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Hydrogen induced vacancy formation in metals and metal alloys has been of great interest during the
past couple of decades. The main reason for this phenomenon, often referred to as the superabundant
vacancy formation, is the lowering of vacancy formation energy due to the trapping of hydrogen. By
means of thermodynamics, we study the equilibrium vacancy formation in fcc metals (Pd, Ni, Co,
and Fe) in correlation with the H amounts. The results of this study are compared and found to be in
good agreement with experiments. For the accurate description of the total energy of the
metal-hydrogen system, we take into account the binding energies of each trapped impurity,
the vibrational entropy of defects, and the thermodynamics of divacancy formation. We demonstrate
the effect of vacancy formation energy, the hydrogen binding, and the divacancy binding energy
on the total equilibrium vacancy concentration. We show that the divacancy fraction gives the major
contribution to the total vacancy fraction at high H fractions and cannot be neglected when studying
superabundant vacancies. Our results lead to a novel conclusion that at high hydrogen fractions,
superabundant vacancy formation takes place regardless of the binding energy between vacancies
and hydrogen. We also propose the reason of superabundant vacancy formation mainly in the fcc
phase. The equations obtained within this work can be used for any metal-impurity system, if the

impurity occupies an interstitial site in the lattice. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4974530]

I. INTRODUCTION

The interaction of metals with hydrogen impurities has
been broadly studied for technological and scientific pur-
poses. Hydrogen (H) trapping to defects, such as vacancies,
voids, dislocations, and grain boundaries, is one of the long
standing problems in materials science. Whether the trapping
is desired (H storage]) or unwanted (tritium retention in the
fusion reactor wall>* and H embrittlement’ ’6), the presence
of H may alter material properties and introduce damage.
Near the melting point of metals, the equilibrium vacancy
fractions range from about 10~ to 107° while due to the
presence of large amounts of H this fraction can increase up
to 0.1-0.3.

This phenomenon, called superabundant vacancy (SAV)
formation, has been of great interest since the experimental
observation of H induced vacancy formation in nickel (Ni)
and palladium (Pd) by Fukai et al. in 1993.7® Later, SAV
formation was also seen in Au, Nb, Cr, Co Pt, Mn, and other
metals and metal alloys.”™”

The origin of SAV formation lies in the lowering of the
system’s total energy. The main mechanism of impurity
assisted vacancy formation is now commonly believed to be
the vacancy formation energy decrease due to the impurity
trapping.

Some admirable efforts to study SAV formation theoreti-
cally have been made previously. Kato e al.'® studied SAV
formation in tungsten (W) using a thermodynamics approach.
The authors assumed a maximum of 6 trapped hydrogen (H)
atoms in the monovacancy being bound with a constant
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binding energy. A similar study on H induced vacancy forma-
tion by Ohsawa et al.'” showed a possibility for more than 6
H bound to the monovacancy and used a different binding
energy for each trapped H into the monovacancy. The results
of both studies were in good agreement, indicating a very low
probability for W monovacancy to trap more than 6 H atoms
at temperatures above 300 K.

Combining the first principles calculations with the ther-
modynamics approach, Nazarov er al.*’ have presented an
extensive study of H interaction with vacancies in fcc iron
(Fe). The authors found that a Fe monovacancy can accom-
modate up to 6 H atoms and showed that under rich H condi-
tions the vacancy formation rate increases drastically.

None of the studies mentioned above include the diva-
cancy formation thermodynamics. However, at high temper-
atures, where the monovacancy concentration is large,
divacancies will be formed and give non-negligible contribu-
tion to the total vacancy concentration. Nevertheless, the
commonly used assumption to calculate the divacancy con-
centration as a square of monovacancies”' is largely overesti-
mating the total vacancy concentration when interstitial H is
present and, therefore, should not be used when studying
SAV formation. In this article, we present a more accurate
way to study SAVs. By the means of thermodynamics com-
bined with already established material characteristics, we
calculate the formation of each vacancy/vacancy complex
taking into account the binding energies for multiple H to
vacancies. In our model, we consider the defect vibrational
entropies. In the previous studies,'®" its omission can be
justified as the similarity of the compared structures (for
example, defect free and containing only monovacancies),
giving a very small entropy change. However, in some cases,
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the vibrational entropy effect has to be taken into account.
This is crucial at high temperatures 7, as the entropy term
(—=T8,;») becomes increasingly important.

We also discuss the atomic structure impact on SAV for-
mation and the reason why SAVs are experimentally
observed mainly in the fcc phase.

The results from the thermodynamics calculations are
compared with the experimental study of Fukai er al.,”**
where SAVs are found to be created in Co-H, Ni-H, Pd-H,
and Fe-H systems.

Il. THEORETICAL BACKGROUND: DEFECT
EQUILIBRIUM

The vacancy equilibrium fraction [V] in a pure solid can
be expressed as

e “AH\ (A 0
= —— = ¢eX — |eX
Nvae N0 T P U )P\ Tl )

where N"* is the number of vacancies, N°—the number of
host atoms, AH—the change in enthalpy, AS,;,—the change
in vibrational entropy, kz—the Boltzmann constant, and 7—
temperature.

According to thermodynamics, the change of the
Gibbs energy AG at temperature T is associated with the
change in enthalpy AH, and the change in the configurational
AS.onr and the vibrational AS,;;, entropy of the crystal as

\4

24-26

AG = AH — T AS opy — T ASyp. 2)

The equilibrium of a system is found when the Gibbs free
energy reaches its minimum, i.e., the derivative of AG with
respect to the changing variable x is zero

0AG
o 0. 3)

To continue, we will assess each parameter presented in
Equation (2) separately with regard to monovacancies and
divacancies.

A. Defect enthalpies

To a first approximation, the total change in enthalpy
AH is proportional to the number of monovacancies N”' and
divacancies N*> formed

AH = AH" + AH"™ = N" E}T' + N?” E;Tz, “)
where E}Tl and EJE?2 are the monovacancy and divacancy for-

mation energies, respectively.
Ej! is calculated as?’

0
o oot (NO =1
E;' =E —( o )E ®)

where N is the number of atoms and E° - the total energy of
a perfect crystal, and E} can be obtained as

Ef =2E; —E; (6)
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E}? being the divacancy binding energy.

The impurity atoms N7 present in a crystal can be
located at interstitial sites (IS), also called solution sites,
whereas others are trapped in the vacancies, i.e., trapping
sites (TS). If there is an attraction between an impurity atom
and a vacancy, vacancies can usually trap several impurity
atoms. The binding energy E,, for the nth trapped impurity is
the energy needed to remove it from the vacancy and place it
on an IS and is expressed as

Ey=[E(n—1)+E"| - [E(n) + E°), ©)

where E(n — 1) is the energy of the system, where (n — 1)
impurities are in the vacancy, and E' is the energy with one
impurity in IS, E(n) is the energy of the system, where n
impurities are in the vacancy, and E° is the energy of the ref-
erence system.

If the binding energy is positive, energy is gained when
an additional impurity is trapped in the vacancy. The bind-
ing energy for each additional impurity usually depends on
the number of impurities already occupying the vacancy.
The cumulative binding energy for » impurities to a
vacancy can be very generally be expressed by a polyno-
mial function of n

Efm(n) = S Ey(i) = (an® + b +cn), (8
i=1

where a, b, and c are fitting constants (shown later in
chapter IV).

To find the enthalpy change when impurity atoms are
trapped in the vacancies AH"”, we define the number of
trapped impurities as

N™ =y N" + ny N2, ©)

where 7, is the number of trapped impurities in the monova-
cancy and n,—the number of trapped impurities in the diva-
imp

cancy. The enthalpy change of the system when N,
impurity atoms are trapped in N' and N*

AH™ = —[N" (An} +Bn} +Cny)
+N=(En3 + Fn3 +Gny)l, (10)

where A, B, C and E, F, G are the fitting parameters of H
cumulative binding energy to a monovacancy and a diva-
cancy, respectively. Then, the total enthalpy change of the
system with N"' 4+ N" vacancies and trapped impurity atoms
NP becomes

AH = A" + AH™ + AH"™
=N"[E)' — (An} +Bn}+Cny)]
N ER — (Em+ Fry+Gm)l. (1D
The enthalpy of the vacancy formation is decreased due to

the energy gained when impurity atoms from the IS are
trapped in the vacancies.
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B. Defect entropies

The total entropy term AS consists of the vibrational
entropy AS,;, and the configurational entropy ASc.,. The
vibrational entropy describes random vibrational motion in a
defected crystal. The configurational entropy, on the other
hand, has a probabilistic nature and is associated with the
defect distribution in the lattice.

1. Configurational entropy

The configurational entropy is the main reason for defect
presence in a crystal lattice. Having a crystal with no intrin-
sic defects at equilibrium is highly improbable, whereas, for
example, vacancies give rise to many lattice configurations
with different energy states. The increasing amount of
defects results in higher configurational entropy and of the
lowering of the Gibbs free energy of the system. The config-
urational entropy of the system depends on the thermody-
namic probability, €;, that describes the permutation of
defect distribution in the crystal lattice:

(1) the number of possible ways to distribute divacancies
among N lattice sites (N = NO + N + 2N™) is*®

z
_Nlaft |
6*) »
sz!<5N’”" —N“2>!’
2

where z is the configurational factor (for fcc z=12, and
for bcc z =8).

Q=

Qint _
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(2) The number of possible ways isolated monovacancies
can reside in residual N - 2N sites

(et — 2N™)1
~ Nol((Ntatr — 2Ne2) — N
(NO 4 N 4 2N — 2N")!
= NoI((NO+ N*t o+ 2N™ — 2N®) — No1)!
(NN
NvINOY

Ur

13)

(3) The number of ways to distribute n; N*! trapped impuri-
ties among total number of trapping sites n]'"™ N”', where
n{'“ is the maximum number of impurities one monova-

cancy can accommodate

Ll

Qnapl
ny OO (e Nov — py Non)l
n

(14)

(4) The number of ways to distribute n, N* trapped impuri-
ties among total number of trapping sites n;™* N*2, where
ny** is the maximum number of impurities that can be
trapped by one divacancy

(3 V2!

Qtr'apZ _
" NN N

5)

(5) The number of ways to distribute (N — (ny N +
ny N*2) residual impurity atoms among all interstitial
sites (mNP) in the crystal lattice, where m is the number
of IS per host atom

(mNO)!

(16)

(NP — (ny N"t + ny N2))! (mN© —

As a result, the total thermodynamics probability to distrib-
ute defects in a crystal lattice is presented as

Qwr — QU QO erapl QtrapZ Qim. (17)

Further, according to the Boltzmann’s definition of entropy,
we obtain for the total configurational entropy of the system
as follows:

(NP — (ny N"t + ny N2)))1

ASeons = kp In Q" (18)

For convenience, we assign new variables NTS” =
(m N + ny N*) and Njg? = (N — Ni%), NJ% being the
number of impurity atoms trapped in vacanmes (TS) and
N;g" - residual impurities located at IS.

Using Stirling’s formula: log(A!)
substituting we get

~ A log(A) — A, and

10g Qtol‘ (;N/aff> . 10g<%Nlatl> _Nln 1Og(NL2 (( Nlatt Nb‘z) . log(<%N/(m‘> _NL‘2>

+ (N + N")log(N® + N™) — N" log(N"*) — N®1og(N®)+ (n“* N™) - log (n]** N"') —
I’llva1

((n) -

(m N™)) - log( (™ N'™') —

(}’11 Nv]) . lOg(I’ll NU')

( maxNUZ) 10g( max NLz) _ (”l2 Nl?z) . IOg(I’lszz)

— ((n N™) — (nN'™)) - log((ny* N'2) — (naN'2))+(mN°)log(mN®) — N;";”’log(N}’;”’)

- (mN0 - N’m”>log <mN0 N;";”’).
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2. Vibrational entropy

The vibrational (or thermal) entropy S,,, is associated
with lattice vibrations. Since the lattice atoms around the
vacancy are less bound, every vacancy slightly contributes to
the total vibrational entropy. Additionally, interstitial or trap-
ping site occupancy of impurity atoms can considerably
change the vibrational entropy value. The vibrational entropy
term is influential, especially, at high temperatures when the
entropy term —TAS,;;, is enhanced, as in Eq. (2), and increas-
ingly contributes to the free energy of defect formation. The
change of the total vibrational entropy AS,;, when N"' + N
vacancies are formed in the system is

ASyip = NU (AS"Y, + niASTPY) + N™(AS™, + naAS™P?),
(20)

where AS}}, and AS}?, stand for the change in the vibrational
entropy of the crystal due to the formation of a monovacancy
and divacancy, respectively, AS"#" and AS™"* are the differ-
ences in the vibrational entropy between IS and TS occu-
pancy of impurity atoms, former being associated with

monovacancy and latter - with divacancy.

lll. GIBBS FREE ENERGY MINIMIZATION

The thermodynamic equilibrium of the system is
achieved by minimizing the Gibbs free energy, i.e., by calcu-
lating the derivative of the Gibbs free energy with respect to
the changing variables in the system, i.e., N, N2, n; and n,.

(1) Derivative with respect to the number of divacancies
NP2

OAG  OAH  _OAS,iy _ OAScon

ON™ — ON™ ON" ON® @D
OAH aASV,‘b v 3 2
ane: g = (B —Em = Fr — Gm)

~-T (Asgb + nzASL’;;f’Z), (22)

z

_N/aff _NL‘Z
DS cons pex
Tian2 Y — ksT |log (2 > +n, log (n2 n2>

Nv2 n
. %Nlatt }-,;?p
+2-log| —=— | +mlog| ——=——+
28 % Nlait _ njv 2708 NOm —NIP
o[ 2 (23)
2 g nglax —ny .

(2) Derivative with respect to the number of monovacan-
cies N

8AG - 8N{ 8ASW'[) aAS(;()nf o
ave ~ane  Tane —Taye =0 29
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ONv ONvi

AH _OAS,; ,
OAH 1 0ASw _ (Ef‘ —Anf—Bn%—Cnl)

~7 (A, +mASI), @)

aAS(‘Oﬂf No +N" max nrlnax

N;g.np z %Nlan
1 —_— =1 —
o) g m— NP thrleelz Nlatt _ s

2
+n, log (”1_”‘> ] . (26)

ni

(3) Derivative with respect to the number of trapped
impurity atoms per monovacancy n;

OAG  OAH OAS,ip OAS cony
- -T -T =0
ony ony ony ony '
OAH . OASwy _
8]’11 8n1 N

€2

—~TN" AS"P!

~N"(3An +2Bn; +C), (28)

aAScon ) N, imp T —
Tif:kBTNLI log 175 +10g u .
ony NOm—Nj§" n

29

(4) Derivative with respect to the number of trapped
impurity atoms per divacancy n,

A AH Avi A('on
OAG _OMH __ 0ASwy _ O8Swry _

(30)

ony ony ony Oony '
OAH OAS,ip 2
—-T = —TN™AS"P
ony on, vib

~N2(3En}+2Fn+C), (31

a A Swn mep max __
722 _j TN |log [ — 15— ) flog (212 |,
ony Nom—Nyg" ny

(32)

For convenience, we express the system parameters as
fractions

v
Fraction of monovacancies :  [V] = ]]VV(;
N
Fractionof divacancies : Vo] = N
Nimp
Fraction of impurities : [ = N
Nimp
Fraction of impurities in IS :  [I;5] = A’]—SO

Total fraction of vacancies :  [V,,] = [V1] + 2 [Va],
where N is the number of host atoms. Following the equilib-
rium condition and minimizing the Gibbs free energy of the
system, we finally obtain the following system of equations:
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where M = ln( ] ), L=51+2[V]+[Vi]), a =

(m—[Lis])
(' —ny)

ln(—), and f§ = ln(("gmn—;'”)> This system of equa-

n
tions is numerically solved by Nelder-Mead algorithm? to
obtain the four unknowns: the monovacancy fraction [Vi],
the divacancy fraction [V,], the number of trapped impurity
atoms per monovacancy n;, and the number of trapped
impurity atoms per divacancy n, at any given temperature 7,
where [I] is the total impurity fraction, m - interstitial sites
per host atom, n{" and n{'“ - the maximum number of
impurities per monovacancy and divacancy, A, B, C, E;‘ -
the energy parameters for a monovacancy, E, F, G, E;Z - the

energy parameters associated with a divacancy, and AS)), .

impl v imp2 . .
ASL, 5 AS, AS)” - the vibrational entropy parameters
for monovacancy and divacancy, respectively.

] Fe P -
ST e Ni e
[ J Co - o=t - pe /"t4
4 Pd e - ) ’.:":'. e~
-- fit Eq.(8) - - - :’, i
. . : o -

Cumulative H binding energy (eV)

5 6 7 8 9 10
Number of H atoms

FIG. 1. Cumulative H binding energies, £}, to a metal monovacancy and
divacancy. Monovacancies accommodate a maximum of 6 and divacancies
a maximum of 10 H atoms. The H binding energies to metal monovacancies
are taken from the literature and the choice of binding parameters is justified
in Sections IV A 1-IV A 4. The binding energy for low H occupancy in the
divacancy is assumed to be ~0.16eV higher than for monovacancies. The
lines are the fits to the cumulative binding energy obtained using Eq. (8).

RIGHTS LI MNHy

(E;Zz —Em—Fn2—G nz) (AS@% ¥ nzAsifle’Z) .
ksT B kg (33)
(L— [Vﬂ)) < L ) ,
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( @ N A ) AR
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(V1] : : 2 \(L-[2]) !
AS™' (3An} +2Bn +C)
—vib —a+M 35
ks ksT wt 33
AS™?  (3En2 +2F c
_ wa _ ( nm+ n + ) _ ﬁ—l—M, (36)
kg ksT

IV. RESULTS AND DISCUSSION

Employing obtained Egs. (33)—(36), we calculate the
total vacancy fraction as a function of H fraction in four met-
als: Pd, Ni, Co, and Fe.

Theoretical thermodynamics calculation results are com-
pared with the experimental data by Fukai and co-workers,
where authors using the lattice contraction measurements for
Ni, Co, and Pd and X-ray diffraction measurements for Fe
observed SAV formation.”*** Vacancy formation energies,
vacancy formation entropies, and H binding energies to the
monovacancy for each metal-hydrogen system are found
from the literature and used as the calculation parameters in
our theoretical thermodynamics model. The H fractions and
temperature of the system are taken from the corresponding
experiments.

The equilibrium vacancy fraction is determined mainly
by the vacancy formation energy. However, the effective
vacancy formation energy of the material can be lowered
due to the H trapping, and it is commonly believed to be the
main reason of SAV formation. It is known that H occupies
slightly displaced octahedral sites in the vacancy, and
according to numerous first principles studies, one monova-
cancy can trap up to 6 hydrogen atoms.**? We assume that

TABLE I. The binding energy parameters A, B, C and E, F, G for monova-
cancy and divacancy, respectively, in Eq. (10).

Metal A B C E F G

Ni (fecc)  0.005273 —0.070655 0.640694 0.002492 —0.061665 0.828168
Co (fcc)  0.003953 —0.052973 0.545473 0.001553 —0.045699 0.735074
Pd (fcc)  0.002111 —0.028277 0.270306 0.001178 —0.034669 0.464904
Fe (fcc)  0.000288 —0.044143 0.716186 0.001616 —0.052455 0.896820
Me 0.005272 —0.070641 0.400663 0.002183 —0.052579 0.506872
(bec, fee)®

“Me stands for a hypothetical metal with bee and fee structures, for which
the formation of vacancies is compared at the bcc and fcc phase (see
Figure 2).
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TABLE II. The parameters utilised in the thermodynamics model: monovacancy formation energy E_”‘ , divacancy formation energy E_”Z , monovacancy forma-
tion entropy AS}" , the change of entropy for impurity (H) occupying solute and trapped state AS(,:.'L” , and the temperature at which a thermodynamics calcula-

tions are performed.

Metal E}' (V) E (eV)

AS;' (kB units)* AS" (kB units)” Temp. (K)

1.37°, 1.43%,1.59¢, 1.79¢
Co (fcc) 1.25, 134, 1.91

Pd (fcc) 1.70" 2.398
Fe (fcc) 1.70° 3.408
Me (bec, fec) 1.50 2.99¢

Ni (fee)

2.424271°,2.99¢
2.502 2.682, 3.828

2.00 -0.5-0.0 1100
2.00 —0.1 1100
2.00 —0.1 1100
2.00 —0.1 1100
2.00 —0.1 1100

*Assumed values.
Ref. 40.

“Ref. 47.

IRef. 39.

°Ref. 41.

Refs. 51-53.

£The divacancy formation energy obtained using Eq. (6), for Pd and Me using the divacancy binding energy E;> =0.01¢V, for Co: E;> =0eV, and for Nb:

Ej» =0.38eV.
"Ref. 55.
‘Ref. 60.

IThe parameters in the last row describe a hypothetical metal (Me), for which the formation of vacancies is compared at the bce and the fcc phase (see Figure 2).

a divacancy has one available site less per vacancy due to
the proximity of two monovacancies resulting in 10 octahe-
dral sites to accommodate H.

The binding energies of H to a single vacancy in many
metals vary from ~0.1 to 1.2eV.*® Theoretical calculations
state that the binding energies of the H atom to the monova-
cancy are largest for single and double occupancies, for
higher occupancies reducing by ~0.2eV in metals such as
Ni and Fe (as a result of the repulsion between H atoms
trapped in the vacancy), but remaining about approximately
the same for Pd and Nb.*>* An extensive study of H interac-
tions with fcc metals by Nazarow et al. shows that H is stron-
ger bound to the divacancy than to the monovacancy with
the difference of 0.05-0.2eV.** In Figure 1, we present the
cumulative binding energy of H in monovacancies and diva-
cancies and show that Eq. (8) can accurately describe the
cumulative H binding to monovacancies. The binding energy

2 —_
10-2 - [Vt()l] FCC s -
§ s [Vlol] BCC Soad -
-’
3 o7
S 2 d
s e
o -3 .
= 40 e
A N -
Vs e
& 2 7 JPPTT i
' / PRt
Q -4 S
= 10 ’ o
< ; PPty
% 51 . Lee”
4 -

> ,'_"'

2

5

0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
Hydrogen fraction H/Me

FIG. 2. The equilibrium vacancy fraction as a function of H fraction for a
hypothetical metal with fcc and bee structure, note the logarithmic y scale.
The difference between both structures arises due to the H configurational
entropy factor, see Section II B.
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parameters A, B, C and E, F, G, in Eq. (10), for monova-
cancy and divacancy, respectively, are listed in Table I.

The vibrational properties of the material are non-
negligible and become increasingly more important at high
temperatures and high defect concentrations. However, the
data found from the literature on defect entropies are limited.
Vacancy formation entropies are reported to range from
1.80-3.0 kg in most metals.*®>’ Vibrational entropies of H
occupying interstitial and trapped states for chosen metals
are not available in the literature to our knowledge.
However, our DFT calculations of vibrational properties of
H in tungsten®® suggest that the H atom has a larger vibra-
tional frequency in the solute state at the tetrahedral lattice
position than in the trapped state - octahedral site, leading to
the negative change of entropy for H. We predict a similar
trend also for other metals.

The metal (fcc: Pd, Co, Ni, and Fe) properties found in
the literature are reviewed thoroughly and used as calcula-
tion parameters in our theoretical thermodynamics model.
The summary of the utilised values is presented in Table II.

It is important to point out that SAV formation is experi-
mentally usually observed in the fcc phase. The H configura-
tional entropy factor plays an important role in this
phenomenon: depending on the material, in an fcc structure,
H can occupy one octahedral interstitial site or two tetrahe-
dral interstitial sites per host atom, Eq. (16), (m=1 or
m =2), whereas in a bcc crystal, H can be distributed over
six tetrahedral interstitial sites or three octahedral interstitial
sites per host atom (m =6 or m =3). In order to maximize
the entropy and minimize the total energy of the system,
vacancy formed in an fcc material would give rise to more
configurations to distribute H than in the bcc phase. This is
one of the reasons why larger fractions of H are needed for
SAVs to be measurable in most bcc metals. The strength of
the H configurational entropy contribution depends pro-
foundly on the material. To show the effect of the material
structure on SAV formation, in Figure 2, we present a
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hypothetical metal (the parameters used in the thermody-
namics calculations listed in Tables I and II) with two differ-
ent structures—bcc and fcc. The hypothetical metal is
assumed to accommodate H in six tetrahedral interstitial
positions (m =6) in the bcc phase and one octahedral inter-
stitial position, when having the fcc phase (m=1). We can
see that a metal having the fcc structure has about two deca-
des larger vacancy fraction than a metal with the bcc struc-
ture, with the same energy and entropy parameters. We will
further discuss the importance of the H configurational
entropy in Section V.

A. Comparison to experiments
1. Ni

The superabundant vacancy formation is studied in the
Ni—H system, having an fcc structure, and compared with the
experimental data from the lattice contraction measure-
ments.”? The reported monovacancy formation energy for Ni
varies from 1.37 to 1.81 eV,“ZJ‘4 and the divacancy formation

J. Appl. Phys. 121, 045102 (2017)

energy ranges from ~2.4 to 3.0eV.*"*** The H binding energy
to the Ni monovacancy (E}) is reported to be ~0.54 eV.* In
our model, we use a value of 0.54 eV for low occupancies (1st
and 2nd trapped H) and 0.34eV for the higher occupancies.
This is in agreement with experimental and theoretically cal-
culated data.*®° In the thermodynamics calculations, we test
different energies and entropy parameters (see Table II) and
demonstrate their impact on the total vacancy fraction in
Figure 3. We show, Figure 3(a), that the main contribution to
the total vacancy fraction comes from divacancies. This is
expected due to the low formation energy of the divacancy in
Ni (~2.42 eV39). In Figure 3(b), we present the thermodynam-
ics calculation results in comparison with the experimental
data using different formation energies of monovacancy and
divacancy (Ejff1 and E;Z, corresponding to the divacancy bind-
ing energy of 0.32¢eV according to Eq. (6). The effect of H
binding energy to the Ni vacancy is shown in Figure 3(c). The
first value of EY, in the legend of Figure 3(c), represents the H
binding energy for low occupancies (1-2 H in vacancy) and
the second—for higher occupancies. The binding energy for
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FIG. 3. Experimentally obtained and theoretically calculated vacancy fraction as a function of H fraction for the Ni-H system, the comparison between various
parameters and effects on the total vacancy fraction. (a) The effect of monovacancy and divacancy fractions on the total vacancy fraction. A good agreement
between theory and experiments is obtained with parameters from Refs. 42 and 39 (E/ﬁ1 =1.37eV, E;Z =2.42¢V); (b) The effect of E}‘ and Ejfz on the total
vacancy fraction, using divacancy binding energy 0.32eV; (c) The effect of H binding energy EY to the vacancy. The first value of Eff represents the binding
energy for low occupancies (1-2 H in vacancy) and the second for higher occupancies. The binding energy of H for low occupancies in the divacancy is
~0.16 eV higher than for monovacancies; (d) The effect of E;* on the total vacancy fraction. The monovacancy formation energy used here is 1.37 ¢V and the
divacancy formation energy is obtained from Eq. (6), with E;> =0.03, 0.32, and 0.44¢eV.
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FIG. 4. Experimentally obtained and theoretically calculated equilibrium
vacancy fraction as a function of H fraction for the Co-H system. The best
agreement is obtained with the lowest vacancy formation energy: 1.25eV.

low occupancies in the divacancy is assumed to be ~0.16eV
higher than for monovacancies. The effect of divacancy bind-
ing energies (E}?) is presented in Figure 3(d). We also assess
the effect of H vibrational entropy change on the total vacancy
fraction using AS{,'I-",,” values from —0.5 kg to 0 kg; however,
the impact was insignificant in this case. To summarise—the
best agreement between theory and experiments for the Ni-H
system is found with vacancy formation energy E;'
= 1.37eV,* divacancy formation energy E;z =242eV,* and
H binding energy (EY) to the Ni monovacancy 0.54 eV* for
first two H in monovacancy and 0.34 for higher occupancies.

2. Co

The results of superabundant vacancy formation for the
Co-H system are presented in Figure 4, where the experimen-
tal values are obtained from the lattice contraction measure-
ments.”> Reported vacancy formation energy values for Co
are fairly different 1.25eV,”* 1.34eV,”" and 1.91eV.”* No
information in the literature is found on Co divacancies; there-
fore, we use the divacancy formation energy E;-Z =2EY, cor-
responding to zero divacancy binding energy. The H binding
energies to Co monovacancy (EY) have been deduced from
the thermal desorption data to be 0.47eV for the first two
trapped H atoms and 0.32eV for three to six H atoms in the
monovacancy.>*

The best agreement with experiments is obtained in the
case of the Co—H system at the smallest vacancy formation
energy of 1.25eV.

3. Pd

The experimentally measured and theoretically calcu-
lated equilibrium vacancy fraction for Pd—H is presented in
Figure 5, where we show a good agreement with the experi-
mental data at high H fractions. We use the monovacancy
formation energy of 1.7V for fcc Pd.>® The binding energy
of each H to the monovacancy is 0.23 of the first two H and
0.15eV for the third to sixth H atom in the monova-
cancy.’®>® The attraction between two vacancies is known

to be weak about 0.01eV.” Note that even if the binding
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FIG. 5. Experimentally obtained and theoretically calculated vacancy con-
centration as a function of H concentration for the Pd-H system.

energy of divacancies is small for Pd, the divacancy fraction
at H fractions above 0.5 dominates over the monovacancy
fraction.

4. fcc Fe

The thermodynamic calculation results and the data
attained from lattice contraction measurements for the Fe—H
system” are presented in Figure 6. The vacancy formation
energy in fcc iron obtained from the positron annihilation
experiment is 1.7eV;*® the DFT values are reported to be
about 1.8V, %% and we adopt the value of 1.7eV in the ther-
modynamics calculations. The H binding energies to mono-
vacancy are found from the literature for the bcc iron: 0.61,
0.7, 0.47, 0.35, ad 0.48 ¢V (for 1-5 H in the monovacancy)61
(note: the H binding energy utilised in this work is for the
bee iron. The first principles study of fcc Fe and H interac-
tions by Nazarov et al.*° gives much smaller H binding ener-
gies: 0.28, 0.31, 0.19, 0.23, 0.27, and 0.27eV (for 1-6 H in
the monovacancy) for non-magnetic fcc Fe and even smaller
having an anti-ferromagnetic double layer structure: 0.16,

0.18

==V
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0.0 0.1 0.2 03 04 05 0.6
Hydrogen fraction H/Fe

FIG. 6. Experimentally obtained and theoretically calculated vacancy frac-
tion as a function of H concentration for the Fe-H system. E/le =1.7eV and
E} =34eV.
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0.19, 0.16, 0.15, 0.12, and 0.14eV. These binding energies
combined with our thermodynamics model resulted in a poor
agreement with experiments. We believe that the first-
principles calculations do not include the zero-point energies
that are important to introduce in thermodynamics calcula-
tions for the realistic description of the studied system.) In
fcc iron, the divacancy binding energy is known to be about
0eV.%

In Figure 6, we obtain a good agreement with experi-
mental data for the Fe—H system with the vacancy formation

B~ (Amt+ B2 +Cny) (A, +nAS

J. Appl. Phys. 121, 045102 (2017)

energy 1.7¢eV,% divacancy formation energy 3.4 eV, and the
H binding energies from Ref. 61.

V. COMPARISON BETWEEN DIFFERENT
THERMODYNAMICS APPROACHES

The simplest way to calculate the equilibrium vacancy
fraction is considering only monovacancies. Following the
procedure described in Section II and neglecting divacancies,
we obtain a much simpler system of equations:

kg T kg
—(3Am} +2Bn; +C)  As™ w
kgT kg

where M = ln( ) ) and o = In ("T“‘_”“)

m—Is] ny
When the monovacancy fraction is large, e.g., at high
temperatures, vacancy clustering becomes very important.
The equilibrium divacancy fraction is often calculated as the
square of the monovacancies®'

V2] = £ ey [l o), (39)

where z is the configurational factor that accounts for possi-
ble orientations of the divacancy. AS* is the divacancy bind-
ing entropy

AS™ =5 — 28" (40)

for simplicity we assume e(25?/%) to be unity.

The divacancy binding energy can be calculated from
Eq. (6). The total vacancy fraction is then obtained by adding
the divacancy contribution

0.9
—— [V,ol> assumption [szcx[V]]2 Eq. 41)

o 08T . (v,], assumption [V,lx[V,]® Egs. (37,38)
% 0.7 b ---- [Val, assumption [V,]oc[V,]” Eq. (39)
< — [ Vol this work Eqgs. (33-36) g
> 06| - - [V,]. this work Eqgs. (33-36)
g -=== [V,], this work Egs. (33-36)
£ 050 Ep
<
E 04
g 03
S 02
S 0.
=

0.1

0.0
00 0.1 02 03 04 05 06 07 0.8

Hydrogen fraction H/Ni

FIG. 7. Comparison between theoretically calculated vacancy fraction as a
function of H fraction for the Ni-H system using the thermodynamics model
(see Section II) and a method described in Section V, where the divacancy
fraction is calculated as a square of monovacancies.
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iyr.r;)p]) 1
- _ln<[V1]+1> — o+ M (37)
(38)
[V[()[} == [Vl} + 2 [VQ] (41)

However, this approach is not sufficient to describe the SAV
formation, especially, at high H fractions. In such case, both
the monovacancy fraction and the divacancy fraction should
be calculated taking into account H energy and entropy
parameters, as shown in Section II. In Figure 7, we compare
both approaches and results show that at high H fractions,
vacancy fraction is overestimated if the divacancy fraction is
assumed to be proportional to the square of monovacancy
fraction as in Eq. (39). Moreover, the total vacancy fraction
becomes increasingly overestimated with larger divacancy
binding energies.

In Figure 8, we present the comparison of equilibrium
vacancy fraction in the Ni—H system calculated using the

— [V, Egs. (37.38)
— [Vial. Egs. (33-36)
— = [V,], Egs. (33-36)
1()'2 --=-[V,]. Egs. (33-36)
(-] Exp

3,

Z 0.1

Vacancy fraction Vac/Ni

& xs 005

- 02 0.5 1

10 107 10” 10 1
Hydrogen fraction H/Ni

FIG. 8. Comparison between theoretically calculated vacancy fraction as a
function of H fraction for the Ni-H system using the thermodynamics model
of monovacancies and divacancies (see Section II, Egs. (33)—(36)) and the
thermodynamics of only monovacancies Eqs. (37) and (38). In the inset, we
show that the thermodynamics for only monovacancies is not sufficient
enough to accurately describe the total vacancy fraction. Note the logarith-
mic scale.
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FIG. 9. The vacancy fraction as a function of H fraction for the Ni-H system
using the thermodynamics model (see Section II, Egs. (33)—(36)) at tempera-
ture 1728 K. Here, the binding parameters A, B, C and E, F, G for monova-
cancies and divacancies, respectively, are zero. Note that even if the H
binding energy to vacancies is zero, the vacancy fraction increases due to
the presence of hydrogen.

thermodynamics model of monovacancies and divacancies
(see Section II, Egs. (33)—(36)) and the thermodynamics of
only monovacancies Egs. (37) and (38). A very good agree-
ment is found for low H fractions below 0.001, however at
larger H fractions, where the divacancy fraction becomes
increasingly dominant over the monovacancy fraction, a
deviation is observed between both approaches. This stems
from the higher H binding energy to the divacancy. To prove
this hypothesis, we demonstrate the case where H does not
bind to vacancies, i.e., the fitting constants A, B, C and E, F,
G to the cumulative binding curves of H are set to zero. The
temperature of the system is chosen to be the melting point
of pure Ni. In Figure 9, as anticipated, the monovacancy con-
tribution to the total equilibrium vacancy fraction dominates
over the divacancy contribution. Interestingly, even if the H
binding energy to vacancies is zero, SAV formation is
observed at H fractions above 10%. This is due to the H con-
figurational entropy: when a vacancy is formed, more possi-
ble sites to accommodate H become available, increasing the
entropy, and therefore minimizing the Gibbs free energy of
the system. Vacancy formation at supersaturation of H is
especially favourable in the fcc phase (as discussed previ-
ously in Section IV), due to more occupational sites avail-
able in the vacancy (six trapping sites in the monovacancy
and 10 trapping sites in the divacancy) than in the interstitial
position (one interstitial site per host atom in the case of Ni).

To conclude our findings: the thermodynamics of only
monovacancies is capable to accurately describe the total
equilibrium vacancy fraction below the H fraction 1073
Above this H fraction (if H is stronger bound to the diva-
cancy than to the monovacancy), the divacancy contribution
becomes dominant and the thermodynamics of both monova-
cancies and divacancies is a more sufficient way to calculate
the total equilibrium vacancy fraction. At last, the approach
where monovacancy fraction is obtained using the monova-
cancy thermodynamics and the divacancy fraction calculated
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from the square of monovacancies is not suitable for study-
ing SAVs at large H fractions. The SAV formation occurs at
large H fractions regardless of the binding energy between
the H and a vacancy. The ultimate reason for SAV formation
at supersaturation of H is the H configurational entropy,
which makes SAV formation more favourable in the fcc
phase compared to the bcc phase.

VI. CONCLUSIONS

Our general thermodynamics model quantitatively dem-
onstrates the vacancy formation as a function of temperature
and the impurity concentration. For the correct description of
the free energy of the system, we take into account the bind-
ing energies of each trapped impurity, the vibrational
entropy of defects, and the thermodynamics of divacancy
formation. Our thermodynamics model shows that vacancies
are formed in metals due to the presence of hydrogen impuri-
ties. The main reason for superabundant vacancy formation
is the lowering of the total energy of the system due to
hydrogen trapping. We demonstrate the effect of vacancy
formation energy, the hydrogen binding, and the divacancy
binding energy on the total equilibrium vacancy concentra-
tion, the hydrogen binding energy to the vacancies, being the
most influential energy factor. We show that the divacancy
fraction gives the major contribution to the total vacancy
fraction at high H fractions and cannot be neglected when
studying superabundant vacancies. Our study leads to an
important conclusion that H configurational entropy is one of
the reasons responsible for SAV formation observed most
often in an fcc phase. Depending on the host material, in an
fcc structure, H can occupy one octahedral or two tetrahedral
interstitial sites per host atom, whereas in a bec crystal H can
be distributed over six tetrahedral or three octahedral intersti-
tial positions positions per host atom. As a consequence, the
formation of a vacancy in a fcc metal gives rise to more con-
figurations to distribute H than in the bcc metal. Due to the
increase of the configurational entropy when H is distributed
among the available sites in vacancies, the vacancy forma-
tion is enhanced even if the binding energy between H and
vacancy is zero. Hence, superabundant vacancies are always
present at high H fractions.

For the first time, the theoretical thermodynamics calcu-
lations are directly compared to the experiments of super-
abundant vacancy formation and are found to be in good
agreement for the fcc metals: Pd, Ni, Fe, and Co. The pre-
sented equations are general and can be used for any metal—
impurity system, where the impurity occupies an interstitial
site in the lattice.
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