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Abstract

Martensitic stainless steels are candidate materials for the target structure of the European Spallation Source (ESS).
Hydrogen and helium produced by nuclear transmutation in the proton beam and in the energetic neutron field cause
changes of material properties in addition to those caused by atomic displacement. The present work presents results of
diffusion and retention of hydrogen and helium, derived from permeation and thermal desorption experiments. Fur-
thermore synergy effects are discussed which occur when hydrogen is retained due to the presence of helium. Mea-
surements of the effect of hydrogen and helium on hardness and tensile properties are given and results on fracture,
creep rupture and fatigue are reviewed. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Martensitic stainless steels are candidates for struc-
tural materials in future high-power spallation neutron
sources as well as in fusion reactors. In comparison to
austenitic stainless steels, this class of materials is fa-
vourable due to their higher mechanical strength and
their lower susceptibility to void swelling, irradiation
creep and high temperature helium embrittlement. On
the other hand, points of concern are possible problems
with welding, irradiation-induced embrittlement at low
temperatures and embrittlement by hydrogen due to its
lower solubility. Only recently in the fusion material
programme, an increase of the ductile-to-brittle transi-
tion temperature (DBTT) by helium has also been ob-
served. This means that effects of the light transmutation
elements hydrogen and helium, which in a spallation
source are produced in even larger amounts than in a
fusion reactor, deserve more investigation. In the past,
several martensitic stainless steels have been developed
in the fast breeder and fusion reactor programs, showing
that chromium concentrations around 9% are a good
compromise between the better corrosion resistance of
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higher Cr-steels and the lower irradiation embrittlement
of lower Cr-steels. In the following, results are mainly
presented for three martensitic steels with different
chromium content, the compositions of which are given
in Table 1.

The production rates of H- and He-isotopes by nu-
clear reactions induced by neutrons and protons have
been discussed in great detail during the present work-
shop. A compilation of experimental data [1,2] is given
in Fig. 1, including some model calculations [3.4].
A typical value for He production in the European
Spallation Source (ESS) window is estimated to
~0.3 at.ppb/s, while the production in the containment
and in the moderator is lower by a factor of 60. On the
other hand, the production rate for hydrogen in the
window is about a factor of 20 higher than for He.

As long as no powerful source of high-energy pro-
tons and spallation neutrons is available, the produc-
tion of hydrogen and helium in materials must be
simulated by implantation of particle beams. Other
methods like isotope tayloring for reactor irradiation —
e.g., helium production by adding *Ni or B — have
strong drawbacks by altering the properties of the base
material in an unacceptable way [5]. By implantation
rather large concentrations of H or He can be intro-
duced with relatively low simultaneous defect produc-
tion. This allows to study the almost ‘pure’ effect of
these atoms but, on the other hand, means that the
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Table 1
Main constituents of some 7-12% Cr martensitic steels
Fe Cr w \Y Ta Mn C N
F82H 89.8 7.7 1.94 0.16 - 0.16 0.09 0.006
EUROFERY7 89.1 9.0 1.1 0.20 0.075 0.40 0.11 0.03
MANET-II 86.3 10.3 - 0.2 Nb:0.12 0.79 0.10 0.024
o[barn] LRI L L AL AL R LLL] tionary maximum concentration of ¢pay = @ x Gu /2D,
- Fe, steel ~ 7 H] while for both surfaces permeable the value would be a
10° = ~— ey T factor of 4 lower. From these expressions maximum
- // . /0’9 -Hef values of d or minimum values of D (and thus also of
p r N {__f_ﬂ,x(; /‘ . temperature) can be derived if ¢* is used for cpay [6,7].
10 3 / P - 3 Several techniques can be used to measure diffusion
- }’ - 7 of hydrogen in solids as reviewed in [§8]. In the present
2 i / 7 study, the effect of irradiation has been taken into ac-
10 3 experimental'_g count by performing permeation measurements during
E S0 neutrons 3 implantation and thermal desorption measurements af-
103 A T lffr'?'tP"sl 7 ter implantation [9]. Fig. 2 shows effective diffusion co-
1 10 100 1000 efficients D* of hydrogen in martensitic stainless steels as
E[MeV] derived from transients in gas permeation experiments

Fig. 1. Experimental production cross-section for *He by pro-
tons (eM) [1,2] and neutrons (o) cf. Ref. [3,4] as a function of
energy. Included are calculations for Fe(p, He) with DIDACS
(xxx), for Fe(n, He) with DIDACS (.....) and with DISCA2 [3]
(-..-), and for SS316(n,He) (., -.-) and SS316(n, H) (__, --)
with SPECTER and LAHET [4].

situation in a spallation or fusion environment is not
perfectly simulated.

2. Diffusion and retention of hydrogen

The main sources of hydrogen in the target area of a
liquid metal spallation source are (p,p’x) and (n,px)
transmutation reactions of the primary protons. An-
other possible source could be absorption of hydrogen
which might be added as a corrosion inhibitor. Only in
the second case a diffusion barrier would be beneficial in
reducing the hydrogen content of the metal, while hy-
drogen produced by transmutation would be effectively
retained by barriers and hydrogen content would be
linearly increasing with time and production rate Gy.
The same would happen if diffusion coefficient D would
be negligible at low temperatures or due to trapping. A
critical concentration ¢* for hydrogen embrittlement,
estimated at about 10 wt.ppm in 10% Cr steels [6], would
thus be reached in the ESS window (Gy ~ 6 x 107 s7!)
within about 26 h. This indicates that diffusion barriers
are not desirable, but actually must be carefully avoided.
Straightforward calculations for a slab of thickness d
with one surface permeable and one sealed give a sta-

[10,11]. At temperatures above about 350°C, D* of steels
parallels the values in pure iron, while at lower tem-
peratures it increasingly drops below the iron values due
to trapping. In martensitic stainless steels, this effect is
systematically enhanced with increasing chromium
content. Also irradiation damage is reducing D*, mainly
at low temperatures [10,11]. On the other hand the ef-
fective binding energy to traps, as derived in the frame of
an ‘unsaturable trap model’, is not significantly changed
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Fig. 2. Diffusion of hydrogen (and deuterium A) in unirradi-
ated F82H and after irradiation to 0.007 dpa derived from
permeation transients [10]. Specimen thickness is indicated.
Included are results for MANET-II [11] and pure iron [12].
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Fig. 3. Thermal desorption rates of deuterium as a function of
temperature from 390 pm thick F82H specimens, thermally
loaded at 1 bar and 500°C. The specimens were linearly heated
at a rate of about 0.8 K/s. Similar behaviour is observed for
virgin and pre-irradiated specimens [9].

by irradiation, indicating that in both cases essentially
the same traps are acting. This is corroborated by the
similarity of thermal desorption behaviour of specimens
loaded with deuterium in the virgin state and after ir-
radiation (Fig. 3). In both cases, two prominent peaks
are observed around 200°C and 700°C, the precise po-
sitions depending on heating rate and specimen thick-
ness.

3. Diffusion and retention of helium

As helium is virtually insoluble in metals, it is pro-
duced in materials of spallation sources or fusion reac-
tors practically only by transmutation reactions. A
much weaker source of He is decay of dissolved tritium
(from transmutations) to *He. Helium is readily immo-
bilised by trapping (for example in vacancies) or clus-
tering and is therefore quantitatively retained. This
means that for a production rate Gg. of 3 x 10710 57!
(ESS window) a concentration of 100 at.ppm is reached
already within 4 days. Critical concentrations in this
range have been established for high-temperature helium
embrittlement in austenitic stainless steels [13], while
even smaller values seemingly cause increases of DBTT
in martensitic steels [14,15]. Diffusion coefficients as well
as concentration limits for immobilisation by clustering

of helium have been obtained in iron from thermal de-
sorption measurements at very low implanted helium
concentrations in very thin specimens. The relative
amounts released during linear and isothermal heating
strongly depend on specimens thickness ¢ and initial
helium concentration ¢y as shown for iron in Figs. 4 and
5. For significant desorption by free diffusion, as indi-
cated by a square root time dependence in Fig. 5, the
product d\/cy must not significantly exceed /(2/2R),
where Q and R are atomic volume and interaction radius
of the helium atoms, respectively [16]. In the ESS win-
dow, with the above value of Gy this limit is exceeded
within a few minutes. After that time helium is practi-
cally quantitatively retained.
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Fig. 4. He release from implanted iron during linear heating at
a rate of about 0.8 K/s. The numbers give specimen thickness
and initial He concentration [16].
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Fig. 5. He release from implanted iron during isothermal
heating at the temperatures indicated. Specimen thickness and
initial He concentration were below 5 pm and 10 at.ppb, re-
spectively. A square root time dependence (slope 1/2) in this
plot indicates diffusion [16].
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4. Synergy effects

In nickel, austenitic stainless steels and some other
fcc metals, effects of pre-implanted hydrogen or helium
on retention or desorption of the other species were
observed, see for example [17-19]. Detailed investiga-
tions on martensitic steels are in progress [9].

5. Effects of hydrogen and helium on microstructure and
swelling

Results on the effect of hydrogen and helium on
swelling are contradictory. In an early study, swelling of
ferritic/martensitic steels under Cr-ion irradiation at
425-525°C to 100 dpa (AV/V < 0.15%) was not en-
hanced by the addition of 0.52 at.% H plus 0.13 at.% He
[20]. On the other hand, recent investigations found an
increase of void swelling in F82H at 400°C (< 50 dpa,
AV/V <1%) with increasing helium production as
achieved by variation of neutron spectrum (HFIR vs.
FFTF) or boron addition as summarised in Fig. 6 [21].
Further investigations are necessary to sort out possible
effect of differences in dpa rate, as the higher rate in
FFTF has been found to delay swelling [22].

6. Hardness and tensile properties

Fig. 7 shows changes of microhardness, measured at
three temperatures in MANET-II and F82H specimens
due to irradiation and hydrogen and/or helium implan-
tation [23]. The data from instrumented hardness tests
are plotted as a function of the concurrently produced
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Fig. 6. Void swelling of F82H at 400°C as a function of dis-
placement dose. The different reactors (FFTF or HFIR) and
doping with boron give different helium production in the
material [21].
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Fig. 7. Hardness of irradiated and H or He implanted MA-
NET-II. Results for F82H are indicated by dashed symbols.
Data are given for hardness measurements at —150°C (triangles
down), 0°C (squares) and +170°C (triangles up) [23].

displacement damage. The main results are: (1) within
experimental error no difference in hardening of both
materials; (2) virtually identical hardening at room
temperature for specimens which were implanted with H
and/or He and specimens which were only irradiated but
not implanted (crosses); (3) on the other hand at —150°C
(triangles down) and +170°C (triangles up) hardening of
the implanted specimens is significantly higher, respec-
tively, lower than that of specimens irradiated without
implantation; (4) no significant difference between
specimens implanted with H or He when compared on
dpa basis. Correspondingly there are no additional
synergy effects caused by H + He implantations.

Fig. 8 shows changes of micro- and nanohardness of
MANET-II measured at room temperature after H and
He single beam implantation as well as after Fe + He
dual beam irradiation [24]. Included are results where
the displacement damage and H and He production are
caused by an 800 MeV proton beam. These data also
indicate that hardening by H and He implantation is
mainly produced by the concurrent displacement dam-
age, at least up to He concentrations of about 0.5 at.%.
Above this limit, possibly peculiar contributions from
helium occur, probably due to bubble formation [25].
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Fig. 8. Microhardness of MANET-II implanted by H, He and
irradiated by dual beams of Fe and He, measured at room
temperature. Included are results from 800 MeV proton irra-
diation at LANL [24].

The effect of implanted helium on the recovery of
hardness is shown in Fig. 9 [26]. The figure gives a
horizontal cut through hardness versus temperature
curves like those in Fig. 7 and shows that helium causes
retention of hardening to higher temperatures. More
detailed investigations are needed to clarify the synergy
effect of displacement damage and helium.

While martensitic stainless steels showed no change
of tensile properties after implantation of 100 at.ppm
helium at room temperature [27], higher concentrations
of 350 [28] and 500 [29] at.ppm gave some increase in
yield and ultimate tensile stress and reduction of uni-
form and total elongation, at least up to testing tem-
peratures of ~350°C. Implantation at 250°C to a
concentration of 5000 at.ppm results in complete loss of
ductility, while after implantation at 550°C some duc-
tility is retained [30].

The effect of hydrogen on tensile properties of F82H
is shown in Figs. 10 and 11. Yield stress and oyrs of the
~380 pm thick specimens decrease strongly with im-
planted concentration when tested at room temperature,
while at 200°C only a small effect and at 350°C almost
no effect is observed. Uniform elongation ey as well as ¢
show a large decrease for testing at room temperature
and much less at the higher temperatures [31]. These
results may be compared to results after displacive
damage production in reactors, which has a negligi-
ble effect at these low doses [32]. This indicates that

140 :l LI I LU | LB | LB ‘ UL I LU I TTT I:

C MANET I

120 | E
100 é— \\ —E

- \ 3

80 o\ =

g‘ . ;_ ‘V\\\ ﬂ)a (atppm He)_é
o r : ]
2 40l \ "*-o\.oozs (363
=k : ]
20 -]

- N\ 013 (189) ]

0F \ \

F \ ° ]

20 - .11 (0) >
-40 :I 111 I L1 11 I 1111 I 1111 ] L1 11 1 L1 1l I 111 l:

0 100 200 300 400 500 600 700
Tannloc]

Fig. 9. Recovery of hardness of MANET-II irradiated and
implanted to different displacement doses and helium contents.
Instead of plotting hardness at a certain temperature, that
temperature is given at which hardness reaches the value (3.57
GPa) which corresponds to the DBTT temperature of the virgin
material [26].
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Fig. 10. Yield stress and ultimate tensile strength of F§82H steel
as a function of implanted hydrogen concentration from tensile
tests performed at room temperature, 200°C and 350°C at
strain rates around 1 x 107* s~! [31].
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Fig. 11. Uniform and total elongation of F82H steel as a
function of implanted hydrogen concentration from tensile tests
performed at room temperature, 200°C and 350°C at strain
rates around 1 x 107* s~! [31].
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Fig. 12. Tensile curves of a 9Cr-2W steel in virgin state, after
irradiation to 6 x 10* n/m?, after electrochemically loading
with hydrogen, and after irradiation plus loading [33].

especially the strong loss in ductility must be ascribed to
the presence of hydrogen.

Synergy effects of hydrogen plus irradiation have
been studied by comparing tensile curves after reactor
irradiation, electrochemical loading with hydrogen and
loading of pre-irradiated specimens [33]. As can be seen
from Fig. 12, irradiation or loading with H alone have
minor effects, while loading of pre-irradiated specimens
causes strong embrittlement.

7. Fracture and impact properties

In some basic studies of stress—strain curves, strong
embrittlement of iron was found when it was loaded at
cryogenic temperatures with low-energy helium [34].
Later investigations on low-activation martensitic steels,
employing irradiation by dual beam or reactors in dif-
ferent spectra and/or of boron-doped material indicated
effects of helium on fracture and impact properties. For
example DBTT of F82H was increased by about 18°C
after irradiation to a dose of 0.2 dpa in HFR, while the
addition of 300 at.ppm He raises ADBTT by 44°C. At
present the results are not detailed enough to clearly
separate the effect of displacement damage and helium
content. In Figs. 13 and 14 three-dimensional plots are
given for 7-9% Cr and 12% Cr steels, respectively. From
the limited amount of data it seems that both, dis-
placement damage and helium contribute to ADBTT
[14,15,35]. Further investigations are needed to deter-
mine the dose dependence of both effects more precisely
and how both influences superimpose.

7Cr-F82H 250°C <
300°C ¢
9Cr-1MoVNb/50°C ©
\%

300°C
OC A

ADBTT[°C]

Fig. 13. Increase of DBTT of 7-9Cr-steels as a function of
displacement dose and helium concentration [14,15,35].
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Fig. 14. Increase of DBTT of 12% Cr steels as a function of
displacement dose and helium concentration [14,15,35].

8. Creep rupture and fatigue

One of the major advantages of ferritic/martensitic
steels in comparison to austenitic steels is their resistance
to high temperature helium embrittlement. This was
revealed by in-beam creep rupture tests as shown in
Figs. 15 and 16 [36]. In these experiments, helium is
implanted at elevated temperatures under simultaneous
application of a constant tensile stress. While austenitic
AISI316L suffers a strong reduction in rupture time as
well as rupture strain by the presence of helium, the
detoriation is reduced in Ti-stabilised DIN1.4970, and
virtually no effect of helium is observed in the marten-
sitic steel DIN1.4914.

The effect of hydrogen on crack growth under cyclic
loading was investigated in a 12Cr—1Mo steel [37]. In
Fig. 17, the effect of frequency on the enhancement of
crack growth rate by hydrogen is shown. The stronger
effect at low frequencies is ascribed to the longer time
available for hydrogen to reach the high stress areas
ahead of crack tips. Also the reduction of fatigue life of
MANET by hydrogen is enhanced at low frequencies
and even more by additional holding times as shown in
Fig. 18 [38].

Also the reduction of fatigue lifetime of austenitic
steels by implanted helium is strongest at low frequen-
cies [39]. In martensitic MANET-I, irradiated with 104
MeV a-particles to 1.6 dpa at 420°C and intermittently
implanted to 400 at.ppm He, irradiation induced hard-
ening and reduction of fatigue life was observed in post-
irradiation fatigue testing [40]. On the other hand, much
less degradation was observed when testing was per-
formed during irradiation/implantation. Practically the
same behaviour was observed in MANET-II, irradiated
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Fig. 15. Creep rupture time of virgin (dashed) and helium-
loaded (solid) austenitic AISI316L, Ti-stabilised DIN1.4970
and martensitic DIN1.4914 steels. The helium was implanted at
600°C during simultaneous application of tensile stress [36].
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Fig. 16. Creep rupture strain of austenitic AISI316L, Ti-
stabilised DIN1.4970 and martensitic DIN1.4914 steels. The
helium (102-10* at.ppm, depending on lifetime) was implanted
at 600°C during simultaneous application of tensile stress (‘in-
beam’) [36]. Each pair of horizontal lines indicates the scatter-
band of data from virgin (dashed) and helium-loaded (solid)
specimens, respectively.
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Fig. 17. Increase of crack growth rate by hydrogen as a func-
tion of inverse frequency in a 12Cr-1Mo steel at AK =
14 MPay/m [37].
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Fig. 18. Fatigue life of MANET at 295 K in vacuum, air and
hydrogen under conditions as indicated [38].

with 590 MeV protons to around 0.2 dpa (corresponding
to a production of 35 at.ppm He by transmutation [1])
for irradiation and testing at 300°C [41]. Investigations

in the ESS relevant regime of lower temperatures are still
missing.

9. Summary and conclusions

1. Hydrogen is effectively retained in martensitic stain-
less steels even at elevated temperatures due to trap-
ping.

2. Helium is practically immobile even at elevated tem-
peratures and therefore is quantitatively retained un-
der ESS and ADS conditions.

3. Hardness is increased by hydrogen and helium im-
plantation. At least the effect at room temperature
can be quantitatively ascribed to the concurrently
produced displacement damage.

4. Ductility is reduced by hydrogen at least up to about
300°C.

5. Helium contributes to embrittlement under impact
conditions already at concentrations in the 100
at.ppm range, while tensile properties are signifi-
cantly affected only at higher concentrations.

6. Helium implantation at elevated temperatures has
only a minor effect on in situ creep rupture and fa-
tigue properties, at least up to concentrations around
1000 at.ppm.
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