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DFT study of H-vacancy/O/C complexes and
MD+MS study of interactions of vacancy and interstitial
with the grain boundary
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DFT study of H-vacancy/O/C complexes

In order to evaluate energetically the vacancy, oxygen and carbon
role in modifying the hydrogen retention behavior.
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céj;glsp Background: low-energy H/He ions produce bubbles? .}

In sharp contrast with the case of W, the
experimental result reported no bubbles
formation in Pd implanted by 10keV D to a very
high supersaturation of about 1.7 D/Pd mole
ratio.

S. M. Myers, et al., Phys. Rev. B 43, 9503(1991).
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Background: Impurity effect on D retention

Ye et al., JNM313-316 (2003) 199-203
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: This suggests that the primary trap sites for deuterium

clusters in annealed SCW should be related to impurities.
The impurity can increase the hydrogen retention in W.
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» DFT study of H-vacancy/O/C complexes.

» MD+MS study of interactions of vacancy

and interstitial with the grain boundary.

» Future Study.
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1 {displacement threshold
ienergy in W: 40 eV i
iE,=3.20 eV, E;,=9.68 eV }
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He bubble formation: under irradiation
with high flux of 1.1¥102% /m?s and
low-energy He ions (~5 eV, which is the
surface barrier potential energy for He
penetrating into the W).

Nishijima et al., J. Nucl. Mater. 329-333,1029 (2004)

H bubble formation: under irradiation
with high flux of 1022 /m? s and low-
energy D ions (~38 eV)

Shu et al., Nucl. Fusion 47,201 (2007);
Appl. Phys. Lett. 92, 211904 (2008)
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céﬁ:glsp Background: He pre-exposure suppressing H bubbles .)

D implanted W surface with He
ion pre-exposure (80 eV He ions at a
flux of 4.2*102! /m2s, 700K, 7200s )

(500K, 80 eV, a flux of 2.5X 10%* /m?s D ions, 3h)
Nishijima et al., Nucl. Fusion 45, 669 (2005)

D implanted W surface without
He pre-exposure
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Methods:

‘Defect (A,) formation energy:

bulk
E tnt Et(; ~= 2 An!”‘f
‘Blndlng energy of defects A; and A,: ‘ +. attraction
B~ = B + B2 — Efi~% — Ejuki-: _repulsion

‘ Trapping energy of H/He in a vacancy: ‘
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‘ Concentration of defect (A,):

¢ = NitesNeonfig€TI

p(Ef /KT)

‘New vacancy formation energy nearby the existed defect (A,):
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c‘j;{ ssp Results: Vacancy traps multiple H/He atoms
21 = a:u b o
Zeaa} / ] > One vacancy could trap up to 12 H
IF aad m; ;_\ . atoms or 14 He atoms (additional
~ sy He atoms move out of the cell
R containing the vacancy);
“.-'t.._ > Additional H atoms are repulsive
R al with H,-V  complex, while
— additional He atoms are still
4f H - :
O He attractive to He,,-V complex.
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Fig. $4: The L and 2 vacancy formation energes around V-H, complex as a function of H
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§>The new nearest neighboring vacancy formation energy decreases

only slightly, the formation energy is still larger than 1.2 eV when

the vacancy has trapped 6 hyd

rogen atoms.
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c{ii{gp Results: Influence of preexisted He on vacancy trapping H
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> Compared to the pure vacancy, the He-vacancy complex traps :

H atoms less strongly when trapped H atoms are not larger

than 6 in both W and Mo.

cA 5':"[3'” Results: Interstitial H/He reducing E_v
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‘ ‘ @H(He) . ’

@ © @ © Vacancy formation energy

in the perfect system:
® ¢ © 3.20eV in W( 2.65 eV in Mo)
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Vacancy formation energy nearby interstitial H/He

i »Interstitial H reduce its first §

W

Mo

neighboring  vacancy  formation
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energies remarkably;
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-1.12 i >The effect of He leads to negative
vacancy formation energy at the first
and second nearest neighboring sites
around the interstitial He, indicating
W atom at these sites is unstable, and
forms a vacancy spontaneously.
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Results: H retention or H/He bubbles Nucleation from V

{ > The new vacancy formation energy
decreases in a “step-like” way
with the number of trapped H
atoms, while the new vacancy
formation energy decreases
linearly with the trapped He atoms;

» The accumulation of 9 H or 4 He
in a vacancy surprisingly reduce
the formation energy of first and

second nearest vacancy to ~0 eV.

Kouesen

reach certain
concentration
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concentration of ‘H/He’

in the vacancy reduced

trap
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Influence of preexisted He on vacancy trapping H
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;'"‘> The formation energy of V-He-Hr complex is higher than that of ‘

V-Hn complex before n exceed 8 in W and 9 in Mo.

i » The maximum discrepancy is ~0.60 eV when the number of H

i atoms add up to 5 in a vacancy and V-He complex in both W and M
--He located in a vacancy could hinder, to sorme extent, the

B ._accumulation of H atoms in the vacancy (low incident fluence??)




c"s“‘}ssp Results: Interstitial O/C reducing E v c"s“‘}ssp Results: O/C-H complex reducing E v
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. TABLE 1I. The vacanc tiom energies of lattiee sites ( F -
(a) o/‘,ilm (b) (L@%IEII nearby the stable intersti Trvdrogen, oovgen and carbon . > o - { . c
7 7 ‘\ .2nn {umit in V) &
e O ¢ g® ®o-w '
’ . ‘ AN .' ,. Hydrogen Oxvgen Carbon
| RO | Tom 701 015 5
© | ) 1 | 30n@ 2w 291 L5 21
Jnn 308 303 291
dnn 3. 225 2.76
09" 1. 0©0® ine® i i it TABLE Il The tungsten vacancy forwation emergies TABLE IV. The tungsten wacancy formation ensrgies
(E;"") of I tes nearhy the 0= H, complex (unit in IE: #= ) of Iattice sites nearby the € = H, complex (unit in
S B T i : . . e, Co of 0 = H,, complex is shown in Fig. 4 (a) eV}, Configuration of €~ H,, complex i shown in Fig. 4 (b)
TABLE 1. Formation energies (eV). and By, and | >0 is energetically preferable i Ciiitel et 416 Tt DAL and ishibis of Cakgobah Vachivded o tdRalid by AP
formation-cnergy difference, AE , i between tetra- to occupy tetrahedral > 7 = = - 7 = = = = F
al 8 tahedral sites fo 21l & E: i - . . . . . s -
":?I‘ "_;l‘l’;' ::.:T.}: ']')}f.‘lf"‘:;]::-‘kdl'ﬂ.';'-.‘.‘.’f.l.f,, S interstitial site, while C prefers ] i I R T VB T R ¥
s e % =] J Ut A : i 2 7 T2 09 0O3 LB 268 156 268
energy difference are listed in the fifth column for comparison. t(.) take octahedral interstitial : = "-" ::“ i o i A I.:;“ |_.'.L e
) I VR ik : : : B % B o o o
Mydrogen (093] 181 039 777 | »Both the formation energies ’ 18 i .. ot e M B b
Oxygen (057 0.84 027 T 1 2 o e - - X
<"--'z1..‘.u P ';3 1 ,lll— 1 _;I;-- of the 1nn and 2nn vacancy :»0/C-H complex could further reduce its neighboring vacancy formation energy :
close to C/O are reduced. icompared with interstitial O/C atom, especially O-H complex. ;
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c"'ji ssp Results: Comparison of the concentrations 3 complexes
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VvV V-H, V-O-H, A V-C-H,

» The formation energies of the V-O/C-Hn complex are significantly

lower than V-Hn complex; { > Both C and O could considerably increase the concentration of

» The formation energy of V-O-Hn is the lowest, that is V-O-Hn is vacancy, especially O;

most energetically favorable to form. » The concentration of V-O-Hn is highest.

cﬁi ssptesults: Mechanism of H retention/bubble from O interstitial@""“‘
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Summary of first part:

Elnhan (b) H atoms ’ (New) Vacancy formation energy ‘

equally distributed accumulate around

; ¢ o o o @ ing O-
in bulk due to the 0O, forming O-Hn

® 0. ® e e o o o -
repulsive L d e e l l A § complex, rt.aducmg
interaction between e | | the formation
interstitial H energy of

neighboring
vacancy

(c) New vacancy is | o
created close to ¢ o o o & o @ & * -
O-H, , forming V- © (

0-H, complex

(d) The increase in H
will lead to the
mutation from V-O-Hn
into V2-O-Hn, the
vacancy-H complex
grows in both V and H
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3. YW. You, X.S. Kong, X.B. Wu, Y.C. Xu, Q.F. Fang, J.L. Chen, G.N. Luo, C.S. Liu, B.C. Pan,
and Z.G. Wang, Dissolving, trapping and detrapping mechanisms of hydrogen in bcc
and fcc transition metals. AIP ADVANCES 2013, 3,012118.
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vacancy on the dissolution and diffusion properties of hydrogen and helium in
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Effects of alloying and transmutation impurities on stability and mobility of helium
in tungsten under a fusion environment. Nucl. Fusion 2013, 53, 073049

3.20 eV (in pure W)

2.01 eV (closest to Interstitial H)
1.23 eV (closest to Interstitial C)
0.15 eV (closest to Interstitial O)
-1.36 eV (closest to Interstitial He)

~0 eV (closest to V+H9 complex)

~0 eV (closest to V+He4 complex)

’ Defect complex formation energy ‘

V+O+H, < V+C+H_ < V+H,_

MD+MS study of interactions of vacancy
and interstitial with the grain boundary

In order to investigate the role of the grain boundary in
radiation-induced defects evolution (vacancy and interstitial
segregation and their annihilation) near the GB in W.
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» Some nanocrystalline materials have been shown to have improved

radiation resistance compared with their polycrystalline counterparts.
It is naturally speculated that GBs serve as effective sinks for radiation-
created defects and thus benefit the recovery of vacancies and
interstitials.

» Dislocations and GBs are at microscopic and mesoscopic scales and
critical players on the stage of the change in mechanical properties of
polycrystals.

» Thus,
(vacancies and interstitials) related processes in which GBs and

it arises reasonably: the radiation-induced-point-defects

radiation-induced defects are involved should be critical. It becomes
especially important to study the interactions between radiation-
induced defects (vacancies and interstitials) and GBs.

cgj;l,\_s_sr Results: Critical atomic processes of defect evolution

The involved processes include
Ey: segregation of interstitials and
ﬁ“" vacancies (processes | and Il).

Grain fm Also include interstitials and
K my Vacancies  annihilation and
interior I respective diffusion in the bulk,

M ear the GB and within the GB

7 (processes 1,2 and 3 ).
\/If \/f Segregation Processes /, Il and
O D mtin processes 1, and 3 contribute to

W e healing grain interiors. Process
2 is critical to healing the GB.

Results: v/SIA-GB interaction

Table 1. The energetic and interactive range parameters of interactions between vacancies,

CAS 1SSP
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iterstitials and GBs. Here the symbols are defined as follows.
@: inclination angle; Egz: GB energy: wy: GB influence range for the vacancy; E| Zl : the
binding energy for the vacancy; /i GB depth for the vacancy, wyy GB ifluence range for

the interstitial; E:M - the binding energy for the interstitial; isz,c GB depth for the iterstitial.

CAS 1sSP Results: v/SIA-GB interaction
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» The GB influence range is small and nearly independent of the system;
averagely, the GB range for interstitials is larger than for vacancies;

» There exists to a certain extent a general level of the GB depth for
vacancies and interstitials, respectively, particularly for the interstitial.

c._.j';isp Backgrounds

» The interactions are captured through energetic and kinetic

behaviors of these point defects near the GB. The energetics is often
characterized by the defect formation energy or binding energy,
while the kinetics is described by the defect diffusion barrier and
interstitial-vacancy annihilation barrier, and the corresponding
activation temperature.

» Once these interactive parameters are obtained, they not only are
able to provide insight into the above-mentioned processes but also
are necessary parameters to some high-level simulation techniques
such as kinetic Monte Carlo (KMC) and rate theory (RT) that can
evaluate the defect evolution and the resulting material
performance at long time-scales.

cgj;l,\_s_sr Results: v/SIA-GB interaction
GB
—i — Y — Formation energy:

GB as a sink for V and I\r;t;u;ks, v:
SIA to understand the | . 3.5 eV

. s SIA: 10.19 eV.
segregation processes | h
land Il 5 In GB,

% V: 1~0.86eV
Unstable (segregation energy);
SIA: | ~7.5eV

The GB depth (h) is defined as the segregation energy divided by the
defect formation energy in the bulk, and that is the reduction in defect
formation energy scaled by the bulk value.

The influence range (w) is defined as the distance perpendicular to
the GB within which the deviation of defect formation energies from
the bulk value is larger than 0.05eV.

cAs IssP Results: V/SIA-GB interaction
] N
GB o Egs Wy E,] : by Wy E, ;u higry
©) U™ (om)  (eV) (am)  (eV)
X5(310)/[001] 36.87 09886 0.94 0.52 0.30 1.48 27 0.76

Fe ¥13(320)/001] 6738 11764 107 04 023 135 29 0.82

¥25(430)/[001] 7374 1.0085 1.34 0.63 037 212 30 085

Ts5(310)/[001] 3687 17766 102 12 041 162 56 076

Mo X13(320)/[001] 67.38 18716 1.26 1.1 0.37 1.65 5.7 0.77

¥25(430)/[001] 7374 1.8052 147 14 0.47 145 57 077
7~ 7N
; 4 2
¥5(310)/[001] 36.87 23322 094 I 0.86\ 023 2.65 I 75\ 074
- iy
W T13(320)0[001] 67.38 23455 095 | 1751 029 196 | 7.8 | 077
Vg Vo
325(430)/[001] 73.74 22043 144 ‘\2,001 053 129 “7,9 ;7 078
N/ \_/

Average value 1.16 0.36 1.73 0.78 I

cAs |sse Results: V/SIA-GB interaction

=
T

J Interstitial

Biding energy (eV )

Normalized defect diffusion barrier

L T R T T ¥ WauifZ

GH energy (Jm’) Distance from GR

» Binding energies strongly correlate with GB energies averagely;

» Within the range of wg, the absorption of interstitials into the GB
is spontaneous. In the GB core, the normalized barrier of vacancy
diffusion is reduced to f from 1 in the bulk.



Results: v/SIA-GB interaction

CAS ISSP
]

> The following table summarized the kinetic parameters describing
the GB as the sink for the vacancy and interstitial, and the catalyst
for vacancy-interstitial annihilation.

» These include the barrier of vacancy (interstitial) diffusion in the
bulk, near the pure GB, and the barrier of vacancy-interstitial
annihilation within the spontaneous region and near this region.

» The corresponding activation temperature is defined as the
temperature that gives the transition time one second, which the
attempt frequency is about 10*2/s.

» The fraction of GB region is calculated according to the GB
influence range, here the grain size is assigned to be 100 nm.

CA 5;"\_5‘5" Results: v-Interstitial-loaded-GB interaction
GB Bulk Diffusion/Annihilation barrier
1region
w »!

- -

1.80 eV (in bulk W) |

A 4

SCLLLLLLTTY

o ty, A
s Annihlation*® Low barrier
: region region .98 eV (near GB)
“o,,, SIAs o 3

1.0nm 0.31eV
(Annihilation near GB)

Illustration of the annihilation between the vacancy
near the GB and the interstitial trapped at the GB.
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Wang, An energetic and kinetic perspective of the grain-boundary role in
healing radiation damage in tungsten, Nucl. Fusion 2013, 53 123014.
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C%SF Specific objectives of this research

Interactions of hydrogen with irradiation-generated
defects at entire temporal evolution stages.

1) Understanding on the irradiation damage of W

2) Understanding on the nature of hydrogen traps

3) Understanding the status of hydrogen in small vacancy
clusters

CAs |ssP Results: v/SIA-GB interaction
i i e R
Barrier (V)
Fe 033 0 0.629 046 0.16 0
Mo 0.03 0 .67 1.17 024 0
|w 0002 O 1.80 098 031 0 |
T, (K)
Fe 128 0 244 178 62 0
Mo 12 0 649 455 93 0
Iw 1 0 702 382 121 0
Range (nm) ,"\\
Fe 1.65 1.12 1.12 { 0.3p) SPontaneous
h jannihilation
Mo 1.57 1.25 1.25 1045 1 ovion
lw 1.97 1.1 1.16 1 0.76
Fraction (%) (when Grain size = 100 nm) ~=7
Fe 5 3 3 1
Mo 5 4 4 1
[w 6 3 3 2 |
CAs iSSP Conclusions:

» Binding energies strongly correlate with GB energies averagely and have a general
level when scaled by the bulk defect formation energy. Defect diffusion is
enhanced near the GB. The diffusion barrier of the vacancy gradually decreases as
it approaches to the GB. For interstitials, there exist several layers near the GB in
which the absorption of interstitials is spontaneous and out of which orientation-
dependent.

» For the interstitial-rich GB, the vacancy near the GB can be annihilated at a low
barrier, independent of the system.

» The GBinfluence range is limited of 1.0-2.0 nm from the GB. This leads to a limited
fraction of the GB region working as a sink for defects and/or the catalyst for
vacancy-interstitial annihilation.

» Our obtained principal physical parameters may be applied to build the master
framework for defects’ generation, transport and fate and thus to evaluate the

damage rate in nano/poly-crystalline materials.

Future work

CAS ISP
N Research schemes

MD simulations of primary radiation damage in W

KMC investigation of the further evolution of the
primary damage structure

First principles study of interactions of hydrogen with
above identified defects.

Development of W-H and W-He empirical potentials.
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Future work: example
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