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DESCRIPTION OF THE HYDROGEN-METAL INTERACTION

BY A MORSE POTENTIAL FUNCTION

”byHDﬁRIiOIahder

Inorganlc Materials Research D1v151on of
the Lawrence Radiation Laboratory and
..the Department of Nuclear Engineering

University of California
Berkeley, California 94720

Abstract

The interaction between hydrogen atoms adsorbed on the

surface or dissolved in the interstices of a metal and the

atoms of the host crystal is represented by a pairwise
additive Morse potential function. This interaction is
summed over all metal atoms surrounding the hydrogen atom.
Interactions between hydrogen atoms are not considered.
The three force constants of the potential function are -

-determined from three experlmental values of the hydrogen-

metal system: the heat of solution, the heat of adsorption
and the actlvatlon'energy for bulk migration. Relaxation

of the metal lattice surrounding the dissolved hydrogen and

reconstructlon of the surface metal atoms next to the adsorbed
hydrogen are considered in the calculation. The potentials so
determined are long range- metal atoms many lattice constants
distant from the hydrogen atom contribute to the binding and
the metal atoms closest to a dissolved hydrogen atom are
repulsive. Four metals are treated: BCC iron and tantalum,
and FCC nickel and copper. For each metal, two surface
planes are investigated. Although both tetrahedral and
octahedral interstitial sites were tested as solution sites,
only occupancy of octahedral sites satisfied the interaction
energies upon which the calculation is based. Knowledge

of the potential function permits other characteristics

of the hydrogen-metal interaction, such as the activation
energy for surface migration and the vibration frequency of
dissolved hydrogen, to be computed. Agreement of these.
calculated properties with experimental data is satisfactory,
but not quantitative..  The extreme sensitivity to crystal
structure (BCC or FCC) and the assumption that the nature

of the binding of surface hydrogen is the same as that of
bulk hydrogen limit the utility of the pairwise model to that
of an-interpolation scheme - as a means of utilizing known
characteristics of the hydrogen-metal system to estimate
parameters not experimentally available. '



I. INTRODUCTION

Ch;ractéristi¢szpf tﬁe ih#éréctibn'bf h&drogen'with the
reguiaf_létficé_bf:évmétai‘éfe iﬁvéstigated anélytiCally.
Thé metél-hydroéeﬁ_in#erécgién'is'reptesénted by summation
of a’centrél pairwise ﬁaﬁéﬂtial'fﬁnctiOn oVéfFall_the metal
Aatomélsurioundingﬂa hyd£ogé#:atoﬁrih ér on th§ léttiée;
The'paifwise pqtentiéi ié‘éssﬁmed”fd.be ;he Mdrse function.
This'function'i§ gpplicable‘tb thé‘interaction of tﬁe ;wo
.hydrogen.atéms'sf_the hjdrogén ﬁoléculé (1) ahd it.hés also
been éppliéd'td'the Bi£din§ ﬁfépeitiés of:the metal lattice
(2).  The MOrse poten;ialffrestficted to.nearést neighbor
interétfibns) has”éiéb beén ufilized to bredict the equation
of étété gf metalé (3);V'Tﬁis étudy>séeks to determine whether
the mixed case of fhe'métai—ﬁYdrOgen system can be satis-
factorily énalyzed'by thé same'typevof”poféntiai'function.
An inveétigétibn Similaf in many;éspects to the one undértaken
hére has been feﬁdrtedbby dedﬁan»(4), who used a Lengard— |
.Jdnes 6412 interatomié'pbfential to investigate thefbinding
.éf various’adsorbed,spécies-on‘tungSten ;nd nickel. Johnson
et al (5) used a cubic poﬁenti51 t6‘investigaté the properties
of irqn and. vanadium. - WhileiGbodmgn's,study was cOnéerﬁed
sélgly withbsﬁrfécé intéractions, andbthe Ealculétiéns of
Johnson et al deélt oh1y with.buik proﬁerties, thé present
’wo;k examiﬁés both sufface and buik interactioﬁs of'hydrogen
and the host métal.

The calculation does nofvpurport to be a fundamental

representation of the nature of the hydrogen-metal bond.

In fact, the notion‘ofﬁéentrax pairwiée additivity may not



 be applicable'to'suchusyetemsv(4);‘Tamm and Schmldt (6),
for example, have been able to explaln the structure of
hydrogen adsorbed on-the (100) plane of tungsten on the
basis‘of nearestaneighbor”bonds between the hydrogen‘atom_'
and the d electrons of the metal.- lhe‘presentvcalculation
should be v1ewed asHan 1nterpolat10n scheme -_as a method
of utlllzlng_three.relat1vely‘ea51ly.obta1nab1ebcharacteristics
'of”the binding ih a metal-hydrogen s&Stem to deduce other
features of the system which areinot'erperimentally avail-
able. In order_tovperform_such a_function,‘it is»necessary
to be able-to.describe?the’energy ofia:hydrogen atom at various
locations in.or on'the crystal. IOnly the pairmisebinteraction
mode 1 with an:adjustable-parameterAlnteraction_potential
provides a sufficiently complete calculational framework
for thlS purpose. o |

‘Three experlmental parameters’of the hydrogen metal.
system-are.employedrto deduce the three_force constants
in the Morse.pOtential functionl o . 'd k o

() = D{exp['-'z m_ (f;re‘)] - zegp[~ g—"_(r’;re)]}’ (1)

: : e _ o e .

where ¢(r)'is the potential energy betWeen thevtmovatoms
separated by a dlstance T and T e’ M and D are'the force
constants (re is the equ111br1um separat1on of the two atoms
and D is the energy of the,interaction_at the equlllbrlum
_separation distance); pKnowledge of the interatomic potentialv
~ function permitsicalculation of:pfoperties of the-hydrogen— |
metal system otherjthan the_three used_to‘determine'the force

constants. The validity of the method is assessed by



cbmparing‘fﬁevprediétédTprépe;tieskto available measurements.
Auxiliary features'éf.;hé'intefaétioh, such as relaxation
ofvfhe'hdst étomsvaroﬁﬁ& a‘diééélvéd hydrogén'atom and
reconstruction_of‘fﬁe.gutface'as a'¢onséquencé of Hydrbgen
4ad§orptiqn;icénnot a?zthis'time.be verifiedfby compérison
with,ekpérimént;' '_ ~  S |

SéVeralladditionéi assﬁmptiohs 66ncerning the béhavior

of hydrogen in_tﬁé méf#lliatfi¢é are: , |

(1) . Hydfogén ié-diIUte in‘tﬁe méta1; HF—YH.inter;
éctioﬁs'eifﬂer'iﬁrthe'interior'dr on the surface

-of-the-ﬁetél:ére'negiecfed.' In concentrated

'sbldtions; £ﬁisviﬁteraétion mﬁst:belébﬁsidered
(7;3).  Th$ disSélﬁfion edﬁilib;iuﬁ is assumed
‘to fdliquSievert's law, which implies'hydrogen
'iﬁ-atgmic fo#m in thé B#lk;

(2) The di$§§1ved hydfégen‘behéves #s a three dimensional
Einéfeiﬁ-@Sciilétbr.in the-intersfitial site of
the BCC or FCC léttiCe iﬁ'Which it is located.

This ﬁodél.has been discussed by Ebisuzaki
- and Ofkeefé (9j aﬁd épplied to the solution and
diffusi;n-§f'hydrogéﬁ ih‘niékel by Ebisuzaki,
KéSs,fand°OfKeefel(1oj; The éﬁsumptiouvof an
Einsteiﬁ ogéillafbi appears to be sétiSfactory for
FCC metals,;But»iS'on soméwhat ténﬁous grounds for-
BCC metalsv(9). .Neverthe1é$s,vit-is assumed here
to abply'ﬁo.hYdrogén dissolved in both types of

cubic structures.



(3)

(4)

(5)

)

Dissolved hydrpgén‘maybreSide in eiiher:the‘

tetrahedral or octahédral interstices of the

~cubic lattices. No assumption concerning this

point'is made; the calculations are péfformed for

' both types of'eqﬁilibrium sites.

Binding.éf,hydrogén on the surface 'is of the.

same type as that in the bulk.

_The measured heats of adsorption refer to poly-

'crystallinexmateriai with unidentified surface

structurer Ih order to perfqrm the éaiculations,
thé exposed surface p1ane musf be specified.

The (100) and (110) planes of the BCC lattice

and the (1105‘aﬂd'(111) planes of the FCC lattice
have beeﬁ cOhSidered'hefe; In each eése, the
heat of adsbtbtion is assumed to apply to the
surface faéé.undef'cbﬁéideration.'
The:diffusignal‘jump:is assumed‘to be,from one
éﬁuiiibriﬁm site to another via the other tYﬁe 

of interstitial site (e.g., octahedral-tetrahedral-

'octahedral). ~The difference between the energy

of the hydr9gen atom in octahedral and tetrahedral
sites is the activation enéfgy‘of diffuéion.

"There is'some.support for,tﬁis idea from other
studigs ofvmigratioh qf interstitial impqrities
in BCC lattices (5,11). As shown in Figure 1, the

straight line "path between octahedral sites in

“the BCC lattice passes through the tetrahedral

interstitial site at the midpoint.



However, the octahedral tetzahedral -octahedral
path in the FCC lattice is not a stralght line, as

shown 1n Fig. l (the tetrahedral site shown is at the

(1/4 1/4 1/4) p051t10n) Nevertheless, the
rhydrogen—metal dlstance in the tetrahedral site
(/f a/4 where a 1s the lattice constant) is
larger than the hydrogen metal distance at the

m1dp01nt of a stralght line Jump Between two

v‘octahedral 51tes (a//_), so that the path showu

in F;g. 1 is. not unreasonable. The d1ffu51on

of hydrogen‘ln n1cke1_has been shown_to be in-

satiSfactory'agreement with octahedral-tetrahedral-

Cjump (10).

The follow1ng aspects of the hydrogen -metal interaction

r

are con51dered

(1)
(2)

3)

the zeroupoinf-energy'of the dissolved hydrogen.
.reléXation of the host lattioe éboutdthe‘dissolved
and adsorbed hydrogen atoms.

the dlfference between the separation of the surface
‘layer of metal‘atoms_and the adJacent'layer, and

the bulk planar separation.

Four metals are considered: BCC a-iron and tantalum

and FCC nickel and copperQ The parameters of the Morse

function
~from the
complete
shown_in

is shown

for the metal-metal interactions have been taken

calculations of_Girifaloo and Weizer (2). The

set of input parameters for the calculations are

Table 1. The lattice constant at room temperature

in the second column. The force constants for the

metalemetal Snteraction are in ecolumne 26 The <ixth



column contaihs‘théiCalculated relaxation of the surface
layer obtained'frdmxthe fof¢é cOhétants:shbWﬁ'in‘the precediﬁg
columns;flz). The quaﬁtity P ié_the difference between
the calculated position of the surfaée‘piané and the ¢
position the Surfaéé wodid have if the bulk interplénafji'
spécing‘were maihtaiﬂed to the suf£a¢e;

Thevthree paraﬁeters of the-hydrogen—metal.interaéinn'
which were used in the Calculatioﬁs are shown in the last
three’columnskl Xé represehts.thevbindiné ehergyvof atomic
hydrpgen onfthe surfacé;'xsfrepreéents the heat of Sdlution of
atomic“hydrOgen and Xd'islfhe activétion éhéfgy for bulk diffusion.
A survey of the,availéble litéfature.indiéétes géﬁerai'accord
(to Qithin One.ér'two'kcai[mo;e) on all of fhese values
except for the'activatidn enefgyvfér diffusioh'of hydrogen
in téhialum. The NMR measureﬁénts of Pedéfsen‘et al (135
on hydrides with_ﬁydfogén:contentiéiceeding TaHO.‘1 yield_’
a value of 1.6 kéal/mole.‘vThe c1as$ic permeation éxperiments
reviewed_by Chand1errand:Wa1fér (14) yieidvlarger va;ueé;, Although -
thevaCtivation énergylfrom permeation experiments may be . s
faléified_by the existence'of‘a_rate;controiling surface
steb, the éctivafion energy iﬁ concentrated H-Ta solutions
" may reflect H-H interactions. On balahce, we have sélectéd‘
"the 14.0 kcal/mole result of Klyachko (15), since it was
obtained by experiments moré closely reflécting the‘High
'temperature, diIUte’solutiohs to which.the bresent calculations
apply.

Parametefs of thé hydrogen-metal system used to check

the reasonableness of the célCulationsvwerei



(A)

(B)

v(C)ﬂ

(D)

(E)

(F)

Surfade diffusion activation eneigy

Efféétvqf suifaéelpiéﬁe:on the hydrpgen binding

_ ‘evn'eji“ghy -

-The'vibrafional partitionsfunctipnjfor motion of

thé”adsorbéa hydrpgenfperpéndigular:to the surface

Pre4e£p6néntiél-fé¢tor of the solubility (entropy

“of solutidn)

The'iﬁtefnai Vibrétidn_ffequencies of hydrogen

in nickg;'andvcdppef 

The effebt.qf'the'lattice'type on the solubility

parametéfS'(thé'sblubility_of hydrogen iﬁ both

BCC a-Fe and FCC y-Fe has been measured)



IT. ANALYSIS

‘A;- Heat 6f Soiutiﬁn

The groﬁnd sfatexis tﬁé perféqt metal lattice”and'free
hydrogen atoms at rest. The disédl&ed state is thé hydfégen
atom in its lowest vibrﬁtiohél sﬁgte'at the center of an
octahedral‘or ﬁefrahedfal intérstice; vThe:neareét'and'néxt
‘nearest metéi atom néighbor§ are alloWed to relax. 'Thé
enefgy.reieaSéd ﬁpbn'ad&ing'a'hyarpgeh‘étoﬁ”to the solid
is given by: . ? ‘

Xg = -Vg - BE_ - 3 hv . - (2)
where Vs‘is the potential;éﬁérgy of.thé-hydr§geniatoﬁ iﬁy'
the relaxed solution site. AES is the increase in theé pot-
ential energy Of,tﬁé méta1 atoms suifounding the hydrogen
atom due t0-re1axatioh1'.vsris the‘vibratioﬁal“freQUehéyv
of the”hYdrogen atom in- the équilibfiuﬁ'solution site.

The 1ést term.ié the zefo'ﬁoint energy:of thg dissolved

hydrogen atom,

B. Binding Energy of Adsorbed Hydrogen Atoms

The adsofbed hydrogen afom is asSumed'tQ be in its
ground state with respect to vibration perpeﬁdicular to
the surface on the surface site which makimizes the bindiﬁg
energy.‘ The adsorption sites were taken to be'tﬁOSe déterr
mined by Goodman (4) for'each surface plane considered.’
The positions of the.adjacent metal_atdms and the distance'ﬁ

of the hydrogen atom above the surface are adjusted to



maximizé tﬁé'bihding’énergy. >Thé energy“reieased.on placing
é'fréé hjdrogén atom oﬁ.the Surfacé is:
e S

Xa = Valzgg) = BB, - ghv, (3)
’wherébva(zeq)'is.thg:boteﬁtihi.eﬁ§rgy of tﬁe hydiogenvatom'
at itS'éQuilib}iQm:ad§brptiqn.diStance zeq andvAEé is the
energy"iequiréd»to_recdnStruct:thé'surface,j The third
term on the right is the'zero pdint energy for vibration.
bfvthé hydrogen atdm'perpendicuiar.to_thévsurfacé. v
is the frequen;y‘of'this modé of-vibration- 'The 1atefél
binding:is>assumed weak.ahdfthe zero point,eﬁeréy of these

vibrational modeé is aséumed:to be negligible{

C. Activation Energy for Bulk Diffusion

V/The activation energy for diffusion is:
Xqg = (Vg - Vo) - (AE_ - AE,) . | _ (4)

whére.Vd is the poféhtial epergy qf fhe hYdrogén atom in
the intgrstitialvpbsitiph cthen-as the migration béfriér:
and AEdvis thg'inhreéSe:iﬁ'iﬁtti§e ﬁotentiai energy due to
relaxation of the metal atoﬁs about ;he;hydfogen atdm.in
this sité; Tfansifion stéfe_theory SuggeSts that the right
hand side of'Eq(4)>$hoﬁ1d contain another'férm refiecting

~the zero point energies in the‘equilibrium and activated
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states; "Ebusizaki ef_al‘am.have shown that this additional
term is of the form{f - |

ey vy gty It
-kT Ve coth KT - (FTf) COth(E?T) - 1

where v is the ffequency.df the two vibrational modes
perpendibular to the'migration.bafh in the activated state.
If7v5'=‘v+, the'brackeféd’térm in fq(S) is élways'pbsitive.
However; for hydroééhﬂinbﬁickél;-ﬁbusizaki et al (10) have
.measuredvv+/vs = 1.7, _In this case,_the.bracketed term
is negativevand‘EQ(S)_adds N1 kcal/mble to the right hand
sidé of EQ(4). .This<c§freCti0n is approiimately 10% bf'the
enexrgy of migr#tiop, 2Sin§e thé]cérreétionvterm of Eq(5)
may Be either positive or negative and since it appears

to be small-coﬁpéfed-to the remaining terms in Eq(4),

it has been neglecfed'here. Thé tieatment of diffusional
migrétion energy is>thts.$imi1ar to that used by Burton

and Jura (16) and Huntington (17).

D. Potential Energy of Hydrogen in the Bulk Metal"

The potential enérgies V;, Vd and Va are obtained
by summing the interaction botential'betweeﬁ.the hydrogen
atom and.a metal atom 6ver all.metal atoms in the lattice;:
To simplify fhis'prbcedure, the infinite sum is approximated
by a finite sum over.&40 individual metal atoms closest
to the hydrogen atom énd an integral repreéénting the
intéraction with the metal afoms at.larger distances. 'The ‘

sums are accomplished by'dividing_the ncarby metal atoms



11
into épﬁérical Shéllgliﬁ~Whiéh the ﬁéfai,atoms are equidistant
from the central hydrogen atom N |

"The characterlstlcs of these shells for the two interstitial
sites,in the two cubic lattices considered are shown in
Table 2. .The cut;pffvdiStanée.is3cho§en midway between the
last shell Qf atqmé'included.ih‘fhé sum and the nextvshell
fﬁrihef dﬁt. Beydhdvihé éUt-off'diétancé, the central hydrogen
is con51dered to 1nteract w1th a contlnuumvof atom density
equal to that'of.the SOlld. In seeklng the maximum energy
configuration, shélls 1 and 2 are permitted to relax radially
by factors of qi-and_qz respectively. 'The potential energy

of the hydrogen atomjin‘the'interstiﬁial site is:

V = n ¢( rQ)A+'4' |
Y 1493730 % 4Ty

i=1

(6)

In this formula, V ;efefs githef té VS of Eq(2) or Vd.of
Eq(4)}v.N is the nﬁmber“df shélisvover which the_5um is
carried (N=6 for BCC and 3 or 4_for FCC); and n, is the
number 6f'atoms in shell i. rg is the hydrogen—meta1 
distance of an atomvin unrelaxed shell i,»shOWn in the last
column of Table é. Qilis ze;o-for i>2,  The function ¢

is thé Morse potéhfial of'Eq(l). Thevlastiterm in Eq(6)
represents the contrlbutlon of the continuum atom dlSt—-
vrlbutlonfat d15tanc¢§;greatgrvthan_the gut-off T. to the
total iﬁteraction ehergy.v f is the number of atoms in

the unit cell of the metal (2 for BCC, 4 for FCC).

E. Potential Energy of Hydrogen on the Surface

The potential energy of a hydrogen atom at a distance
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z over a paréicular"su;face site is'detefﬁinéd byva.sum
'ovet'hemisphericél sﬁéils'of_eqdidistant,meﬁal atoms plus
- a continuﬁﬁ cbhtribﬁgion:t
Vé(é) = ni¢(r;)-+ 2my  r2dr v&[(zz + r2 4 2rzu)1/2]du
i=1 | _rc"\ 3 | <'7)
The briginiof thevéphericalrépordinate system ﬁsed
in the'integrati§ﬁ is diréctly'beﬁeathkthe adsorbed atom
on the SQrfape'plang Whichvauld.ékist in the absencé of
separation of the oﬁtéf mosf‘iayer of‘métai atoms. z
is the distance of the:adatdm above this plane; r is the
radial aistance frqm_fhe-origin to a point in the continuum
and p is the cosine of the polar angleireférred.tO'the axis
pérpendicular to the_surface aﬁ& passiﬁg through the origin.
The nﬁmber'of'shellsfo§er whiéhvtﬁé sum is carried'is_éhosen
to giyéva'cut—off radius ré'as'éiose as possible to that
ﬁSed in the éomputatidn”ofyfhé iﬁtéraétian enérgy iﬂ
the bulk. In general, the first term on the right of
Eq(7) includes one half as many metal atoms (&205 as the
corresponding internal sum. Because of.thg 1owar_degreg
of symﬁetry of the 1aﬁtice below a hydrogeh atom on
‘the surface compared to a cenﬁra11y placed hydfogen atom
in an interstitial site, a largef number of shells are
required. For the BCC(lOO) and (110) surfaces and the
.FCC(llO) surface, the sheils were structured in accord
with Figs. 1 and 2 of Goodman's paper (4). There are two

potential adsorptibn sites in the FCC(lll) face. The adatom



3

vdepectedfas.the-syéha.

'nestleSTih-the;cteyieEffgrméd:by

thwever;;there may: or mayinbtjbe

_heheath the‘adeetbedietem;(theeed

':'Our calculatlons 1ndicate.on1y a

iSitesfih~

.thfééjé@rfeéeﬁmeteihatoms;"
.aymetelhetemﬁddteCtli?>'*
tﬁﬁ»éituééianszfe7
:Fig;;éfa ofwtefii18).

~£ew percent dlfference

'in the blnding energy on these two sites with the "C" 31te

'(no metal atom directly below the adsorbed hydrogen) sllghtly"
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more tightly Bouﬁd. &This'éite_ﬁas'taken as thevadSOrption

site.

The foregoing consideratibnsffgfer to the perfect B e

crystalvsurface. To thése daléﬁlétions'ﬁete'added thé
'géparatipﬁvbf the enﬁite out¢r.1ayer‘of metal atoms from

the bulk énd the relagétion_of the metal atoms close to the
adsorbed hydrogen.atém; JIhe configurations of tHe surféceé
for the four casesvconsidefed is sho§ﬁ in Fig. 2. On the
BCC(100) surfacé, thé metal atom directly beneath tﬁe'

adatom is permitted to move vertically and the neareét
neighbor metél atohs on the sﬁfface méy relax fadiallj'and
vertically. On thé’BCC(ilO) sﬁrface,:qnly'radiél and Verficél
‘relaxation of the nearest neighbor afoms'on the surface |
is gllbwed. Rélakation on thé’FCC(ilO)'sufface:is equivalént
to that on the BCC(lOO)‘face. The three éufface atom§
closest to the adSorBéd hydfogén.atom on the'FCC(ill)..
'vadsorptibn site réléx.radially aﬁd>vertiéally. The three
atoms in the neit la&ér may re;ak'in a radial direction
"only., These relatively resfricted degfees of rélaxationé

were designed to keep the calculations tractable yet still

provide a qualitative estimate of the significance of surfacé' .

reconstruction.

The shell distances r, in Eq(7)_are functions of the

i
hydrogen adsorption distance z. If the atoms considered .

are subject to relaxation or if the shell contains surface

metal atoms,-ri also'depends on the odter"layer spacing P,
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and the relaxation perameters S1» Soo and'ss.

F. vLattiee Releiation‘fderéies

\The enefgy'required for;lattice_relaiation about a-
hydrogen atom in'the solution site or in the acfivated
‘site (AE':or AEd) is a functlon of the relaxatlon the
nearest and next nearest nelghbor shells surround1ng the hydrogen
‘atom (q1 and qz) and the Morse potent1a1 force constants
for the metal metal 1nteract10n. Follow1ng Burton and Jura
(19),_on1y radial relaxation is_alloWed; "The interaction
ene:gy_between the‘Ndshells in whieh discrete atom positions
are conSidered»and(between.the discrete atem shells and

the continuunm is:

E1 (ql) + E12(q1’q2) + E (q )+
1,#2

[\v/]z

E (q;,q,) =

™
Bl

Eps(ag) * Epela) = (8)

e

f
]
N

Ieteractioné betﬁeen atems.whose posifiohs do not change
during the relaxatiohepfoceSS are not included in Ee(8) since
thesg'cancel oef in cOmputing AES.

Eji'is tﬁe_interactioh_energy befween atoms in shells
i and j end is given by: |

D RICI RN ¢}

1,2)
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whére the summation runs over all bonds betwecn atoms
in shéli i and sheli j. be the sglf—enérgy éf»a single
shell containing'”ni atoms, there aré‘% ni(ni-1) bonds.
BetWeen_two differght §heiis, fhere are niﬁj Bond§: rij
is thé'diStahcé between a.pair of atoms in the i and j
.shells, apd is a funcfion of the rela;ation parameters
q; and/or.qz. 1Thé‘Mofse pofential:function in Eq(9)
utilize; the force cdnsfants‘appropriate to the metal under
consideration (Table.l)A  |

Elc and E2cbdenote the intéraction energy between
shells 1 and 2 ‘and the‘éOntinUUm beginning at thé;éthOff
distance T.- The energ} of interaction betWeen sheli J

containing nj atoms at a distance qu? from the hydrogen

atom and the continuum is:’

1
drz  ¢[{(qu§)2 +.-_r2 _
-1 =
- 2raru}PIan G- 1,2) (10)

‘where-¢.is again the metal-metal potential function, r?
and r, are taken from thg last cbluﬁn of Table 2 and
p is the cosine of the polar angle in the spherical
coordinate system with origin at the hydfogen atom.'

The suitability of this method for deterhining
relaxation energies was tested by cbmputihg the energy of

sublimination of the perfect metal lattice. In this test,
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the shells were constructed around a central metal

atonm and the:sub;imatioh.ehergy qqmputed by:

[t o

where,rii and ri‘érevthé'hﬁmberxof atoms in the ith shell

AEsub

I
I .
N =

(11)

and fhe.distance of this Sh¢11 froh‘thé_centrallétom'respectively;
These paraﬁefersﬂwéreitakgn from the cohpilation of ref. 20.
‘The cut-off distance Qas taken mia;way'bétweeﬁvthe Nth and
1thé (N+1)th Sheils. vFor N=8,'the compgféd'suﬁlimation
.eﬁérgy.was within a fradtion of a percent of the yalué
used'by‘Cirifélco:andjWieiéf (é) to determine thévforce
éonsténts'shown_ianabie 1. For N=4, the humbef of discrete
afoms éonsidefedvin the 1atficé sum wés &40, as in the
hydrogen-metai éaICulatibns.v‘In this‘caSe, the computed
gubliﬁéfibn energy Was>within 3-4% of fhe correct value.
.This magnitude of errqf introduced by the:conﬁinuﬁm'approx-'
imation to fhe IAttice sﬁm is‘dongidered a@ceptablé for the
caléulations here. |
Thﬁs, for specified values of thé‘first and second‘
shell relaxation factors,'the'increase in the energy of the
metal iéttice'surréﬁnding‘thé hydrogen afom is given by:
BE, = Eg(a;,a,) - E (L,1) - S an
.The»enérgy rgﬁuifedffqlreconstruct,the-surface, AEé,
is computedvin-an entifelyvanalogous fashion,.with‘thevgurface"
relaxation.paramcterﬁ s .

1;.§2, qnd.ss'rep]acing ay §nd qz.'



G. 'Vibration'Frequencieski 

Thé Vibration'frequeﬁcy of the interstifial hydrogen
étom,is determined by averaging out the:angular dependence
of the interacfion'energy betQ§en:thé hydrogen atom
slightly displéced;fio@.its'equilibrium positioh,and the metal
atoms in the N sufrﬁﬁnding shells; ‘This pfocédure forces
the potentialvwell to.bé sphefically symmetric., The éngle-
averagéd potential bétWeen.a hydrogen atom at a distance |
P from“itS'equilibfium pésitioﬁiaﬁd oné of fhe Atoms of
shell i at a distanceAqirgjfrom the center of the cé11>iél
given byﬁz
() = 5 [ oo + ;7 - 20¢a; =W} 2jan (13)

21 o o | |

The total potential\energy'of the'hydrOgenJatom in the off—
center position is: |

V() = .Zni?&(p) + 2my | rPar? | eree? + 2% - 2pm) '/ 2)an
. ‘ i=1 T, -1 (14)

In Eqs(13) and (14), ¢ refers to the hydrégen-metal'interéction
potential,
The energies computed by Eq(14) fit the parabolic form:

2

V(p) - V(0) = % K_p v ‘ - ‘ . A(15)

s

to within a few percent for displacements up to 1/5 of a

lattice parameter. The vibration frequency was determined
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from_thé value Of‘KS obtained by fitting V(p) according

to Eq(15):

wheré m i§ the mass‘of th§ HYergen‘atomu7

o Tﬁq fréduency of pefpehdicular'vibration of an adsorbed
hydrogén.atom;vva;wasidetermined by fitfing Va(z) of Eq(7)
to a parabola aBouf'the équilibridm’adsbrptioh aiSfance

Ze'q}

“H. Déterminatioh'of the'Force'Consfahts

The problem contains the folloW1ng ‘'unknowns :

fa)‘ The force constants m,'ré, and D of the hydrogen-
metal Morse pofehtial funétion. o

(B) The bulk relaxatlon parameters 96 and qz' for
the solutlon site and 934 and 9,4 for ‘the activated site.

(c) The equ111b?1um adsorptlon distance Zeq‘

(d) The surface relaxation parameters s s

1° S0 and

Sufficient equations to deterﬁine theée barameters_

are obtained by uéing Eqs(z) -(4)'éhd the réquirement that
at equlllbrlum, the 1nteract10n energles must be a maximum.
Applylng the latter condltlon to the heat of solution

expressed by Eq(2):

 8Vs‘ ‘BAES

+ - >
aqjs aqjs

(5 = 1,2) | oan
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Since the zero point enérgy term in Eq(z) is small
compared to the othér terms, its variation with thé' |
felaxation parameters 1is négiected.

| For the activated Site'thé'equilibriumﬁéondition is:
2emt co, GeLn o aw
ja  "7id -

The surface biﬁding energy is maximized with respect

‘to the adSorptibn distance:

v, o : | o .
5 = Q at Z = Zog. _ .(19)

In obtaining thiS'équéfioh from'Eq(S) the effect of the -
rélgxation.energy,of'the 1atfic§; AEa;.and‘fhe zero bdint
energy,:%/hba,'both pf;wﬁicﬁ are small comparéd,tofva(z),
have been neglectédé o

The surféce binaihg §héfgyfis'maximiied with reépgct
to'the'sufface relékatibh'pafametersf |

9V _ dAE
a a

9s. * S .. =‘ 0., (i=1,2,3) (20)
N 1 1

Eqs (2) -»(4) and t17)‘;~(20) constitufe,a"setvbfvll
algebraic equations to be'sblVedvfor 11 unkhowns.' The
solutiqn was effectéd‘numéricéily on a digital cémputer._
Each of the metals in Tablev1 was invesfigated. In e;ch
case, solution was attempted for thétéctahedral,éolufion

site-tetrahedral activatedvsite and the reverse situation.



w

.
For a spec1f1ed metal and a part1cu1ar solutlon 51te, two

adsorptlon planes were con51dered These planes are shown

'1Q»F}g 2 for the two lattlce types.-

21"
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ITI. CALCULATED FORCE CONSTANTS ‘AND RELAXATIONS

Solutions werehobtainable on1y'forgthe combination
of an oetehedrai solutien'eite;and a tetrahedral activated
site. ~In no case'diduthe a Efiofi”éhoice of'the'tetrahedral
sdlutiongsite yield'a.sefvbf force conefants which cohl&
reproduce_the inpnt infereetion energieé ef Table 1.

The results ef the cbmpufetionshfer the oetahe&rel‘SOIUtion
site are shown in Tebie 3. |

Exeept for tantalum; solntions'were obfained for both.
of the low 1ndex surface planes con51dered as adsorptlon
sites 1n each of the cubic structures The ch01ce of adsorptlon
plane had a minor effect on the cdmputed force constants.

Again excepting tanfaium,.the hydrogen-metal interaction
potentials are longer range [Cr )H M > (re)M_M] and breader
(mM-H < mM—M) thanjthe hoet metal interaction parameters
(compare:Tables 1 and 3). Fig; 3_illnstrafes theehe-H Morse
potential and the Fe_Fe peeentialﬂtaken‘from referenee 2,
as well as the positions ef the first six shells of equidistant
atoms surrounding the.eentral atbm;..it can be seen that the
first two shelle'of the Fe-H interaction are renulsive rather
than attractive. .Qualitétively; the reaeon for fhie behavior
lies in the relative.magnitude of the heats‘of solution |
and adsorption and the assumpt1on that the metal- hydrogen
forces in the bulk and on the surface are of thc same typec.

Table.l shows that 1n all cases the heat of solution is

smaller than the hydrogen binding energy on the surfacef
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Yet in the bulk, the hydrpgen atom is surréundcd By an
infinite sea of.metal‘éféms,-while on the surface only a
semi-infinite volume of metal atoms are available to bind
the hydrogen. The onlyHWay'that surface binding.can be
stronger'than bulk Binding‘when there are only.half as
many atoms with which'to ihtefactvisifdr a substantial
paft of the bulk infefa;tioh to be noﬁ—binaing (i;e.
fepulsive). 'Although.the hydr§gén—meta1 distanﬁes in
an interSfitial site are fiied_by the lattice geometry
(excluding:relaxation"for the mdméht), the surface hydrogen
‘atom neédvonly move away from the'surfacé to escape the
fepulSive interaétién charactéristic of the .interatonmic
distances separating the dissolved hydrogen atom and the
first two interior shells.};In the Fe-H éase, the repulsivé
component of the first two.shelis“is just cancelled by the
attraction of the mext four.§hélls, and the entire heat
of solution is due to interaction of the hydrégen atom with.
the continuum of metal‘atoms'béyond the cut-off'distance.
‘Since the'paitwisé modei uéed hefe.results in
interaction ercesvof quite.long range, it is éasy to see
why hydrogen in the-oétahedral site is morelstable than in
the tetrahedral site. In the FCC lattice, the nearest
neighbérs to a hydrpgeh atom in a tetrahédralbsitelére
signific?ntly closer to the hydrpgen’atoﬁ than ih the octahedrai:
configuration. .Cohééquently{'the first'sﬁells;are even more
strongly repulsive in the tetrahedral caée than in‘fﬁe octa-
hedral case. The situation is not so.cléar cut in the BCC

lattice. In the unrelaxed configuration, the two metal atoms
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cohéfituting thé'firgt‘shell of the'BCCJottahedrél intérstice
aré closer-to'the'céntfai-hydrogen afom than ére the four
metal atoms of the first shell of.fhe'teffahe&ral site.
Héwevef; the relaiafion of the”octahedral first shell is
éonsidefablyAgreater than’that'of the'tetrahedréllfirét
shell (since in there aré only th atoms in the former
and four in the'lafter){ The net result is thét’in the
BCC lattice, the first‘two'shells.gffthe octahedral site are
somewhat less repulsive in nétﬁré than the first two
shells of fhé'tétrdhedrai éite. 'ConSequeﬁtly; thé‘ﬁinding
energf is greatérvin_fhe ottahedral.site.
.AlthOugh'Tab1e53~indi¢étes that the cdmputed force
constants are relafiﬁeiy'inseﬁsitiVe to the adsorption
face,fthe effect of lattice:type.is.vefy marked. The
heats of sélution and,adsofptioh of the hydrogen-iron
and hydfogeanickel sygfemg-are’very close, which suggests
similar H-metal interaction ﬁaféhtiéls (the difference
between the bulk migration energies is in the direction
eXpecfed from the geometrical»cdnsideratidns discﬁssed
in the preceding paragraph). Yet Tablé 3 shows a distincf
.difference»in the shapes of the Fe-H and Ni;H potential
functions. The.latter is even longer range.and.broader_than
the Fe-H potential. Bécause of this difference, andv
because of the closer packing of the FCC lattice compared
to the BCC structuré, fhe hydroggﬁ atom in the nickel -
interstitial site interacts with many more metal atoms .
than in iron. Consequently, fo:give.roughly the same
binding energies, the bond energy, D, is appreciably less

1
il :
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forbthe'NiQH interactioh thén thé Fe-1H interaction. This
exaggetated inflﬁénc?.offthe qrystal stiuctufe (whiéh_is
even'horé dramaticaily iliustrated by the computéd difference
in sdlubility.of hYdfogen ih d and y iron) is a defect
in the‘paifwise.modei appiied to.such Systémé. From the
préVitUs arguﬁenté,“this effect of structure would probably
remain if other forms of thé poténtial function were uged.
'It isVévgeneta1 fééture of thé‘modei'that the larger
the bulk migration enérgy; the shorter range'ére the computed
pbtehtiélé( This is.esﬁecia11y strikihg in comparing
the Fe-H and Ta—H‘résuité._:In the latter»inStante the
eQuilibrium'sepafation, fe, is eVen'Smaller‘than'thét of
thevTé-Ta<potential function. However, because Xg > Xg in
in thetTa-H system, the:first.éhell surrounding the hydrogen
atomvi; the dctéHédféi:sité'is still repuléive.v In the
FCC-lattice, the Cbmpﬁtéd'potentials are quite long range
deSpite,MigratiOn energies of_&Q_kcai/mble; This is a
reflectibn of the much smaller H—meta1 distanée in the
tetrahédral site than in the octahedral site for the FCC
of lattice compared to the BCC lattice..vShbrter range Ni-H
or Cu-H fqrcesvwould have requiréd éven larger'migration
énergies. | | | | |
Table 3 shows that the rela*ationzbf the metal atoms
in the_éctahedrél site of the BCC lattice is large; thé
first shéll is.displacéd outward by ~20% and the secqhd,
shell contracts byts% ih'the'caﬁe of tantalum and.expénds

by 2% in the case of iron. The relatively short range
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?otential in the Ta-H>éysfem is'similar to‘thé ﬁoténfial.employed

forvthe}Fé-CHSYStém by Joﬁnson et 51 (5);‘énd.the relaxations

>of thé-pctahedfal>siteé Surroﬁnding the impurity atom are |

valso‘Siﬁilar invmagnitudé; iin addifion,'£he relakationé

of the first two shéils'bf tﬁeiqcﬁaﬁedfal site surrounding

a dissolyed carbon atOm'Qeié”found%to be radially symﬁetric;

In the Fe-C, Fe-H and Ta-H éystems, the’sphericalrconfigUration

adjacént to the ihphfity'atom iSf&eforméd_into‘é prolate 

spheroid. Relaxation of thé tefrahedral sité innthé present

case.is different from that in the_cafbonfiron analysis

of JohnsOn'et‘al_(S), 'Althbugh the,ﬁakimuﬁ first'she11=.

tetrahedral‘rélakatioﬁ of 11% is of the samé order of_if

magnitﬁde as that galqulated'fof the hydrogen solute

édnsideréd_in this study, fﬁe.Fe—C tétrahedral site

rélaxafidn waéuhof-of fhe purely’radial'displacémént type.
Because of the lohger'rangevéna;gfeatér Width of the

éomputed pbteﬁtials in the FCC'system$ tdﬁsidered here

comparédvto'tHéIBCC iattiée, the forces oﬁ the'neafest-»'

neighbbrs atoms are not as great in the former. Hence,

the relaxation of the interstitial sites in ‘the FCC cases

are less than in the'ECC systems. |

| Table 3 shows that the disruptién 6f.the sﬁrfécé by

the adsorbed'hydrogén is small. In all cases the surface

atoms which are nearest neighbors to the adsorbed ﬁydrpgen

atom are'displaced radially outward and downward in the final

configuration. When three degrees of relaxation are allowed,

the displacements do not exceed 2% of 'a lattice constant.
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" The lerger_displécements‘in the BCC(110) case ére probably
due te'the fact'thet'Onlyhtwo deérees of reiarationvwere
allowed‘ The largest energy of surface relaxatlon rs N3
kcal/mole Wthh is small compared to the adaton blndlng
energy. vSlmllerly, the zero p01nt energy for adatom vibration
perpendituiar to the surface,ie small. The equilibriumv
edsorptiqﬁfdistances are_hetWeeh % and % of a lattice
constant. Although not shown in Table 3, sizeable variation
of the first layer seperation distance (P of Table‘l)
produced only minor changes in the computed force constants
The zero p01nt energy of v1brat10n of ‘the dlssolved
hydrogen,constltutes'm156 of the heat of solutlon for the -

BCC_metals andhabopt77%hfor the FCC metals.
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“IV. ' ‘COMPARISON WITH OTHER MEASUREMENTS

. Actlvatlon Energy fdr'Surface Mlgratlon . 'h L -f}_ .

The measurement of interest here is the ratio of the
activation energy for surface m1grat10n to the blndlng energy
in the adsorptlon 51te;,wh1ch is denoted by Q. 'ThlS parameter
has been determined‘by Gomer and co workers to be_0.22
for hydregen.on tungsten’(le'and"Orll fer'hydrogen oh
nickel (22). ln'Calculatingvthe surface migratien energy
from the potential functions; the migration sites vere-takenh
to_he those utilized by Goodman (4); for the FCC[lll),;‘r
surface, the’migratienfSite1wa3‘assumed fo be the lecatlon:
midway over the 11ne Jo1n1ng two surface metal atoms.

Because of the 51m11ar1ty of tantalum and tungsten_"
and the1r very nearly equal hydrogen blndlng energles, the
experlmental H-W results may be compared to the H- Ta cal-
culations. Only the (110) surface y1e1ded a solutlon for
the potent1al functlon in the H-Ta: system The_Q value
computed for this face of tantalum Was 0.16, eompared to the'
O.ZZIexperimentallvalue for hydrogen on tungsten.. -

Although experimental measurementS'of Q are not avail-
able for the surface diffusion ofuhydrogen~on iron,‘the
calculatiens'were performed for both the (IOQ) and (110)
faces. vlhevcorresponding Q values were 0.16vand 0.06
respectively. Asrexpected; bindingvis much more uniform
on the close packed (lld).plane than on the rougher (lOO)

plane, and the Surface'migratibn energy is lower on the former
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(20). These Q values for iron are 51m11ar in magnltude
and direction to those calculated by Goodman (4) for hydrogen
on- tungsten u51ng a 6-12 potent1a1 function

For FCC n1cke1 the calculated Q value is 0. 04 for the

(100) face; This is 51gn1f1cant1y smaller than the experimental S

value of 0 11 However, the exper1menta1 observation of

a lower value of Q for an FCC crystal face compared to a
BCC surface is reflected in the calculatlons The calculated
binding energy on the migration site for the FCC(111) faceb
was negativevby N1 kcal/mole comparedkto the binding energy
on thedselected'adsorption site. This means that the sites.
choSenias adsorption'and migration positions should have
been reversed. The energy difference hetween these two
sites, however, is'very_slight (&2% of the binding energy).
The FCC(111) surface is angOd»illustration of Ehrlich's
description of a metal surface as one over which the hydrogen
atom interacts continuously,‘with minor perturbations in
the binding energv atvadsorption sites (23).

The Q values for hydrogen onvcopper were essentially

equal to those for‘hydrogen:on nickel.

B. Effect of Surface Plane on the Hydrogen Binding Energy

It appears_to be a general rule that binding of adatoms
is weaker on close packed planes than on rougher,ones~{21,24).

In each of the cubic crystal systems 1nvest1gated here, one_

'of ‘the two surfaces was the close packed plane (the (110)

‘plane in the BCC structure and the (111)° plane in the FCC

lattlce)

In the BCC system, the difference between the .binding
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enérgy of hydrogéﬁ on thé'(10d)‘and‘(110j pianes was 6%1
of the biﬁding energy fbrviron'and 40%‘for'tantaium. On.
the BCC(iOO) suffacé; fﬁewadafom7céﬁ.édeSt“fts positioﬁ
above'tﬁevsurface'to'ma%imiié'thé'interactionvenergy With the
four equidistant surface - neéiest heighbofvmetal’atoms_
(see‘Fig: 2). On tHe:ECC(lld)'su}faée;’théVer, the four
surface metal atoms adjacent'tb the adsorbed atom are nét
equidistant from théfiattér:' CQnSequéntlY; the hydrogen;
metal interactioh‘canﬁbt be bptimized'a;'efficieﬁfly'a§
for the‘(lOO) surfaéé, én& binding is.weakef on the (110j
.plane. As ekbecféd, thévshérfer range and narfdwerwﬂ;fa
interatomic pdténtial aétenfdates this structural effect;:
The effect offsufface orieﬁtafion-i;_much less pro-
nounced for the FCC system than for fhe BCC structuré.
The calculated hydrogen-metal forcés are longer range. and
the subsfrafe metél is moré denseiy packéd ih ﬁhé former.
These £w0'factorsfdeCréasevthe importancé'of.the immediate
environment of theiadatbm; a larger portidn-of the surface
binding'énergy is’dde to the more distaht atoms. The
difference in the hydrogen binding energy oh the (110)
and (111) planes of the FCC‘lattice is 3% of the binding"

energy for both nickel and copper.

C. Vibration Perpendicular to the Surface

Assuming that the adsorbed hydrogen atom behaves
as a two-dimensional ideal gas, the rate constant for atom
evaporation can be determined from the principle of detailed

balancing (23). The rate constant so calculated is inversely
/ _
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proportional to thé'paftition function for adatom vibration
perpendicular to the'surfaCe; which is: |

| I SRR - |

i <[ - wlol e

Hickmott (25) hasvmeaéured*the_rate of desorption of
hydrpgen,aéoms from'tungsten; The eiperimental rate constant
suggests a paftition.function jl-& 1;3; Taking'tantalum
as a sténd;in forxtungSten-and using the vibration_frequency
v, computed by the method described in Sec. II-G, a value
of j, of 1.2 is computed for a temperature of 1000°K. Bo;h
eiperiment and calculation suggest that on the refractory
metals, thé adsorbed nydrbgen‘is very nearly_in its ground

vibrational state.

D. Pre-exponential Factor . in the Solubility

The Einstein oscillator model used to describe the
behavior of hydrogen in an interstitial site in the metal

~ forms the basis of the FoWlér¢Smithells solubility ekpression

(26): .
R
. - ]l X. ~=0D .
< o S 2 _ PP
= T8, ¢XP KT | 2D

whefe c is the concentration of dissolved hydrogen in atoms/cms,
Pz.is the'preSsuré_of molecular hydrogen gas in dynes/cmz,

and D is the dissociation energy of molecular hydrogen



(103 kcal/mole).

Thé pre;exponeﬂtialﬂfactor Sb'mayvbe written as:

S

o een y . S _
o S s5°s R | : . :
So.‘v23/4(kT. - )1/zxsiz_<5fj : - (23)
| J2rot) Pt L -

_where”jzroi is the rgtational partition.function foi
molecular hYdrogeﬁAgas; W is'the number of spin_states
available to thé'eleétfoﬁ'brought'into the me£a1 with the
ﬁydrogeﬁ atom and ns'is.thé'nUmber.bf Soiu£ion>sites pef
unit.cell (12 and 6 féf the BCC tetrahedral and octahedral
sites,»respectively;‘s éhd'4 for the FCC tetrahedral.and |

octahedral sites, respectively). A, is the thermal wave

1
lengfh_df the hydrdgeh atom}
Ay s o o (28)
- Y2mmkT ' ' :
at T ='1ooo°k,_xl'E'o.ssﬁg'jé”is the partition function of

the diSsolVed hydrogen. . For the Einstein oscillator model,

: . hvs.,-s . o |
-Ajs = {1 - exp(- k—f—)] . - - . (25)

The ihternal vibration frequency; Voo is obtaiﬁed by the
methods of Sec. II-G. vThe temperature:dependent quanfities
in Eq(23) Qere evaluated at 1000°K; which represents an
aveiage temperature of the solubility measurements. Tabie
4 compares the measured and calculated values of the pre-

exponential factor'S The calculated values are all'lower

0°
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than fhe'ekperimental bneS;m‘Thefdigcrepancies‘are probably
due.toffhe neglect'of‘thebeiéees'ehtrOpy of‘mi%iﬁg;1WHiCh‘
éfise§ from the'chéhge.in vihration freéﬁency of the metal
afoms-adjacent{td thegdisseived[hyarpgeh’ahd the stored
energy'in.the’elaStic-continuum resulting ffom relaiation.
Huntihgton et aiv(26):heve'ea1culefed an e;éess entropy of
0.8k for. a copper 1nterst1t1a1 in copper; this'provi&es

a factor of ~2 1ncrease in the pre- exponent1a1 factor of
the solublllty.:'Inclusion:gf“the exceSs entropy ;n the
hydrpgen solubility eipression ofvK(ZS) undoubtedly would
have driven the caiculatedivalues“closef forthe ekperihental

ones.

E. Internal Vibration Frquenc1es'

Comparison of the_SplUbilitieskéf hydrogehvand.deuterium
in the same metal permits’the internel'vibration frequency
ef_hydrOgeh'in fhehhetel toihe de;erminedv(g);'vSuch
expefimehtshhaﬁe been pefformed'en'nichel and copper; they
'.y1e1d values of the v1brat10na1 energy level spacing hvs

'of 2.7 and 3.1 kcal/mole for hydrogen in n1cke1 and copper.
respectlvely (9). The calculatlons here y1e1d 2 3 and 2.2
' kcal/mole respectlvely

‘The calculated,v;bratidnalgieveli5pécings in the BCC
metalsveie significantlj larger“ belng 3.9 and 7.2 kcal/moler
for hydrogen in iron and tantalum respectlvely. There are
- no directly comparable experlmental valﬁes; Sahamoto (27)

has measured the vibration frequency of hydregen in the



34

tetrahedral site of the face~centered tetragonal 1atticcf
of TaH0 7 by.neUtronvdiffraction.v His result corresponds
to an energy level spacing of 3 3 kcal/mole.

F. Hydrogen Solubility in Y- Iron

The paraméters of the'hYergeﬁ;iron Morse potential

shown iﬁ Table 3 were determiﬁed‘ffdm‘the ECCfstruCtﬁreﬁdf
a-iron. Ihis poténtiél function wésiﬁtiliiéd to calculate

the heat of solution dfdhydrdgeﬁ in FCC:y—irQn._ The
octahedrgl site wés éssumed to fé_the solufioh site and

an estimated value of thevldttite cohstant'of Y;ifon at

300°K was utilized iﬁ order to keep thé caléulafibﬁ on:the¥
same basis as that for a-iron. 'The'calduiated heat of solution
is 56 kcal/mole. Ekperimentally;VtHe heat of sdlutioh of
hydrogen in y-iron 15 essentially equal to’ the 45 kcal/mole
value for a-iron (9), The pa1rw1se model calculation fails
rather clearly on this poiﬁt. 'This failufe is more significant
than, say, the five-fold differéncé Betweéntcalculated and‘
eXpérimentallsbiubilities_iﬁ copper'showh in Table 4. The
'predictidn of the heat of solution in &-iron involVes only

the poténtial function itself and 1is not.obscured by unknown
effects such_as the eicess éntrqpy of‘sdIution.which may
account for sdme of the‘discrepdncies in the figures-in

Table 4.

In the case of the disparity between the H-Fe and

Hle potential functions discussed in Sec; III, essentially
51m11ar hlnding energles yielded different pbtential'functions,

~ Here, the situation is one in_which the same potential function

e
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yields Significantly different bipdihg’energies for two
different Crystdl Stfbcturés of the'samevmetal.’ The reason
isiégain_SfruCtural and §aﬁ:be'§eeﬁ>by eiamining the contri-
'butions‘to xs'aégdrding to:Eﬁs(Z) and (6); .The zero point‘
energieé are'appfoiiméfelf‘eqﬁaf for the‘tWovadificatidns
dfvirOh;i When the samévpdteﬂfial function that gives the
host lattice relakation'énergy‘of,34‘kca1/mqle in a-iron
is applied téiy-iron,'the.ré}éiati¢n energy is found to bé
24vkcai/mole; iAs‘iﬂ'fﬁé case of the BCC form, the sum in
Eq(6) for FCCbirohvéonfribﬁtes &Q to the binding energy |
and the contiﬂudm Coﬁt&ibhtions are aﬁprokimately the
same for‘the two pHéséSf' Thus for_the'estimafed'y—iron
lattice chstant of 3;5953 af'300°K, the major part of the
difference in hydrdgén Bindingvin>the BCC.and FCC lattices
is due to the differénde'iﬁ théireiaxatién energies of
the metal atoms around the di§so1ved hydr@gen'in the. two -
cases. o o | .

'Thévheat.bfvgolutioﬁ computed from Eﬁs(Z) and (6)
for a specified potential function is the difference befween
energy terms comparaﬁle in magnitude to tﬁe Beat'of soiution
itself. ~Such a calculation is quite sensitive to small |
efrors in the cbmputation of each term éﬁd to the input
parameters. For e&ampie; a 1% error in the estimated lattice
constant of y;iron produces'a‘Z'kcal/mole change in thé
heat of solution.

The same'sensitiVity (and failure to 6Btain quantitative

agreement) was observed by Johnson et al (5) when their Fe-C

|



potential function determined from the properties of carbon
in a~iron was applied to predict the interaction energy
C.

of orthorhombic Fe3

36
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V.. NEAREST NEIGHBOR INTERACTIONS ONLY

The_reSulfs‘of_Taﬁﬁ'ahdYSChmidt (éjvsuégest that adgorbed
hyergeﬁfbonds Onlfftbiédjécenf meta1 atoms fon the_(IOO)
facé'of fﬁhgéﬁéh”é£ 1e£st);v To.gimulatevthis‘type'of bonding
(retaiﬁingfthé Mbrsé pgténtiai funqtionj, ﬁhé eﬁtife set
of calcuiations wefeﬁféfun,With oﬁly'nearest ﬁeighbér
interactions“permittéd; In the bﬁlk'fhis"amountéd to
restricting interactioné;tojthe first twb:shells:of the
BCC octahedral site and thé first éhe1116fithe other three
intersﬁices"(seé_Tabie?Z).  On the sﬁrfacé; the hydrogen
étom“wésvpérmifted to intéfaCt'ohIY with the ﬁetal atoms
shown in fhe:sketches ovaig; 2 (ekcépt fof the FCC(111)
féce, where the fhrée‘afdms.in‘the'Second_layér were |
replaéed by a siﬁglé'étbm diféﬁfly béﬁééthithé adatom -
ﬁhé B site was used instead of the C site). All other
,aspéctS.Of the CAICulatioﬁvweré fhé Same’aé in the case
fhat hydrogén'Was péimifted”to intéfact with'a11 surrounding
 atom$.5

No solutions were found'fof the set of input hydrogen-
metalbinteraction éﬁgrgies shdwn in Table 1. Bﬁlk_migration
ene?gieszmuch larger than'thOSe shown.in the last columnA
of Taﬁle 1 wéuid have Been reqﬁired to prbduce'reaﬁonaBle
pbtential functidns; Tﬁe-nearest—neighbor—only restraint
renders the COmputation completely dependent updn the
structure and distances of the metal étoms adjacent to the

hydrogen atom. This extreme“structural sensitivity is.
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;greatly mltlgated by a110w1ﬁg longér range 1ntcract16ns,

uhlgh was ‘done in. ‘the orlglnal computatlonsA The 1ntcrmed1ate
‘résfréiﬁt employed by Johnson et al (5) of forC1ng thevw |
 p§tentié1 to go tpvzero:at_some=p01nt between the-second

and third shells waé-nptfatpempted;v,kﬂ
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" yI. " CONCLUSIONS

*:The’Cdmputétibnai’method”of utilizing three parameters

of ‘the hydrogen-metal interaction to infer other characteristics

of"the’system'USihgﬁtﬁe pairWisé:addftiVe MorSe‘potential

:-fuﬁCtion as a vehicle provides“éatisfaotory‘qualitétiVe
" results.” It is an adequaté interpolation technique for
"estimating some hard-to-measure features of the hydrogen-

‘metal system. "Fine ‘structure', such as the relative

magnitude of the internal ‘vibration frequencies in copper

‘and nickel discussed 'in Sec. IV-E, is not faithfully

"reproduced 5The7method is e&teésiveiyféensitive'totthe

structure of - the bulk crystal but not £6 the eégorption
face-to_whlch_the'surface b;nd;ﬁg'ehetgf°fs assumed to
refef; | | |

The method ieeepplfcablevonly to'ﬂiiute solotionée

The pairing'of'hydtogen atoms in the metal, which has

'reeently been shoWn'to be,important even at quite small

-hydrogeﬁ concentretiOnS'(28),‘is ignored. The actual

state of dissolved,hYdrogen7istnot‘oon;idered.» Although

.hydrogen,is.believedvtoybe‘ionized in métals'(g), this
efact'affects the present celculetiohsbonly iﬁ'the'iather
.,1ncon5equent1a1 ch01ce of the electron sp1n factor in

eEq(ZS) However the long range of the potentlals computed

in this study (blndlng 1s due in large part to interaction

" of hydrogen»w1th metal atoms.many lattlce constants dlstant)



[1a L

+

" TABLE 2 -

SHELLS FOR COMPUTING LATTICE SUMS._FOR
4 . - : ’ SR :

P

DISSOLVED HYDROGEN

S IR

.Hé.

T o -
R ' ......... ; ...... f“t ................. t
Interstitial Sitel pueild NUIber of o bimes Hhe R rteer
S e Einfshéll “the lattice:constant
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B P O T R S OB
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SR R B L R L
e -6 e s _ /A0 ‘
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‘ T3 ’ 724 Y20
. : L-cuf;off - mee- : /?§ 
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R ; ;_;u;-o§£¢ | ‘;57— » ‘ . VY31 : : J

-k . N . ] N _ . x . . - : - - i SN . )
The ratio of the distance of closest approach to the lattice

constant is’ V/3/2 for the BCC lattice and 1//2 for the FCC lattice.
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" TABLE 3

RESULTS - OCTAHEDRAL SOLUTION SITE (all energies in kcal/mole)

Internal Relaxation

Metal H-Metal Force.Constants Surface Relaxation ) .
i i Octahedral - ! Tetrahedral _ ) » I3, 1 hv“ /a
re/a . D Site N Site iE 51 . %2 53, Asa'fhvs z eq
- 1 | 92 s Y1 | %2 d r
| Fe(100) | 1.12 2.96 4.6 .19911.019{33.8  1.118{0.999|34.3 -.002| .008|-.020(1.4]6.0 | 1.1 0.58
Fe(110) | 1.17 2.93 4.3 .206 11,022 |37.1 ; 1.124[0.999|37.8 .015|-.087| --- |2.75.8 |.1.2 0.73
Ta(110) ] 0.75 3.94 17.0 .19110.971[48.9 | 1.0870.990!44.0 .0141-.,044 | --- 2.8{10.9| 1.9 0.45
: - i i - - — -
Ni(110) | 1.31 2.74 1.4 .037]1.005| 7.8 ! 1.058{1.007| 9. .005| .005|-.019 {0.8 (3.4 | 0.8 0.64
Ni(111) | 1.35 2.75 1.4 .040 11,006 | 8.9 | 1.0611.008/10.9 .000 |-.004 | .000 0.2 3.4 10.8 0.80
i | _ v - _ - - - ‘
Cu(l110) | 1.26 2;76 1.4 .04211.005| 7.9 | 1.066 {1.007110.0 ..006| .0051-.021 (0.8 (3.2 | 0.7 0.62
Cu(111) | 1.29 2.76 1.4 .045{1.006 | 9.1 | 1.070 {1.008|11.4 .000|-.005| .000 (0.2 [3.3 .| 0.8 0.78

&



TABLE 4

HYDROGEN

Ly

1
' “atoms/cm®/ (dynes/cn?) 2

PRE-EXPONENTIAL FACTORS IN THE SOLUBILITY OF
: ' IN METALS
s 1071,
CMETAL . CALCULATED®
Fe T
Ta . 4.8
Ni v = o 8‘

Cu o - 8

These are average values for the two surface planes coﬁsidered
for each metal. The spin term in Eq(23) was assumed to be

unity.

| EXPERIMENTAL

b

20

4.9

30

40

Ptaken from the compilation of ref. 9 and J.D. Fast, .
Interaction of Metals and Gases, Vol. I, Academic Press
(1965). " The tantalum average also includes the measurement

of ref. '15. The error indicates the spread among the

sources used in obtaining the averages.

I s
"o

s

*

1+

I+

2

0.

3



10.
11.

12.

. 13.

14.

15.

l6.

17. .'

18.

LITERATURE CITED

E.A. Moelwyn-Hughes, Physical Chemistry, 2nd Ed.,
MacMillan (1961). . ' :

L.A. Girifalco and V.G. Weizer, Phys..Rev. 114, 687
(1959). IR : o

D.J. Pastine, J. Appl. Phys. 35, 3407 (1964); R.J.
Naumann, NASA TN D-5892 (1970). ' ‘ )

F.0. Goodman, Phys,‘Rev. 64,_1113_(1967).

R.A, Johnson; C;JQ Dienés éndvA.C. Damask, Acta.

‘Metal. 12, 1215 (1964).

P.W. Tamm and L.D. Schmidt, J. Chem. Phys. 51, 5352
(1969). T | |

M. Hoch,fTréﬁs;‘AIME, 230, 138 (1964).

R.V. Bucur and M. Crisan, J. Phys.vChem. Solids, 28,
995 (1967). .

Y. Ebisuzaki and M. O'Keefe, Prog. in Sol. State Chenm.
4, 187 (1967). ' '

Y. Ebisuzaki, W.J. Kass,'and M. O0'Keefe, J. Chem.
Phys. 46, 1373 (1967). | |

D.N. Beéhérs; in Diffuéion‘in Body-Centered Cubic Metals,
Amer. Soc. for Metals, p. 149 (1965).

J.J. Burtonfand’G,‘Jura; J. Phys. Chem. 71, 1937

(1967).

B. Pedersen, J. Krogdahi and O.E. Stokkeland, J.

. Chem. Phys. 42, 72 (1965).

W.T. Chandler and R.J. Walter, in Refractory Metal
Alloys, I. Machlin, R.T. Gegeley and E.D. Weisert,
eds., p. 197, Plenum Press (1968).

I;A. Klyachko, L.L. kunin, S.P. Fedorov, and I.N.

Larionov, Akademiia Nauk SSSR. Komissiia po Analiticheskoi

Khimii. Trudy 10, 49 (1960). Also translated as UCRL-
Trans-1375. : B

J.J. Burton. and G. Jura, J. Phys. Chem. Solids, 28,

705 (1967).‘

‘H.B. Huntington, Phys. Rev. 91, 1092 (1953).

C. Kittel, Introduction to Solid State Physics, 3rd
ed., p. 29, Wiley (1967). '




19,
20 ,
21 |
22 .

23, .

24,

25,

26,

27,

28

J.J. Burton and G. Jura, J. Phys. Chem. Solids, 27, -

961 (1966) .

J.. 0. Hirschfelder, C.F. Curtiss, and.R.B. Bird,

" Molecular Theory of Gases .and Liquids, p. 1037,

Wiley (1964).

R.-Gomer;vR. WdrﬁmanQ and R. LUndy,.J;'Chem.‘Phys.

126, 1147 (1957).

R. Wortman, R. Gomer, and R. Lundy, J. Chem. Phys.

'27, 1099 (1957).

G. Ehrlich, Trans. of the 8th Vac. Symp., Pergammon,
p. 126 (1962). : :

G.. Ehrlich, Trans. Farad. Soc., 41,7 (1966) .
T.W. Hickmott, J. Chem. Phys. ‘32, 810 (1960).

H.B. Huntington, G.A. Shirn, and E.S. Wajda, Phys.
Rev., 99, 1085 (1955). T

M. Sakamoto, J. Phys. Soc. Japan 19, 1862 (1964).

A.D. McQuillan, J. Chem. Phys. 53 (1970).



i

e

W7

FIGURE'CAPTIONS

‘Octahedral-octahedral migration paths via the

fetréhedral»site

Surface configurations after adsorption (distances

in units of the lattice constant)

Thebiron-iron interaction potential (2) and the hydrogen-

“iron interaction potential. Positions of shells

surrounding central atom are marked. The shell

positions in the Fe-H system are for the octahedral

.- site, Shells 1 éhd-Z bf the Fe-H system are in the

. relaxed configuration.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work. . -
" Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”"
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such emplioyee or contractor of the .
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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