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Abstract

Materials in the target region of spallation neutron sources which are exposed, or are close to the proton beam suffer
from high rates of displacement damage and the production of foreign elements, particularly hydrogen and helium
isotopes. Whilst some results on the effect of helium are now available, there is little information on the potential
influence of hydrogen in the environment of a spallation source. We therefore investigate theoretically the establishment
of hydrogen background concentrations and their enhancement near microcracks in proton-irradiated plates of ferritic/
martensitic steel and tantalum, respectively, for the conditions of the envisaged 5 MW European Spallation Source
(ESS). A comparison of the predicted hydrogen concentrations with empirical threshold concentrations for hydrogen
embrittlement and hydride formation indicates that the use of ferritic/martensitic steels for water-cooled windows may
be problematic, although these materials remain good candidates for the mercury container. Tantalum as a prospective
material for the solid target option of ESS is not expected to undergo hydrogen degradation. © 2001 Elsevier Science

B.V. All rights reserved.

1. Introduction

In spallation sources, the neutrons used as probes
for condensed matter research are generated by high-
energy protons which induce spallation of the nuclei of
heavy-metal targets. Apart from having higher effi-
ciencies for neutron production than fission reactors,
spallation sources can relatively easily deliver neutron
pulses of lengths in the range of microseconds through
the imposition of a time structure on the proton beam.
This not only increases the peak intensities but also
allows time-of-flight measurements to be carried out,
making for many applications more efficient use of the
neutrons than cw sources. A brief review of accelerator
concepts capable of providing proton beams of suit-
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able energy, intensity, pulse and cycle length can be
found in [1]. The recently completed feasibility study
for the construction of the high-power European
Spallation Source (ESS) proposes an average proton
beam power per pulsing cycle of 5 MW [2]. Because of
the very high beam intensity, radiation damage will
play a crucial role for the lifetime of materials in the
target region of this source [3].

Radiation damage in metals is the consequence of
two elementary types of interaction of the irradiating
particles with the nuclei of the respective material: (i)
transfer of recoil energy to lattice atoms, leading to
their displacement, i.e. to the creation of vacancies
and self-interstitial defects; (ii) nuclear reactions, giv-
ing rise to the production of foreign elements. Radi-
ation effects relevant to fission reactor technology, viz.
hardening, in-pile creep and swelling, are mainly due
to displacement damage. In nuclear systems involving
particles of very high energy, however, nuclear reac-
tions may take over the dominant part. For example,
the 14 MeV neutrons, which will bombard the metallic
near-plasma components of envisaged fusion reactors,
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have large cross-sections for (n,p)- and (n,o)-reactions,
yielding high production rates of hydrogen and helium
isotopes. At elevated temperatures, helium forms
bubbles which may cause severe embrittlement [4]. In
target materials for high-power spallation sources,
even higher production rates will be brought forth by
the incident protons and the generated neutrons hav-
ing energies around 1 GeV. Since such targets are
expected to operate at relatively low temperatures [2],
helium will be virtually immobile, and bubble forma-
tion hence strongly retarded. On the other hand, hy-
drogen diffusion will also be slowed down, resulting in
the build-up of high hydrogen concentrations which
may induce hydrogen embrittlement. This problem
appears to be most serious for hydride-forming metals
like zirconium or tantalum; it is also important,
however, for ferritic/martensitic steels, being prospec-
tive materials for the components of liquid metal
targets [5]. Estimating the hydrogen concentrations
likely to prevail in structural plates of steel and tan-
talum subject to the conditions of ESS therefore is the
main focus of the present investigation, with particular
strength on an analysis of the enhancement of these
concentrations due to stress-driven hydrogen accumu-
lation [6-12] near microcracks, which exist in every
engineering material and here constitute the most
important type of flaw.

Proceeding from the data anticipated for the proton
and neutron fluxes as well as from the appropriate val-
ues of the cross-sections for proton- and neutron-in-
duced reactions, we first establish in Section 2 the
expected hydrogen production rate. Referring to the
steady-state pulsing regime, we then determine in Sec-
tion 3 the hydrogen background concentration in steel
and tantalum plates, allowing for possible contamina-
tion of their surfaces. In addition to irradiation-induced
hydrogen production, we also contemplate hydrogen
supply from an external hydrogen atmosphere. By
adopting a simple embedding approach for an isotropic
elastic/ideally plastic continuum, we estimate in Section
4 the enhancement of the hydrogen background con-
centration near microcracks, whose stress-field charac-
teristic depends crucially on the specific situation, e.g.
through the applied load, the actual flow stress, and the
partial pressure of their internal hydrogen atmosphere.
Since we wish to appraise upper bounds, we refer to
microcracks under mode I loading in the centre of the
plates, assuming local equilibrium between these cracks
and the hydrogen solution surrounding them, and
dwelling on their strongest interaction with atomically
dissolved hydrogen. Finally, we discuss in Section 5 the
maximum hydrogen concentrations predicted by our
analysis in the light of critical values for detrimental
hydrogen effects known from the literature and assess
implications for the performance of structural materials
in the environment of ESS.

2. Hydrogen production rate

The average beam power per pulsing cycle of 5 MW,
derived from a periodic sequence of rectangular pulses
with the pulse length #, =1 ps and the cycle length
T, = 20 ms, as envisaged for ESS, will be achieved by a
3.75 mA current of 1.33 GeV protons. An optimum
beam would have an elliptic cross-section of dimension
200 mm x 60 mm and a parabolic intensity distribution,
corresponding to an average current density of
075Am™>, e to an average proton flux
@, =4.7 x 101 m~2 s7!, in the centre of the beam. The
most critical target components, regarding radiation
damage and mechanical stress, are the beam entry win-
dow and the target material close to it. Nuclear calcu-
lations suggest that, in addition to the proton flux, these
regions will also be exposed to an average neutron flux
@, =1.0x 10" m~2 s7!, with neutron energies up to
1.33 GeV [13].

The average hydrogen and helium production rates
per atom and pulsing cycle are determined by the aver-
age proton and neutron fluxes in conjunction with the
appropriate reaction cross-sections, oy and oy.. Typical
values of the latter for 0.75 GeV protons, showing the
dependence on the atomic number Z of the target ma-
terial, are presented in Fig. 1. Recent studies confirm
these data and indicate that oy, follows an approxi-
mately linear dependence on the particle energy in the
range between 0.75 and 1.33 GeV [15]. Assuming oy
varies linearly too gives gy at the higher energy equal to
about 1.5 times the respective value at the lower energy,
taking account of the reaction cross-sections of all three
kinds of hydrogen isotopes. This estimate, together with
the data of Fig. 1, renders a hydrogen reaction cross-
section oy = (1.6 +0.3) x 1077 m? for iron (Z = 26) or
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Fig. 1. Hydrogen and helium reaction cross-sections for 0.75
GeV protons, oy and oy, With varying atomic number Z of the
target material [14]. The full lines drawn through the data
points and the (extrapolated) broken line serve as eye guides
only.
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steel and oy = (4.5+0.9) x 1007 m> for tantalum
(Z = 73) in the case of 1.33 GeV particles. Since proton-
and neutron-induced reactions are comparable at such a
high energy, these values can be expected to apply to
either type of the projectiles. Multiplying the sum of @,
and @, with oy thus yields the average hydrogen
production rate per atom and pulsing cycle
P=(9.1£17)x107° s7! for steel and P = (2.56+
0.51) x 107 s7! for tantalum.

3. Hydrogen background concentration

We consider an infinitely extended metallic plate of
thickness 2d subject to high-energy particle irradiation
of the pulsed form outlined before. If z denotes a car-
tesian axis normal to the surfaces (with its origin at the
centre) of the plate, z =0, and ¢ means time, then the
average fractional hydrogen concentration per pulsing
cycle c(z,t) inside the plate, —d < z < d, satisfies the
continuity equation

2

DSt P 1)
with an effective diffusion coefficient, Dy, describing
hydrogen diffusion in the presence of possible traps [16],
which certainly defines a reasonable approach if, as as-
sumed here, the shortest distance between traps is much
smaller than the thickness of the plate. Fig. 2 shows
experimental values of this coefficient relating to steel
and tantalum, respectively, for a range of inverse abso-
lute temperatures. In the absence of an external hydro-
gen atmosphere, i.e. for zero hydrogen partial pressure
outside the plate, pe,y = 0, the relevant boundary con-
ditions are

—Deff% =+dpc atz= :td, (2)
implying continuity of the hydrogen current density,
with v expressing the velocity of hydrogen transfer
across the surfaces of the plate [21].

In the steady-state pulsing regime, strictly attained as
t — oo, the average fractional hydrogen concentration
reads

o(z,00) =21;;1; (1+%— (2)2) (3)

where [ = D /v represents the transfer length associ-
ated with hydrogen loss through the surfaces of the plate
[21]: instantaneous outflow, like for ideal (‘clean’) sur-
faces, is typified by / = 0, whereas inhibited outflow, like
for real (‘contaminated’) surfaces, is characterized by
[ > 0. The dimensionless ratio //d, known as the inverse
Hobson number [22,23], thus measures the diffusion
resistance of the surfaces of the plate relative to that of
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Fig. 2. Effective diffusion coefficient of hydrogen isotopes, Der,
with varying inverse absolute temperature 1/7 in (a) steel
[17,18] and (b) tantalum [19]. The strong decrease at low tem-
perature of the hydrogen diffusivity in steel is attributed to
hydrogen trapping at defects [20] contained abundantly in this
material. The solid triangles denote the data used in the present
work.

the material bulk. For each value of this number, the
parabolic concentration profile, Eq. (3), adopts its
maximum,

Pd? 21
=g (1 +;>, 4)

in the centre of the plate. Fig. 3 portrays the steady-state
average fractional hydrogen concentration given by Eq.
(4), i.e. the fractional hydrogen background concentra-
tion at z = 0, as a function of the plate half-thickness, in
the case of steel and tantalum, respectively, at two ex-
treme temperatures and for two extreme values of the
transfer length; conditions of the surface state which
should safely encompass those expected to prevail in the
target region of ESS. We note a reduction of the maxi-
mum hydrogen background concentration at the higher
temperature and a rise in the presence of surface con-
tamination, most pronounced for small values of the
half-thickness of the plate.
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Fig. 3. Fractional hydrogen background concentration in the
centre of a plate, ¢, as a function of the plate half-thickness d,
at a temperature ¥ of 100°C (full lines) and 300°C (dotted lines)
for two different values of the transfer length / identified on the
curves, in the case of (a) steel and (b) tantalum, obtained using
the data in Table 1.

For all practical purposes, the duration of the build-
up of the steady-state average fractional hydrogen con-
centration from initially zero hydrogen concentration is
determined by the relaxation time of the fundamental
mode of the appropriate eigenfunction expansion of the
complete solution to Egs. (1) and (2), 7, = l/izDeff, ie.
by the smallest (positive) root of the transcendental re-
lation

M = cotld, (5)
whence
2
1+ ! 70 if ! <1,
d d

T~ (6)
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The variation of this time with the inverse Hobson
number, following from Eq. (5), is displayed in Fig. 4,
again in the case of steel and tantalum, respectively, at
the same temperatures and for two extreme values of the
half-thickness of the plate. This reveals a decrease of the
relaxation time at the higher temperature and an
increase for the greater half-thickness of the plate, which
is particularly distinct for large values of the inverse
Hobson number. The fact that 7, is always several orders
of magnitude larger than T, justifies our focussing on the
timeindependent average, rather than on the actual
time-dependent fractional hydrogen concentration in the
steady-state pulsing regime. Formally, the periodic hy-
drogen concentration fluctuations in the centre of the
plate, dco, with maxima of the order of PI, due to
pulsing of the beam, and the steady-state average hy-
drogen concentration, ¢, compare like dcy/co = T, /7, in
this regime and for ideally permeable surfaces. The ac-
tual hydrogen concentration here (and, a fortiori, for
surfaces with restricted permeability) thus is quasi-static.
A solution of the complete time-dependent problem
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Fig. 4. Relaxation time, 7., as a function of the inverse Hobson
number //d, at a temperature ¥ of 100°C (full lines) and 300°C
(dotted lines) for two different values of the plate half-thickness
d identified on the curves, in the case of (a) steel and (b) tan-
talum, obtained using the data in Table 1.
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Table 1
Physical data used in calculations

(a) Steel
Hydrogen production rate
Hydrogen diffusion coefficient

Hydrogen Sievert constant
Tensile flow stress

Hydrogen relaxation volume
Poisson ratio
Bulk modulus

(b) Tantalum
Hydrogen production rate
Hydrogen diffusion coefficient

Hydrogen Sievert constant
Tensile flow stress
Hydrogen relaxation volume

Poisson ratio
Bulk modulus

P=9.1x 10" s7! (Section 2)

Detr (100°C) = 6 x 1072 m? s™! (Fig. 2(a))
Deir(300°C) = 3 x 107 m? s~' (Fig. 2(a))
5(100°C) = 4.71 x 1078 Pa~"/2 [18]
5(300°C) = 1.00 x 1078 Pa~/? [18]
or(100°C) = 800 MPa

or(300°C) = 650 MPa

AV =33 x 107 m’® [24,25]

vy =0.28

B =164 GPa

P =12.56 x 10~ s~! (Section 2)
Deir(100°C) = 4 x 10712 m? s~! (Fig. 2(b))
Der(300°C) =2 x 107 m? s~' (Fig. 2(b))
5(100°C) = 5.08 x 103 Pa~'/? [26]
5(300°C) = 1.46 x 10 Pa~'/? [26]
a:(100°C) = 980 MPa

ar(300°C) = 700 MPa

AV =2.77 x 1073 m® [26,27]

v=1035

B =193 GPa

relating to the above situation can be deduced from the
analysis in [28].

If the plate is exposed to an external hydrogen at-
mosphere of finite partial pressure, pey > 0, then the
fractional hydrogen background concentration locally
adopts the thermal equilibrium level, ¢, at least. For
atomically dissolved hydrogen in equilibrium with mo-
lecular hydrogen gas, this level is related to the partial
pressure p and the absolute temperature 7" through the
generalized Sievert law [29]

¢ =Sf(p,T)p, ®)

taking real gas behaviour into account. S denotes the
Sievert constant (assumed, for simplicity, to be inde-
pendent of concentration) and f(p,T) the fugacity co-
efficient defined as

on-on([ (P Lw) o

with the Boltzmann constant kg, and the pressure and
temperature dependence of the volume per hydrogen
molecule V' (which is uniquely determined in the pure
gaseous phase) according to the chosen hydrogen gas
equation of state. We note the limit of ideal gas beha-
viour as p approaches zero,

lim /(. ) = 1, (10)

irrespective of 7. In practice, virtually ideal gas beha-
viour, f(p,T) =~ 1, prevails even for 0 < p < p., pro-

vided that 7 > T, > 0, where p. is the critical partial
pressure and T; the critical absolute temperature. Ex-
periments with molecular hydrogen gas yield p. = 1.3
MPa and T, = 33.2 K [30].

The threshold hydrogen partial pressure p = pZ,, for
which ¢. = ¢, i.e. when the thermal equilibrium con-
centration of dissolved hydrogen equals the fractional
hydrogen background concentration in the centre of the
plate, follows as a self-consistent solution of Egs. (8) and
(9) with Eq. (4) at each given temperature. We evaluate
Eq. (9) on the basis of the Beattie-Bridgeman equation
of state [31] and parameter values reported in [30],
deemed to provide the most adequate representation
available for molecular hydrogen gas [29]. The variation
with the plate half-thickness of the threshold hydrogen
partial pressure is illustrated in Fig. 5 in the case of steel
and tantalum, respectively, at two extreme temperatures
and again for two extreme values of the transfer length.
Whilst this pressure increases for both steel and tanta-
lum when surface barriers are present, it falls at the
higher temperature in the case of steel and rises at the
higher temperature in the case of tantalum, most
markedly for small values of the half-thickness of the
plate. Because of the very low solubility of hydrogen in
steel, the threshold hydrogen partial pressure predicted
at the lower temperature and for the greater transfer
length is so high that it will probably never be attained in
practice. By contrast, because of the very high solubility
of hydrogen in tantalum, the threshold hydrogen partial
pressure anticipated here is always well below normal
level, and hence may easily be reached; an external
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Fig. 5. Threshold partial pressure of an external hydrogen at-
mosphere, pZ,. as a function of the plate half-thickness d, at a
temperature ¥ of 100°C (full lines) and 300°C (dotted lines) for
two different values of the transfer length / identified on the
curves, in the case of (a) steel and (b) tantalum, obtained using
the data in Table 1.

hydrogen atmosphere may therefore enhance the con-
centration of dissolved hydrogen appreciably.

The foregoing considerations, by assumption, only
apply to the situation of molecular hydrogen in contact
with these materials. If the external atmosphere involves
hydrogen in atomic or ionized form, i.e. as H, H or HJ,
levels of dissolved hydrogen even higher than the max-
imum fractional hydrogen background concentration
due to irradiation-induced hydrogen production can be
achieved [32,33]. This ‘superpermeation’ is sensitive to a
variety of parameters which are difficult to quantify, and
hence introduce large uncertainties into the assessment
of hydrogen effects. Substances containing hydrogen
(e.g. in molecular form, water or methane) should
therefore be avoided in the highly ionizing environment
of a spallation neutron source. If indispensable, as for
neutron moderation or cooling, in situ experiments un-
der realistic conditions are necessary in order to obtain
trustworthy information.

4. Hydrogen concentration near a crack

In order to study the local enhancement of the
maximum hydrogen background concentration due to
stress-driven hydrogen accumulation, we consider a
straight microcrack of length 24, embedded in the centre
of the plate and surrounded by a hydrogen solution of
fractional concentration ¢y, modelling the plate as an
isotropic elastic/ideally plastic continuum and adopting
the extreme case of mode I loading of the crack by an
external tensile stress o perpendicular to the crack-
plane, as depicted in Fig. 6(a). The length of the crack is

C

(a) Oext

Fig. 6. (a) Microcrack of length 2a, with an internal hydrogen
atmosphere, in an isotropic elastic/ideally plastic continuum
(light shading) under mode I loading by an external tensile
stress gex (bold arrows) perpendicular to the crack-plane; (b)
enlargement of the near-field region of radius r¢ around the
(right) end of the crack, with its tip occupying the (-axis of a
local cartesian system ¢&,1,{. The plastic zone (dark shading;
size not to scale!) drawn for the Poisson ratio v = 0.3 and the
definition of cylindrical polar coordinates (r, §) are indicated.
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supposed to be much smaller than the thickness of the
plate, whence plane-strain conditions can be assumed
for which, using local cylindrical polar coordinates (r, )
with their origin at the (right) crack-tip, the principal
components of the tensor of elastic stress ¢ in the near-
field region of radius rx outside the plastic zone,
rp(0) <r<rk <a, —m <0 <m,read [34]

g K 1 +sin6/2
0y p = cos=< 1 —sinf/2 ;. (11)
o3 \V4 2nr 2 2y

Here, v denotes the Poisson ratio and K the stress-in-
tensity factor given by

KI = (Gext +Pim) Vv na, (12)

where p;,, means the partial pressure of an internal at-
mosphere of molecular hydrogen gas in local equilib-
rium with atomically dissolved hydrogen encompassing
the crack. Confining ourselves to small-scale yielding of
the continuum with uniaxial tensile flow stress o, when
Oext + Pint <K 0F, We estimate the shape of the plastic
zone by requiring that along its contour the compo-
nents, Eq. (11), satisfy the von Mises yield criterion [35]

(a1 —62)2+(02 —63)2+(O'3 —0'1)2 :2(7%. (13)

This furnishes the contour representation

_ K L0 2 aaaf
rp(0) = pr) cos” 5 ((1 —2v)" 4+ 3sin 3 (14)

exhibiting the lateral extent of the plastic zone at 6 = 0,

r;_%((l—zv)ﬁ)z. (15)

OF

The near-field region and the plastic zone of the crack
are illustrated in Fig. 6(b).

For present purposes, we characterize a hydrogen
atom dissolved in steel or tantalum by its (isotropic)
contribution to the dipole force tensor, Fy, constructed
from the hydrogen Kanzaki forces and the perfect lattice
sites, which describes lattice distortions due to the hy-
drogen impurity alone [36]. The energy of the associated
(long-range) paraelastic, or size interaction between the
hydrogen atom and the crack-tip stress field can then be
put as

W= —%(tra)AK (16)

where the (positive) relaxation volume AV, originating
from the strain field around the hydrogen defect and the
action of image forces due to the surfaces of the plate, is
related to Fy via Hooke’s law, AV = (trFy)/3B, with the
bulk modulus B. Employing the components, Eq. (11),
in Eq. (16) renders the explicit result

/2 0
W =— %(I‘F\))K[AVCOSE, (17)

which has also been derived before using an alternative
approach [10]. The energy specified in Eq. (17) adopts its
minimum,

2/ 1+v
Wain = —§ (1_—2‘}>UFAV7 (18)

on the contour of the plastic zone in the crack-plane
ahead of the crack-tip, i.e. for r=r;, 6 =0. Eq. (18),
obtained from Eq. (17) by virtue of Eq. (15), is re-
markable as it reveals the dependence of this minimum
on the flow, rather than on the external stress through
the stress-intensity factor itself.

To be exact, a hydrogen impurity dissolved in either
of the materials considered here is further characterized
by an (anisotropic) contribution to the dipole force
tensor, Fi, made up of the tensors of the hydrogen elastic
polarizability and the crack-tip elastic stress, which de-
scribes modifications of the hydrogen Kanzaki forces
due to the prestrained lattice in the presence of the crack
[36]. This contribution gives rise to the energy of the
(short-range) diaelastic, or inhomogeneity interaction
and tends to mitigate the size interaction in strength. Its
strict representation would require the use of cubic, ra-
ther than isotropic elasticity. An estimate based on the
available data of the hydrogen elastic polarizability
[36,37], the physical data of Table 1 and the components
of the tensor of elastic stress, Eq. (11), however shows, in
accord with the findings in [10], that the energy of the
inhomogeneity interaction in the near-field region out-
side the plastic zone right up to » =r;, 0 = 0 amounts to
merely a few percent of the absolute magnitude of the
minimum energy of the size interaction, Eq. (18), at best,
considering all relevant conditions of flow and external
stress, and thus is disregarded here. Practically, the effect
of the inhomogeneity interaction is completely masked
by the uncertainty of the size interaction arising from the
inaccuracy associated with quantitative determinations
of the paraelastic contribution to the dipole force tensor
or, respectively, the relaxation volume of the hydrogen
defect.

Clearly, owing to the relaxation of stress, the energy
of the interaction between a hydrogen atom and the
crack-tip stress field inside the plastic zone, 0 <r < r,(0),
—7 < 0 < m, which must be continuous across the con-
tour of this zone, will fall nowhere below the minimum
level remarked on above [35]. Eq. (18) therefore repre-
sents the strongest interaction indeed.

Making use of the Bragg—Williams model for con-
centrated solutions of mutually non-interacting hydro-
gen atoms, in which site competition through short-
range repulsions is accounted for implicitly by ensuring
that no two solute atoms can occupy the same site, the
maximum fractional hydrogen concentration due to
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stress-driven hydrogen accumulation in front of the
crack-tips follows from the Fermi-Dirac distribution
[38]

cmale/{exp <%>+1} (19)
B

with the minimum energy given by Eq. (18) and the
concentration-dependent part of the local chemical po-
tential

Go = kyT log (1 il ) (20)

— ¢

Obviously, if Wy, — Go > kT >0 and 0 < ¢y < 1, as
for high temperatures and dilute solutions, Eq. (19)
simplifies to the Boltzmann distribution,

Wmin
o % €0 €XP (_ ; T). (1)
B

Fig. 7 shows the maximum fractional hydrogen con-
centration near the tips of a microcrack, according to

o
N
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(b) d [mm]

Fig. 7. Maximum fractional hydrogen concentration near the
tips of a microcrack in the centre of a plate, c.x, as a function
of the plate half-thickness d, at a temperature 9 of 100°C (full
lines) and 300°C (dotted lines) for two different values of the
transfer length / identified on the curves, in the case of (a) steel
and (b) tantalum, obtained using the data in Table 1.

Eq. (19), as a function of the plate half-thickness, in the
case of steel and tantalum, respectively, at two extreme
temperatures and for two extreme values of the transfer
length; conditions already envisaged for the numerical
determination of the fractional hydrogen background
concentration in the centre of the plate. We note that,
apart from discernible deviations at high values of
concentration, the curves essentially resemble those of
Fig. 3, with the maximum hydrogen concentration ex-
ceeding the hydrogen background concentration by
about 1.5-5 times, the effect being most pronounced at
the lower temperature and for the smaller value of the
transfer length. The variation of the relative maximum
enhancement of the hydrogen concentration with the
uniaxial tensile flow stress, calculated from Eq. (19), is
displayed in Fig. 8, again in the case of steel and tan-
talum, respectively, at the same temperatures and for the
same values of the transfer length, addressing two
extreme values of the half-thickness of the plate. This

102

TTTTT
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(b) s [GPa]

Fig. 8. Relative maximum enhancement of the fractional hy-
drogen concentration, cmax/co, as a function of the uniaxial
tensile flow stress of, at a temperature ¢ of 100°C (full lines)
and 300°C (dotted lines) for two different values of the transfer
length / identified on the curves, in the case of (a) steel for a
plate of half-thickness ¢ = 1 mm and (b) tantalum for a plate of
half-thickness d = 10 mm, obtained using the data in Table 1.
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reveals an increase of the hydrogen concentration near
the crack-tips of about 5-25 times the hydrogen back-
ground concentration; as in Fig. 7, the effect is most
distinct at the lower temperature and for the smaller
value of the transfer length. The deviations of the curves
from straight lines, which are particularly noticeable at
the lower temperature and for the higher value of the
transfer length, reflect the influence of a strong mean
occupancy of the available lattice sites, leading to a de-
parture from the exponential law, Eq. (21).

We comment that, with the interaction energy, Eq.
(17), and for the conditions underlying Eq. (21), the
local hydrogen equilibrium concentration in the entire
near-field region outside the plastic zone around the
(right) crack-tip varies according to

ce(r,0) =~ ¢y exp <\/Ecosg), (22)
r

and hence decays away from the crack-tip on a length
scale given by

2 KAV’
Lfg((IA—v) T ) . (23)
Like the lateral extent of the plastic zone, Eq. (15), does
the decay length, Eq. (23), depend on the stress-intensity
factor, Eq. (12), and therefore on the partial pressure of
the internal hydrogen atmosphere, p,;. The latter
quantity can be estimated by solving Egs. (8) and (9)
with Eq. (4) for p = pin, assuming ¢. = ¢y at each given
temperature. Numerical data of the hydrogen partial
pressure and of these characteristic lengths are listed in
Table 2, in the case of steel and tantalum, respectively,
for two extreme temperatures and two extreme values of
the transfer length, addressing two extreme values of the
half-thickness of the plate and two representative values
of the external tensile stress. In the case of steel the
partial pressure developed by the internal hydrogen at-

Table 2

mosphere is so high compared with the external tensile
stress, that it gives rise to a significant enhancement of
both characteristic lengths, particularly at the lower
temperature, whereas in the case of tantalum it is so low
compared with the external tensile stress, that it has very
little effect on the characteristic lengths at all tempera-
tures. Suffices it to add that the calculations underlying
these predictions satisfy the conditions for both small-
scale yielding of the elastic/ideally plastic continuum and
for exponential decay of the hydrogen equilibrium
concentration outside the crack-tip plastic zone.

5. Discussion and conclusions

Aiming to assess the implications of hydrogen effects
for the performance and lifetime of materials in the
target region of ESS, we compare the fractional hydro-
gen background concentration, ¢y, and the maximum
fractional hydrogen concentration near the tips of mi-
crocracks, cma, predicted by our analysis for compo-
nents in the form of plates with the respective critical
concentration ¢* giving rise to material degradation. For
designers of spallation targets, embrittlement represents
the most relevant type of degradation. Since a discussion
of the complex variety of all forms of hydrogen em-
brittlement [40] is beyond the scope of our investigation,
we refer to a recent compilation [41] which, in the case of
the 9-12 at.% chromium steels favoured as structural
materials for the target components of ESS, yields a
mean critical fractional hydrogen concentration of
cn 5 x 1074

The steel components most sensitive to hydrogen
effects are the proton beam window and, for a liquid
mercury target, also the window region of the return hull
[2]. These double-walled structures are subject to the
highest average hydrogen production rate per atom

and pulsing cycle, P~ 9 x 107 s7!; as they must be

Partial pressure of a hydrogen atmosphere inside the crack, together with characteristic lengths (relative to the crack half-length) of the

plastic zone and the hydrogen concentration profile around it

9 (°C) ! (mm) Pint (Pa) ry/a L/a
(a) Steel
100 0 1.28 x 108 7.835 x 1073 7.745 x 1073
10 9.26 x 108 1.593 x 107! 1.575 x 107!
300 0 2.30 x 10* 2.292 x 1073 6.338 x 107*
10 9.99 x 10° 2.772 x 1073 7.665 x 1074
(b) Tantalum®
100 0 3.97 x 107! 1.687 x 107* 4218 x 107*
100 1.75 x 10? 1.687 x 10~* 4218 x 1074
300 0 1.92 x 10! 3.306 x 10~* 1.787 x 10~*
100 8.47 x 103 3.307 x 10°* 1.788 x 1074

#For a plate of half-thickness d = 1 mm and the external tensile stress ge,, = 100 MPa [39], obtained using the data in Table 1(a).
®For a plate of half-thickness ¢ = 10 mm and the external tensile stress e, = 60 MPa [3], obtained using the data in Table 1(b).
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water-cooled, their mean temperature will be around
100°C. Similar conditions apply to the container of a
solid target made up of water-cooled tantalum plates.
According to the present design, the half-thickness of
such window components will be d = 1 mm, or slightly
less. Under these circumstances and for ‘clean’ surfaces,
Fig. 3(a) anticipates a fractional hydrogen background
concentration ¢y ~ 8 x 1074, and Fig. 7(a) suggests a
locally increased fractional hydrogen concentration
Cmax & 2 x 1073 near the tips of microcracks. Both
values which, following Fig. 4(a), will be reached within
a period of less than 1 day, are already distinctly above
the mean critical level ¢!, ~ 5 x 107*. Surface barriers,
considered in Figs. 3(a) and 7(a) too, and the possible
contact with hydrogen in the state of H, H" or H;, will
further aggravate the situation. Although the concen-
tration values quoted here merely represent estimates,
the above comments clearly indicate that the use of
ferritic/martensitic steels for water-cooled windows in
ESS targets may well be problematic.

Obvious alternative materials for the proton beam
window and the return hull appear to be austenitic
stainless steels which are known as considerably less
susceptible to degradation by hydrogen than ferrictic/
martensitic steels [40]. Whether this benefit will be out-
weighed by the higher steady-state average hydrogen
concentrations expected on account of the lower diffu-
sivities of the hydrogen isotopes in austenites [42] is,
however, an open question. The inferior strength (in the
solution-annealed state) and inferior thermal conduc-
tivity of austenites does not seem to present a problem,
since preliminary estimates show that the stresses (which
will be mainly due to temperature gradients arising from
the power deposition of the proton beam) shall stay well
below the yield stresses of these materials. Another
reason for the preference originally given to ferritic/
martensitic, rather than to austenitic steels derives from
the suspected stronger embrittlement of austenites by
helium which, together with hydrogen, will also be
produced at high rates in the environment of ESS (cf.
Fig. 1 and the considerations in Section 2). Recent ex-
perimental results, however, indicate that for tempera-
tures below 300°C, the observed hardening in both
martensitic and austenitic steels arises predominantly
from displacement-induced defects, whereas helium only
plays an insignificant role up to fractional concentra-
tions of 5 x 1073 at least [43]. A final point in favour of
austenites is their superior resistance against aqueous
corrosion.

The situation, however, differs for the liquid mercury
container: (i) the mean temperature in the beam entrance
region will be around 300°C, or slightly below, and
hence the fractional hydrogen background concentra-
tion, ¢o, from Fig. 3(a), as well as the locally increased
fractional hydrogen concentration near the tips of mi-
crocracks, cmax, from Fig. 7(a), will be down to levels

safely below the mean critical level ¢f, & 5 x 107%; (ii) the
container walls are in contact with purified mercury
(inside) and pure helium gas (outside), rendering the
formation of surface barriers unlikely; (iii) the absence
of water precludes aqueous corrosion and additional
hydrogen loading by an influx of hydrogen in atomic or
ionized form; (iv) in addition to the stresses arising from
temperature gradients through heat deposition, the lig-
uid mercury container walls will be subject to stresses
caused by static and dynamic hydraulic forces as well as
by pressure waves originating in the liquid [2,5] such that
the total stress may exceed the design stresses of solu-
tion-annealed austenites; (v) ferritic/martensitic steels
exhibit a lower corrosion rate in mercury than austenitic
steels [44]. All these reasons make ferritic/martensitic
steels a good choice for the liquid mercury container.
Tantalum as a prospective material for the solid
target option of ESS does not seem to suffer from hy-
drogen degradation. In metals like titanium, zirconium
and tantalum, hydride formation is generally considered
to be the main cause for hydrogen-induced embrittle-
ment effects. Fortunately, the solubility of hydrogen
isotopes in tantalum is very high: ¢/ > 1.5x 107! at
room temperature already [45]. According to Figs. 3(b)
and 7(b), neither the fractional hydrogen background
concentration, ¢y, nor the locally increased fractional
hydrogen concentration near the tips of microcracks,
Cmax» 18 likely to attain such a high level in tantalum
plates with a half-thickness between d = 1 and 5 mm, as
envisaged in a preliminary design [2], even for almost
impermeable surfaces at an operating temperature
around 100°C. On the other hand, as Fig. 5(b) recom-
mends, care should be taken that the external hydrogen
partial pressure, pey, stays below the value of about 1
Pa, corresponding to the threshold hydrogen partial
pressure p;, above which the thermal equilibrium con-
centration of dissolved hydrogen, ¢., exceeds the irra-
diation-induced hydrogen concentration, c¢y. In practice,
this condition appears to be safely fulfilled, since no
hydrogen degradation has been observed in the water-
cooled tantalum plates of a target, even after several
years of non-continuous operation, in the 160 kW
spallation source ISIS at the Rutherford—Appleton
Laboratory [46], resulting in an accumulated displace-
ment dose of about 10 dpa; a dose expected to accrue
during 2 months of continuous full-power operation of
ESS. It is interesting to note that the situation is much
less favourable for zirconium and its alloys which show
considerably lower hydrogen solubilities and diffusivities
than does tantalum. A preliminary analysis indicates
that, even for the reduced average hydrogen production
rate per atom and pulsing cycle P =~ 4 x 10~° s~! in the
Swiss 900 kW spallation source SINQ, the hydrogen
solubility limit of its target rods will be reached already
after a few hours of full-power operation. Embrittlement
effects are, however, not expected in the presence of
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hydrides with a volume fraction below about 5 x 1072
[39], as for several months of continuous full-power
operation.

The results of our study and the preceding discussion
suggest the following conclusions.

1. The maximum fractional hydrogen concentration
near the tips of microcracks in steel or tantalum
plates subject to the conditions of ESS can exceed
the fractional hydrogen background concentration
by many times.

2. For operating temperatures around 100°C, as apply-
ing to the water-cooled proton windows and the re-
turn hull of ESS, transmutation-produced hydrogen
isotopes may lead to severe degradation of the me-
chanical properties of ferritic/martensitic steels.

3. No hydrogen degradation of ferritic/martensitic steels
is anticipated for the liquid mercury container of
ESS, whose highly loaded regions will operate at a
mean temperature around 300°C, or slightly below.

4. No hydrogen embrittlement due to hydride forma-
tion is expected for plates made of tantalum as a pro-
spective material for the solid target option of ESS.

Further investigations are necessary in order to resolve
whether austenitic steels are suitable alternative materi-
als to ferritic/martensitic steels.
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