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Abstract:

The China Spallation Neutron Source (CSNS) is driven by protons whose energies are about 1.6 GeV.

At such high energies, the spallation neutrons lead to the formation of large amounts of helium, hydrogen and new

heavier species in the form of transmutation products. These hydrogen, helium and transmutation products have a

critical effect on the mechanical properties on the one hand and exacerbate the displacement radiation damage on

the other hand. In this paper, the background hydrogen/helium concentrations and the maximum hydrogen/helium

concentrations near cracks in a tungsten target for CSNS have been calculated at temperatures of 100°C and 300°C by

applying a theoretical model. For the CSNS tungsten target plate, we find the maximum hydrogen concentration near
the tips of cracks ranges from 3.0x1072-2x107", which exceeds the hydrogen background concentration by 1.2-1.8

times; the maximum helium concentration near the tips of cracks ranges from 3.0x107* —1.2x1072, which exceeds

the helium background concentration by 2 —4 times; the maximum hydrogen/helium concentration increases with

the increase of the transfer length across the surfaces of the target and it decreases with the increase of temperature.
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1 Introduction

A spallation source is an accelerator-based facility to
produce high intensity neutron by high energy protons
bombarding heavy-metal targets. The China Spallation
Neutron Source (CSNS) is currently under construction
in Dongguan, China. It can provide 1.6 GeV protons at
a 25 Hz repetition rate, with a beam power of 100 kW
in phase I, which can be upgraded to 500 kW in phase
II. The target material of CSNS is tungsten, which has a
high neutron yield. Tungsten has a problem, however, in
that the corrosion resistance is poor. To solve this, every
tungsten plate target in CSNS is cladded with tantalum.
Table 1 shows the main basic parameters and technical
indices of CSNS [1].

In spallation source environments, nuclear reactions
make up the main part of radiation damage, and produce
many foreign elements such as hydrogen and helium. Hy-
drogen accumulations in the material will build up high
hydrogen concentrations which induces hydrogen embrit-
tlement. Recent experiments led to the conclusion that
an increase in the ductile-brittle transition temperature
(DBTT) due to helium has been found and there is a
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linear relationship between ADBTT and helium concen-
tration for steel irradiated over the range from 2.5 to 18.4
dpa and from 85 to 1530 appm helium [2,3]. Those two
types of degradation result in significant decrease of the
ductility of materials, creep breaking time and fatigue
life.

Table 1. Main parameters and technical indices of
CSNS target.

project phase I II
proton power/kW 100 500
proton energy/GeV 1.6 1.6
proton current/pA 62.5 315
repetition rate/Hz 25 25
target material tungsten
cladding material tantalum

target cross section 170 mmx 70 mm

proton beam distribution Gaussian distribution

maximum surface temperature
P <130 C
of the target
maximum center temperature N
P <300 °C
of the target
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Because of the significant role of helium and hydro-
gen in irradiated metals, especially for spallation neutron
source and fusion materials, there are extensive theoret-
ical works on tungsten, iron and zirconium alloys based
on density functional theory [4-7]. In this paper, the
hydrogen and helium concentrations in target materials
for CSNS are calculated based on the diffusion conti-
nuity equation and Fick’s second law. Firstly, starting
from the hydrogen and helium production rate, we ob-
tain the hydrogen and helium background concentration
of tungsten plates. Then, in order to study the max-
imum hydrogen and helium background concentration
due to stress-driven hydrogen and helium accumulation,
we calculate the enhancement of hydrogen and helium
concentration near a crack. Finally, the relationship be-
tween the hydrogen and helium concentration and the
operating temperature are discussed.

Table 2.

2 Methods and results

2.1 Hydrogen/helium production rate

The following calculations are based on the main pa-
rameters shown in Table 1. Here the proton beam power
and energy are 500 kW and 1.6 GeV, respectively. The
proton beam, which has a Gaussian distribution, bom-
bards a tungsten target which has a cross section shape
170 mm long and 70 mm wide. So we can calculate
that the average proton flux is ¢,=1.95x10"®¥m2 g7,
and after assuming an average of 30 neutrons per 1.6
GeV proton generated by spallation reactions, the av-
erage neutron flux will be @,=5.85x10"m™2-s~!. The
hydrogen and helium production cross sections oy and
one of tungsten under the spallation energy 1.6 GeV are
from FLUKA [8,9] simulation. The computational re-
sults are listed in Table 2.

Physical data used in the calculations.

tungsten target
average proton flux
average neutron flux
hydrogen reaction cross-section
hydrogen production rate
hydrogen diffusion coefficient

hydrogen relaxation volume
helium reaction cross-section
helium production rate
helium diffusion coefficient

helium relaxation volume
tensile flow stress

poisson ratio

&p=1.95x10'® m~2.s7!(Section 2.1)
&n,=5.85%x10"° m~2.s~!(Section 2.1)
op=4.87x10"28 m?
P=2.94x10"8 7!
Dg(100°C)=5.45x 10~ m?2.s~1[10]
D5 (300°C)=3.10x10"10 m2.s71[10]
AV =2.57x10730 m?3
oe=1.21x10728 m?
P=7.31x10"9 s7!
Dog(100°C)=6.14x10"9m?2s~1[11]
D (300°C)=1.14x10"8 m2s~1[11]
AV =6.79x10730 m?

o1 (100°C)=550 MPa
or(300°C)=440 MPa
v=0.28

In order to verify the accuracy of the simulation re-
sults, we compare the calculated helium production cross
section of tungsten when the incident proton is 0.75 GeV
with experimental data. The calculated result of 628 mb
agrees with the experimental result 762 mb at the error
level of 20% [12]. Because proton and neutron-induced
hydrogen and helium production cross-sections in tung-
sten are comparable at 1.6 GeV [13], these results can
be expected to apply to either type of projectile. Then
the average hydrogen/helium production rate can be ob-
tained according to Eq. (1):

Py =0o® D,
{ oo o )

PHC = O'HCQp + O’HCQH

The results are shown in Table 2.

2.2 Hydrogen/helium background concentra-
tion

We consider the target is an infinite metallic plate of
thickness 2d. On the condition that high energy protons
bombard the target, according to Fick’s second law, the
average hydrogen/helium concentration ¢(z,t) inside the
plane satisfies the continuity equation

2
0c  p_0c 2)

Dc a o 9
922 ot

where D.g is the effective diffusion coefficient; z denotes
a Cartesian axis normal to the surfaces of the plane, its
origin at the center of the plate, i.e. in the center of the
plane, z=0; t means time and P means hydrogen/helium
production rate. Figure 1 shows the values of hydrogen
and helium D.g in tungsten [10,11]. In the case of zero
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hydrogen/helium partial pressure outside the plate, the
boundary conditions are

.2 3)

+ =
ve az

where v is the velocity of hydrogen/helium atoms across
the surfaces of the plate [14].
When t — oo, the average hydrogen/helium concen-

tration ¢(z,t) reads
21 z\2
-G W

Pd?
c(z,00) = 5Don <1
where | = D.g/v denote the transfer length associated
with atom loss across the surfaces of the plate [14]; [=0
means instantaneous outflow, such as an ideal clean sur-
face; I > 0 means inhibited flow, like for real contami-
nated surfaces. [/d is a dimensionless ratio, known as
the inverse Hobson number [15]. This parameter char-
acterizes the diffusion resistance of the surface of the
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Fig. 1. Effective diffusion coefficient, Deg, as a

function of inverse absolute temperature 1/7. (a)
Deg of hydrogen in tungsten; (b) Deg of helium
in tungsten. The solid triangles denote the data
used in this work.

tungsten target plate relative to the target plate itself.
When z =0, the maximum hydrogen/helium concentra-
tion in the center of the plate is given by Eq. (5).

Pd? 2
- 1+2).
= 9 Dun ( + d> (5)

Figure 2 shows the steady-state average hydro-
gen/helium concentration as a function of the plate half-
thickness d at two temperatures and two values of [.
From Fig. 2, we note that hydrogen/helium background
concentration decreases with increasing temperature for
both ideal clean and real surfaces; however, the hydro-
gen/helium background concentration is much higher for
a real surface than that for a clean surface.
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Fig. 2. The hydrogen/helium background concen-
tration in the center of the tungsten plate, as a
function of d, (the plate half-thickness), at two
different temperature of 100°C (solid line) and
300°C (dotted line), for different values of the
transfer length [. (a) hydrogen background con-
centration; (b) helium background concentration.

In this system, the relaxation time of build-up of the
steady-state average of hydrogen/helium concentration
from zero concentration is [16]

7. =1/N\’D.g, (6)
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with
Al = cot Ad, (7)

and by the smallest root of the transcendental relation

IN? /.1
1+_ To lf_<<1
d d
) ; (8)
LUV (el oy
374) 1 \Ma

e
- T[2Deﬂ‘ '

T =

with

To (9)
According to Eq. (8), the dependence of relaxation time
on [/d is displayed in Fig. 3. In Fig. 3, we note there is
a reduction of the relaxation time at a higher tempera-
ture, but at the same temperature, the relaxation time
will increase with the increase of plate half-thickness d.
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Fig. 3. Relaxation time, as a function of the in-
verse Hobson number [/d, at two different tem-
peratures, 100°C (solid line) and 300°C (dotted
line), in the case of d=1 mm and d=14 mm. (a)
relaxation time of hydrogen in tungsten; (b) re-
laxation time of helium in tungsten.

2.3 Hydrogen/helium background near a crack

In this section, we consider a series of straight micro-
cracks of length 2a, embedded in the center of a plane
which is an isotropic elastic/ideally plastic continuum.
These microcracks are surrounded by a hydrogen /helium
solution of fractional concentration ¢,. An external ten-
sile stress o4y is applied perpendicular to the microcrack,
as depicted in Fig. 4(a). Obviously these microcracks
will increase loading due to hydrogen/helium accumula-
tion in the vicinity of the crack-tip region.

The microcrack length 2a is much smaller than the
thickness of the plate 2d, so the length of the crack is neg-
ligible, therefore local cylindrical polar coordinates (r,6)
can be used to describe their origin at the crack-tip. The
principal components of the tensor of elastic stress o in
the near-field region of radius rk outside the plastic zone
can describe the stress field near a crack-tip [17]:

T o

(/'/\\ e —_ - an o ——
A ‘\\//4\ S pg———
2q
(@) l . l
///\/\\ \\_\
\;ﬁ\\ii‘ = \\
| — s K
(b)
Fig. 4. (color online) (a) Some microcracks of
length 2a, which are surrounded by hydro-

gen/helium, with an external tensile stress load
oext- (b) an enlargement of the near-field region
of radius rk which is located to the right of the
crack; &, n, ¢ is a local cartesian system; the black
areas represent the plastic zone, which are indi-
cated by cylindrical polar coordinates (r,0).
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o1 K 1+sinf/2
1 .
= 21— 10
P \/%0052 1—sinf/2 3, (10)
O3 2v

where 7,(8) <r < rgx € a,—m < 0 < mv is the Poisson
ratio, and K is the stress-intensity factor.

KI:(cht +pint)\/7ra’- (11)

Here, p;,: denotes the partial pressure of an internal at-
mosphere of molecular hydrogen/helium in local equi-
librium with atomically dissolved hydrogen/helium en-
compassing the crack. or means uniaxial tensile stress.
When 0oy + pins < 0F, according to the von Mises yield
criterion,

(01—02)°+ (05— 03)*+ (03 —01)* =207, (12)

the contour equation of the plastic zone is described by
Eq. (13):

2

K 0
7o (0) = 5 L cos® ((1—21})2+3sin2 §> . (13)

o2

When 6=0, Eq. (13) describes the lateral extent of the
plastic zone,

= L ((1_20)ﬁ>2. (14)

p_27.[ Of

The near-field region and the plastic zone of the crack
are illustrated in Fig. 4(b).

The interaction between the hydrogen/helium atom
and the crack-tip stress field can be written as

1
W:—g(01+0'2+0'3)AV (15)

Here, AV denotes the relaxation volume, originating
from the strain field around the hydrogen/helium defect
and the action of image forces due to the surfaces of the
plate, and is related to Fj via Hooke’s law,

(trFy)

AV = 5B

(16)

B is the bulk modulus. In this work, the hydro-
gen/helium relaxation volume is calculated using the Vi-
enna ab initio Simulation Package VASP [18]. The re-
sults are shown in Table 2. Substituting Eq. (10) into
Eq. (15), we obtain the interaction between the hydro-
gen/helium atom and the crack-tip stress field

2 0
W——q/%(lﬁ-v)KIAVcosi. (17)

When r=r7,0=0, Eq. (18) adopts its minimum,

2 (14w
VVmin - _§ (1 _2,0> O-FAVv (18)

From Eq. (18), it is obvious that the minimum of the
interaction Wy, is independent of the stress intensity
factor Kj.

The Bragg-Williams model can describe the con-
centration of mutually non-interacting hydrogen/helium
atoms, and it is impossible that two solute atoms can
occupy one site because of the short-range repulsion.
The maximum hydrogen/helium concentration due to
stress-driver hydrogen/helium accumulation in front of
the crack-tips follows from the Fermi-Dirac distribution
[19]

1

Wmin - C"VO ’
= 1
ks T ) +

Crnax = (19)
exp (

where the minimum energy W,,;,, is given by Eq. (18) and
G is the local chemical potential, given by Eq. (20):

GoszTlog( “ ) (20)

1—00

If Wiin —Go > kT >0 and 0 < ¢y < 1, Eq. (20) can
simplify to the Boltzmann distribution

Wmin
Cmax = Co €XP (_ koT ) . (21)
B

According to Eq. (20), the maximum hydrogen/helium
concentration near the tips of a microcrack are shown in
Fig. 5.

Comparing Fig. 2 and Fig. 5 we note that the
maximum hydrogen concentration exceeds the hydrogen
background concentration by about 1.2-1.8 times and
the maximum helium concentration exceeds the helium
background concentration by about 2—4 times. Figure 6
shows the ratio of the maximum hydrogen/helium con-
centration and the hydrogen/helium background concen-
tration with the uniaxial tensile flow stress, according to
Eq. (19) and Eq. (5).

The uniaxial tensile flow of tungsten between 0°C and
500°C can be described by the linear function Eq. (21),
giving

op=T736.5—0.5T (273 K<T <573 K). (22)

Finally, combining Eq. (18)—(20) and Eq. (22), we can
get Fig. 7, which shows the maximum hydrogen/helium
concentration near the tips of a microcrack in tungsten,
as a function of the temperature, at two values of the
transfer length, when the value of the plate half-thickness
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is 14 mm. From Fig. 7, we note that the maximum hy- 10° ' ' '
drogen/helium concentration decreases with the increase ®)
of temperature.
100 E T T T T T T E| 102 F
3 =10 mm E
1} 3
E : :é
3 10'F
E
i %0 05 10 15 20
E 0:/GPa
- Fig. 6. The ratio of the maximum hydrogen/
] helium concentration and the hydrogen/helium
14 background concentration in tungsten, as a func-
tion of the uniaxial tensile flow stress, at two dif-
ferent temperatures, 100°C (solid line) and 300°C
1072g T T T T T T (dotted line), for different values of the transfer
i 1 length [, for (a), the cmax/co of hydrogen; (b), the
107k l=10§m e T Cmax/co of helium.
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Fig. 5. The maximum hydrogen/helium concentra- 10- . . . .
tion near the tips of a crack in the center of the 0 100 200 300 400 500
tungsten plate, as a function of d, (the plate half- @ T/C
thickness), at two different temperature of 100°C 102 : : . : :
(solid line) and 300°C (dotted line), for differ- .
ent values of the transfer length [, for (a) max- k.
imum hydrogen concentration; (b) maximum he- L
lium concentration. 107 _\\\ \\ 4
i i i /=10 mm
1g - ' - N —
sf @ $ ot \\\ —
7% 3 3
6F /=0 mm 10 I—
SF y E /=0 mm
4k =1Q mm / /_
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% 0 100 200 300 400 500
$ (®) T/°C
Fig. 7. The maximum hydrogen/helium concentra-
tion near the tips of a crack in the center of the
tungsten plate, as a function of the temperature,
at two values of the transfer length (/=10 mm,
{=0 mm) and d=14 mm, for (a) maximum hydro-

gen concentration; (b) maximum helium concen-
or/GPa tration.
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3 Conclusions

The hydrogen/helium concentration is one of the im-
portant factors in causing hydrogen/helium degradation
in a spallation target. In this work we applied a the-
oretical model to calculate the hydrogen/helium back-
ground concentration and their enhancement near cracks
in tungsten irradiated by 1.6 GeV protons. For the CSNS
target, the half-thickness of the tungsten target plate
with the highest operating temperature is d=14 mm and
its operating temperature is below 300°C. According to
the model and the parameters described above we can
get the following results:

1) The range of the hydrogen background concentra-
tion in the tungsten target is 2.1x1072-1.2x107!; the
helium background concentration is 1.6 x1074-2.9x 104

2) The range of the relaxation time of hydrogen in

the tungsten target is 10 days—50 days, and the helium
is 7 hours—13 hours.

3) The range of the maximum hydrogen concen-
tration near the tips of cracks in a tungsten target is
3.0x1072-2x10~!, which exceeds the hydrogen back-
ground concentration by 1.2-1.8 times; the maximum
helium concentration range near the tips of cracks in a
tungsten target is 3.0x107%-1.2x 1073, which exceed the
hydrogen background concentration by 2—4 times.

4) In a tungsten target, the hydrogen/helium concen-
tration increases with the increase of the transfer length
across the surfaces of the plate [ and the maximum hy-
drogen/helium concentration decreases with the increase
of temperature.

5) For 0.3 mm-thick tantalum cladding, we find that
the maximum hydrogen concentration near the tips of
cracks ranges from 3.73x107° to 5.25x107%.
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