Hydrogen charging process instrument”

The author was responsible for the development of the hydrogen charging pro-
cess instrument and experimental work including hydrogen charging and TDS
measurements. Surface morphology of the specimens has been studied by the
author using scanning electron microscopy. The author has analysed experi-
mental data and has written the article.

Publication V: “Hydrogen uptake from plasma and its effect on
EUROFER 97 and ODS-EUROFER steels at elevated temperatures”

The author has prepared the samples of the studied steels and performed ex-
periments of hydrogen charging, TDS measurements and mechanical testing.
Fractography of the fracture surfaces of the tensile tested specimens has been



Introduction

8

obtained by the author using scanning electron microscopy. The author has
contributed in analysis of the obtained results. The article has been written by
the author.

Publication VI: “Hydrogen-induced crack nucleation in tensile test-
ing of EUROFER 97 and ODS-EUROFER steels at elevated tempera-
ture”

Sample preparation, hydrogen charging and tensile testing of the studied
steels have been done by the author. The microscopy of the interiors of the
tensile tested specimens has been studied by the author using scanning elec-
tron microscopy. The author has contributed in analysis of the obtained re-
sults. The article has been written by the author.



9

Research Hypothesis and Original Fea-
tures

In the thesis, the hydrogen and helium uptake in advanced structural materi-
als  for  Gen  IV  nuclear  reactor  systems  such  as  reduced  activation  ferrite-
martensite  (RAFM)  and  oxide  dispersion  strengthened  (ODS)  RAFM  steels
were studied. The research hypothesis of the thesis is that the addition of dis-
persoid phase of yttria nanoparticles in the solid solution increases significant-
ly the hydrogen and helium uptake due to its trapping at the interfaces of the
nanoparticles. At the same time, hydrogen trapping by the nanoparticles may
decrease the hydrogen diffusion to hydrostatically stressed regions during ten-
sile testing preventing the hydrogen embrittlement.

Thermal desorption spectroscopy of the studied steels was carried out evi-
dencing that yttria nanoparticles act as considerable trapping sites for hydro-
gen and helium. The activation analyses were performed to distinguish the
nature of the hydrogen and helium trapping sites in the presence of the yttri-
um oxide nanoparticles. The binding energy of hydrogen trapped at the inter-
faces of the yttria nanoparticles has a broad distribution. The activation energy
of helium was calculated to be smaller in ODS steel compared to that of base
material evidencing that He/vacancy ratio or size of the helium filled bubbles
is smaller in the presence of dispersoid phase of the nanoparticles.

The  effect  of  hydrogen  on  tensile  properties  of  the  RAFM  and  ODS-RAFM
steels was studied first at room temperature using a well-known electrochemi-
cal method of hydrogen charging. Hydrogen has only minor effect on the yield
stress and tensile strength of the studied steels. At the same time, hydrogen
reduces markedly the elongation to fracture of the ODS steel, if its concentra-
tion exceeds a certain critical value which is between 12 and 33 wt. ppm.  Hy-
drogen after-effect on the tensile properties of the studied steels was tested at
elevated temperatures evidencing a positive impact of the dispersoid phase on
the  microstructural  stability  of  the  studied  ODS  steel  compared  with  that  of
the RAFM steel.

Tensile tests were performed during continuous hydrogen charging at ele-
vated temperatures. Hydrogen sensitivity parameters were calculated as a
function of testing temperature for both studied materials. ODS steel was
found  to  be  more  sensitive  to  hydrogen  embrittlement  at  RT  compared  with
the matrix material. The effect of hydrogen decreases with increase of the test-
ing temperature for the ODS steel, while susceptibility to hydrogen of its ma-
trix material remains approximately the same at all testing temperatures.
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Fractography of the fracture surface as well as microscopy of the interiors of
the tensile tested specimens were obtained for the studied steels in H-free and
H-charged  condition  using  scanning  electron  microscopy  (SEM).  Increase  of
the hydrogen concentration up to the critical value results in a different hydro-
gen embrittlement mode of the ODS steel: the brittle fracture areas change to
the ductile dimpled fracture mode.  At elevated temperatures the brittle frac-
ture areas are smaller in size than those observed at RT. Strengthening of the
ferrite-martensite steel suppresses significantly the hydrogen-induced second-
ary crack formation observed widely  in  RAFM steel  tested in  tensile  mode at
elevated temperatures during continuous hydrogen charging.

Transmission electron microscopy (TEM) examination was performed for
ODS steel specimens tensile tested in as-supplied condition and after electro-
chemical hydrogen charging. Partial decohesion of the yttria nanoparticles
from the ferrite matrix was observed in H-charged specimens.

Role  of  non-metallic  inclusions (NMI) in  hydrogen-induced cracking (HIC)
under applied external load was studied for RAFM and ODS-RAFM steels test-
ed at RT and elevated temperatures. Hydrogen-induced cracking in the stud-
ied steels initiates preferably from chromium and tungsten carbide particles.
At elevated temperature, the hydrogen-induced micro-cracks agglomerate in
sub-micrometer size cracks in RAFM steel, while the hydrogen-induced inter-
granular cracking in ODS-RAFM steel is effectively suppressed.

Unique instrument  for  hydrogen charging from glow discharge plasma was
developed. The original design of the ionizer allows to combine the instrument
with a loading device for in-situ hydrogen charging during mechanical testing
and heating to an elevated temperature. Suitable hydrogen charging parame-
ters were obtained experimentally for the studied steels.
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1. Introduction

The phenomena of hydrogen- and helium-induced degradation of mechanical
properties  of  the  structural  materials  for  nuclear  reactor  applications  were
extensively  studied  during  the  last  few  decades  [1-4].  The  effect  of  hydrogen
embrittlement  on  the  metallic  materials  was  discovered  already  in  1874  by
William H. Jonson [5]. Up to the second part of 20th century such phenome-
non was described basically by the stress corrosion cracking (SCC) mechanism
[6-8]. The ability of atomic hydrogen permeation of the iron crystal lattice dur-
ing the corrosion reaction was extensively studied first by Bodenstein in 1922
[9]. Step-by-step the impact of hydrogen in degradation of the mechanical
properties resulting in hydrogen-induced cracking (HIC) of the structural ma-
terials has been recognized [10, 11]. At the same time the different mechanisms
of the hydrogen embrittlement in structural materials were proposed such as
hydrogen-enhanced  decohesion  (HEDE)  [12,  13],  stress-induced  hydride  for-
mation and cleavage [14,  15],  hydrogen-enhanced localized plasticity  (HELP)
[16-18], adsorption-induced dislocation emission (AIDE) [19, 20, 21] and hy-
drogen-enhanced stress-induced vacancy (HESIV) mechanism [22-24]. At the
present the susceptibility of the structural materials to the hydrogen embrit-
tlement is one of the most important features especially in the field of the nu-
clear energy [25].

1.1 Structural materials for Gen IV nuclear reactors

Despite the Generation III nuclear reactors have just started to be deployed
the EU Department  of  Energy launched a  new program called Generation IV
Initiative.  Aims of the program involving enhanced safety and economic com-
petitiveness require the solution of the complicated tasks. The most critical
issue among the tasks is the proper choice of the structural materials for each
type of the Gen IV nuclear reactor systems. Taking into account the increase of
the core outlet temperature and high dose of the core internal structures of the
new reactor systems the candidate structural materials have been suggested as
shown in Table 1.1 [26, 27]. The austenitic stainless steels and Ni-base alloys
are the widely used materials for high temperature nuclear applications due to
their good creep resistance [28]. Both materials have also the common per-
formance limitations due to radiation-induced void swelling and phase insta-
bility at high neutron dose. However, their applicability is possible in nuclear
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power plant components, which suffer from the minimal radiation effects [29].
The melting temperature of the refractory metal alloys exceeds 2000 oC result-
ing in attractive high-temperature creep resistance, but their application is
limited because of poor oxidation resistance and low-temperature radiation
embrittlement [30]. Fabrication and joining difficulties are the common prob-
lem of refractory alloys, graphite and ceramics.

The modern reduced activation ferrite-martensite  (RAFM) steels  are  candi-
date materials for new generation nuclear reactor systems. Continuous devel-
opment and microstructural modifications of the ferrite-martensite steels in
the last sixty years significantly improved their high temperature strength and
resistance to induced radioactivity [31-36]. They also possess a high thermal
conductivity and low thermal expansion. Figure 1.1 shows the relatively low
susceptibility to radiation-induced volume change of the ferrite-martensite
steels compared with the austenitic stainless steels [32].  Already in 1970s the
high  chromium  (9-12%  Cr)  ferrite-martensite  steels  were  first  considered  for
application in core internal structures such as cladding, tube wrapper and duct
[37].

The operating temperature of the most Gen IV nuclear reactor systems such
as gas-cooled fast reactor (GFR), lead-cooled fast reactor (LFR), molten salt
reactor (MSR), sodium-cooled fast reactor (SFR), supercritical-water-cooled
reactor (SCWR) and very-high-temperature reactor (VHTR) is from 500 oC to
1000 oC [26]. With high irradiation dose it can result in microstructural evolu-
tion of the steels [38-42]. For instance, the Laves phase formation observed at
temperatures from 400 to 700 oC can cause an embrittlement of the 9-12%Cr
Cr-Mo steels [38-43].

Necessary properties of high-temperature stability were obtained for oxide
dispersion strengthened (ODS) ferrite-martensite steels. In 1987 the Japan
Nuclear Cycle Development Institute (JNC) first initiated the research and
development of the ODS ferrite-martensite steels as a promising material for
cladding in advanced fast reactors [44]. Mechanically alloyed RAFM steel with
addition of 0.3-0.5 wt% Y2O3 has  good  high  temperature  tensile,  creep  and
fatigue strengths [44-48]. Dispersoid phase of yttrium oxide nano-sized parti-
cles suppresses the dislocation climb and glide increasing strength of the alloy.
At the same time it stabilizes grain and dislocation structures. The nano-
particle/matrix  interfaces  act  as  considerable  trapping  site  for  hydrogen  and
helium  preventing  their  role  in  the  vacancy  agglomeration  and  formation  of
the voids [49-52, Publication I]. Corrosion resistance properties of the ODS
RAFM steels can be significantly improved by some addition of Al in the steels
[53,  54].  Nowadays the computer  technologies  are  widely  used for  modelling
and simulation of mechanical and microstructural properties of the ODS
steels. Thus, the thermodynamic model can be used to optimize the oxide-
dispersoid phase by controlling Ti, Y and O content [52]. Computation method
of Parametric Dislocation Dynamics (PDD) and the Boundary Element Meth-
od are useful for modelling the interaction between dislocations and precipi-
tates [55].



Introduction

17

Table 1.1.1. Summary of candidate structural materials for different Gen IV nuclear reactors [26,
27].

Reactor
system F-M steel Austenitic

SS
ODS
steel

Ni-base
alloys Graphite Refractory

alloys Ceramics

GFR P P P P - P P
LFR P P S - - S S
MSR - - - P P S S
SFR P P P - - - -
SCWR P P S S - - -
VHTR S - - P P S P

P – primary option, S – secondary option.

Susceptibility  of  the  structural  materials  of  the  Gen  IV  nuclear  reactor  sys-
tems to the hydrogen-induced degradation of the mechanical and microstruc-
tural properties is still under the study. Because reduced activation ferrite-
martensite steels and ODS steels are the preferable materials for high temper-
ature application in the most of new generation reactors, their sensitivity to
hydrogen embrittlement at elevated and high temperatures is an important
issue.

Figure 1.1.1 Swelling behavior of commercial ferritic/martensitic steels as compared to AISI 316
austenitic stainless steels after irradiation in EBR-II at 420oC and 80 dpa [32].

1.1.1 ODS steels

The procedure of a mechanical alloying and hot isostatic pressing (HIP) was
first patented and applied for manufacturing of the ODS ferritic steels in 1978
by Fischer [56].  The production process of the ODS steels is shown schemati-
cally  in  Fig  1.1.1.1.  Relatively  new  technique  of  spark  plasma  sintering  (SPS)
developed  first  in  1990  in  Sumitomo  Heavy  Industries  Ltd.  (Japan)  [57]  can
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also be used for  consolidating after  mechanical  milling.  The consolidation by
SPS produced almost fully recrystallized material without preferential orienta-
tion of the grains. However, residual porosity of ODS steels after SPS result in
reduction of ductility properties [58].

Figure 1.1.1.1 Production process of the ODS steels [44].

 The microstructural and mechanical properties of the nanostructured alloys
were extensively studied during the last decades. The research programmes
launched recently in USA, Japan and EU contribute significantly to the devel-
opment of the commercial and experimental ODS steels.

The outstanding mechanical properties of the ODS alloys originate from the
stabilized oxide nanostructures, which retard the dislocation motion resulting
in strengthening of the steels. Large nanoparticles of yttrium oxide with aver-
age  size  of  about  20  nm  are  non-coherent  with  the  matrix  due  to  the  amor-
phous shell that surrounds the crystalline core of the nanoparticle [59]. In this
case the dislocations are assumed to form expanding loops around the nano-
particles which cancel as in a Frank-Read source [60]. The dislocation contin-
ues motion after formation of the dislocation loop around the nanoparticle as
shown in Fig 1.1.1.2. The stress field caused by dislocation loop contributes in
additional resistance to the motion of the next dislocation. Discussed mecha-
nism of the dislocation-particle interaction was calculated to be energetically
favourable even for nanoparticles with mean size of about 2.1 and 2.3 nm ob-
served in ODS ferritic steel [61]. The complicated structure of the matrix of the
ferrite-martensite  ODS  steels  can  also  play  an  important  role  in  the  mecha-
nism of dislocation motion.
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Figure 1.1.1.2 Orowan’s mechanism for the movement of dislocations through a crystal contain-

ing precipitate particles [60].

1.2 Sources of hydrogen in structural materials of nuclear reac-
tors

1.2.1 Transmutation source of hydrogen

It  is  well  known fact  that  the neutron-induced transmutations result  in  for-
mation of  the hydrogen and helium in the structural  materials  of  the nuclear
reactors. Helium is formed into the steels during (n, α) transmutation reaction
if energy of the fast neutrons is above 4 MeV, while the hydrogen can be pro-
duced due to (n,  p)  reactions with threshold neutron energy of  about  1  MeV.
Because of the difference in the threshold neutron energy barrier of the trans-
mutation reactions the generated hydrogen has  concentration of  about  14-20
times  higher  than  that  of  the  generated  helium.  Approximately  the  same  gas
production  rates  of  hydrogen  and  helium  were  calculated  for  pure  iron  ex-
posed  to  high  neutron  flux  using  the  geometry  models  of  the  International
Fusion Materials Irradiation Facility (IFMIF), European Spallation Source
(ESS), Experimental Accelerator Driven System (XADS), Future Demonstra-
tion Power Reactor (DEMO) and fission reactors BOR-60 and High Flux Reac-
tor (HFR) [62, 63]. The major part of alloying elements of the structural steels
are able to produce the hydrogen and helium in some degree under the neu-
tron irradiation, but the reaction occurs preferably with the five isotopes of
natural nickel such as 58Ni, 59Ni, 60Ni, 61Ni and 62Ni [64]. Hydrogen production
cross sections of the nickel isotopes are shown in Figure 2.1.1 [65]. The accu-
mulated gases stabilize small vacancy clusters leading to bubble formation and
acceleration of the void swelling [66].
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Figure 1.2.1.1 Total hydrogen production cross sections for the nickel isotopes [65].

It is often assumed that hydrogen cannot be retained in the steel due to the
high diffusivity under the operation temperatures of the nuclear reactors, thus,
it does not contribute to degradation of the structural materials properties.
However,  the investigation of the He+ and H+ irradiation-induced swelling in
Fe-9Cr  model  alloy  manifests  that  the  dual  ion  (He++H+) irradiation at tem-
perature of  about  510oC results  in  ten times higher  volume change than that
after He ion irradiation [67]. Such a phenomenon called synergistic effect of H
and He evidences the deleterious influence of hydrogen on the iron-based al-
loys even at elevated temperatures. The analysis of the hydrogen concentration
in  irradiated  pure  nickel  at  temperatures  from  300  to  600oC  shows  also  the
significant concentrations of the accumulated hydrogen (see Fig 1.2.1.2) [65].

Figure 1.2.1.2 Calculated (dots) and measured (diamonds) hydrogen concentrations in pure
nickel after irradiation [65].

1.2.2 Corrosion-generated hydrogen

The structural materials for long-term operation in nuclear power plants must
have good corrosion resistance. In the presence of water the reaction of oxida-
tion of the bare metal surfaces results in formation of so-called corrosion-
generated  hydrogen  (see  Eq.  1.2.2.1).  With  increase  of  temperature  the  reac-
tion of oxidation is enhanced resulting in an increase of hydrogen generation.
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X (solid) + H2O (liquid) → XO (solid) + H2 (gas), 1.2.2.1

Gao and Conway [68] described the mechanism of hydrogen absorption due
to corrosion reaction in a few steps. First, the reaction goes with formation of
the chemical bonds between the surface and adsorbate. The chemisorption of
hydrogen results in its following diffusion from the surface to interstitial sites
of  the  metal  crystal  lattice.  Absorbed  hydrogen  atoms  diffuse  either  into  the
bulk or out to the surface of the material. H2 molecules are formed on the sur-
face  by  the  recombination  of  the  hydrogen  atoms.  The  hydrogen  absorption
flux was determined as [69]:

J = kadsθ – kdesCo, 1.2.2.2

where, kads and kdes – specific rate constants for adsorption and desorption
processes, Co –  concentration  of  hydrogen  dissolved  in  the  metal  at  the  sur-
face. θ – steady-state coverage on a corroding metal surface that strongly de-
pends on corroding metal and environment. Some corrosion reactions and
their calculated theoretical hydrogen fugacites are shown in Table 1.2.2.1 [70].

Table 1.2.2.1 Comparison of calculated hydrogen fugacity in different corrosion reactions in 100
cc/kg hydrogen in water [70].

Corrosion reaction Calculated H2 fugacity at 360oC (atm)
NiO (s) + 2Fe (s) + 4H2O (I) ↔ NiFe2O4 (s) + 4H2 (g) 6.4 x 10-2

Ni (s) + H2O (I) ↔ NiO (s) + H2 (g) 1.3 x 10-1

3Ni (s) + 2Fe3O4 (s) +4H2O ↔ 3NiFe2O4 (s) +4H2 (g) 3.0 x 100

Alloy 600 ↔ (Ni, Cr, Fe)O 1.0 x 101

3Fe (s) + 4H2O (I) ↔ Fe3O4 (s) + 4H2 (g) 3.5 x 103

Ni (s) + 2Cr (s) + 4H2O (I) ↔ NiCr2O4 (s) +4H2 (g) 4.4 x 108

2Cr (s) + 3H2O (I) ↔ Cr2O3 (s) +3H2 (g) 2.5 x 1011

However,  the  actual  hydrogen  fugacity  caused  by  corrosion  reaction  can  be
limited by kinetics and is transient as the bare metal re-oxidizes. The elevated
hydrogen concentration was also observed in the vicinity of stress corrosion
cracks that manifests of the corrosion-generated hydrogen [71-74].

1.2.3 Hydrogen from atmosphere

All  the  structural  steels  contain  the  hydrogen  in  some  degree  even  at  as-
supplied condition depending on hydrogen solubility features of the material.
Generally absorption of dissociated hydrogen from the atmosphere that is the
so-called dissociative chemisorption process occurs as follows [75]:

1.2.3.1

where, kapH2 – rate of adsorption from the gas phase to the molecular precur-
sor,  H+, pH2 – hydrogen gas pressure, kd – rate constant for desorption from
the precursor to the gas phase, k" - rate constant for desorption from the dis-
sociated  chemisorbed  state  to  the  molecular  state  and k' -  rate  constant  for
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adsorption from the precursor to the dissociated chemisorbed state. Following
the Sievert’s law the concentration of dissolved hydrogen atoms, CH can  be
calculated as:

CH = KS · (pH2)1/2, 1.2.3.2

where, KS –  the Sievert’s  constant  and pH2 is  the hydrogen pressure in  ther-
modynamic equilibrium. For instance, in ferrite (a-Fe) the solubility of hydro-
gen  at  pressure  of  1  bar  was  calculated  to  be  about  3x10-6 at  %,  but  with  in-
crease of the temperature up to 900oC the H solubility becomes about 1.6x10-2

at %. In austenite (γ-Fe) the H solubility at temperature of 900oC rises up to
2.3×10-2 at % [76]. Increase of the temperature will inevitably result in higher
hydrogen absorption.

The concentration of hydrogen absorbed from atmosphere is usually too low
to  affect  the  mechanical  properties  of  the  steels.  However,  many  other  envi-
ronmental processes such as radiolytic decomposition of water, direct injec-
tion of protons and equilibrium dissociation of water at elevated pressure can
contribute in the total hydrogen concentration of the structural materials lead-
ing the hydrogen-induced cracking, blistering, hydrogen-induced stress corro-
sion cracking etc.

1.3 Hydrogen trapping in iron-based alloys

The essential role of trapping on hydrogen diffusivity was recognized first by
Darken and Smith in 1949 [77]. Different imperfections of the steel structure
such as vacancies, dislocations, voids, impurities, interstitials and grain
boundaries act as trapping sites for hydrogen atoms.  The nature of the trap-
ping site effects significantly on permeability, solubility and diffusivity of the
hydrogen atoms. The equation proposed by McNabb and Foster describes the
diffusion of hydrogen in the presence of trapping sites [78]:+ 𝑁 = 𝐷∇ 𝐶 , 1.3.1

where, = 𝑘 𝐶(1 − 𝑛) − 𝑝𝑛, n – fraction of trapping sites occupied by hydro-

gen, kt and p –  rate  constants  for  the trapping and release  of  hydrogen from
the trapping sites, respectively, CH –  total  concentration  of  hydrogen  in  the
metal, NT – concentration of trapping sites and D is the diffusion coefficient of
hydrogen. Several classifications of the trapping sites were proposed. Theoreti-
cally, if the rate constants kt and p are very high, the trapped hydrogen atoms
can be in equilibrium with those diffusing through the metal. That sort of the
trapping sites are called reversible. On the other hand, if the rates are low and
the equilibrium is not achieved, the traps are called irreversible. The McNabb-
Foster equation predicts that a material containing reversible trapping sites
has the same hydrogen diffusion rate as a trap-free material. The impact of the
different  trapping  sites  of  a  metallic  material  on  the  hydrogen  mobility  de-
creases with increase of the temperature. One can assume the structural steels
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of the nuclear reactor operating at elevated and high temperatures may act,
probably, as the trap-free materials.

1.3.1 Trapping by voids

Heating of the pure iron in H2 atmosphere up to the temperatures just below
the  melting  point  and  following  quenching  results  in  some  amount  of  cracks
and voids filled, probably, with hydrogen molecular gas [79]. However, during
the H-charging procedure at room temperatures the hydrogen atoms were
found  to  be  trapped  most  likely  at  the  surface  of  the  small  voids  or  bubbles,
existing in the materials, without formation of H2 molecule [80]. In structural
materials  of  the  nuclear  reactors  the  bubbles  and  voids,  forming  under  the
high neutron irradiation, are, usually, filled with helium. It was shown by a
number of researchers that hydrogen is trapped preferably near or around the
helium-filled bubbles  due to  chemisorption-like  interactions at  the surface  of
the bubbles or to the stress surrounding the isolated bubbles [81, 82]. The
binding energy of the hydrogen atoms trapped at the helium-filled bubbles was
found to be from 0.7 eV to 0.9 eV that is high in comparison with other defects
and imperfections such as vacancy, dislocations etc. The value of binding ener-
gy of about 0.8 eV was obtained for deuterium trapped at 10 nm bubble walls
of  He-implanted  iron  [83].  In  the  structural  steels  the  hydrogen  can  be
trapped by the He-filled voids as well as by the cracks and any incoherent in-
clusions.

1.3.2 Trapping by vacancies

Vacancies and vacancy-impurity complexes are defects in the structural ma-
terials  caused  by  high  neutron  irradiation.  The  interaction  energy  of  the  hy-
drogen and deuterium trapped by mono-vacancy in iron was experimentally
found to be about 0.5 eV [84, 85]. The deuterium atom occupies the position
at half a lattice constant from the center of vacancy toward the nearest neigh-
bour atom. The impurities can significantly increase the binding enthalpies of
the trapped hydrogen and deuterium due to formation of the vacancy-impurity
complexes. Thereby, in pure iron implanted with yttrium the binding enthalpy
of  deuterium trapped by Y – vacancy complex is  1.4  eV [84].  This  fact  is  im-
portant for characterization of the hydrogen behaviour in ODS steels strength-
ened with addition of  Y2O3 dispersoid phase.  The role  of  oxygen in  hydrogen
trapping was studied theoretically by modelling of the interaction between
hydrogen atoms and O – vacancy complex. The binding energy in the presence
of oxygen was found to be 0.66 eV [86]. Titanium as alloying element of ODS
steels results, usually, in formation of Y2TiO5 and  Y2Ti2O7 nano-sized disper-
soid phase [44]. Both the theoretical and experimental studies of the hydrogen
interaction with Ti – vacancy complex do not show any significant increase in
its binding energies that is approximately the same as that of the mono-
vacancy. The maximum concentration of the hydrogen trapped by vacancies
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and its complexes in an ideal ODS steel was calculated to be about 22 wt. ppm
using a theoretical approach [86].

1.3.3 Trapping by second-phase precipitates and inclusions

The  hydrogen  can  be  trapped  by  the  second-phase  precipitates  and  inclu-
sions in the different ways:

 If the hydrogen solubility in a second-phase is higher than that in the
matrix;

 If the inclusion/matrix interface acts as a considerable trapping site;
 If the different coefficients of thermal expansion of the precipitate and

matrix  result  in  formation  of  voids  and/or  micro-cracks  surrounding
the precipitate during the heat treatment.

Thus, the binding energy of the hydrogen trapped at carbide/matrix interfaces
observed in  Fe-Cr alloy  (7  – 9.4  wt% Cr)  was found to  be  about  0.7  eV [87].
However,  with  decrease  of  the  particle  size  the  particle/matrix  interface  can
transform to coherent or semicoherent shell.  Such behaviour was observed in
Fe-16Cr-4Al-2W-0.3Ti-0.3Y2O3 designated as K3 ODS steel, where Y4Al2O9

complex oxides with diameter less than 10 nm associated with 2 to 30% of the
coherent  strain  [59].  The  binding  enthalpy  of  the  hydrogen  trapped  at  the
amorphous shell of the yttrium oxide nanoparticles was experimentally found
to be about 0.48 eV [Publication III, 88].

Stepanov et al. [89] evidence that the yttrium can trap the hydrogen from H2

atmosphere  at  very  low  pressure  of  about  10-5 mbar  forming  a  new  phase  of
yttrium dihydride YH2 with  an  face-centered  cubic  (fcc)  lattice.   The  yttrium
dihydride is a stable structure, but with increase of the hydrogen pressure up
to 1 mbar it transforms to YH3 phase. The crystal structure of YH3 is hexagonal
close packed (hcp) with hydrogen atoms occupying the interstitial positions
[90]. However, it is not obvious how the yttrium oxide nanoparticles interact
with hydrogen at elevated or high temperatures. Highly electronegative atoms
of oxygen of the Y2O3, YAlO3 or Y4Al2O9 can theoretically interact with hydro-
gen. Thus, in some cases, the hydrogen can probably form the bonds with oxy-
gen from yttrium oxides of the ODS steels changing their physical properties
or resulting in breaking of the oxide bonds [91].

1.3.4 Trapping by crystal lattice imperfections

The binding enthalpies of the hydrogen trapped in pure iron by other imper-
fections  and  defects  are  summarized  in  Table  1.3.3.1  [92-94].  The  impact  of
dislocations on hydrogen trapping seems to be very small due to the relatively
low binding energy and recovery process that inevitably decreases their
amount at the operation temperatures of the Gen IV nuclear reactor systems.
Hydrogen trapping by interstitials or substitutional atoms is also improbable
in iron or iron-based alloys. One can assume that the dislocations and imper-
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fections caused by interstitial and substitutional atoms are reversible trapping
sites in this particular case.

Table 1.3.3.1 Estimated binding enthalpies of hydrogen with defects in iron [92-94].

Trapping site Binding enthalpy, eV
Dislocation 0.28
Interstitials 0.04
Interstitial carbon 0.03
Substitutionals Ni 0.08

Mn 0.09
Cr 0.1
V 0.16
Ti 0.27

1.4 Experimental methods for investigation of hydrogen trapping

There  are  a  number  of  methods  for  investigation  of  the  hydrogen  trapping
behaviour in metals and alloys such as thermodynamic measurements, gas
permeation or long-range diffusion method, tritium autoradiography, magnet-
ic and mechanical relaxation and thermal desorption methods. The thermal
desorption  spectroscopy  (TDS)  is  the  most  efficient  method,  which  allows  to
study  the  hydrogen  trapping  as  well  as  the  hydrogen  uptake  of  the  different
metals  and  alloys.  As  the  specimen  is  heated  the  energy  transfer  causes  the
hydrogen  atoms  detrapping  and  diffusion  toward  the  surface.  Following  re-
combination  of  the  hydrogen  and  its  desorption  results  in  an  increase  of  the
partial  pressure within the ultra-high vacuum (UHV) chamber of  known vol-
ume. The hydrogen desorption rate can be determined using Equation 1.4.1
proposed  by  Smith  [95]  for  a  fixed  volume  of  UHV  chamber  and  pumping
speed, 𝐹 = 𝑉 + 𝐹 , 1.4.1

where, Fd – desorption rate from the specimen, V – volume of the UHV cham-
ber, pH2 – hydrogen partial pressure, and Fp is the pumping speed of the turbo-
molecular pump. Applying the certain heating rate the spectrum of hydrogen
desorption rate dependency on the temperature of the specimen can be ob-
tained.  The  shape  of  the  desorption  peak  depends  on  the  hydrogen  trapping
behaviour,  while  its  amplitude  shows  indirectly  the  amount  of  solute  hydro-
gen. Hong and Lee proposed that the area under the thermal desorption spec-
trum is proportional to the amount of dissolved hydrogen [96]. The hydrogen
transport  in  the  bulk  of  the  metal  specimen  under  the  applied  heating  is  a
complicated process consisting of three separate steps, which can be evaluated
using the rate equations of detrapping, diffusion and desorption of the hydro-
gen:
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= 𝛾 exp −        (detrapping); 1.4.2

𝐷 = 𝐷  exp −      (diffusion); 1.4.3= 𝐴 exp −      (desorption), 1.4.4

where, kd, kt, kdes and kads are the rate constants for detrapping, trapping, de-
sorption and adsorption, respectively. 𝛾 and A are the pre-exponential factors
for the change in free energy of hydrogen during the process of detrapping and
desorption,  respectively.  Because  the  change  of  free  energy  of  the  hydrogen
atoms during the diffusion process is relatively low the pre-exponential factor
Do is assumed to be material constant. The schematic interpretation of the
hydrogen binding energy, Eb, diffusion energy, Em,  and energy of  desorption,
Echem, is shown in Figure 1.4.1. The hydrogen detrapping activation energy can
be evaluated as a sum of diffusion and binding energy of hydrogen. The com-
plicated  shape  of  the  thermal  desorption  spectra  of  the  hydrogen  release  is
assumed to be caused by different detrapping activation energies from corre-
sponding trapping states of the testing material.  This assumption lies in back-
ground  of  a  number  of  theoretical  models  used  to  determine  the  detrapping
activation  energy  of  the  hydrogen  atoms  and  its  effective  diffusion  using  the
TDS measurements [97, 98].

Figure 1.4.1. Potential energy diagram of the hydrogen detrapping activation energy, Ea, bind-
ing energy, Eb, diffusion energy, Em, and energy of desorption, Echem.

A solution for the net desorption of hydrogen from a bulk specimen was de-
veloped by Ono and Meshii [99] considering the rates of detrapping and diffu-
sion as the rate-controlling process. An approximate desorption rate equation
was expressed as: = −𝛼 𝐷 (𝐶 − 𝐶 ), 1.4.5

where, CL is the lattice hydrogen concentration, CH is the total hydrogen con-
centration, Co is  the thermal  equilibrium concentration of  hydrogen, α is  the
lowest order eigenvalue that satisfies the boundary conditions for a semi-
infinite plate of thickness 2d heated at  a  constant  thermal  ramp rate  (dT/dt)
and De is effective diffusivity. Equation 1.4.5 can be modified:
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∆∆ = 𝐷 𝑒𝑥𝑝 − 1 + 𝑒𝑥𝑝 ∙ 𝐶 , 1.4.6

to  model  the  desorption  of  bulk  absorbed  hydrogen  from  multiple  trapping
sites  of  equal  binding  energy. NL and NT are the lattice interstitial sites and
available trap site concentrations, respectively.

As it was mentioned above, the shape of the thermal desorption spectrum is
much  more  complicated  than  a  single  Gaussian  curve  due  to  contribution  of
the several trapping states of the different binding energies. The nonlinear
curve-fitting  equations  [100]  can  be  used  to  simulate  the  detrapping  and  re-
trapping of hydrogen from metallurgical trapping states that allows to find the
total number of trapping states as well as the amount of hydrogen trapped at
each state. Worth to note is that the majority of the proposed numerical mod-
els consider each trapping state separately without consideration of the poten-
tial detrapping of hydrogen between the trapping sites of the different binding
energies. Also, the different metallurgical defects with the close hydrogen
binding energies cannot be distinguished separately. A more rigorous mathe-
matical model was developed by Turnbull et al. [101] which takes into consid-
eration the diffusion, detrapping and retrapping at one or more trapping
states.

Earlier investigation of reaction kinetics in differential thermal analysis per-
formed by Kissinger [102] showed that the most reactions of type solid → solid
+ gas can be described by an equation:𝑑𝑥𝑑𝑡 = 𝐴(1 − x)  𝑒𝑥𝑝 − 𝐸𝑅𝑇 1.4.5

where, dx/dt is  the  rate  of  reaction, x is  the  fraction  reacted, A is the pre-
exponential constant, i is the empirical order of the reaction, T is the tempera-
ture in Kelvin, and R is the ideal gas constant. The equation demonstrates that
as the reaction proceeds with an increase of temperature the reaction rate
dx/dt will rise to a maximum value and then return to zero. In order to make
possible the determination of the detrapping activation energy, Ea, Equation
[1.4.5] was modified by Murray and White [103] to the widely used expression:𝑑 𝑙𝑛 𝑑𝑇/𝑑𝑡𝑇𝑑 1𝑇 = − 𝐸𝑅 1.4.6

where, dT/dt is the heating rate, Tm is the temperature of the peak maximum,
and Ea is the effective activation energy. Using the thermal desorption spectra
obtained at different heating rates the relationship ln ((𝑑𝑇/𝑑𝑡)/𝑇 ) 𝑣𝑠 (1/𝑇 )
can be plotted as line with a slope −𝐸 /𝑅 [103]. However, the best approxima-
tion can be achieved only if the binding energy of the trap is much higher than
the activation energy of diffusion.
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1.5 Hydrogen-induced cracking (HIC)

Different mechanisms of the hydrogen embrittlement in structural materials
were  proposed  such  as  hydrogen-enhanced  decohesion  (HEDE)  [12,  13],
stress-induced hydride formation and cleavage [14, 15], hydrogen-enhanced
localized plasticity (HELP) [16-18], adsorption-induced dislocation emission
(AIDE) [19, 20] and hydrogen-enhanced stress-induced vacancy (HESIV)
mechanism [19-24].

1.5.1 Hydrogen-enhanced decohesion (HEDE)

Decohesion is usually associated with a simple sequential tensile separation of
atoms when a critical crack-tip-opening displacement is reached. Some dislo-
cation activity may accompany the decohesion events. High concentrations of
hydrogen  may  contribute  in  the  decohesion  events  that  occur  at  a  variety  of
locations as shown in Fig. 1.5.1.1 [21].

Figure 1.5.1.1 Schematic diagrams illustrating the HEDE mechanisms, involving tensile separa-
tion of atoms owing to weakening of interatomic bonds by (i) hydrogen in the lat-
tice, (ii) adsorbed hydrogen and (iii) hydrogen at particle-matrix interfaces [21].

Decohesion  at  grain  boundaries  can  originate  at  or  ahead  of  the  crack  tips
due  to  hydrogen  trapped  at  specific  sites,  and  the  bond  weakening  can  be
caused by both hydrogen and metalloid-impurity segregation [21].

The most probable reason of intergranular SCC observed in PWRs is hydro-
gen-induced loss of grain boundary cohesion that can be considered as an as-
pect of impurity-induced embrittlement. It is well known fact that the segrega-
tion of the certain impurities at the grain boundaries can decrease significantly
the cohesive strength between the interfaces of GBs. Such metalloid and non-
metallic elements as Si, P, S, Sn, Sb etc. cause the intergranular embrittlement
in steels [108]. The mechanism of intergranular crack nucleation and propaga-
tion in the presence of impurities segregated at grain boundaries has been
proposed  by  Kameda  and  McMahon  as  it  is  shown  schematically  in  Figure
1.5.1.2 [109]. In the region ahead of the tip of the notch the high stress affected
zone occurs leading the nucleation of the micro-crack from a hard particle. At
a given impurity level an appropriate applied stress is required to proceed the
micro-crack growth from its  nucleus.  With decrease of  impurity  level  the mi-
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cro-crack decelerates and applied energy is spent for emission of dislocations
from the tip of the micro-crack. The higher the impurity level, the lower stress
is required for crack nucleation and propagation. The similar mechanism of
the hydrogen-induced decohesion was proposed by Oriani in his theory of hy-
drogen embrittlement, which postulates that the stress-affected zone in the
vicinity of the crack tip lowers significantly the chemical potential of dissolved
hydrogen increasing its concentration and decreasing, consequently, the max-
imum cohesive energy between the atoms [13].

Figure 1.5.1.2 Schematic presentation of the model of intergranular crack nucleation and prop-
agation [109].

The  cooperative  effect  of  hydrogen  and  impurities  segregated  at  the  grain
boundaries of high-strength NiCrMoV nuclear pressure vessel HY 130 steel
was studied by Yoshino and McMahon [110]. They tested quenched and step-
cooled samples  in  tension in  an H2SO4 solution. In the presence of hydrogen
the quenched sample containing no impurities segregated at grain boundaries
failed transgranularly, while the step-cooled sample failed by intergranular
fracture mode. They concluded that the concentration of hydrogen in the large
hydrostatic-stress region at the tip of the crack results in a significant reduc-
tion of the cohesive strength of grain boundaries (see Figure 1.5.1.3).

Figure 1.5.1.3 Schematic view of additive effect of hydrogen on intergranular separation in iron
[110].
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1.5.2 Hydrogen-enhanced localised plasticity (HELP)

HELP theory was first  proposed by Beachem [111]  who suggested that  solute
hydrogen localised near  crack tips  due to  hydrostatic  stresses  or  entry  of  hy-
drogen at crack tips facilitates dislocation activity and localisation of defor-
mation near crack tips. Then, sub-critical crack growth occurs by a highly lo-
calised microvoid coalescence as shown in Fig. 1.5.2.1 [21].

Figure 1.5.2.1 Schematic diagram illustrating the HELP mechanism, involving a microvoid-
coalescence process, with plasticity localised and facilitated in regions of high hy-
drogen concentrations [21].

Crack path can be transgranular  or  intergranular  depending on whether  lo-
cally high hydrogen concentrations are present within grain interiors or adja-
cent to grain boundaries [21].

1.5.3 Hydride formation and fracture

The mechanism of HE is based on the assumption that hydrogen diffusing to
regions of high hydrostatic stress ahead of crack tips results in formation of a
hydride phase. The nucleation and growth of the hydride phase occurs only at
a certain temperature and strain-rate regime [112, 113]. After the hydride
reaches a critical size, brittle fracture propagates by cleavage as shown in Fig.
1.5.3.1.

Figure 1.5.3.1 Schematic diagram illustrating sub-critical crack growth involving hydrogen diffu-
sion to hydrostatically stressed regions, then formation and fracture of a brittle
hydride at a crack tip [21].

1.5.4 Adsorption-induced dislocation emission (AIDE)

Clum proposed first that adsorption of hydrogen may facilitate dislocation
nucleation  at  surfaces  of  the  crack  tip  [19].  Once  nucleated,  dislocation  can
readily move away from the crack tip under the applied stress [21]. Weakening
of  interatomic bonds by adsorbed hydrogen can facilitate  the nucleation pro-
cess that consists of the simultaneous formation of a dislocation core and sur-
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face step by co-operative shearing of atoms over several atomic distances.
Stresses required for dislocation emission are sufficiently high that result also
in nucleation and growth of voids at second-phase particles, slip-bands inter-
sections or other sites in the plastic zone ahead of the cracks as shown in Fig
1.5.4.1 [20, 21].

Figure 1.5.4.1 Schematic diagram illustrating the adsorption-induced dislocation emission
(AIDE) mechanism for HE, which involves crack growth by alternate slip from
crack tips, facilitating coalescence of cracks with voids formed in the plastic zone
ahead of cracks [20, 21].

The  brittle  crack  propagates  at  lower  strains  and  smaller  dimples  are  pro-
duced on fracture surfaces when AIDE mechanism occurs compared with that
in ductile fracture. Crack paths can be transgranular or intergranular depend-
ing on where dislocation emission and void formation occurred most easily
[21].

1.5.5 Hydrogen-enhanced stress-induced vacancy (HESIV) mechanism

HE may be primarily the result of a high concentration of vacancies ahead of
the crack tip  caused by hydrogen-induced reduction of  energy of  the vacancy
formation [105, 80]. Hydrogen can also stabilise vacancies produced by dislo-
cation-dislocation interactions contributing to the total concentration of va-
cancies  in  the vicinity  of  the crack tip  [106,  80].  Vacancy agglomeration may
occur leading to nano-void formation, void-growth and their coalescence that
facilitate the crack nucleation and propagation [107]. Vacancies can also facili-
tate dislocation-climb and cross-slip, and reduce strain-hardening promoting
strain localisation [21].

1.5.6 Recent investigation of HE

Recent investigation of the hydrogen-induced cracking of iron using the first-
principles  calculations  shows  that  the  segregation  of  hydrogen  atoms  causes
the strong reduction (70-80%) of the grain boundary cohesive energy even at a
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very  low  hydrogen  concentration  [114].  The  obtained  results  are  in  good
agreement with experimental study performed earlier [110, 115]. In austenitic
and ferritic/martensitic low-alloy steels the discussed mechanism of inter-
granular  hydrogen-induced  cracking  (IGHIC)  under  an  applied  external  load
caused by hydrogen-enhanced decohesion (HEDE) is accompanied with en-
hanced cavity formation at second-phase particles. The phenomenon was re-
cently  studied  by  Novak  et  al.  [116]  using  the  model  based  on  a  quantitative
mechanics description, characterizing how hydrogen affects the local stress-
controlled fracture events. Their model is based on theory of hydrogen-
enhanced localized plasticity (HELP) proposed by Birnbaum and Sofronis [17].
According to the theory the hydrogen can form atmospheres around the dislo-
cations leading to  the reduction of  required applied stress  to  move a  disloca-
tion  with  hydrogen  atmosphere.  The  strain  localization  occurs,  leading  to  a
formation of numerous microscopic voids and shearing action that, conse-
quently, results in macroscopically brittle fracture. Novak et al. postulate that
the carbide/matrix interfacial and grain boundary decohesion under an ap-
plied external load can be a result of piling up the dislocations with hydrogen
atmospheres against a grain boundary or/and carbide particles (see Fig.
1.5.6.1). IGHIC and enhanced cavity formation at the second-phase particles is
associated with a synergistic interplay of both HELP and HEDE mechanisms.

Figure 1.5.6.1 Schematic view of piling up dislocations impinging grain-boundary carbide lead-
ing to the carbide/matrix decohesion and in IGHIC. Blue circles are associated
with hydrogen atoms trapped by dislocation, green circles – hydrogen trapped by
carbide/matrix interface and red circles – hydrogen in interstitial lattice sites [116].

The precipitation of the second-phase nanoparticles may differently affect
the mechanical properties and crack initiation in the presence of hydrogen
depending on their size, shape and distribution in the matrix of the steel. The
effect  of  hydrogen  on  tensile  properties  of  several  RAFM  ODS  steels  was  ex-
tensively studied during the last decade evidencing their significant suscepti-
bility to hydrogen embrittlement at room temperature. However, the hydro-
gen-induced brittle fracture was observed only for certain hydrogen concentra-
tion  bellow  which  the  fracture  surface  is  fully  ductile  evidencing  a  threshold
effect [117, Publication II]. The hydrogen trapped in ODS steel in certain
amount changes its tensile fracture mode from ductile dimpled to brittle inter-
granular leading to a significant reduction of elongation to fracture. The inter-
granular hydrogen-induced fracture of ODS steels is associated with HEDE
mechanism leading to grain boundary decohesion, however, the role of nano-
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particles in HIC is still under discussion. The fracture mechanism of ODS
steels  at  elevated  and  high  temperatures  in  the  presence  of  hydrogen  is  un-
known.

1.6 Role of helium in structural steels of nuclear reactors

One of the most important problem in designing of the advanced reactor steels
is to provide a considerable resistance to the helium-induced swelling. Accord-
ing to the rate theory of the swelling in irradiated materials, the radial growth
rate of the helium-filled voids is controlled by both the excess vacancy flux and
the helium gas pressure from the number of helium atoms in each cavity [118].
Increase of the excess vacancy flux and number of helium atoms in each cavity
in the material exposed to the high-energy neutron environment can result in
a  decrease  of  the  critical  cavity  radius  above  which  rapid  cavitation  swelling
occurs  [59].  Typically,  all  alloying  elements  of  structural  steels  can  produce
helium during neutron irradiation with energies above 4 MeV. However, the
highest amount of helium is generated from the five isotopes of natural nickel
(see Fig. 1.6.1) [65] which are present in the majority of the steels.

Figure 1.6.1 Total helium production cross section for the nickel isotopes [65].

Main idea of developing of the ODS steels for radiation tolerance or swelling
resistance is that the beginning of the swelling can be effectively delayed by the
fine distribution of a high density of the helium-filled cavities at the fine dis-
persed oxide nanoparticles reducing the number of helium atoms for each cav-
ity  and  preventing  the  rapid  growth  of  the  voids.  The  cavity  number  density
required for  substantial  swelling resistance was found by Mansur and Lee to
be  5  ×  1012 m-3 [119].  According  to  their  theoretical  calculation,  7.5  ×  103 at.
ppm of  helium can be absorbed without  swelling during 30 years  of  750 dpa
neutron irradiation if the cavity number density is about 5 × 1012 m-3.

A multiscale modelling methodology is applied by implementing density
functional theory (DFT) and molecular dynamics (MD) to obtain the energet-
ics and state of He, Fe-He and He-V clusters in pure iron. The simulations
show that interstitial helium jumps into vacant lattice sites becoming substitu-
tional with a large binding energy forming a stable He-V cluster [118]. DFT has
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shown the small  He-V clusters  with up to  four  helium atoms initiate  the for-
mation of helium-filled bubble in initial vacancy-free lattice [121, 122]. The
binding energy of helium trapped in a vacancy cluster is found to be independ-
ent  on the cluster  size,  but  it  depends on the helium to vacancy (He/V) ratio
[120]. The binding energy increases with increase of the He/V ratio. DFT cal-
culation for the small helium bubbles with 1.3 He/V ratio obtained a dissocia-
tion energy of about 2.6 eV [123]. MD simulations predict the dissociation en-
ergy of about 3.6 eV for 1.8 He/V ratio [120]. With increase of the He/V ratio
(He/V > 10) the pressure of the helium in the bubble grows resulting in spon-
taneous creation of vacancies due to reduction of their formation energy [124].



35

2. Aims of the study

The  present  research  was  targeted  to  two  aims.  The  first  one  is  to  study  the
hydrogen  and  helium  uptake,  diffusion  and  trapping  as  well  as  hydrogen  ef-
fects on mechanical properties of some ferrite-martensite and oxide dispersion
strengthened (ODS) steels which are considered as candidate structural mate-
rials for Gen IV nuclear reactors. The role of dispersoid phase in hydrogen and
helium trapping is studied.

The mechanism of the hydrogen-induced crack nucleation and propagation
in the studied steels during tensile testing at ambient and elevated tempera-
tures  is  also  in  the  focus  of  the  study.  The  effect  of  dispersoid  phase  on  the
mechanism of the hydrogen-induced cracking at ambient and elevated tem-
peratures is analysed.
The second aim consists of development of the new experimental technique
and method for  mechanical  testing of  the studied materials  with their in-situ
hydrogen charging from the gas mixture plasma at elevated and high tempera-
tures.
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3. Experimental methods and tech-
niques

3.1 Materials

The research is based mainly on the comparative study of a reduced activation
ferrite-martensite steel and its oxide dispersion strengthened variant which
are considered as candidate structural materials for application in the high
temperature zone of Gen IV nuclear reactors. The RAFM EUROFER 97 and
ODS-EUROFER steels were manufactured and provided by For-
schungszentrum Karlsruhe Institute for Materials Research in the form of hot-
rolled plates with size of about 100×70×6 mm [47]. The ODS-EUROFER steel
was mechanically  alloyed with addition of  0.3  wt% Y2O3 and consolidated by
hot isostatic pressing (HIP).

The microstructural features of the EUROFER 97 and ODS-EUROFER steels
were studied using a FEI Tecnai 20 F microscope (200 kV, field emission gun)
equipped with a high angle annular dark field (HAADF) detector. Figure 3.1.1
shows the TEM micrographs of the studied steels. Grain structure of the both
studied steels is elongated in the rolling direction with the mean grain size of
about  1  μm.  Chromium  and  tungsten  carbide  particles  were  found  to  be  dis-
tributed on the grain boundaries of both studied materials. The yttrium oxide
nanoparticles  are  distributed  homogeneously  over  the  grain  interiors  of  the
ODS-EUROFER steel with mean density of about 1 × 1022 m-3. The particle size
distribution graph shown in Fig. 3.1.2 has the maximum at 25 nm for yttrium
oxide nanoparticles in ODS-EUROFER steel, while the chromium and tung-
sten carbides have the mean size of about 100 nm in both steels.

In  addition  to  yttria  and  chromium  and  tungsten  carbide  particles  non-
metallic  inclusions (NMI) of  Cr,  Ti,  and V oxides  were found in  both studies
steels. The amount of oxide particles in ODS-EUROFER steel was found to be
markedly higher than that in EUROFER 97 steel. Figure 3.1.3 shows the com-
plex oxide particles which form planar stringers embedded parallel to the roll-
ing plane of the ODS-EUROFER steel plate. Also, energy-dispersive X-ray
spectroscopy (EDS) maps manifest that the oxides do not contain yttrium and
grow, apparently, in the course of the steel processing at the expense of oxygen
from the Y2O3 nanoparticles. The segregations of the NMIs were observed only
in ODS-EUROFER steel, while in EUROFER-97 steel the NMIs are distributed
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homogeneously as shown in Fig. 3.1.4. Distance between the NMIs segregation
zones is from 10 to 20 μm.

Hydrogen and helium interactions with RAFM EUROFER 97 and ODS-
EUROFER steels were studied in comparison with ferrite-martensite EP450
steel and oxide dispersion strengthened PM2000 and EP450-ODS steels.
PM2000 and EP450-ODS steels were manufactured using mechanical alloying
and consolidated by HIP. EP450, EP450-ODS and ODS-EUROFER steels were
provided by National Research Nuclear University of Moscow after He irradia-
tion with ion flux of about 5 × 1020 m-2 and ion energy of about 40 keV at tem-
perature of 20 oC. The chemical composition of all the studied steels is shown
in Table 3.1.1.

Microstructure of PM2000, EP450 and EP450-ODS steels was studied by
TEM and SEM microscopy [Publication I] (see Fig. 3.1.5). Grain size of
PM2000 and EP450-ODS steels  was found to  be  about  1  μm. In EP450 steel
the grain size varies from 1 to 30 μm. The mean size of the nanoparticles ob-
served in PM2000 and EP450-ODS steels is about 2 times smaller than that in
ODS-EUROFER steel. EDS element analysis evidences that NMIs with size of
about  hundred  nanometers  observed  in  PM2000  steel  are  aluminium  oxide
and  titanium  carbide  particles,  while  in  EP450-ODS  steel  Al/Ti  oxides  and
niobium carbide particles were observed.

Figure 3.1.1 TEM micrographs of EUROFER 97 (a) and ODS-EUROFER (b) steels. Yttrium
oxide nanoparticles are shown in the insert.

Figure 3.1.2 Nanoparticle size distribution for ODS-EUROFER steel.
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Figure 3.1.3 EDS maps of the middle plane segregations observed in the ODS-EUROFER steel
[Publication II].

Figure 3.1.4 SEM micrographs of ODS-EUROFER (a) and EUROFER-97 (b) steels.

a b
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Figure 3.1.5 SEM micrographs of EP450 (a) and EP450-ODS (b) steels.

Figure 3.1.3 EDS element analysis of the NMIs of EP450-ODS (a, b) and PM2000 (c, d) steels.

Table 3.1.1 Chemical composition of RAFM EUROFER 97, EP450, ODS-EUROFER, PM2000
and EP450-ODS steels, wt%.

C Si Mn Cr Ni Mo Al W V Ti Co Nb B P

ODS-EUROFER* 0.086 0.03 0.39 9.2 0.02 0.0056 0.003 1.14 0.1965 <0.003 0.0036 - -
40-50
ppm

EUROFER 97 0.11 0.03 0.55 8.95 0.013 <0.005 0.009 1.06 0.202 <0.003 0.004 - -
40-50
ppm

PM2000** 0.017 0.01 0.09 19.3 0.03 0.08 4.8 <0.01 <0.01 0.5 0.15 - - 0.011

EP450*** 0.12 0.37 0.7 13.5 0.093 1.88 - - 0.21 - - 0.25 0.004 0.018

*ODS-EUROFER steel mechanically alloyed with addition of 0.3 wt% of Y2O3.
**PM2000 steel mechanically alloyed with addition of 0.5 wt% of Y2O3.
***EP450-ODS steel mechanically alloyed with addition of 0.25 wt% of Y2O3.

a b

a b

c d
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3.2 Electrochemical hydrogen charging

The introduction of hydrogen into the studied steels was performed using elec-
trochemical charging method. The schematic view of the electrochemical cell
for potentiostatic hydrogen charging is shown in Fig. 3.2.1. The cell consists of
a double-wall glass compartment with a Luggin-probe of Hg/Hg2SO4 reference
electrode and platinum counter electrode. The electrolyte for hydrogen charg-
ing was pumped and circulated between the environmental cell and an addi-
tional reservoir used for the solution de-aeration. The cell is filled with 0.1N
NaOH  solution  with  addition  of  20  mg/l  of  thiourea  (CS(NH2)2), which pro-
motes  the hydrogen absorption preventing the hydrogen-hydrogen (H-H) re-
combination reaction.

Figure 3.2.1 Schematic view of environmental cell for electrochemical hydrogen charging.

The  characterization  of  the  ferrite-martensite  EUROFER  97  steel  by  its  ca-
thodic potentiodynamic diagram (Fig. 3.2.2) manifests that the working region
of the hydrogen charging, in which the corrosion of the specimen is effectively
supressed, can be found between -1.9 VHg/Hg2SO4 and -1.65 VHg/Hg2SO4. From the
interval, two representative constant cathodic potentials in the potentiostatic
hydrogen charging were chosen to  be -1.7  VHg/Hg2SO4 and -1.85 VHg/Hg2SO4. The
same hydrogen charging conditions were applied for EUROFER 97, ODS-
EUROFER and PM2000 steels.

Since the coefficient of hydrogen diffusion in EUROFER 97 and ODS-
EUROFER steels was found to be 𝐷(𝑇) = 4.57 × 10 exp (−22300/𝑅𝑇) and𝐷(𝑇) = 1.33 × 10 exp (−30400/𝑅𝑇) [88]  the  suitable  hydrogen  charging
time was estimated to be about 11 min and 98 min, respectively, to provide the
homogeneous hydrogen distribution over the sample cross-section.
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Figure 3.2.2 Potentiodynamic cathodic polarization measurement of EUROFER 97 steel.

3.3 Hydrogen charging process instrument

Instrument for hydrogen charging from glow discharge plasma was developed
within the framework of the present research [Publication IV]. The instrument
was combined with a loading device (2 kN DEBEN tensile stage for SEM with
optional heating) for in-situ hydrogen charging during tensile testing and
heating to an elevated temperature.

Figure  3.3.1  shows  the  general  view  of  the  hydrogen  charging  process  in-
strument.  The  working  pressure  of  the  environment/vacuum  chamber  filled
with  pure  hydrogen  gas  was  experimentally  found  to  be  9  mbar  for  stable
plasma glow.  The charging pressure can be slightly decreased by using the gas
mixture of H2 with an inert gas (buffer gas) such as Ar or He. At the same time
the addition of Ar or He can contribute in surface cleaning promoting the entry
of  hydrogen  into  the  steel.  Three  electrode  design  of  the  hydrogen  charging
instrument  shown  in  the  schematic  view  of  Fig.  3.3.2  is  used  to  control  the
hydrogen charging process. High voltage (HV) power supply generates the
pulse  output  signal  with  amplitude  of  about  2  kV  and  frequency  of  about  15
kHz that produces the glow discharge between the outer electrode (anode) and
the inner electrode (cathode). Both electrodes are made of AISI 316 stainless
steel plain weave mesh with open area of 37%. Direct current (DC) power sup-
ply is used to accelerate the hydrogen ions, which pass through the reticulated
inner electrode. The accelerated voltage between the inner electrode and the
specimen can be varied, and the ion current from the specimen to the earth is
measured.
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Figure 3.3.1 General view of the hydrogen charging process instrument combined with a load-
ing device.

Figure 3.3.2 Schematic view of the hydrogen charging process instrument.

The unique shape of the ionizer body was designed and developed in such a
way to restrict the plasma dispersion and focus it on the sample. Figure 3.3.3
shows the shape and dimensions of the ionizer, which determine the distance
between the outer and inner electrodes of about 4 mm, and between the inner
electrode and the specimen of about 10 mm. The ionizer body has to be made
of non-conducting and thermally stable material, and a ceramic material satis-
fies sufficiently these requirements. The general view of the ceramic ionizer is
shown in Fig. 3.3.4. The elliptical shape of the ionizer promotes the homoge-
neous  ion  flow  on  the  surface  of  the  specimen  fixed  along  the  dashed  line
shown in Fig. 3.3.3.
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Figure 3.3.3 Schematic view of the ionizer.

Figure 3.3.4 General view of the ceramic ionizer.

Ion  current  was  measured  for  different  applied  acceleration  voltages  in  the
range from 0 to 40 V. The curve of calculated current density versus accelera-
tion  voltage  in  the  given  range  shown  in  Fig.  3.3.5  is  obtained  for  ODS-
EUROFER  steel  used  as  a  target  material.  The  ion  current  was  found  to  be
sufficiently  stable  in  the range of  acceleration voltage from 20 to  30 V,  while
the standard error of ion current measurement increases uniformly with either
increasing or  decreasing of  the acceleration voltage from the stable  range.  In
the whole  tested range of  the acceleration voltage the maximum deviation of
the  ion  current  was  measured  for  the  applied  voltage  close  to  zero.  One  can
assume the deviations of ion current at lower and higher limits of the applied
voltage associated with elastic collisions of ions and target and their reflection
from the surface of the target and/or sputtering of the specimen atoms, while
in  the  range  from  20  to  30  V  the  deviation  of  ion  current  is  effectively  sup-
pressed.

Figure 3.3.6 shows that the temperature of the specimen changes with the in-
crease of the applied acceleration voltage as an exponential function. With
change of the applied voltage from 0 to 40 V the temperature of the specimen
increases  about  10 oC that is quite small to affect significantly the hydrogen
diffusivity. Also, the heat can be transmitted by external cooling of the speci-
men holder.
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An example of hydrogen charging procedure from glow discharge plasma is
shown in Fig. 3.3.7.

Figure 3.3.5 Current density dependence on acceleration voltage.

Figure 3.3.6 Dependence between the temperature of the specimen and acceleration voltage.

Figure 3.3.7 Window in the environmental/vacuum cell shows the plasma glow of the plasma
conditions (violet).
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3.4 Thermal desorption spectroscopy

Thermal  desorption  analyses  of  the  studied  steels  were  performed  using  the
thermal desorption spectroscopy (TDS) apparatus developed in Aalto Univer-
sity. The accuracy of the TDS apparatus allows to distinguish properly differ-
ent  hydrogen  trapping  states  as  well  as  the  hydrogen  uptake  of  the  studied
steels. Also, the ability of the ferrite-martensite ODS steels in helium trapping
was studied in comparison with base material by TDS measurements. The
general view of the TDS apparatus is shown in Fig. 3.4.1. The controlling soft-
ware was developed using a system-design platform LabVIEW. The communi-
cation  between  computer  (PC)  and  controlled  parts  of  the  TDS  apparatus  is
shown schematically in Fig. 3.4.2.

Before the thermal desorption measurement the samples of the studied steels
with a characteristic size of about 0.2 × 4 × 7 mm were cleaned with acetone in
US-bath and dried using helium gas flow in order to avoid the formation of any
water residuals on the surface of the samples. The cleaning procedure was per-
formed for as-supplied as well as for electrochemically hydrogen charged sam-
ples, while the samples after plasma exposure did not require the additional
cleaning. In order to keep the pressure in ultra-high vacuum (UHV) chamber
of about 1 × 10-8 mbar the sample is loaded first in airlock compartment. Fol-
lowing transportation of the sample into the furnace located in UHV chamber
is  possible  when the pressure of  airlock becomes close  to  5  × 10-6 mbar. The
heating can be performed in the range from RT to 1400 K with a linear heating
rate  from  1  to  10  K/min  using  the  temperature  measured  by  thermocouple
fixed in contact with a sample as a feedback signal. Hydrogen and helium par-
tial  pressures  were  measured  by  SRS  residual  gas  analyser  (RGA100)  in  the
temperature ranges from RT to 1100 K and 1400 K, respectively. The total time
from loading of the sample into the airlock to running the TDS measurement
did not exceed 15 min.

Figure 3.4.1 General view of the TDS apparatus.
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Figure 3.4.2 Schematic view of the TDS apparatus.

3.5 Mechanical tests

Mechanical tests were performed for ferrite-martensite EUROFER 97 and
ODS-EUROFER steels. The specimens were cut by spark erosion machine
from  the  rolled  plates  of  the  studied  materials.  Three  different  shapes  of  the
tensile specimens were designed as shown in Fig. 3.5.1.

The round-shape tensile specimens were cut in both parallel and transverse
orientation to  the rolling direction with diameter  of  3  mm and 10 mm gauge
length.  The gauge length part  of  the tensile  specimens was mechanically  pol-
ished finishing with silicon carbide paper #4000. Constant extension rate tests
(CERT) of the specimens were performed using a 35 kN MTS desk-top testing
machine at strain rate of 10-4 s-1. Tensile specimens were tested in air at room
temperature in both as-supplied and H-charged conditions after electrochemi-
cal  hydrogen  pre-charging  from  0.1N  NaOH  solution  with  20  mg/l  of
CS(NH2)2 at controlled electrochemical potential of -1.7 V and -1.85 V for 70 h.
Time  between  hydrogen  charging  and  tensile  testing  did  not  exceed  30  min
and testing time was less than 60 min.

 Billets of the flat-shape tensile specimens shown in Fig. 3.5.1b were cut lon-
gitudinally to the rolling direction with a gauge length of 0.2 × 4 × 9 mm. The
specimens were mechanically polished finishing with 3 μm diamond paste.
Hydrogen charging procedure was chosen to  be the same as  for  round-shape
tensile samples described above. CERT tests of the H-free and hydrogen pre-
charged specimens were carried out in air at room temperature using a 2 kN
DEBEN load cell shown in Fig. 3.5.2a with a constant strain rate of 10-4 s-1.
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Figure 3.5.1 Round-shape (a) and flat-shape (b, c) tensile specimens of the studied steels.

Figure 3.5.2 2 kN DEBEN load cell (a) equipped with ionizer (b) for in-situ hydrogen charging
during tensile testing.

The third type of the specimens shown in Fig. 3.5.1c was designed especially
for tensile testing under continuous hydrogen charging using the hydrogen
charging process instrument. Tensile specimens were cut from the rolled
plates  of  the  studied  materials  in  transverse  direction  with  gauge  length  of
0.2 × 2 × 4 mm. The specimens were polished mechanically finishing with
silicon carbide paper #2000. CERT tests were performed using 2 kN DEBEN
load cell equipped with ionizer for in-situ hydrogen charging during tensile
testing as shown in Fig. 3.5.2b with a constant strain rate of 10-4 s-1.



Experimental methods and techniques

49

3.6 Microscopy

EDS mapping, scanning electron fractography of the fracture surfaces and mi-
croscopy of the interiors of tensile tested specimens of EUROFER 97 and ODS-
EUROFER steels are obtained using scanning electron microscope (SEM)
Zeiss  Ultra  55  FEG-SEM  equipped  with  Nordlys  F+  camera  and  Channel  5
software from Oxford Instruments.

Microstructures of the ferrite-martensite EUROFER 97 and ODS-EUROFER
steels  were  studied  after  mechanical  testing  in  H-free  and  H-charged  condi-
tions by transmission electron microscope (TEM) FEI Tecnai 20 F microscope
(200  kV,  field  emission  gun)  equipped  with  a  high  angle  annular  dark  field
(HAADF) detector. Cross-section samples for TEM examination were cut using
a focused ion beam (FIB) lift-out technique from tensile tested specimens in
parallel to the tensile load axis at about 200 μm from the fracture surface and
5-8 μm from the initial surface as shown in Fig. 3.6.1.

Figure 3.6.1 FIB lift-out probe.

The energy dispersion X-ray spectroscopy (EDX) measurements were per-
formed in the scanning transmission electron microscopy (STEM) mode.
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4. Uptake and trapping of hydrogen and
helium

The ODS steels and ferrite-martensite matrix materials were studied in terms
of their interaction with hydrogen and helium.

4.1 Hydrogen trapping in ferrite-martensite RAFM and ODS steels

Hydrogen uptake and trapping in  ferrite-martensite  EUROFER 97 and ODS-
EUROFER steels were studied after electrochemical hydrogen charging in
0.1N NaOH solution with 20 mg/l  of  CS(NH2)2 at  controlled potential  of  -1.7
VHg/Hg2SO4 and room temperature. Suitable hydrogen charging time was found
experimentally to be about 18 h to provide the homogeneous hydrogen distri-
bution over the sample cross-section. The time is markedly higher than what
can be estimated using hydrogen diffusion coefficient of the EUROFER 97 and
ODS-EUROFER steels measured by gas permeation technique [87] due to de-
fect formation in sub-surface layer of the specimens caused by high fugacity of
hydrogen that prevents the hydrogen diffusion in the bulk of the material. Hy-
drogen uptake was measured for both studied steels in as-supplied condition
and  after  hydrogen  charging.  TDS  curves  of  hydrogen  release  shown  in  Fig.
4.1.1  manifest  that  the hydrogen uptake in  ODS-EUROFER steel  is  markedly
higher than that in EUROFER 97 steel. Hydrogen content was calculated using
a fact that area under the TDS curve is equivalent to the trapped hydrogen
concentration [96]. Thus, the total hydrogen concentration in H-charged ODS-
EUROFER steel was found to be 114.93 at. ppm, while the EUROFER 97 steel
has only 24.75 at. ppm of hydrogen.  The concentration of hydrogen accumu-
lated in as-supplied ODS-EUROFER steel and EUROFER 97 steel plates from
the atmosphere was found to be 5.96 at. ppm and 4.07 at. ppm, respectively.
However,  the  hydrogen  content  in  as-supplied  samples  varies  depending  on
the place from which the sample was cut. Figure 4.1.2 shows schematically the
hydrogen concentration profile affecting the results of thermal desorption
measurements of the hydrogen release from the as-supplied samples. The ob-
tained results correspond to the samples which were cut from the side surface
of  the  steel  plate  containing,  apparently,  the  maximum  concentration  of  hy-
drogen absorbed from atmosphere.

Since the chemical compositions of the EUROFER 97 and matrix ODS-
EUROFER steels are almost the same, significant change of the hydrogen up-
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take in ODS-EUROFER steel can be attributed to the hydrogen trapped at the
dispersoid phase of yttria nanoparticles. In order to distinguish properly dif-
ferent trapping states, which contribute to the total hydrogen uptake, the
thermal desorption analysis was performed for ferrite-martensite EUROFER
97 steel and oxide dispersion strengthened ODS-EUROFER and PM2000
steels after 3 h of electrochemical hydrogen charging (see Fig. 4.1.3).

Figure 4.1.1 TDS spectra of hydrogen release from H-free and H-charged EUROFER 97 and
ODS-EUROFER steels.

Figure 4.1.2 Schematic view of the hydrogen concentration gradient profile in cross-section of
as-supplied steel plate.

The  hydrogen  content  was  calculated  to  be  3.65  at.  ppm  in  EUROFER  97
steel and 8.5 and 8.1 at. ppm in ODS-EUROFER and PM2000 steels, respec-
tively. The shape of the TDS curves depends on the hydrogen trapping behav-
iour  that  is  specified  by  the  chemical  composition  and  microstructure  of  the
studied materials. Thus, the TDS spectra of the hydrogen release from the hy-
drogen pre-charged EUROFER 97 steel show a single peak with maximum of
the hydrogen desorption rate  at  about  425 K.  The shape of  TDS spectrum of
the hydrogen pre-charged ODS-EUROFER steel differs significantly from that
obtained for EUROFER 97 steel and consists of two well-defined peaks at tem-
peratures  of  about  435 K and 519 K.  The spectrum of  hydrogen release  from
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the hydrogen pre-charged PM2000 steel contains three well-defined peaks of
the hydrogen desorption at about 436 K, 564 K, and 699 K.

The  hydrogen  trapping  sites  contributing  to  the  total  hydrogen  uptake  ob-
served in  the hydrogen pre-charged EUROFER 97 steel  originated,  probably,
from the interstitial and substitutional atoms of C, Cr, W, V, Mn etc., lattice
defects and interfaces of the carbide particles widely observed at the grain
boundaries of the steel as shown in Fig. 3.1.1a. The energy required for hydro-
gen detrapping from the different trapping states of EUROFER 97 steel is, ap-
parently, close. Thus, the temperature intervals of the hydrogen release from
the trapping states of EUROFER 97 steel overlap resulting in a single peak
shape of the TDS spectra. However, the shape of TDS spectra obtained for both
studied ODS steels is more complicated. Fitting procedure of the TDS curves of
the hydrogen pre-charged ODS-EUROFER and PM2000 steels  shown in Fig.
4.1.3a and b was performed by sum of two and three Gaussian peaks, respec-
tively, related to hydrogen desorption from different trapping states. Thus, the
addition of Y2O3 nanoparticles in ODS-EUROFER steel results in formation of
two hydrogen desorption peaks. The temperature position of the first peak of
the TDS spectrum correlates well with the hydrogen desorption peak obtained
for EUROFER 97 steel evidencing apparently the action of the similar hydro-
gen trapping states such as lattice defects, interstitial and substitutional atoms
and carbide interfaces. At the same time, the second peak observed at higher
temperature can be attributed to  hydrogen trapped at  the yttria  nanoparticle
interfaces.

Different chemical composition and microstructure of PM2000 steel from
that of EUROFEER 97 and ODS-EUROFER steels result in different hydrogen
trapping behaviour. In order to distinguish properly the trapping states associ-
ated with three peaks of hydrogen release from hydrogen pre-charged
PM2000 steel  are  shown in Fig.  4.1.3b with those observed in  EUROFER 97
and ODS-EUROFER steels, and the hydrogen activation analysis is performed
for all the studied steels.

Figure 4.1.3 TDS curves of hydrogen release from EUROFER 97, ODS-EUROFER and
PM2000 steels after 3 h of hydrogen charging. Fitting procedure of the TDS spec-
tra of the hydrogen pre-charged ODS-EUROFER and PM2000 steels consists of
sum of two and three Gaussian peaks (dashed lines), respectively. Heating rate is
6 K/min.
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The TDS measurements were performed for all the studied steels after 18 h of
electrochemical  hydrogen charging using heating rates  of  2,  6  and 10 K/min.
The same fitting procedure shown in Fig. 4.1.3 was used to obtain the tempera-
tures of the hydrogen desorption peaks associated with different trapping
states  of  hydrogen in  EUROFER 97,  ODS-EUROFER and PM2000 steels  de-
scribed above. Using the obtained results of each desorption maxima the rela-
tionship of 𝑙𝑛 / vs 1/𝑇   was plotted for the chosen heating rates to pro-

duce a line with the slope of −𝐸 /𝑅 as shown in Fig. 4.1.4. The calculated acti-
vation energies of hydrogen obtained from the activation analyses of TDS
peaks of the studied steels are summarised in Table 4.1.1.

One can assume that the calculated activation energy of EUROFER 97 steel is
mostly an average binding energy of hydrogen trapped at different lattice de-
fects.  The  obtained  activation  energy  exceeds  slightly  the  binding  energy  of
hydrogen trapped at substitutional atoms in pure iron shown in Table 1.3.3.1.
At the same time the calculated energy is smaller than that measured for hy-
drogen trapped at dislocations of pure iron evidencing the minor impact of
dislocations in hydrogen trapping in EUROFER 97 steel. The impact of hydro-
gen trapped at  carbide particle  interfaces  seems to  be even weaker  using the
above mentioned assumption.

Figure 4.1.4 Dependence of ln /  on 1/𝑇  for EUROFER 97, ODS-EUROFER and

PM2000 steels.

Table 4.1.1 Activation energies of hydrogen obtained from activation analyses of TDS peaks of
EUROFER 97, ODS-EUROFER and PM2000 steels, eV [Publication I].

Material Peak 1 Peak 2 Peak 3
EUROFER 97 0.18 ± 0.02 - -
ODS-EUROFER 0.26 ± 0.04 0.35 ± 0.03 -
PM2000 0.20 ± 0.007 0.20 ± 0.01 0.38 ±0.05

The  first  peak  of  the  TDS  spectrum  obtained  for  ODS-EUROFER  steel  was
attributed to the lattice hydrogen trapped in the same way as in EUROFER 97
steel. However, its activation energy exceeds significantly that calculated for
EUROFER 97 steel evidencing that the trapping states of hydrogen with rela-
tively high binding energy such as dislocations are predominant. The addition-
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al  defects  formed  apparently  during  the  ODS-EUROFER  steel  processing  re-
sult  also  in  an  increase  of  the  hydrogen  uptake.  The  activation  energy  of  hy-
drogen trapped at the yttria nanoparticle interfaces attributed to the second
peak of the hydrogen release from ODS-EUROFER steel was calculated to be
about  0.35 eV.  Worth to  note  is  that  the yttria  nanoparticle  interfaces  have a
semicoherent or incoherent amorphous structure depending on the size of the
nanoparticles. Thus, the hydrogen trapping energy at the yttria nanoparticles
has a broad distribution with average value associated with maximum of na-
noparticle size distribution that is about 25 nm for ODS-EUROFER steel. The
assumption correlates well with the results obtained for PM2000 steel where
the smaller average size of the yttria nanoparticles is accompanied with small-
er effective activation energies calculated for first and second peaks of the hy-
drogen  release.  The  third  peak  observed  in  TDS  spectra  of  PM2000  steel  is
caused, probably, by the hydrogen detrapping from aluminum oxide particle
interfaces and/or from yttria nanoparticles, the size of which is comparable to
that in ODS-EUROFER steel.

In order to clarify the hydrogen trapping nature in ODS-EUROFER steel the
activation  analysis  was  repeated  for  samples  kept  in  air  at  RT  for  24  h  after
electrochemical hydrogen charging. The dwelling is aimed to decrease the
amount of the lattice hydrogen and distinguish the single peak of the hydrogen
trapped at the yttria nanoparticles (see Fig. 4.1.5). The effective activation en-
ergy was calculated using the linear regression slope of ln / vs 1/𝑇   as

shown  in  Fig.  4.1.6  to  be  0.48  ±  0.04  eV  that  exceeds  the  result  obtained
above.  Thus,  the binding energy of  the hydrogen trapped at  interfaces  of  the
yttria nanoparticles cannot be measured as a certain value, but it consists of a
range of energy states [Publication III].

Figure 4.1.5 TDS spectra of hydrogen pre-
charged ODS-EUROFER steel after charging
and 24 h dwell.

Figure 4.1.6 Dependence of ln /  on 1/𝑇
for ODS-EUROFER.
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4.2 Helium trapping in ferrite-martensite RAFM and ODS steels

Helium uptake and its effective activation energies were studied for ferrite-
martensite EP450, EP450-ODS and ODS-EUROFER steels after He irradia-
tion with ion flux of about 5 × 1020 m-2 and ion energy of about 40 keV at tem-
perature  of  20 oC. TDS spectrum of helium release from ferrite-martensite
EP450 steel shows two well-defined peaks of He desorption maxima at about
1316 and 1329 K (see Fig. 4.2.1a). Concentration of helium absorbed in EP450
steel was calculated to be about 0.003 at. ppm. Trapping behaviour of helium
changes in the presence of dispersoid phase of yttrium oxide nanoparticles in
the solid solution of the studied ferrite-martensite steel. Figure 4.2.1c shows an
asymmetric  peak  of  helium  release  from  EP450-ODS  steel  at  temperature  of
about  1185  K.  Temperature  of  the  helium  desorption  maximum  from  EP450
steel  exceeds  significantly  that  of  EP450-ODS  steel,  however,  the  helium  re-
lease  from the ODS steel  occurs  in  a  wider  temperature  interval.  Helium ab-
sorbed in EP450-ODS steel was calculated to be about 0.12 at. ppm which evi-
dences that the yttria nanoparticles contribute to almost forty times higher
helium uptake in comparison with non-strengthened EP450 steel. TDS spectra
of helium release from ODS-EUROFER steel shown in Fig. 4.2.1e have asym-
metric single peak shape with the maximum desorption rate at about 1237 K.
The concentration of helium absorbed during the He irradiation in ODS-
EUROFER steel was calculated to be 0.9 at. ppm.

TDS  measurements  were  performed  after  He  irradiation  of  EP450,  EP450-
ODS and ODS-EUROFER steels using the heating rates of 6, 8 and 10 K/min
with following fitting by two Gaussian peaks. The effective activation energies
of  helium  were  calculated  using  the  linear  regression  slopes  of ln / vs1/𝑇   shown in Fig. 4.2.1 (b, d, f). The obtained results of activation energies of
helium trapped in ferrite-martensite EP450, EP450-ODS and ODS-EUROFER
steels are summarized in Table 4.2.1.

Table 4.2.1 Activation energies of helium obtained from activation analyses of TDS peaks of
EP450, EP450-ODS and ODS-EUROFER steels, eV.

Material Peak 1 Peak 2
EP450 2.5 ± 0.08 3.2 ± 0.1
EP450-ODS 2.5 ± 0.03 2.8 ± 0.3
ODS-EUROFER 2.1 ± 0.1 2.7 ± 0.4

The effective activation energies of helium calculated from a first peak of he-
lium release from all the studied steels correlate well with the activation ener-
gy  of  volume  diffusion  of  He  in  α-Fe  that  was  predicted  to  be  about  2.5  eV.
Second peak of helium release from ferrite-martensite EP450 steel is associat-
ed with markedly higher activation energy of helium trapped, apparently, in
small  helium-filled  bubbles  with  He/V  ratio  between  1.3  and  1.8  [120,  123].
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a) b)

c) d)

e) f)

Figure 4.2.1 TDS spectra of He irradiated EP450 (a), EP450-ODS (c) and ODS-EUROFER (e)
steels and their regression slopes of activation analysis (b, d, f), respectively.

However, in the presence of yttrium oxide nanoparticles the effective activa-
tion energies of helium calculated from the second peak of the helium release
from EP450-ODS and ODS-EUROFER steels exceed slightly that measured for
the volume diffusion of helium in α-Fe. In other words, addition of dispersoid
phase of yttria nanoparticles in the studied ODS steels results in a significant
reduction  of  the  He/V  ratio  or  size  of  the  helium-filled  bubbles.  One  can  as-
sume that the strengthening of the ferrite-martensite steel with yttrium oxide
nanoparticles can effectively delay the irradiation-induced swelling by pre-
venting the helium-filled bubble growth.
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4.3 Hydrogen uptake from plasma

Hydrogen uptake was also studied after hydrogen charging from glow dis-
charge plasma [Publication IV]. Different applied charging voltages result in a
different hydrogen uptake of ODS-EUROFER steel as shown in Fig. 4.3.1a and
b.  TDS curve corresponding to  the applied acceleration voltage of  about  zero
shows the smallest hydrogen desorption rate. Increase of the acceleration volt-
age from 0 to  30 V is  accompanied with a  significant  increase of  the peak of
the hydrogen uptake. However, further increase of the acceleration voltage to
40 V does  not  result  in  a  continuous growth of  the hydrogen uptake,  but  the
total hydrogen concentration decreases as shown in Fig. 4.3.1b. Worth to note
is, that the shape of the TDS curve after H-charging with the acceleration volt-
age of 40 V is strongly asymmetric in comparison to those at 15 and 30 V. Such
a behaviour is associated probably with the formation of defects in subsurface
layer under the high ion flux. Thus, the suitable parameter of the acceleration
voltage  for  hydrogen  charging  of  the  ODS-EUROFER  steel  was  chosen  to  be
30 V.

Figure 4.3.1 TDS curves of hydrogen release from ODS-EUROFER steel after H-charging for 2
min at different applied acceleration voltages (a) and calculated hydrogen content
versus applied acceleration voltage (b).

Diffusion flux and concentration gradient  of interstitial solute atoms at some
particular point of the matrix 𝑥 are  controlled  by  the  diffusion  process  and
varies with the square root of time (see Eq. 4.3.1) [60].𝑥 = 𝛼√𝐷𝑡 (4.3.1)

Coefficient α is a constant and depends on the concentration gradient of the
solute  atoms at  a  particular  point  of  the matrix.  At  present  conditions of  hy-
drogen charging, when temperature of the sample is constant, the distance
that hydrogen atoms diffuse into the sample is mainly the function of time. In
other words, the hydrogen concentration profile changes with time until a cer-
tain critical value that is associated with a homogeneous distribution of hydro-
gen through the specimen cross-section. Following this assumption TDS anal-
yses were performed for the specimens of ODS-EUROFER steel after hydrogen
charging with different times of exposure of 2, 4, 10, 30 and 120 min. The ac-
celeration  voltage  was  chosen  to  be  about  30  V  because  of  the  reasons  de-
scribed  in  the  previous  section.  As  shown  in  Fig.  4.3.2  the  hydrogen  content
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increases rapidly with exposure time from 0 to 30 min and reaches the value of
about 79 at. ppm of hydrogen. Continued H-charging results in a slow increase
of hydrogen concentration up to 81 at. ppm after 2 h of plasma exposure. Be-
cause of the concentration of hydrogen after H-charging during 30 min is just
slightly lower than that after 120 min, one can assume that the concentration
of hydrogen after H-charging for more than 30 min at the conditions described
above is associated with the equilibrium hydrogen distribution through the
specimen thickness.

Figure 4.3.2 Hydrogen content of H-charged ODS-EUROFER steel specimen as a function of
exposure time.

Since the ODS-EUROFER steel specimen with characteristic thickness of 0.4
mm reaches a hydrogen saturation state after H-charging from glow discharge
plasma at temperature of about 50 oC for 30 min, the effective diffusion coeffi-
cient  of  the hydrogen atoms can be estimated using Equation 4.3.1.  The con-
stant α of the equation was neglected and the effective diffusion coefficient was
found to be about 2.2 × 10-11 m2 s-1.

TDS  measurements  of  hydrogen  release  from  EUROFER  97  and  ODS-
EUROFER steels were performed after hydrogen charging at potential of 30 V
using the hydrogen charging process instrument (see Fig. 4.3.3). Studied steels
manifest  rather  high  ability  to  hydrogen  uptake  after  2  h  of  the  hydrogen
plasma charging at temperature of 50 oC.

Figure 4.3.3 TDS curves of hydrogen release from EUROFER 97 and ODS-EUROFER steels
after glow discharge plasma H-charging at 50 oC for 2 h.
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5. Hydrogen effect on mechanical prop-
erties of ferrite-martensite and ODS
steels

5.1 Constant extension rate tests (CERT)

Typical CERT stress-strain curves of ferrite-martensite EUROFER 97 and
ODS-EUROFER steels tested in air in as-supplied condition are shown in Fig.
5.1.1 for longitudinal and transverse round-shape tensile specimens. It is obvi-
ous  that  addition  of  yttrium  oxide  nanoparticles  in  ODS-EUROFER  steel  re-
sults in almost twice higher strength, while it reduces somewhat the elongation
to fracture as compared to that of EUROFER 97 steel. Both steels show slightly
higher yield stress and tensile strength of the transverse specimens that mani-
fests some anisotropy of the mechanical properties.

The hydrogen charging was performed at  controlled electrochemical  poten-
tial of -1.7 VHg/Hg2SO4 and -1.85 VHg/Hg2SO4 for 70 h. The hydrogen concentration
calculated from the TDS curves (see Fig. 5.1.2) manifests that decrease of the
applied hydrogen charging potential results in higher hydrogen uptake in both
studied steels. After hydrogen charging at the potential -1.7 VHg/Hg2SO4 ODS-
EUROFER steel contains 12 wt. ppm of hydrogen, while EUROFER 97 steel
collects only 1.5 wt. ppm. Decrease of the potential to -1.85 VHg/Hg2SO4 results in
32.9 wt. ppm and 4.2 wt. ppm of hydrogen, respectively.

Figure 5.1.1 CERT stress-strain curves of
EUROFER 97 and ODS-EUROFER steels
obtained in air with strain rate of 10-4 s-1.

Figure 5.1.2 TDS curves of EUROFER 97
and ODS-EUROFER steels after hydrogen
charging for 70 h and following tensile testing.
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Hydrogen  effect  on  CERT  stress-strain  curves  of  EUROFER  97  and  ODS-
EUROFER steels is shown in Fig. 5.1.3a and b, respectively. From the obtained
stress-strain curves one can conclude that hydrogen has only a minor effect on
the tensile properties of EUROFER 97 steel tested at RT for both applied hy-
drogen charging conditions. ODS-EUROFER steel containing almost ten times
higher  hydrogen  content  than  EUROFER  97  steel  after  charging  at  the  same
electrochemical potential manifests a threshold behaviour. Only a minor effect
on the elongation to fracture of ODS-EUROFER steel is observed after hydro-
gen charging at -1.7 VHg/Hg2SO4, while the behaviour changes dramatically, if the
applied potential decreases to -1.85 VHg/Hg2SO4 (see Fig. 5.1.3b). The observed
hydrogen  effect  on  the  CERT  properties  of  the  studied  steels  does  not  show
any  remarkable  anisotropy,  while  after  hydrogen  charging  at  -1.85  VHg/Hg2SO4

the elongation to fracture of the longitudinal specimens is less than that of the
transverse ones [Publication II].

Figure 5.1.3 CERT stress-strain curves of EUROFER 97 (a) and ODS-EUROFER (b) steels
tested in air (open symbols) and after hydrogen charging with different applied elec-
trochemical potentials (filled symbols). Circles and triangles correspond to longitu-
dinal and transverse specimens, respectively. Strain rate was 10-4 s-1.

The threshold character of the hydrogen effect on mechanical properties was
observed also in the flat-shape longitudinal specimens as shown in Fig. 5.1.4a
and b for both studied steels. The substantial change in sensitivity of EU-
ROFER 97 steel to the hydrogen charging at -1.85 VHg/Hg2SO4 can be caused by

Figure 5.1.4 CERT stress-strain curves of ODS-EUROFER (a) and EUROFER 97 (b) steels
tested in as-supplied state (open symbols) and after electrochemical hydrogen
charging at -1.7 VHg/Hg2SO4 and -1.85 VHg/Hg2SO4 (filled symbols). Strain rate was
10-4 s-1.
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different stress field distribution compared with that in round-shape speci-
mens [Publication III].

Hydrogen after-effect was also studied after electrochemical hydrogen charg-
ing  at  -1.85  VHg/Hg2SO4 for  EUROFER  97  and  ODS-EUROFER  steels  tested  at
200 oC and 470 oC as shown in Fig. 5.1.5a and b. The transverse specimens of
the studied steels shown in Fig. 3.5.1c were chosen for tensile testing at elevat-
ed  temperatures.  Hydrogen  charging  has  only  minor  effect  on  elongation  to
fracture and yield stress of ODS-EUROFER steel tested at temperature of 200
oC and it has almost no effect at 470 oC. However, tensile testing of EUROFER
97  steel  after  hydrogen  charging  manifests  a  reduction  of  elongation  to  frac-
ture at both testing temperatures.

Figure 5.1.5 CERT stress-strain curves of ODS-EUROFER (a) and EUROFER 97 (b) steels
tested in as-supplied state (open symbols) and after electrochemical hydrogen
charging at -1.85 VHg/Hg2SO4 (filled symbols) at temperatures of 200 oC and 470
oC. Strain rate was 10-4 s-1.

Finally,  the  mechanical  properties  of  EUROFER  97  and  ODS-EUROFER
steels were studied during continuous hydrogen charging using developed hy-
drogen charging process instrument. In spite of different ability of hydrogen
uptake and trapping, both studied steels are sensitive to a continuous hydro-
gen  charging  at  RT.  Studied  steels  were  also  tested  in  both  H-free  and  H-
charged  conditions  at  temperatures  of  about  100 oC and 300 oC. The results
are summarized in Fig. 5.1.6 and compared with those obtained at RT. The
elongation to fracture of the studied steels tends to be less sensitive to contin-
uous  hydrogen  charging  at  temperature  of  300 oC  than  at  RT.  However,  the
slight hydrogen effect on tensile strength of both studied materials looks inde-
pendent on temperature. The parameter of sensitivity to hydrogen (see Equa-
tion 5.1.1) is plotted against the testing temperature in Fig. 5.1.6:𝛿 = (𝜀 − 𝜀 )/𝜀 (5.1.1)

where, 𝜀 – total elongation to fracture of H-free specimen and 𝜀  – total elon-
gation to fracture of H-charged specimen. One can conclude that the hydrogen
effect on the mechanical properties of ODS-EUROFER steel decreases with
increase of  the temperature up to  300 oC, while susceptibility to hydrogen of
EUROFER  97  steel  remains  approximately  the  same  at  all  testing  tempera-
tures [Publication V].
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Figure 5.1.6 Tensile strength and total elongation to fracture of H-free and H-charged ODS-
EUROFER and EUROFER 97 steels and sensitivity to hydrogen parameter as a
function of temperature.

5.2 Fractography and TEM microstructure investigation

Fracture  surfaces  of  the  EUROFER  97  and  ODS-EUROFER  steels  tested  at
room and elevated temperatures in H-free condition are fully ductile dimpled.
The  fractographs  of  tensile  specimens  of  the  studied  steels  tested  at  RT  are
shown in Fig. 5.2.1. The dimples containing often chromium and tungsten car-
bide particles of sub-micrometer size are larger in EUROFER 97 than in ODS-
EUROFER steel.

Figure 5.2.1 Fractographs of the fracture surface obtained in CERT at RT of EUROFER 97 (a)
and ODS-EUROFER (b) steels in H-free condition.
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Electrochemical hydrogen charging of the studied steels results in remarka-
ble changes of their fracture surface morphology. After charging of EUROFER
97 steel at -1.7 VHg/Hg2SO4 a net of secondary cracks appears on the fully ductile
fracture surface as seen in Fig. 5.2.2a. The characteristic length of the second-
ary  cracks  is  few  tens  of  micrometers  and  they  are  randomly  oriented.  De-
crease  of  the  electrochemical  potential  of  hydrogen  charging  to  –1.85
VHg/Hg2SO4 does  not  change  markedly  the  fracture  surface  morphology  of  EU-
ROFER 97 steel as shown in Fig. 5.2.2c. The fracture mode of ODS-EUROFER
steel  manifests  more  complicated  morphology  against  that  of  EUROFER  97
steel.  A  typical  fractograph  of  ODS-EUROFER  steel  charged  with  hydrogen
at -1.7 VHg/Hg2SO4 is shown in Fig. 5.2.2b. In this case the mixed fracture mode
with ductile and brittle cleavage fractions were observed. The insert of Fig.
5.2.2b manifests that the characteristic width of the brittle fractions is about 1
μm corresponding well to the mean grain size of the steel. Decrease of the elec-
trochemical potential of hydrogen charging to –1.85 VHg/Hg2SO4 results in a dif-
ferent hydrogen embrittlement mode of ODS-EUROFER steel as shown in Fig.
5.2.2d. Extensive brittle fracture areas of tens of micrometers are formed start-
ing from the specimen outer surface. The brittle fracture areas change to “duc-
tile” fracture mode similar to that observed in CERT of ODS-EUROFER steel
after charging at -1.7 VHg/Hg2SO4.

Fractography of the brittle fracture area of ODS-EUROFER steel is shown in
detail  in  Fig.  5.2.3a  and  b.  It  is  evident  that  the  fracture  mode  has  a  well-
defined intergranular character. A fractograph obtained with higher magnifi-
cation (see Fig. 5.2.3b) shows a number of yttrium oxide nanoparticles visible
on the brittle fracture surface of ODS-EUROFER steel [Publication II].

Figure 5.2.2 Fractographs of the fracture surface obtained in CERT of EUROFER 97 (a, c) and
ODS-EUROFER (b, d) steels after hydrogen charging at -1.7 VHg/Hg2SO4 (a, b) and
-1.85 VHg/Hg2SO4 (c, d).

a b

c d
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Figure 5.2.3 A brittle fracture area (a) and its higher magnification (b) obtained in CERT of
ODS-EUROFER steel after hydrogen charging at -1.85 VHg/Hg2SO4.

TEM examination was performed for specimens of ODS-EUROFER steel ten-
sile  tested  in  as-supplied  condition  and  after  hydrogen  charging  at  electro-
chemical potential of -1.85 VHg/Hg2SO4. Tensile testing of H-free specimens does
not change significantly the microstructure of ODS-EUROFER steel (see Fig.
5.2.4a  and  b),  while  a  mutual  effect  of  mechanical  loading  with  hydrogen
charging at electrochemical potential of -1.85 VHg/Hg2SO4 results in well-defined
partial decohesion of the yttrium oxide nanoparticles from the ferrite matrix as
shown in Fig. 5.2.5a and b. The open spaces between nanoparticle and matrix
are elongated along the applied loading direction.

Figure 5.2.4 TEM mictrograph obtained in CERT at RT of ODS-EUROFER steel in H-free con-
dition (a) and HRTEM of yttrium oxide nanoparticle.

a b
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Figure 5.2.5 TEM micrograph obtained in CERT at RT of ODS-EUROFER steel after electro-
chemical hydrogen charging at potential of -1.85 VHg/Hg2SO4 (a) and HRTEM of yt-
trium oxide nanoparticle.

Continuous hydrogen charging during tensile testing at RT results in the
same fracture mode as after electrochemical hydrogen charging at poten-
tial -1.85 VHg/Hg2SO4 observed in Fig. 5.2.2. However, fracture mechanism is
changed significantly with increase of the testing temperature in both H-free
and H-charged conditions. Randomly distributed cracks are formed at the
edges of the ODS-EUROFER steel specimens in H-free condition during ten-
sile testing at temperatures of 100 and 300 oC (see Fig. 5.2.6a and c). The frac-
ture surfaces of the specimens are ductile dimpled as shown in Fig. 5.2.6e.
Figure  5.2.6b  and  d  and  evidence  that  the  continuous  hydrogen  charging  re-
sults in a reduction of microscopic deformation. The fracture surfaces at the
corners of the fracture areas are brittle at both testing temperatures (see Fig.
5.2.6f) [Publication V].

a b

a b

c d
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Figure 5.2.6 General view of the crack initiation sites of H-free (a, c) and H-charged (b, d) ODS-
EUROFER steel specimens tested at 100 oC (a, b) and 300 oC (c, d) and higher
magnification of H-free (e) and H-charged (f) specimen at 300 oC.

Figure 5.2.7 shows the typical fracture surfaces of EUROFER 97 steel tensile
specimens. Fracture surfaces of the specimens tested at 100 and 300 oC in H-
free condition are fully ductile dimpled (see Fig. 5.2.7a and c). The tensile test-
ing with continuous hydrogen charging of EUROFER 97 steel at 100 oC results
in secondary crack formation on the specimen fracture surface as shown in
Fig. 5.2.7b. On the fracture surface obtained after tensile testing at 300 oC dur-
ing continuous H-charging the secondary cracks are less pronounced, but
some  large  dimples  with  size  of  about  5  μm  are  observed  as  shown  in  Fig.
5.2.7d  [Publication  V].  The  formation  of  the  very  large  dimples  was  also  ob-
served in EUROFER 97 steel specimens tested after electrochemical hydrogen
charging at -1.85 VHg/Hg2SO4 at  temperature of  200 oC and 470 oC, which con-
tribute, apparently, in earlier fracture as shown in Fig. 5.1.4b [Publication III].

Figure 5.2.7 Fractographs of the crack initiation sites of H-free (a, c) and H-charged (b, d) EU-
ROFER 97 steel specimens tested at 100 oC (a, b) and 300 oC (c, d).

e f

a b

c d
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5.3 Hydrogen-induced crack nucleation and propagation

The interior of the tensile specimens tested in as-supplied condition and under
continuous hydrogen charging until rupture was studied [Publication VI]. The
site  of  SEM  observation  is  an  area  with  highest  plastic  deformation  which  is
close to the fracture surface of the specimens. Micrographs shown in Fig.
5.3.1a, b and c manifest the formation of micro-cracks at the grain boundaries
of H-free EUROFER 97 steel specimens during tensile testing at RT. The
cracks are formed, apparently, along the GBs which are close to the direction
of the maximum shear component of the applied stress. The micro-cracks are
initiated preferably from the interfaces of the chromium and tungsten carbides
located at the grain boundaries. Continuous hydrogen charging during tensile
testing of EUROFER 97 steel results in propagation of the micro-cracks as
shown in Fig. 5.3.1d, e and f.

Figure 5.3.2a, b and c manifest the significant decrease of the micro-cracks at
the  grain  boundaries  of  H-free  EUROFER  97  steel  tested  at  temperature  of
300oC. The micrographs obtained from the specimens tested during continu-
ous hydrogen charging exhibit a relatively high amount of micro-cracks which
agglomerate in sub-micrometer size cracks (see Fig. 5.3.2d, e and f).

Chromium and tungsten carbide particle cracking with following formation
of voids elongated in the loading direction were observed in the interiors of the
H-free ODS steel specimens (see Fig. 5.3.3a, b and c). Average size of the parti-
cles exceeds the mean value of NMI at about twenty times. At the same time,
the inclusions with size less than 100 nm are intact. Continuous hydrogen
charging results in formation of hydrogen filled voids, preferably, at the parti-
cle/matrix interfaces during tensile testing of ODS-EUROFER steel at RT (see
Fig.  5.3.3d,  e  and f).  The void transforms to  a  micro-crack which propagates
along  GB  in  direction  normal  to  the  applied  load.  Worth  to  note  is  that  the
mean size of the particles is approximately the same as those fractured in H-
free condition.

Figure 5.3.4a, b and c show that the increase of the testing temperature up to
300 oC  results  in  a  reduction  of  the  particle  cracking  and  formation  of  the
voids  in  H-free  ODS-EUROFER  steel.  However,  in  the  presence  of  hydrogen
the voids are formed between the fragments of the fractured carbide particles
(see  Fig.  5.3.4d,  e  and  f).  The  transformation  of  the  void  to  an  intergranular
micro-crack was not observed.
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5.4 Role of NMI in hydrogen-induced cracking in ODS steel

Strengthening of the ferrite-martensite matrix with yttrium oxide nano-sized
particles results in an increase of plastic shear resistance inside the grains pre-
venting the grain boundary sliding and formation of the intergranular second-
ary cracks widely observed in as-supplied EUROFER 97 steel after tensile test-
ing [60].

The  chromium  and  tungsten  carbides  play  an  important  role  in  hydrogen-
induced crack nucleation and propagation for both studied steels. The mecha-
nism of the intergranular hydrogen-induced cracking observed in the studied
steels tested at RT is caused, apparently, by hydrogen enhanced decohesion
(HEDE) accompanied with enhanced cavity formation at the carbide particles.
The phenomenon has been recently studied by Novak et al.  [116] characteriz-
ing  the  hydrogen  effects  on  the  local  stress-controlled  fracture  events.  They
postulated that the enhanced cavity formation at the second-phase particles
and consequent intergranular hydrogen-induced cracking are associated with
a synergistic interplay of both hydrogen-induced localized plasticity (HELP)
and HEDE mechanisms. Thus, the increased elastic stress distribution sur-
rounding the particles under applied external load in ODS-EUROFER steel
causes the hydrogen-induced crack nucleation at the grain boundaries con-
taining the carbide particles in the direction normal to the applied load.

Increase of  the temperature up to  300oC makes,  probably,  the  migration of
the grain boundaries of the ODS-EUROFER steel easier preventing the hydro-
gen-induced intergranular cracking. However, hydrogen results, apparently, in
extensive H-filled void formation at the carbide particle fragments during the
tensile testing. Hydrogen atoms occupy the surface of the void decreasing the
void surface energy and facilitating the void growth. The theory of the hydro-
gen-induced void formation was studied by Ganchenkova et  al.  [80]  for  pure
copper. The similar mechanism results, probably, in a significant increase of
the hydrogen-induced crack nucleation and propagation during tensile testing
of  EUROFER  97  steel  at  300oC.  The  H-filled  voids  agglomerate  forming  the
sub-micrometer size cracks leading to the early fracture.

One can assume from the analyses of the size distribution of the NMIs in
ODS-EUROFER steel [Publication I] that hydrogen-induced crack initiates
preferably from the largest particle. According to the assumption, reduction of
the large size precipitate particles may improve markedly the resistivity to the
hydrogen embrittlement [Publication VI].
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6. Conclusions

 TDS  measurements  performed  for  EUROFER  97  and  ODS-EUROFER  steels
after electrochemical hydrogen charging evidence that the dispersion
strengthening of the ferrite-martensite EUROFER steel with yttrium oxide
nanoparticles results in significant increase of the hydrogen uptake. Hydrogen
concentration in ODS-EUROFER steel is found to be from 5 to 10 times higher
than that in EUROFER 97 steel after the same hydrogen charging conditions.
The activation analysis  of  hydrogen manifests  that  hydrogen trapping energy
at the interfaces of yttria nanoparticles has a broad distribution.

The helium uptake in  EP450-ODS and ODS-EUROFER steels  was found to
be markedly higher than that in ferrite-martensite EP450 steel. However, the
helium trapping energy in the studied ODS steels is significantly less than that
in ferrite-martensite EP450 steel.

Mechanical properties of the EUROFER 97 and ODS-EUROFER steels were
studied in terms of their sensitivity to hydrogen embrittlement after electro-
chemical hydrogen charging at potential of -1.7 VHg/Hg2SO4 and -1.85 VHg/Hg2SO4.
Decrease of the applied electrochemical potential to -1.85 VHg/Hg2SO4 results in
increase of hydrogen concentration in both studied steels.  Hydrogen has only
minor effect on the yield stress and tensile strength of EUROFER 97 and ODS-
EUROFER steels. However, hydrogen reduces markedly the elongation to frac-
ture of ODS-EUROFER steel if its concentration exceeds a certain critical val-
ue  that  is  between  12  and  33  wt.  ppm.  The  threshold  character  of  hydrogen
embrittlement of EUROFER 97 steel is less pronounced in round-shape spec-
imens compared with that in flat-shape specimens.

The mechanical properties of EUROFER 97 and ODS-EUROFER steels were
studied during continuous hydrogen charging using the developed hydrogen
charging process instrument at room and elevated temperatures. The effect of
hydrogen on the yield stress and tensile strength of the studied steels is negli-
gible at all the testing temperatures. However, hydrogen effect on the elonga-
tion to fracture of the ODS-EUROFER steel decreases with increase of the
temperature up to 300 oC,  while  the susceptibility  to  hydrogen of  EUROFER
97 steel remains approximately the same at all testing temperatures.

The fracture surfaces of the studied steels tested at room and elevated tem-
peratures in H-free conditions are fully ductile dimpled. The continuous hy-
drogen charging results in a remarkable change of the fracture surface appear-
ance  and  mechanism  of  the  fracture  is  apparently  different  for  the  studied
steels.  Thus,  hydrogen  induces  formation  of  large  brittle  fracture  areas  from
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20  to  100  μm  for  ODS-EUROFER  steel  tested  at  RT,  which  decrease  in  size
with increase of the temperature up to 300 oC. At the same time, the fracture
surface  of  H-charged  EUROFER  97  steel  contains  a  net  of  secondary  cracks,
the  length  of  which  is  about  10  um  after  the  tensile  testing  at  RT  and  it  in-
creases at higher testing temperatures.

The interiors of the tensile specimens tested in as-supplied conditions and
under  continuous  hydrogen  charging  was  studied  in  terms  of  interactions  of
hydrogen and NMI leading to crack nucleation and propagation in EUROFER
97 and ODS-EUROFER steels. Hydrogen enhances significantly the formation
of  the voids  and micro-cracks,  which initiate  at  chromium and tungsten car-
bide particles in both EUROFER 97 and ODS-EUROFER steels. With increase
of  the  testing  temperature  up  to  300 oC, the hydrogen-induced micro-cracks
agglomerate  in  sub-micrometer  size  cracks  in  EUROFER  97  steel,  while  the
hydrogen-induced intergranular cracking in ODS-EUROFER steel is effective-
ly suppressed. Hydrogen-induced crack in ODS-EUROFER steel initiates pref-
erably from chromium and tungsten carbide particles the size of which is close
to the maximum of the size distribution of the NMIs.



Bibliography

77

Bibliography

[1] C. Paes de Oliveira, M. Aucouturier, P. Lacombe, ”Hydrogen trapping in bcc Fe-Cr
alloys  (7  ~  9.4  wt% Cr)  as  studied  by  microautoradiography –  contribution  of
carbon-hydrogen interaction – consequences on hydrogen cracking”, Corrosion-
NACE, vol. 36, No. 2, pp. 53-59 (1980).

[2] J. G. Morlet, H. H. Johnson, A. R. Troiano, “A new concept of hydrogen embrittle-
ment in steel”, J. Iron and Steel Institute, vol. 189, pp. 37-74 (1958).

[3] J.P. Hirth, “Effects of hydrogen on the properties of iron and steel”, Metal Trans.,
vol. 11A, pp. 861-90 (1980).

[4] S. Yamamoto, ”Hydrogen embrittlement of nuclear power plant materials”, Mate-
rials Transactions, vol. 45, No. 8, pp. 2647-2649 (2004).

[5]  W.H.  Jonson,  W.  Thomson,  “On  some  remarkable  change  produced  in  iron  and
steel  by  the  action  of  hydrogen  and  acids”,  Proc.  R.  Soc.  vol.  23,  pp.  168-175
(1875).

[6] C.A. Grove, L.D. Petzold, “Mechanism of stress corrosion cracking of alloy X-750 in
high-purity water”, J. Materials for Energy Systems, vol. 7, pp. 147-162 (1985).

[7] C.A. Grove, L.D. Petzold, “Mechanism of stress corrosion cracking of alloy X-750 in
high-purity water”, J. Mater Energy Systems, vol. 7, pp. 147-162 (1985).

[8] R. Viswanathan, J.I. Nurminen, R.G. Aspden, “Stress corrosion behavior of stain-
less steel welds in high temperature water containing chlorides”, Welding Re-
search Supplement, pp. 118-126 (1979).

[9] J.J. DeLuccia, “Electrochemical aspects of hydrogen in metals”, Hydrogen embrit-
tlement: prevention and control, ASTM, Philadelphia, USA, pp. 17-34 (1988).

[10]  W.J.  Mills,  M.R.  Lebo,  J.J.  Kearns,  “Hydrogen  embrittlement,  grain  boundary
segregation, and stress corrosion cracking of alloy X-750 in low and high-
temperature water”, Metal Trans., vol. 30A, pp. 1579-1596 (1999).

[11] H. Hoffmeister, T. Bollinghaus, “Modeling of combined anodic dissolu-
tion/hydrogen-assisted stress corrosion cracking of low-alloyed power plant
steels in high-temperature water environments”, Corrosion, vol. 70(6), pp. 563-
578 (2014).

[12] A.R. Troiano, “The role of hydrogen and other interstitials on the mechanical be-
havior of metals”, Trans Am Soc Met, vol. 53, pp. 54-80 (1960).

[13] R.A. Oriani, R.H. Josephic, “Equilibrium aspects of hydrogen-induced cracking of
steels”, Acta Mater, vol. 22, pp. 1065-74 (1974).

[14]  D.  Shih,  I.M.  Robertson,  H.K.  Birnbaum,  “Hydrogen  embrittlement  of  alpha-
titanium – in-situ TEM studies”, Acta Metal., vol. 36, pp. 111-24 (1988).

[15]  S.  Gahr,  M.L.  Grossbeck,  H.K.  Birnbaum,  “Hydrogen  embrittlement  of  Nb  I  –
macroscopic  behavior  at  low  temperatures”  Acta  Metal.,  vol.  25,  pp.  125-34
(1977).

[16] E. Sirois, H.K. Birnbaum, “Effect of hydrogen and carbon on thermally activated
deformation in nickel”, Acta Mater., vol. 40, pp. 1377-85 (1992).

[17] H.K. Birnbaum, P. Sofronis, “Hydrogen-enhanced localized plasticity – a mecha-
nism  for  hydrogen-related  fracture”,  Mater  Sci.  Eng.,  vol.  176,  pp.  191-202
(1994).



78

[18]  E.  Sofronis,  H.K.  Birnbaum,  “Mechanics  of  the  hydrogen-dislocation-impurity
interactions .1.  increasing shear modulus”, Mech. Phys. Solids, vol.  43, pp. 49-
90 (1995).

[19] J.A. Clum, “The role of hydrogen in dislocation generation in iron alloys”, Scripta
Metall., vol. 9, pp. 51-58 (1975).

[20] S.P. Lynch, “Metallographic contributions to understanding mechanisms of envi-
ronmentally assisted cracking”, Metallography, vol. 23, pp. 147-171 (1989).

[21] S.P. Lynch, “Hydrogen embrittlement phenomena and mechanisms”, Corros.
Rev., vol. 30, pp. 105-123 (2012).

[22] M. Nagumo, M. Nakamura, K. Takai,  “Hydrogen thermal desorption relevant to
delayed-fracture susceptibility of high-strength steels”, Metall Trans., vol. 32 A,
pp. 339-47 (2001).

[23] M. Nagumo, “Hydrogen related failure of steels – a new aspect”, Mater. Sci. Tech.,
vol. 20, pp. 940-50 (2004).

[24]  K.  Takai,  H.  Shoda,  H.  Suzuki,  M.  Nagumo,  “Lattice  defects  dominating  hydro-
gen-related failure of metals”, Acta Mater., vol. 56, pp. 5158-67 (2008).

[25] G.A. Young, E. Richey, D.S. Morton, “Hydrogen embrittlement in nuclear power
systems”, Gaseous hydrogen embrittlement of materials in energy technologies,
vol. 1, pp. 149-176 (2012).

[26]  W.R.  Corwin,  “U.S.  Generation  IV  reactor  integrated  materials  technology  pro-
gram”, Nucl. Eng. and Technol., vol. 38, No. 7, pp. 591-618 (2006).

[27]  Technology  roadmap  update  for  Generation  IV  nuclear  energy  systems,  online
resource (2014).

[28] F. Tancret, T. Sourmail, M.A. Yescas, R.W. Evans, C. McAleese, L. Singh, T.
Smeeton, H.K.D.H. Bhadeshia, “Design of a creep resistant nickel base superal-
loy  for  power  plant  applications  Part  3  –  Experimental  results”,  Mater.  Sci.
Thechnol., vol. 19, pp. 296-302 (2003).

[29] K.L. Murty, I. Charit, “Structural materials for Gen-IV nuclear reactors: challeng-
es and opportunities”, J. Nucl. Mater., vol. 383, pp. 189-195 (2008).

[30] M.S.EI-Genk, J-M. Tourniel, “A review of refractory metal alloys and mechanical-
ly alloyed-oxide dispersion strengthened steels for space nuclear power system”,
J. Nucl. Mater., vol. 340, pp. 93-112 (2005).

[31] R. Viswanathan, “Materials technology for coal-fired power plants”, Adv. Matter.
Process., vol. 162, pp. 73-76 (2004).

[32] R.L. Klueh, “Elevated temperature ferritic and martensitic steels and their appli-
cation to future nuclear reactors”, Int. Mater. Rev., vol, 50, pp. 287-312 (2005).

[33] R.L. Klueh, A.T. Nelson, “Ferritic/martensitic steels for next-generation reactors”,
J. Nucl. Mater., vol. 371, pp. 37-52 (2007).

[34] S.J. Zinkle, J.T. Busby, “Structural materials for fission and fusion energy”, Ma-
ter. Today, vol. 12, pp. 12-19 (2009).

[35] S. Liu, Q. Huang, C. Li, B. Huang, “Influence of non-metal inclusions on mechani-
cal  properties  of  CLAM steel”,  Fusion Eng.  and Design,  vol.  84,  pp.  1214-1218
(2009).

[36]  R.  Schäublin,  J.  Henry,  Y.  Dai,  “Helium  and  point  defect  accumulation:  micro-
structure and mechanical behavior”, Comptes Rendus Physique, vol 9, pp. 389-
400 (2008).

[37] R.T. King, “Symp. on structural material for service at elevated temperatures in
nuclear power generation”, Am. Soc. Mech. Eng., pp. 375-385 (1975).

[38] R.L. Klueh, D.R. Harries, “High-chromium ferritic and martensitic steels for nu-
clear application”, Monograph (2001).

[39]  V.S.  Agueev,  V.N.  Bykov,  A.M.  Dvoryashin,  V.N.  Golovanov,  E.A.  Medvendeva,
V.V. Romaneev, V.K. Sharmardin, A.N. Vorobiev, “Symp. on effects of radiation
on materials”, Am. Soc. Test. Mater., vol. 1, pp. 98-113 (1989).



Bibliography

79

[40]  P.J.  Maziasz,  R.L.  Klueh,  J.M.  Vitek,  “Helium effects  on  void  formation in  9Cr-
1MoVNb  and  12Cr-1MoVW  irradiated  in  HFIR”,  J.  Nucl.  Mater.,  vol.  141-143,
pp. 929-937 (1986).

[41] R.L. Klueh, J.J. Kai, D.J. Alexander, “Microstructure mechanical properties corre-
lation of irradiated conventional and reduced-activation martensitic steels”, J.
Nucl. Mater., vol. 225, pp. 175-186 (1995).

[42] D.S. Gelles, L.E. Thomas, “Ferritic alloys for use in nuclear energy technologies”,
ed., J.W. Davis, D.J. Michel, Metall. Soc. AIME, pp. 559-568 (1984).

[43] P.J. Maziasz, V.K. Sikka, “Alloy development for irradiation performance semian-
nual  progress  report”,  U.S.  Depart.  of  Energy  Report,  DOE/ER-0045/15,  pp.
102-116 (1985).

[44] S. Ukai, M. Fujiwara, “Perspective of ODS alloys application in nuclear environ-
ments”, J. Nucl. Mater., vol. 307-311, pp. 749-757 (2002).

[45]  D.T.  Hoelzer,  J.  Bentley,  M.A.  Sokolov,  M.K.  Miller,  G.R.  Odette,  M.J.  Alinger,
“Influence of particle dispersions on the high-temperature strength of ferritic al-
loys”, J. Nucl. Mater., vol. 166, pp. 367-370 (2007).

[46]  R.L  Klueh,  J.P.  Shingledecker,  R.W.  Swindeman,  D.T.  Hoelzer,  “Oxide  disper-
sion-strengthened steels: A comparison of some commercial and experimental
alloys”, J. Nucl. Mater., vol. 341, pp. 103-114 (2005).

[47] R. Lindau, A. Möslang, M. Rieth, M. Klimiankou, E. Materna-Morris,  A. Alamo,
A-A.F Tavassoli, C. Cayron, A.-M. Lancha, P. Fernandez, N. Baluc, R. Schäublin,
E.  Diegele,  G.  Filacchioni,  J.W.  Rensman,  B.v.d.  Schaaf,  E.  Lucon,  W.  Dietz,
“Present development status of EUROFER and ODS-EUROFER for application
in blanket concepts”, Fussion Eng. Des., vol. 75-79, pp. 989-996 (2005).

[48] G.Yu, N. Nita, N. Baluc, “Thermal creep behavior of the EUROFER 97 RAFM steel
and two European ODS EUROFER 97 steels”, Fusion Eng. Des., vol. 75-79, pp.
1037-1041 (2005).

[49]  S.J.  Zinkle,  G.S.  Was,  “Material  challenges  in  nuclear  energy”,  Acta  Mater.,  vol.
61, pp. 735-758 (2013).

[50] S.J. Zinkle, “Advanced materials for fusion technologies”, Fusion Eng. Des., vol.
74, pp. 31-40 (2005).

[51] A. Kimura, “Current status of reduced-activation ferritic/martensitic steels R&D
for fusion energy”, Mater. Trans., vol. 46, pp. 394-404 (2005).

[52] G.R. Odette, “Recent progress in development and qualifying nanostructured
ferritic alloys for advanced fission and fusion application”, Miner. Met. Mater.
Soc., vol. 66, pp. 2427-2441 (2014).

[53] S. Ningshen, M. Sakairi, K. Suzuki, S. Ukai, “Corrosion resistance of 9%Cr oxide
dispersion-strengthened steel in different electrolytic media”, Corrosion, vol.
69, No. 9, pp. 863-874 (2013).

[54]  V.  Firouzdor,  G.P.  Cao,  K.  Sridharan,  M.  Anderson,  T.R.  Allen,  “Corrosion  re-
sistance of PM2000 ODS steel in high temperature supercritical carbon diox-
ide”, Mater. Corr., vol. 66, pp. 137-142 (2015).

[55] A. Takahashi, N.M. Ghoniem, J. Mech, “A computational method for dislocation-
precipitate interaction”, J. Mech. Phys. Solids, vol. 56, pp. 1534-1553 (2008).

[56] J.J. Fischer, “Dispersion strengthened ferritic alloy for use in liquid-metal fast
breeder reactors (LMFBRS)”, Patent file date (1978).

[57] M. Suárez, A. Fernandez, J.L. Menendez, R. Torrecillas, H.U. Kessel, J. Hennicke,
R. Kircher, T. Kessel, “Challenges and Opportunities for sparck plasma sinter-
ing:  A  key  technology  for  a  new generation  of  materials”,  in  Materials  Science
“Sinterring Applications”, edited by B. Ertuğ, ISBN 978-953-51-0974-7, pp. 319-
342 (2013).

[58] M. Hernandez-Mayoral,  M. Serrano, E. Onorbe, A. Garcia-Junceda, I.  Hilger,  B.
Kloeden,  T.  Weissgaerber,  A.  Ulbricht,  F.  Bergner,  B.  Radiguet,  A.  Etienne,  A.
Shariq, C.D. Dewhurst, “Microstructural and mechanical characterization of



80

ODS ferritic alloys prodyced by mechanical alloying and sparck plasma sinter-
ing”, Mater. Sci. Tech., vol. 30, pp. 1669-1674 (2014).

[59]  L.L.  Hsiung,  M.J.  Fluss,  S.J.  Tumey,  B.W.  Choi,  Y.  Serruys,  F.  Willaime,  A.  Ki-
mura, “Formation mechanism and the role of nanoparticles in Fe-Cr ODS steels
developed for radiation tolerance”, Phys. Rev., vol. 82B, pp. 184103-13 (2010).

[60]  R.  E.  Reed-Hill,  R.  Abbaschian,  “Physical  Metallurgy  Principles”,  Third  edition,
PWS-KENT Publishing Company, Boston (1991).

[61]  I.  Kubena,  B.  Fournier,  T.  Kruml,  “Effect  of  microstructure  on  low cycle  fatigue
properties of ODS steel”, J. Nucl. Mater., vol. 424, pp. 101-108 (2012).

[62] S.P. Simakov, U. Fisher, V. Heinzel, U.von Möllendoff, “International fusion ma-
terial irradiation facility (IFMIF): Neutron source term simulation and neutron-
ics analyses of the high flux test module”, FZK Report, FZKA 6743 (2002).

[63] P. Vladimirov, A. Möslang, “Comparison of material irradiation conditions for
fusion, spallation, stripping and fission neutron sources”, J. Nucl. Mater., vol.
329-333, pp. 233-237 (2004).

[64] L.R. Greenwood, “Neutron interactions and atomic recoil  spectra”,  J.  Nucl.  Ma-
ter., vol. 216, pp. 29-44 (1994).

[65] L.R. Greenwood, F.A. Garner, B.M. Oliver, M.L. Grossbek, W.G. Wolfer, “Surpris-
ingly large generation and retention of helium and hydrogen in pure nickel irra-
diated at high temperatures and high neutron exposures”,  J.  ASTM Int.,  vol.  1,
iss. 4, pp. 117-125 (2004).

[66] F.A. Garner, L.R. Greenwood, “Neutron irradiation effects on fusion or spallation
structural materials: Some recent insigns related to neutron spectra”, Rad. Ef-
fects and Defects in Solids, vol. 144, pp. 251-283 (1998).

[67]  T.  Tanaka,  K.  Oka,  S.  Ohnuki,  S.  Yamashita,  T.  Suda,  S.  Watanabe,  E.  Wakai,
“Synergistic effect of helium and hydrogen for defect evolution under multi-ion
irradiation  of  Fe-Cr  ferritic  alloys”,  J.  Nucl.  Mater.,  vol.  329-333,  pp.  294-298
(2004).

[68] L. Gao, B,E. Conway, “Absorption and adsorption of hydrogen into the hydrogen
evolution reaction and the effect of co-adsorbed poisons”, Elecrochimica Acta,
vol. 39, no. 11/12, pp. 1681-1693 (1994).

[69] B.E. Wilde, C.D. Kim, “Hydrogen adsorption on steels undergoing corrosion with
hydrogen evolution”, Corrosion, vol. 42, no. 4, pp. 243-244 (1986).

[70] N. Lewis, S.A. Atanasio, D.S. Morton, G.A. Young, “Stress corrosion crack growth
rate  testing  and  analytical  electron  microscopy  of  alloy  600  as  a  function  of
Pourbaix space and microstructure”, Chemistry and electrochemistry of stress
corrosion cracking, PA, pp. 421-445 (2001).

[71] N. Totsuka, Z. Szklarska-Smialowska, “Hydrogen induced IGSCC of Ni-containing
FCC alloys in high temperature water”, Third International Conference on Envi-
ronmental Degradation of Materials in Nuclear Power Systems – Water Reac-
tors, The Metallurgical Society of AIME (1988).

[72] T. Magnin, “Corrosion deformation interactions during stress corrosion cracking
of Alloy 600 in primary water”, Sixth International Symposium on Environmen-
tal  Degradation  of  Materials  in  Nuclear  Power  Systems  –  Water  Reactor,  The
Minerals, Metals and Materials Society (1993).

[73] T. Yonezawa, Y. Yamaguchi, Y. Iijima, “Electron micro-autoradiographic observa-
tion of tritium distribution on Alloy X-750”, International Symposium on Plant
Aging and Life Prediction of Corrodible Structures, National Association of Cor-
rosion Engineers (1995).

[74] G.A. Young, W.W. Wilkening, D.S. Morton, E. Richey, N. Lewis, “The mechanism
and modelling of intergranular stress corrosion cracking of nickel-chromium-
iron alloys  exposed to  high  purity  water”,  Proceedings  of  the  Twelfth  Interna-
tional Conference on Environmental Degradation of Materials an Nuclear Power
Systems – Water Reactor, American Nuclear Society (2005).



Bibliography

81

[75] M.R. Shanabarger, A. Taslami. H.G. Nelson, “Influence of hydrogen chemisorp-
tion  kinetics  on  the  interpretation  of  hydrogen  transport  through  iron  mem-
branes”, Scripta Metal., vol. 15, pp. 929-933 (1981).

[76] A. Turnbull (Ed), “Hydrogen transport and cracking in metals”, The Inst. of Ma-
ter., London (1995).

[77] L.S. Darken, R.P. Smith, “Behavior of hydrogen in steel during and after immer-
sion in acid”, Corrosion, vol. 5, pp. 1-16 (1949).

[78] A. McNabb, P.K. Foster, “A new analysis of the diffusion of hydrogen in iron and
ferritic steels”, Trans. Met. Soc., AIME, vol. 227, pp. 618-27 (1963).

[79] H. Wada, K. Sakamoto, “Specific heat of the iron-hydrogen system at low temper-
atures”, Scripta Met, vol. 13, pp. 573-575 (1979).

[80]  M.G.  Ganchenkova,  Y.N.  Yagodzinskyy,  V.A.  Borodin,  H.  Hänninen,  “Effects  of
hydrogen and impurities on void nucleation in copper: simulation point of
view”, Philosophical Magazine, vol. 94, pp. 3522-3548 (2014).

[81] E. Abramov, D. Elizer, “Hydrogen trapping in helium damaged metals: a theoreti-
cal approach”, J. Mater. Sci., vol. 27, pp. 2595-2598 (1992).

[82] S.M. Myers, D.M. Follstaedt,  F. Besenbacher, J.  Bøttiger,  “Trapping and surface
permeation  of  deuterium in  He-implanted  Fe”,  Appl.  Phys.,  vol.  53,  pp.  8734-
8744 (1982).

[83] A. Vehanen, P. Hautojärvi, J. Johansson, J.Y. Kauppila, P. Moser, “Vacancies and
carbon impurities in α-iron: electron irradiation”, Phys, Rev., vol. 25B, pp. 762-
780 (1982).

[84] S.M. Myers, S.T. Picraux, R.E. Stoltz, “Defect trapping of iron-implanted deuteri-
um in Fe”, J. Appl. Phys., vol. 50, pp. 5710-5719 (1979).

[85]  A.J.  Kumnick,  H.H.  Johnson,  “Deep  trapping  sites  for  hydrogen  in  deformed
iron”, Acta Met., vol 28, pp. 33-39 (1980).

[86] W.Xing, X-Q. Chen, P. Liu, X. Wang, P. Zhang, D. Li, Y, Li, “First-principles stud-
ies of hydrogen behavior interacting with oxygen-enriched nanostructured par-
ticles in the ODS steels”, Int. J. Hydr. Energy, vol. 39, pp. 18506-18519 (2014).

[87] C. Paes de Oliveira, M. Aucouturier, P. Lacombe, “Hydrogen trapping in BCC Fe-
Cr alloys (7 – 9.4 Wt% Cr) as studied by microautoradiography – contribution
of carbon-hydrogen interaction – consequences on hydrogen cracking”, Corro-
sion, vol. 36, pp. 53-59 (1980).

[88] G.A. Esteban, A. Pena, F. Legarda, R. Lindau, “Hydrogen transport and trapping
in ODS-EUROFER”, Fusion Eng. Des., vol. 82, pp. 2634-2640 (2007).

[89] A.L. Stepanov, G. Bour, A. Reinholdt, U. Kreibig, “The formation of hydrogenated
yttrium nanoparticles”, Tech. Phys. Letters, vol. 28, no. 8,  pp. 642-644 (2002).

[90] J.N. Huiberts, J.H. Rector, R.J. Wijngaarden, S. Jetten, D. de Groot, B. Dam, N.J.
Koeman,  R.  Grissen,  B.  Hjörvarsson,  S.  Olafsson,  Y.S.  Cho,  “Syntesis  of  yttri-
umtrihydride films for ex-situ measurements”, J. Alloys Comp., vol. 239, pp.
158-171 (1996).

[91] T. Becker, S. Hövel, M. Kunat, C. Boas, U. Burghaus, C. Wöll, “Interaction of hy-
drogen with metal oxides: the case of the polar ZnO(0001) surface”, Surface Sci-
ence, vol. 486, pp. L502-L506 (2001).

[92] R.A. Oriani, “The diffusion and trapping of hydrogen in steels”, Acta Met., vol. 18,
pp. 147-157 (1970).

[93] K. Ono, L.A. Rosales, “The anomalous behavior of hydrogen in iron at lower tem-
perature”, Trans. Met. Soc., AIME, vol. 242, pp. 244-248 (1968).

[94]  G.M.  Pressouyre,  “A  classification  of  hydrogen  traps  in  steel”,  Met.  Trans.,  vol.
10A, pp. 1571-1573  (1979).

[95] S.W. Smith, “Hydrogen trapping and its correlation with the hydrogen embrittle-
ment susceptibility of Al-Li-Cu-Zr alloys”, PhD Dissertation, University of Vir-
ginia, Charlottesville, VA (1995).

[96] G.W. Hong, J.Y. Lee, “The measurement of the trap binding energy by the ther-
mal analysis”, Scripta Met., vol. 17, pp. 823-826 (1983).



82

[97]  W.Y Choo,  I.-Y.  Lee,  “Thermal  analysis  of  trapped hydrogen in  pure  iron”,  Met.
Trans., vol. 13A, pp. 135-140 (1982).

[98] S.-M. Lee, I.-Y. Lee, “The trapping and transport phenomena of hydrogen in nick-
el”, Met. Trans., vol. 17A, pp. 181-187 (1986).

[99] K. Ono, M. Meshii, “Hydrogen detrapping from grain boundaries and dislocations
in high purity iron”, Acta Mett. Mater., vol. 40, pp. 1357-1364 (1992).

[100] P. Richmond, “Systat Software acquires exclusive worldwide rights to Sigma
Series scientific software; Increase market share in statistical analysis and visu-
alization software market”, Systat Software Inc, Press Room (2004).

[101] A. Turbull, R.B. Hutchings, D.H. Ferriss, “Modeling of thermal desorption of
hydrogen from metals”, Mater. Sci. Eng., vol. A238, pp. 317-328 (1997).

[102] H.E. Kissinger, “Reaction kinetics in differential thermal analysis”, Anal. Chem.,
vol. 29, pp. 1702-1706 (1957).

[103] P. Murray, J. White, “Kinetics of the thermal decorption of clay. 4. Interpretation
of  the  differential  thermal  analysis  of  clays”,  Trans.  Brit.  Ceram.  Soc.,  vol.  54,
pp. 204-237 (1955).

[104] S.P. Lynch, “Mechanisms of hydrogen assisted cracking – a Review”, in Hydro-
gen Effects on Materials Behavior and Corrosion Deformation Interactions, ed-
ited  by  N.R.  Moody,  A.W.  Thompson,  R.E.  Ricker,  G.W.  Was  and R.H.  Jones,
TMS, Warrendale, PA, pp. 449-466 (2003).

[105] M. Nagumo, “Hydrogen related failure of steels – a new aspect”, Mater. Sci.
Tesch., vol. 20, pp. 940-950 (2004).

[106] R.B. McLellen, Z.R. Xu, “Hydrogen-induced vacancies in the iron lattice”, Scrip-
ta Mater., vol. 36, pp. 1201-1205 (1997).

[107] A.M. Cuitino, M. Ortiz, “Ductile fracture by vacancy condensation in F.C.C. sin-
gle crystals”, Acta Mater., vol. 44, pp. 427-436 (1996).

[108] J.R. Griffiths, D.R. Owen, “An elastic-plastic stress analysis for a notched bar in
plane strain bending”, J. Mech. Phys. Sol., vol. 19, pp. 419-431 (1971).

[109]  J.  Kameda,  C.J.  McMahon,  “Solute  segregation  and brittle  fracture  in  an  alloy
steel”, Metall. Trans., vol. 11A, pp. 91-101 (1980).

[110] K. Yoshino, C.J. McMahon, “The cooperative relation between temper embrit-
tlement and hydrogen embrittlement in a high strength steel”, Metall. Trans.,
vol. 5A, pp. 363-370 (1974).

[111] C.D. Beachem, “A new model for hydrogen assisted cracking (hydrogen embrit-
tlement”, Metall. Trans., vol. 3, pp. 437-451 (1972).

[112] H.K. Birnbaum, “Mechanisms of hydrogen related fracture of metals”, in Hydro-
gen Effects on Materials Behavior, edited by N.R. Moody and A.W. Thompson,
TMS, Warrendale, PA, pp. 639-658 (1990).

[113] H.K. Birnbaum, I.M. Robertson, P. Sofronis, D. Teter, “Mechanisms of hydrogen
related fracture – a review”, in Corrosion-Deformation Interactions, edited by T.
Magnin, Institute of Materials, London, pp. 172-195 (1997).

[114] M. Yamaguchi, J. Kameda, K-I. Ebihara, M. Itakura, H. Kaburaki, “Mobile effect
of hydrogen on intergranular decohesion of iron: first-principles calculations”,
Phil. Mag., vol. 92, pp. 1349-1368 (2012).

[115] R.H. Jones, “Analysis of hydrogen-induced subcritical intergranular crack growth
of iron and nickel”, Acta Met. Mater., vol. 38, pp. 1703-1708 (1990).

[116] P. Novak, R. Ynan, B.P. Somerday, P. Sofronis, R.O. Ritchie, “A statistical, physi-
cal-based, micro-mechanical model of hydrogen-induced intergranular fracture
in steel”, J. Mech. Phys. of Solids, vol. 58, pp. 206-226 (2010).

[117] J.S. Lee, A. Kimura, S. Ukai, M. Fujiwara, “Effects of hydrogen on the mechanical
properties of oxide dispersion strengthened steels”, J. Nucl. Mater., vol. 329-
333, pp. 1122-1126 (2004).

[118]  L.K.  Mansur,  W.A.  Coghlan,  “Mechanism  of  helium  interaction  with  radiation
defects in metals and alloys”, J. Nucl. Mater., vol. 119, pp. 1-25 (1983).



Bibliography

83

[119] L.K. Mansur, E.H. Lee, “Theoretical basis of unified analysis of experimental data
and design of swelling resistant alloys”, J. Nucl. Mater., vol. 179-181, pp. 105-110
(1991).

[120] K. Morishita,  R. Sugano, B.D. Wirth, T. Diaz de la Rubia, “Thermal stability of
helium – vacancy clusters in iron”, Nucl. Instrum. and Meth. B, vol. 202, pp. 76-
81 (2003).

[121] C.C. Fu, F. Willaime, “Ab initio study of helium in α-Fe: Dissolution, migration,
and clustering with vacancies”, Phys. Rev. B 72, 064117 (2005).

[122] W.D. Wilson, C.L. Bisson, M.I. Baskes, “Self-trapping of helium in metals”, Phys.
Rev. B 24, 5616 (1981).

[123] C.C. Fu, F. Willaime, “Interaction between helium and self-defects in α-iron fron
first principles”, J. Nucl. Mater., vol. 367-370, pp. 244-250 (2007).

[124]  P.M.  Derlet,  D.  Nguyen-Manh,  S.L.Dudarev,  “Multiscale  modeling  of  crowdion
and vacancy defects in body-centered-cubic transition metals”, Phys. Rev. B 76,
054107 (2007).



Hydrogen and helium effects on advanced 
structural materials for Gen IV nuclear 
reactor systems such as reduced activation 
ferrite-martensite (RAFM) and oxide 
dispersion strengthened (ODS) RAFM 
steels were studied. Hydrogen and helium 
stabilize the small vacancy clusters and 
facilitate the further formation of the voids 
that causes the swelling of the structural 
steels. At the same time, hydrogen plays an 
important role in degradation of the 
mechanical properties of the structural 
steels due to the hydrogen embrittlement. 
Hydrogen and helium uptake and trapping 
were studied using thermal desorption 
analysis. The effect of hydrogen on tensile 
properties of the RAFM and ODS-RAFM 
steels was studied at room and elevated 
temperatures using unique instrument for 
hydrogen charging from glow discharge 
plasma. The role of non-metallic inclusions 
in hydrogen embrittlement was studied and 
possible mechanisms of the hydrogen-
induced fracture were discussed. 
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