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Abgtract The interactive par potentia between Al and H is obtained based on the ab initio caculation and the
Chen-Mobius 3D lattice inverson formula. By utilizing the pair potentids caculated , the efects of hydrogen on the
didocation emisson from crack tip have been studied. The smulated result shows that hydrogen can reduce the cohe
sve grength for Al sngle crystd , and then the criticd stressintensty factor for partia didocation emisson decreases
from 0.11 MPa »/m (Cy=0) t00.075 MPa J/m (Cy=0.72%) and 0.06 MPa J/m (Cp=1.44%) . Thisindicates
that hydrogen can enhance the didocation emisson. The smulation d< shows that atomsof hydrogen can gather and
turn into smal bubbles, resulting in enhancement of the equilibrium vacancy concentration.
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Many experiments show that hydrogen can enhance didocation emision, multiplication and
motion(*?!. Inorder to process the molecular dynamics d mulation of hydrogen enhancing didocear
tion emisson, we need not only the potentias of pure metal and hydrogen, but d< the inter-
atomic potential between the meta and hydrogen atoms. The key problemis how to obtain thein-
teraction potentia between the meta and hydrogen atoms. Ceneraly , the interatomic potential
can be obtained from the cohesve energy E( x) which can be given by first principle caculation
or experimental resultsof some Smply ordered crystals. In thispaper , we present a method to get
the effective interactive potential between the meta and nornrmeta atomsfrom crystals with smr-
ple virtua structure. The cohedve energy curvesof the assumed virtua structure, which is conr
posed of meta and non-meta atoms, are calculated by the sdf-condstent tota energy linearized
augmented plane wave (LAPW) method!®!. By usng the Chen-Mébius 3D lattice inversion for-
mulal*! | the interactive potential between the meta and non-metal atomsis then obtained.

After the potentiasof Al-FAlI, H-H and Al-H are obtained, we use them to invegtigate how
hydrogen influences didocation emisson in Al crystal. According to the critical stress intendty
factor for thefirgt partia didocation emisson for Al crysta containing varied hydrogen concentra
tions, we can judge the influence of hydrogen.

1 The interaction potential between Al and H

Aswe know , the binding energy E( x) of the metal and dloy can be represented by the Rose
equation of statel® :
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E(x) =- Eo(1+ a’)exp(- a’),

. X (1)
)

Here B isthe bulk modulus, x isthe current lattice constant , Episthe equilibrium binding ener-
gy and Q isthe equilibrium volume per atom. The parameters B, Epand apin eg. (1) are calcu-
lated with the seif-cond stent tota energy LAPW method. The calculated datafor Al , solid H (fcc
structure) and the AlH aloy (B2 structure) are listed in table 1.

Tablel B, Epand agfrom thefirst principle caculation

B/10" N-m"? Eo/ 1.60 %10 *°J ag 10" °m
Al 0.99 3.34 4.03
H 1.21 1.36 2.27
AlH 0.75 2.03 2.07

Based on the data listed in table 1, the cohedve energiesfor Al , Hand AlH ,i.e. Ea, En
and Ean, can be obtained according to equation (1) .
The binding energy can be written in the sum of the air potentia between two atoms, i.e.

E() =3 YO(R) =5 Trd@wm, (2

where r,isthe coordination number ,Q ,isthe ratio between the distance of the nth shdl and the
NN digance x. Based on the Chen-Maobius 3D lattice inverson method , the pair potential ® ( x)
can be converted. The formulafor converting the pair potentia ® ( x) from the cohesive energy
E(x) can be read as

®(x) = ZH @) E@x). (3
Herepd (0 ,) istheinverdon coefficient. Readers who show interest in thisformula can find the

detailed explanation of these parametersin ref. [4]. From eq. (3) the potentias ®4 (x) and
®,(x) can be obtained.

We can treat the cohesive energy Eainasthe sumof the cohesve energy Ea, En  and the
interaction energy Eapn, i.e.
Eam = Ea  + En  + Earn (4)
Here Al and H are the Smple cubic structures, and the alloy AlH isthe B2 structure which con-
sstsof two smple cubic structures. We assume that these potentias are transerable from fcc to
SCor B2 structures. Inthiscase, Ea ~and Ey  can be expresed as

* a1
= Y O} R) , 5
Eai (x) 5 Yal RAIZO al(R) (5)
* 4
E = Y O] R) , 6
Ho(x) > HRHE H(R) (6)
where Ya and Yy are atomic ratiosof Al and Hinthe alloy AIH. Fromegs. (4) —(6) , we have
1 1
Ear- = E - Y 0} R) - Y 0} R) . 7
Al-H ( X) AlH - 5 YAl RAIZO al(R) > HRHE H(R) (7)

Substituting the data of AIH listed in table 1 into eq. (1) , we can get thefirst item of the right-
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1-0[ hand sde of eq. (7) ,i.e. Ean. Pa(x) and Py

0.8 ---ALH (x) can be obtained based on eg. (3) , and the sec
LR s ond and third items in eg. (7) can be calculated.
% 0.4F Subgtituting Ea-y obtained from eq. (7) into eq.
g 0.2} (38) , the interactive potentia between Al and H
£ o0 atoms ® . ( x) can be inverted usng the Chenr

-0.2t Mobius 3D lattice inverson method.

-0.4} From the procedures we can obtain the pair po-

0.1 92 03 04 05 0.6 07 0.8tentigsfor AIFAI, Al-H and H-H. The pair potential

Distance/nm .
curves P (x) , Py(x) and Parn( x) are shownin
Hg. 1. Thepair potentidsfor Al , Hand Al-H asafunc-
tion of distance of separation.

and Al-H atoms can be calculated based on the pair potentia curves.

fig.1. The interaction force F = é% between Al-Al

2 Calculation method of molecular dynamics simulation

The border discrete atoms are prescribed by the mode |1 anistropic dastic K digplacement
field. The loading rate K is used as a loading parameter. In the present smulation, K; =

0.02 M Pa: /r;/ps. The inner atomsfollow law of Newton

Fo=- %‘:QI = mvi. (8)

The present molecular dynamics calculations are carried out by the Lespfrog Algorithm!®!. In eq.

(8) miisthe massof the ith atom. The time step in the present calculation is taken to be 10”3

ps. Because the hydrogen atom moves much faster than the Al atom, the time step chosen is very

small in order to avoid collison between Al and H atoms. In al the smulations, the termmperature

of the sysemsis maintained at 40 K. The initia velocity is the Maxwell-Boltzmann distribution
corregponding to a given temperature.

The {110} , {111} and {112} crystallographic planesof the paraleepiped with a dit are used

in the present cdculations. The ocoordinate [y sasyr s oo ry oyt

system is sdlected to be x, y and z axes in|Iiiiliiiiiiiiiii i iinEiiip il

110 , 112 and 111 directions regective- ::::::::::::::3.:%:5:'::%:'.:H':'i. cidd

SRS EEH FEM S ML H b
ly. Inthe FCC crystd , afull didocation moves :::::::::::ZZ:Z;;:::%. ::i::% i%iiii
inthe 110 direction in {111} plane. S, in ::::::::::::::;::ii::i:':izizizﬁ thodd
the present modl , the crack plane i taken to ;;zsssss:ss55ss'%=;%=55§;:;mz;isgiizf
bein the {111} plane, and the crack front isin :ii:?::%:i:i: ;;Z:;.i:g;tiii
the 112 direction. Hydrogen usualy liesin|::zs:3722::: ""3'§"3%“";' friveaaindd

:.::!1!2IIZZZ:iZ'ZI%ZiEEﬁ:.:% EZH..%

the octahedra intergitia of the fcc crystal. In ::Z::!:::::Z::.ii;:':li.g.ilii ;éf::;::*}
fig. 2, the lid circle represents Al atom, §§‘1i1§1+i”*1***¥
while' +” represents hydrogen atom. Under |3iiiiiiiizizizzhiiiidyngrnaipninnie:
mode |1 loading, the didocations move in the|::::: ‘;‘ﬁiﬁﬂih’
110 direction. The periodicity in 111 di- [s2s+irssasisrsdergdidiaeadiiiangnanying?

rection isin three layers, in 110 directionin
two Iayers andin 112 directionin 9x Iayers. Fg. 2. Theinitid atomic configuration of hydrogen distributed
The boundary conditions applied to the @My aheadof the crack tip.
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boundary of the discrete atom region in our molecular dynamics Smulation have been that of a
prescribed diplacement distribution dictated by a mode |1 anisotropic Kfieldinthe x-z plane. In
the y-direction, a gx layer periodic representation is goplied. Therefore the present atom latticeis
actualy three-dimensona. The totd number of atoms for the smulation is N =8 340. The
length in the x-directionis (/é/ 4) x140a9( agisthe lattice constant) and the width in the z-di-
rection is (~3/3) x60a,. The distance between the crack tip and the Ieft boundary is (V21 4) x
20ay. Asthelength from the crack tip to the right boundary is large enough, the &fect of the
boundary constraints on the nucleation and emisson of didocations can be neglected if the didoca
tions are far from the boundary. Hydrogen atoms are placed randomly in the octahedral interstices
of the regionof 10 2 ap X 10 A3 ap. Thetota number of intersticesis1 200. Inthepresent S mu-
lations, the numbers of hydrogen atoms are 60, 120 and 360 regectively. There is no hydrogen
atom out of this region. The initial atomic configuration is shown in figure 2.

3 Simulated results and discussion

If there is no hydrogen atomin Al crystd , at the 5 350th time step , thefirst partia didoca
tion is emitted from the crack tip , as shown infig. 3(a) . That isto say that the critical stressin

tendty factor for partid didocation emissonin Al crystal K;e(Al) is0.107 M Pa- Jm. If 60 hy-
drogen atoms are distributed randomly in the small region ahead of the crack tip , where the hy-
drogen concentration (atomic percentage) is0.72 %, thefirst partiad didocation will be emitted at
the 3 750th time step , as shown infig.3(b) . In thiscase, the critical stressintendty factor for

partia didocation emisson in Al crystal containing 60 H atoms decreases to 0. 075 M Pa: Jm. If
120 hydrogen atoms are added to the region, thefirst partia didocation isemitted from the crack
tip at the 3 000th time step , as shown infig. 3(c) . The critical stressintendty factor for partia

didocation emisson decreases to 0. 06 M Pa- /E] further. When the run reaches 20 000 time

steps, we keep the intendty stressfactor K =0.4 MPa: Jm congtant , and there exig four par-
tia didocationsin the pure Al crysta , while five didocations in the crysta containing 60 hydro-
gen atoms. The resultsindicate that hydrogen can decrease the critical stress intendty factor for
the didocation emisson and enhance the didocation emisson.

Under the influence of stress, hydrogen atoms lying in the octahedra intergtitials can move

S ' (o)

Fig. 3. (a) At the5 350thtime step , thefirst partid didocationisemitted (no H atom) . (b) At the 3 750th time step ,
thefirst partia didocation isemitted (containing 60 hydrogen atoms) . (c) At the 3 000th time step , thefird partid dis
location is emitted (containing 120 hydrogen atoms) .
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T esanetnesanaeesstmesen e eeeeseanesr e 1aNd gather , resulting in generation of small

: ’ ;| voidsor bubbles (including 3 to 5 hydrogen

pecfidlatoms) |, asshown by A, B, Cand D infig.

:1-"- 4. There are 360 H atomsin the region. H

Faasd 31:+{atom is represented by the symbol* +” , and
joAg i dthe time step is the 20 000th.

seesrapivasvnns
s

teetecennnndend
33

. [T PSS MO The reason that hydrogen enhances dis
'.'E"'II:'.:"'V..*’"" i location emisson can be explained as fol-
-lows. For amode Il crack , the critical stress
. intendty factor for the didocation emisson
12:|from the crack tip is read as'”!

Kie = (a1 ro)l/z[U DAT(1- v)ro+T4 .

i
BRI 9
s .-u.o.i:n.-:.:#:;c--+$

3tesder+q Here ro = d/ e is the didocation core ra

- 8] _ _ - 10 :
Fig. 4. At the 20 000th time step, ome vacanties are generatec dius , d= Jé/ 3a=3.31x10 m is the

ahead of the crack tip. efective plane distance, M isthe shear mod-
ulus, T is the lattice redstance force, b is

the Burgers vector. Subgtituting these parameters b = Jé/ 6ap=1.65%x10 m, v=0.347,T;=

20 MPaj =26.3x10° MPainto eq. (9) , we get Ke(Al) =0.12 MPa: /m.
Because the dasgtic modulusis relative to the cohesve strengtho,, e.g. ref. [9],
O = Eap/ltd = 20 (1 + v) ag/ft d. (10)
Here d isthe plane distance. Assume that hydrogen decreases only the cohesve strength O, but
does not afect v, apgand d. Based on eg. (10) we get
b (H) = [on(H/oWp. (11)
Snce the second itemin eg. (9) is much lessthan thefirst item, and then can be neglected , from
egs. (9) and (11) we get
Kie( H)/ Kie(Al) = 0 (H)/0 . (12)
Acoording to the difference of ion escaping work between the gpecimens which is charged and
not charged with hydrogen , if we think that the cohesve energy equa s the sum of the sublimation
and ionization energy , then from the experimentd result , we know that hydrogen with the atonr
ic ratio 1 atm % ( Cy =0.01) can decrease the atomic cohesve strength by 5 %!1'°! | i.e. when Cy
=0.01,0w(H)/0,=0.95. In the rectangle of fig. 2 there are 120 hydrogen atoms, and Cy
=0.1, which will make the cohesve strength decrease by 50 %, that isto say, 0w (H) /O, =
0.5. Molecular dynamics dmulation showsthat thefirst didocation isemitted at the 5 350th time
step for pure Al crystd , correponding to Kjie (Al) =0.11 MPa: »/;1; and at the 3 000th time
step for the Al crystal containing 1. 44 % hydrogen atoms in the smdl region ahead of the crack
tip , correponding to Kje(H) =0.06 M Pa: Jm. The ratio of the critica dressintendgty factorsis
Kie(H)/ Kje(Al) =0.55, which conforms well with the result caculated based on eg. (12) . It
a2 shows that the pair potentids chosen are sif-condstent with the results caculated.
Why does hydrogen cause the void dendty ahead of the loaded crack tip to increase ? S mirov
et al. indicated that implantation action of hydrogen atoms will cause the void dendty to increase
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from Cy(0) to Cy(H) ,i.e. [*!

Cv(H)/ Cv(O) = exp(fHCH/ KT)/ (1 - CH) , (13)
where Cyisthe hydrogen concentration, fyistheformation energy of hydrogen. Substituting f y
=1leV, KT=0.1eV and C4=0.5into eq. (13) , we get Cy(H)/ Cy(0) =300. It showsthat
the void densty increases by two orders of magnitude.

4  Conclusion

The molecular dynamics dmulation results show that :
1) Hydrogen makes the critica stressintensity factor for didocation emisson decrease from

0.11 MPa: /m (Ch=0) to 0.075 MPa- J/m (Cy =0.72%) and 0.06 MPa- ./m (Cy =
1.44%) , i.e. hydrogen can enhance didocation emisson.

2) The stressinduces hydrogen enrichment. Hydrogen atoms ahead of aloaded crack tip can
gather and cause the equilibrium vacancy concentration to increase.
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