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HYDROGEN IN ZIRCONIUM
Part 1
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The data on hydrogen behavior in zirconium have been systematized. The proposed study deals with a number of
basic physicochemical characteristics of the two participants in the Zr-H (H and Zr) reaction, as well as the basic
data on Zr—H system in whole. The data on hydrogen atoms position in Zr lattice (predominantly tetragonal
voids) and its dynamics are provided. It should be noted that whether the zirconium-dissolved hydrogen has a state
of neutral atoms H® or ions (H*, H, H*, H>) is a disputable question, while it is clearly stated that hydrogen is not
found in zirconium in the molecular state and does not form bubbles filled with molecular hydrogen gas. The basic
principles of interaction of hydrogen with metal (M) are reported. The study presents thermodynamics of hydrogen
adsorption and absorption by zirconium. Great attention is paid to the correlation characteristics of M—H system
interaction with M position in the periodic table, and evaluating implementation of these correlations with respect to
the Zr—H system. The data on the diffusion mobility of hydrogen in zirconium are provided. The collected data are
aimed at creating a source data base on interaction in Zr—H system required for investigations on delayed hydride
cracking.

INTRODUCTION

More than a semicentennial experience of water-cooled reactors operation demonstrated, sometimes painfully,
that hydrogen, accumulated in zirconium structural components (ZSC) in operation, upon reaching a critical density
(total or local) is one of the main limiting state criteria of these components [1], [2]. The danger is also aggravated
by the fact that the presence of hydrogen in zirconium structural components (ZSC) accumulated during operation,
may adversely impact the fuel assembly zirconium components during the subsequent operations of spent nuclear
fuel (SNF) handling and long-term storage [3].

The main hydrogen-degradation effects in ZSC during operation are: hydrogen embrittlement (sharp ductility
decrease during hydriding), formation of large, massive hydrides (corona defects, blisters) (Fig.1) and delayed hy-
dride cracking (gradual stepped crack growth, induced by simultaneous stress and hydrogen effects) (Fig. 2). Each
of these phenomena is based on physicochemical interaction of hydrogen with zirconium: physical adsorption,
chemisorption, hydrogen dissolution and diffusion, hydride formation, etc. [4]. That is why, development of a de-
layed hydride cracking (DHC) concept being the matter of our investigation, must be preceded and supported by the
data on chemicophysical interaction of hydrogen with zirconium. Some of the information search results that are
being carried out in this direction are presented here.
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Fig. 2. «Split effect» — fuel rod cladding splitting, in-
duced by destruction with collaboration of hydrogen

[61.[7]

Fig. 1. Massive hydrid in fuel rod cldding
(corona defect) [5]

In the present investigation, the issues related to hydride crystallography and the properties of zirconium hy-
drides are discussed only insofar as it is required to develop a basic understanding of the hydrogen/zirconium inter-
action. We proceeded from the paper size restriction, and the fact that fundamental reviews on the structure and
properties of binary hydrides (including zirconium hydrides) were earlier made by Puls [8], Andriyevskiy and
Umanskiy [9], [10].

ISSN 1562-6016. PAST. 2013. Ne5(87), p.16.


mailto:chernyaeva@kipt.kharkov.ua

1 HYDROGEN

1.1 Atomic Hydrogen

Hydrogen is the simplest in structure, the smallest and lightest of atoms containing one proton and a single elec-
tron. Paradoxically, but this simplicity of electronic structure brings about the unique consequences in respect to
chemical and physical properties of the element (its atoms, cations and anions) [11]. In its tendency to a completely
vacant or completely filled shell, hydrogen, generally, exhibits three oxidation states: +1, 0, -1, corresponding to
electron configurations 1s°, 1s* and 1s% respectively. A number of transformations of atomic hydrogen H° (protium)
into hydride-ion H** are associated with a fractional change in a number of electrons around the nucleus. During
such transformations, the particle size changes considerably. The radius of atomic hydrogen H® is 0.10 nm [12]. At-
tachment of an electron to a hydrogen atom results in a considerable increase in its size: a hydride-ion H™ radius in a
free state equals 0.208 nm [12], [13]. However the most notable change in size occurs during the ionization of hy-
drogen atoms (H%-e—H*™), which leads to a smaller radius of 0.84184-10° nm [14]. Such difference in size between
an atom and its cation (5 orders) is unique. Next 1s element - lithium changes its radius only from 0.155 nm for Li°
to 0.068 nm for Li*™".

Atomic radius of hydrogen in the molecular H, (covalent bond) equals 0.037 nm [11].

Despite its apparent completeness, atomic hydrogen (H°) is an unstable condition. Being in contact with other
atoms or molecules, it will certainly react to form a covalent, proton (cation H**) or anion (H™) bond.

Big values of the first ionization energy | = 1312 kJ/mole (13.60 eV) and electron affinity AE= 72.8 kJ/mole
(0.75 eV) evidence of a significant difference between the chemical properties of H** and H™ (Fig. 3) [11]. The
binding force of electron with H" decreases considerably in the order: H™*> H° > H™. The result demonstrates the
exciting dual physical and chemical properties of hydrogen - it is a strong cation for nonmetals, and a weak anion
for metals.
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Fig. 3. Hydrogen energy H" versus oxidation state n. Dotted lines — a derivative of the electron binding force with
H" by electron density. The electron binding force decreases significantly in the order H™* > H® > H *[11]

The H—H bonding enthalpy in H, is 436 kJ/moleH, or 4.52 eV, which is quite close to a strongly bonded oxygen
molecule (498.4 kJ/mole or 5.17 eV).
H** and/or H™ atomic charge changes in accordance with the following reactions [11]:

H1>H e (AH= +0.75 eV); (1)
H*+e —>H° (AH=-13.60 eV); 2)

2H°—>H, (AH= -4.52 eV); (3)
H+H">H, (AH=-17.37 eV). (4)

A specific position in the periodic table implies a very significant energy difference between the two states: H**
and H™ (E,+Ea= 1384.8 kJ/mole (14.35 eV)), resulting in a wide variety of its bonds and phenomena with participa-
tion of hydrogen, and certain tendencies in interactions of the element under study with hydrogen, depending on its
position in the periodic table [11].

The basic data about atomic hydrogen, which determine the character and intensity of its interaction in contact
with other elements, are provided in Table 1.



Table 1
Basic Data on Atomic Hydrogen

Symbol H [4], [15]
Atomic Number 1[15]

Electron Configuration 1s'[15]

Atomic Weight 1.007825 [15]
Absolute Weight 1.67261-107" kg [16]
Nuclear Spin (h/27) /2 [4], [15]
Nuclear Magnetic Moment +2.79284 uN [4], [15]
Oxidation State H*; HY; H11]

First lonization Potential I =13.598433 eV [15]
Electron Affinity EA = 0.75420375 eV [17], [18]
Electronegativeness (Pauling scale) 2.2 [19]; 2.1 [20], [21]
Covalent Radius in H, 0.037 nm [11]
Orbital Bohr Radius 0.0529 nm [4], [12]
Atomic Hydrogen Radius (protium), H° 0.120 nm [22]; 0.1 nm [12]
Proton Radius, H" 0.84184-10° nm [14]
Negative lon Radius (Protide), H 0.208 nm [12], [13]
Thermal Neutron Absorption Section 0.322:10** cm?[12]

The size of hydrogen atoms and ions in solid solution and compounds depends on their surroundings (Table 2).

Table 2
Hydrogen Atoms and lons Size in Solid Solution and Compounds
Hydrogen Sate Radius of Atoms and lons
Atomic State of Zr 0.046 nm [23], [24]
Covalent Radius 0.028...0.037 nm depending on surroundings [20]
Effective lonic Radius H* 0.018...0.038 nm depending on surrounding anions [4], [25]
Effective lonic Radius H’ 0.154 nm [20] *

*Note. Effective lonic Radius H™ depends on the surroundings: Radius H™ in MgH, equals 0.13 nm; Radius H™ in NaBH,
equals 0.20 nm [12]. The table provides the most frequent value of anion H for metals.

Since hydrogen is the lightest of atoms, it has the best quantum properties of all other elements (H’- simple har-
monic oscillator) [26], [27].
As already stated, hydrogen atoms cannot bear loneliness; the normal state of hydrogen is Hx(9).

1.2 Molecular Hydrogen H,

Hydrogen molecule H, — is a classic example of a covalent bond that is based on the exchange forces [28]. Under
normal conditions, molecular hydrogen is a combination of the two isomers: ortho- and parahydrogen [29]. Nuclear
magnetic moments (spins) of orthohydrogen (o-H,) have a similar orientation, while those of parahydrogen (p-H,)
have an opposite orientation. Normal hydrogen gas contains ~ 75 % of 0-H, and ~ 25 % of p-H, [29]. Conversion of
0-H, into p-H, is accompanied with heat production (~ 1400 kJ/mole), which, however, does not occur without cata-
lysts.

The main properties of molecular hydrogen are presented in Table 3.

Table 3

Main Properties of Molecular Hydrogen
Molar mass 2.01594 [30]
Absolute mass 3.497-10%" kg [16]
lonization potential 1 =15.426 eV [31]
Electron affinity EA =-0.7 eV [29]
Bond length 0.07416 nm [4]
Bond energy -4.748 eV [4],[30]
Dissociation energy 4.748 eV [4], [30]
Vibration energy 0.5160 eV [4], [30]
Rotation energy 0.00732 eV [4], [30]
Density in gaseous state 0.0899 kg/m°[12]
Density of liquid hydrogen 70.811 kg/m *[12]




High value of the ionization potential | and negative value of electron affinity EA characterize H, as a weak elec-
tron-donor-acceptor [29], [31], [32]. Electron detachment naturally weakens the H-H bond (Table 5), but electron
transfer to the antibinding o*- MO is much more effective in doing so, decreasing the bond dissociation energy H-H
(Ep) (Table 4) [29].

Table 4
Characteristics Of Bonding Forces in Molecule H, And Its lonization States [29]
Molecules and lons Ep, kd/mole I, NM
H, 436 0.074
HF 259 0.107
H; 231 0.086

A number of molecular hydrogen properties of are worth special consideration [16]:

o very small size (H-H distance is only 0.074 nm);

e strong influence of nuclear magnetic moments (spins) forming the two isomers: ortho- and parahydrogen,
with general symmetric and antisymmetric nuclear spins, respectively;

e low electron density;

o ability to dissociate into atoms.

1.3 Standard Thermodynamic Properties of Hydrogen

For prediction of possibility and completeness of chemical reactions, as well as for state diagram calculations it
is necessary to know the initial values of thermodynamic functions and constants for these calculations. The most
frequently required data are: standard enthalpy of formation AH° (298.15), standard entropies S° (298.15) and stand-
ard heat capacities Cp (298.15).

Table 5 lists the standard thermodynamic properties of hydrogen (properties of H, H', H*, H, at the temperature
of 298.15 K and pressure of 0.1 MPa) [33].

Table 5
Standard Thermodynamic Properties of Hydrogen [33]
Parameter
State €8(298.15), $%(298.15), H°(298.15), AH(298.15), AG°(298.15),

J/mole K J/mole K kJ/mole kJ/mole kJ/mole
H 20.786 114.716 6.197 217.999 203.278
H, 28.836 130.68 8.467 0 0
H* 20.786 108.946 6.197 1536.246 1516.990
H 20.786 108.960 6.197 139.032 132.282

2  ZIRCONIUM
The basic information about zirconium, which determines its interaction with hydrogen, is provided in Table 6.

Table 6
Some Characteristics of Zirconium
Parameter Value
1 2
Atomic Weight A =91.224[15]
Atomic number Z =40[15]
Group v

IVB — American designation;

Subgroup IVA — European designation

Electron Configuration [Kr] 4d” 557 [15]

lonization Energy: 1% lonization Potential 6.63390 eV [15]

Spin 5/3 [15]

Magnetic Moment -1.303 uN [15]

Electron Affinity EA=0.427+0.014 eV [18], [34]
Electronegativeness (Pauling Scale) 1.33[35]; 1.4 [36]
Electronegativeness (Allred Rochow Scale) 1.22 [37]

Atomic Radius R=0.160 nm [38]

lonic Radius r(Zr) = 0.114 nm; r(Zr*?) = (0.087+0.007) nm;

r(Zr*) = (0.079+0.005) nm; r(Zr™) = (0.072+0.007) nm [39]
Molar Volume 14.02-10° m*/mole [38]
o= B- Transition Temperature Typs= (1135+10) K [33]
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Transition Enthalpy

AHy, 5 = (4.017£0.3) kJ/mole [33]

Mass Density

pm = 6.506-10° kg/m*[33]

Bulk Modulus

B = 97.1 GPa [40]

Melting Temperature

T = (2125+15) K [33]

Enthalpy of Melting

AHp, = 20.92 k] /mole [33]

o-Zr Crystal Structure

FCC; a=0.3232 nm; ¢ = 0.5147 nm [41]

B-Zr Crystal Structure

BCC; a=0.3609 nm at 862 °C [42]

Cohesive Energy

6.25 eV [42]

Thermal Neutron Absorption Cross-Section

0.185-10% cm?[43]

Standard thermodynamic properties of zirconium are presented in Table 7.

Table 7
Standard Thermodynamic Properties of Zirconium [33]
Parameter
Material €8(298.15) $%(298.15), H°(298.15), AH(298.15), AG%(298.15),
J/mole K J/mole K kJ/mole kJ/mole kJ/mole
Zr 25.202 38.869 5.497 0 0
3 Zr-H SYSTEM

3.1 Zr-H System Phase Diagram

At present, the majority of metal-hydrogen binary systems phase diagrams are known [44]. The Zr-H system
phase states were among the first to be investigated [24]. The Zr-H system phase diagram is constantly updated, a
procedure for the line position (interfaces) calculation on the phase diagram has been elaborated well [45].

As of today, four phases are considered to be the equilibrium phases (Fig. 4) [46 - 50]: hydrogen solid solution in
close-packed hexagonal a-Zr; hydrogen solid solution based on high-temperature body-centered cubic phase B-Zr;
nonstoichiometric dihydride 5-ZrH,., with a face-centered cubic (FCC) Zr sublattice; and dihydride ZrH,., with a
tetragonal (FCT, c/a<1) lattice, with a homogeneity area extending up to the stoichiometric composition
(x =H/Zr = 2). The e-phase forms from the 6- phase at the 3-hydride martensitic transformation [50]. The High-
temperature B-Zr phase is in the eutectoid equilibrium with a-Zr(H) and 3-ZrH,., at a point position: T = 547 °C and
x = 0.5. Besides, under certain conditions, a metastable y-phase with a tetragonal (FCT, c/a>1) lattice is formed
which dissociates into a-Zr + 3-ZrH,., with a temperature rise up to 255 °C [46].
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Fig. 4. Zr-H Phase Diagram [46]



Crystallographic data on the Zr—H systems phases are given in Table 8.

Depending on the influence on the polymorphic transformation in Zr, all of the alloying elements and additives
are subdivided into a- and - stabilizers. Hydrogen refers to very strong B-stabilizers — with an increase in hydrogen
concentration, the a—p transition temperature decreases from 863 °C for unalloyed Zr to ~ 547 °C with a hydrogen
concentration in Zr of ~ 6 at.% [48 - 49].

Table 8
Crystallographic Data
Pearson . .
Phase | Formula | Structure Symbol Space Group Point Group Lattice Parameters
a-Zr zr FCC hP2 P6:/mme (Nel94) | DZ,; 6/mmm coo 2'134273&:?‘;1]
- - 0.36090 nm at 862 °C
- o 9. )
B-Zr Zr BCC cl2 Im3m (Ne229) Oj; m3m 0.35453 nm at 20 °C [42]
) ZrH, g6 FCC cF14 Fm3m (Ne225) 0.4781 nm [41]
¢ ZrH, FCT 16 14/mmm (Nel39) | Dyy; 4/mmm 29 gﬁ)zgr;"&u
Metastable Phases
a=0.3520 nm;
Y ZH FCT tP6 - - ¢ = 0.4450 nm [41]

Zr saturation with hydrogen at a temperature slightly lower than that of the a—p-transition (for example, at
800 °C) results in concentration transformation, being a transition from o to a two-phase (a+p)-field with subsequent
transition to a single-phase p-field at further increase in hydrogen content [51].

In o-Zr, thermal solubility of hydrogen is very low, it is ~6 at. % (~600 ppm®) at the eutectoid transformation
temperature and it decreases rapidly with decreasing temperature (Fig. 5) [45]. At room temperature, solubility of
hydrogen a-Zr does not exceed 1 ppm [48].
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Fig. 5. Thermal solubility of hydrogen in a-Zr [45]

Kearns [52] has systematized and analyzed the data on thermal solubility of hydrogen in Zr, obtained from in-
vestigations of hydrogen absorption and diffusion in zirconium under isothermal conditions. He obtained the follow-

ing equation, describing the temperature dependence of hydrogen on the boundary cx/a+8(Cf,‘/“'5):
CH“ % (ppm) = 1.61 - 105exp(—37447/RT), (5)
where Cf,‘/“_‘s is the concentration of hydrogen on the boundary a/o+8 (ppm); A and B are constants; R is the gas

constant (R = 8.314462 J/(mole-K)).

In a high-temperature B-Zr (BCC), up to ~ 50 at.% of hydrogen dissolves [48].

Systematization and critical analysis of the isothermal absorption curves with empirical fitting of line positions
on the phase diagram was done by Zuzek et al. [48], [49].

Great attention is being paid to creation of data bases for thermodynamic description of phases and Zr—H system
phase diagram calculation which was well reported for the Zr—H system in [45]. For description of thermodynam-
ic state of solid solutions and zirconium hydrides, the sublattice Hillert and Staffansson model is used [53], where
solid solutions of hydrogen in zirconium are considered as compounds with two sublattices, one being filled

"Hereinafter, except where otherwise specified, ppm-part per million.




completely with metal atoms, and the other one — with interstitial atoms (H) and vacancies, designated Vy. The cal-
culation methods used in [45] and thermodynamic parameters of phases that are formed in the Zr—H system are
normally taken as a basis for thermodynamic calculations [54].

As noted above, the basic information for plotting a phase diagram is the data on hydrogen absorption.

3.2 Hydrogen Absorption By Zirconium
Hydrogen absorption (dissolution, occlusion) by metal is hydrogen transition from H, into metal. The term “ab-
sorbed hydrogen” means all absorbed hydrogen contained both in solid solution, and in hydrides. Solubility is a hy-
drogen concentration limit in solid solution. Hydrogen capacity is a maximum amount of hydrogen that can be ab-
sorbed by the metal under consideration.
The process of hydrogen absorption includes stages as follows:
e molecular hydrogen approaches the surface;
e accumulation of hydrogen molecules on the surface and their dissociation (physical adsorption, dissociation
and chemical adsorption (chemisorption) of hydrogen molecules);
¢ relocation of hydrogen atoms by volume (diffusion);
o formation of hydrides upon reaching the hydrogen solubility limit in the hydride-forming metals, such as zir-
conium.

3.2.1 Hydrogen Adsorption on Zirconium
The basic reactions on gas/metal surface are shown in Fig 6.
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Fig. 6. Reactions on gas/surface surface

Adsorption reaction:

H, + 2 (two adsorption points)¢«»2H,q. (6)

It should be noted, that there are no special forces which induce adsorption [55]. Hydrogen molecules adsorption
on a solid body surface occurs at the expense of hydrogen atoms attraction by adsorbent surface atoms. Gas
molecules can be adsorbed on the surface both at the expense of physical and chemical adsorption. Physical adsorp-
tion is based on the Van der Waals bond between molecular hydrogen and atoms. In this process, a hydrogen mole-
cule interacts with several adsorbent atoms. The potential energy of a molecule is minimal at the distance of about
one radius of an adsorbate molecule (0.2 nm) [12], [56]. The energy of physical adsorption is normally negative; its
value in modulus does not exceed 20 kJ/mole H (-0.2 eV). For many metals, the physical adsorption energy is close
to -5 kJ/mole H (-0.05 eV) [12]. Since the interaction is weak, a significant physical adsorption takes place only at
low temperatures (< 273 K) [56], [57].

Another stage of metal-hydrogen (M—H) reaction: a hydrogen molecule dissociates, and atomic hydrogen over-
comes the energy barrier. This process is known as chemisorption. Its energy is normally negative, and the values
are from -20 to -400 kJ/mole H. For many metals and for carbon, the chemisorption energy is close to -50 kJ/mole H
[12].

Upon dissociation and overcoming the energy barrier, hydrogen atoms diffuse into the bulk.

A diagram representation of the molecular hydrogen potential energy, and the reactions of interaction between
molecular and atomic hydrogen with metal atoms is shown in Fig.7 [58].

Zirconium belongs to the metals featuring very active chemical adsorption [59], [60]. Naito [60] determined by
kinetic parameters of hydrogen adsorption, that the hydrogen adsorption energy on polycrystalline o-Zr
equals -2.84 eV; the bonding force of subsurface layer atoms with their surroundings only slightly differs from the
surface atoms bonding force (the bonding energy difference makes only 0.06 eV); the activation energy for adsorp-
tion of hydrogen atoms equals -0.02 eV, the energy of atomic diffusion to the bulk equals 0.475 eV. The obtained
results demonstrate that hydrogen penetrates zirconium easily, and the process of hydrogen adsorption by zirconium
is controlled by the volume diffusion of hydrogen atoms. According to the theoretical estimates reported in [61], the



enthalpy of hydrogen chemisorption on zirconium in both the tetrahedral and octahedral voids for the two surface
layers is equal to -3.00 eV.
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Fig. 7. Diagram of molecular and atomic hydrogen potential energy and reactions, and potential energy of atomic
hydrogen with metal atoms. At the physical adsorption, the interaction is determined by the Van der Waals forces.
Before the volume diffusion, H, dissociates to create an adsorbed state [12], [58]

In accordance with a theoretical evaluation performed by P. Zhang and his colleagues [61], the process of adia-
batic dissociation in the H,/Zr(0001) system has a low barrier (0.05 eV) along the almost stable energy channels; the
dissociation of H, molecules into atoms takes place at a distance of 0.2 nm over the Zr (0001) surface.

The initial stages of hydrogen interaction with the Zr (1010) surface at 100, 293 and 370 K were investigated by
P. Zhang and his colleagues [62] using the NRA (NRA —Nuclear reaction analysis), AES (AES —Auger electron
spectroscopy), work function measurements and SSIMS (SSIMS —static secondary ion mass spectroscopy) methods.
According to the results obtained, the coefficient of hydrogen attachment to Zr(1010) surface at 100, 293 and 370 K
is 1; 0.71 and 0.5, respectively. The hydrogen concentration on the surface first rapidly increases, and then passes
into saturation. The surface barrier height is 42.3 kJ/mole which corresponds to the energy of hydrogen diffusion to
volume.

Zhang and his colleagues studied the segregation of H and D to Zr(0001) surface using the NRA, WF, AES and
SIMS methods; determined 194 °C (467 K) to be the maximum segregation temperature [63]. It was established that
at the temperatures up to 194 °C, in the samples with a 59 ppm hydrogen content, hydrogen diffuses from volume to
surface (hydrogen segregation on Zr (0001) surface takes place with formation of small hydride-like precipitates),
while at higher temperatures, hydrogen moves from surface to volume.

a-Zr (HCP) has a lower value of hydrogen atomic recombination constant as compared to those of the FCC (Ni)
and BCC (Al, Fe) metals [64].

Because of the insignificant values of hydrogen atom enthalpy on surface and in subsurface layer, the process of
recombination and subsequent desorbtion of hydrogen atoms in H,/Zr system at the temperature of ~ 400 K is prac-
tically excluded [62].

3.2.2 Kinetics of Hydrogen Absorption By a-Zr

Among the transition metals, the best absorbents are the first members, with their d-zone being less than half
filled [65]. As the d-zone of a metal is filled with electrons, its absorption capacity decreases. Palladium is an ex-
ception, its atoms contain 10 d-electrons, but it is a good absorbent. In full conformity with this mechanism, zirconi-
um easily absorbs hydrogen (Fig. 8) [66 - 69].

The kinetics of hydrogen absorption by zirconium (variation in the quantity of hydrogen accumulated with time,
at prescribed time and pressure) was studied in [70 - 72]. In the majority of works, it is reported that the quantity of
hydrogen absorbed by a-Zr, varies with time according to the parabolic law:

Cu’ = kapt, )
where Cy— is the quantity of absorbed hydrogen, kq,— is the parabolic velocity constant:

kap = koexp (_E“b), (8)

RT




where E,, — is the energy of the reaction of hydrogen absorption by a-zirconium.
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Fig. 8. InS (S — amount of hydrogen in cm® capable of absorbing 100 g of metal at
1 atm) versus temperature [69]

According to [71], in the temperature range of 250...425°C, and at the pressure of 1 atm., the reaction of hydro-
gen absorption by zirconium follows the parabolic law; parabolic velocity constant [(ml/cm?)? per second] is calcu-

lated by the equation:
—71964.8i836.8)

kap = 2.3 10%exp (2242 9)
where R — is the gas constant (R = 8.31467 J/(mole-K)), and (71.9648+0.8368) kJ/mole — the reaction energy of hy-
drogen absorption by a-Zr.

Certain changes in the absorption kinetics can be caused by the surface condition and oxidation during hydro-
genating [72].

Dependence of the rate of hydrogen absorption by zirconium (at the initial hydriding stage) passes through max-
imum at 500 °C [73].

With an increase of hydriding time, the amount of absorbed hydrogen passes into saturation.

At a given pressure, the absorption capability of zirconium decreases with increasing temperature (see Fig. 8)
[66 - 69], which is characteristic of all exothermic reactions (the enthalpy of hydrogen dissolution by zirconium is
negative).

Under atmospheric pressure and at the temperature of 20°C, the ultimate quantity of hydrogen absorbed by zir-
conium equals to 240 cm>of hydrogen per 1 g of zirconium. At 400, 800 and 1100°C, this value is equal to 235, 160
and 40 cm®/g, respectively [67].

The optimal zirconium hydriding temperature is 300...400 °C [66].

Unlike nitrogen and oxygen, almost all of the absorbed hydrogen can be removed from zirconium at its heating
in vacuum to 1000...1200 °C [66].

3.2.3  Thermodynamics of Absorption
3.2.3.1  General Provisions

Judging by the character of chemical bonding, according to accepted classification, all M-H (metal-hydrogen)
compounds are subdivided into three main classes:

e ionic hydrides (salts);

o metal hydrides;

e covalent hydrides (molecular compounds).

In full conformity with Zr position in the periodic table (Fig.9), zirconium hydrides refer to metal hydrides [37].

Investigations on metal structure changes at hydriding indicate [74] that insertion of a hydrogen atom in a metal
lattice can:



o be followed by a fundamental metal lattice rearrangement, or in other words, changing the type of packing of
metal atoms, e.g., transition from the body-centered cubic (BCC) packing in the individual metal structure to the
side-centered cubic packing (FCC) in the hydride metal sublattice;

e not result in essential changes in metal structure. In this case, metal atoms packing in the hydride metal sub-
lattice is no different from the packing in the individual metal structure, or only an insignificant deformation of the
unit cell of the lattice occurs.
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Fig. 9. Position of zirconium in the periodic table

Hydrogen penetration in zirconium lattice upon reaching thermal solubility results in a metal lattice rearrange-
ment (HCP) and formation of hydrides with a different structure (FCC, FCT) [8].

Depending on the thermal effect symbol, there are distinguished the endothermal (with absorption of heat) and
exothermal (with heat release) absorptions. The metals, which absorb hydrogen following the endothermal reaction
(aluminium, cuprum, ferrum, etc.) do not form hydrides. The metals, which absorb hydrogen following the exo-
thermal reaction (titanium, zirconium, vanadium, niobium, tantalum), form hydrides upon reaching the solubility
limit. The absorption symbol (reaction type) is associated with the position in the periodic table: all metals located to
the left of Cr, dissolve hydrogen according to the exothermal reaction, the metals located to the right of Cr, follow
the endothermal reaction [75].

Dissolution enthalpy changes in 3d, 4d and 5d transition metals is presented in Fig. 10 [76].
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Fig. 10. Dissolution enthalpy changes in 3d, 4d and 5 transition d-metals [76]

The thermodynamic equilibrium in metal-hydrogen (M-H) system is normally represented by the pressure-
composition-temperature (P-C-T) diagram (pressure-composition isotherm). Normal view of the pressure-
composition isotherm is shown in Fig 11.



The initial sharp rise of the curve corresponds to hydrogen dissolution in the initial phase (normally designated
as a). In this area (up to the solubility limit), hydrogen dissolution takes place without significant changes of
a-lattice, and the dependence of hydrogen concentration (Cy) on pressure is described by Sieverts's law:

Cff = Kif\[Pu,, (10)
where Ky— is the Sieverts's constant (constant of hydrogen dissolution in a-phase); C7— is the hydrogen concentra-
tion in solid solution; Py, — is the hydrogen pressure over metal.

Hydrogen Pressure

ato

Hydrogen Concentration C_, H/Me

Fig. 11. Pressure-Composition isotherm. Upon reaching solubility limit in a-phase, hydride formation begins from
the a-phase supersaturated solid solution [57]

Temperature dependence of equilibrium pressure over metal at the stage of hydrogen dissolution in the initial

phase solid solution is described by the equation:
1

=In
2

PHp _ MHg _ As
Py  RT

11)

=
where Py — is the reference pressure (1 atm).

The enthalpy of hydrogen dissolution in a-ZrAHs = -58 kJ/mole-H (-0.601 eV) [76].

Upon reaching the hydrogen solubility limit in a-phase, hydride formation begins. With appearance of the sec-
ond phase (hydrides, that are normally designated 3 in the thermodynamic description of M-H system), the pressure
over the material being hydrided which is in equilibrium with the solid solution internal pressure), does not change,
and further increase in the amount of absorbed hydrogen is not accompanied by a pressure increase (o—-transition
region). The hydrogen concentration in each phase remains constant, however, the volume fraction of each of the
phases changes. The equilibrium pressure of hydride formation (a(Hy)—a+p) is described by the Van't Hoff equa-
tion [12], [56 - 57]:
7t =L 2, (12)
where P, — is the hydrogen pressure over metal in the two-phase field o-p (on the plateau, Fig. 11, Fig. 10), AH; and
ASt are the enthalpy and entropy of hydride formation.

If we plot the logarithm of hydride formation versus 1/T, we get a line (Van't Hoff plot) as shown in Fig 12. The
activation energy of hydride formation from the oversaturated solid solution a is determined from the slope of this
plot.
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Fig. 12. P-C-T diagram and Van't Hoff plot: a— solid solution of hydrogen in

a-phase; S-hydride; a + - two-phase field [12], [56 - 57]




Since entropy change is essentially determined by the change in hydrogen state from the molecular gaseous state
to the dissociated in absorbed state, and that is practically the standard hydrogen entropy (Sg= 130 J/mole HyxK),
therefore, AS¢~ -130 J/mole H,-K for all M—H systems [12], [56].

The most stable metallic hydrides, for example, HoH,, have the enthalpy of formation AH;=-226 kJ/mole H,.
The least stable hydrides are FeHgs; NiHgs and MoHgs with the enthalpy of formation AH;= +20 kJ/mole H,,
AH;= +20 kJ/mole H, and AH;= +92 kJ/mole H,, respectively [56].

Upon completion of the o -B transition, dissolution hydrogen in hydride () takes place.

Sometimes, the pressure-composition isotherm has a number of plateaus, which indicate that during hydrogen
absorption, M—H system undergoes several two-phase stages.

3.2.3.2 Thermodynamics of Hydrogen Absorption By Zirconium

The P-C-T diagrams for Zr—H system are shown in Fig. 13 [48]. Below the eutectic temperature (550 °C), hy-
drogen concentration in zirconium increases proportionally to p“2, which corresponds to hydrogen dissolution in

solid solution a-Zr:
CE 7 = K~ \[Py, (13)
Temperature dependence of the Sieverts constant for hydrogen dissolution in a-Zr is described by the equation
[48]:
K2 (T) {Bceorn 2} = 7.854 - 10 Sexp (D). (14)
Further there is a plateau, corresponding to the two-phase field o + 6.
Temperature dependence of the equilibrium pressure at formation of 6-hydrides in a-Zr [48]:

PE*3(torr) = 6.545 - 10 exp(— 24;21). (15)

After that, the pressure increases again with increase of concentration in the single-phase 6-hydride.

At the temperature ranging between 550 and ~ 750 °C, the absorption isotherms of Zr—H system have two plat-
eaus. One of them corresponds to the two-phase field o + 3, and the other — to the two-phase field B + 5. At
T > 750 °C, the first plateau, corresponding to the two-phase field a + B, disappears, leaving only the plateau which
corresponds to the two-phase field  + 5.

At the temperatures of 900 °C and higher, hydrogen continuously dissolves in 3-Zr.

The enthalpy values for different reactions in Zr-H system can be obtained by processing the P-C-T curves in ac-
cordance with the rules given in Table 9 and in Fig. 14 [78].
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Fig. 13. Pressure-Compossition Isotherm of Zr-H Sys- Fig. 14. Pressure-Compossition Isotherms of Zr-H Sys-
tem Zr-H [48] tem; Ta<Tg<550 T<Tc<Tp[78]

The enthalpy of forming &-hydride AH? =-141 kl/mole §, the free energy of &-hydride AG;-S formation
=-96.2 kd/mole 3, the entropy of 3-hydride ASfformation = -151J/K-mole & [48].

Yao and Wang, and colleagues [79] investigated hydrogen absorption and desorption at 360 °C for the cycle: H,
absorption during 1 hour at 4 MPa / desorption during 1 hour at 0.01 MPa, and found that under such conditions, the
unalloyed o-Zr absorbs hydrogen easily and rapidly, while the desorption takes place very slowly: o-Zr hydrogen
absorption rate at 4 MPa equals 0.044 [H]/[M]xs™, its desorption rate at 0.01 MPa is 0.007 [H]/[M]xs™.

The full energy of hydrogen emission from 8-hydride = 144.7 kd/mole H [80].

The data on the enthalpy of binary hydride formation depending on the metal position in the periodic system are
provided in Fig. 15 [81].



Table 9
Thermodynamic Characteristics of Reactions in Zr-H System
(characteristics determined according to P-C-T) [78]

Composition f— function Enthalpy = R acf) Value of reaction en-
(Fig. 14) depending on —»1/T d(1/T) thalpy, kd/mole
- Enthalpy of dissolving molecular hy-
a—Zr - -
a InP AH drogen Hy , a-Zr 101.7...-120.9
Enthalpy of dissolving 3-hydride in
b InC AHat5a supersaturated solid solution a-Zr +36.0
Enthalpy of forming 8-hydride from ) )
¢ InP Afears supersaturated solid solution a-Zr 164.0...-191.6
- Enthalpy of dissolving molecular hy-
B-zr . -
d InP AH: drogen Hyin B-Zr 128.9...-169.5
Enthalpy of dissolving 8-hydride in
AHg, s, . : +9.
f InC B+3-F | supersaturated solid solution p-Zr 9
Enthalpy of forming &-hydride from
InP AHg_, : . -205.4...-222.6
g i p-p+o supersaturated solid solution 3-Zr
Enthalpy of dissolving molecular mo-
or _ _

h InP AH; lecular hydrogen H, in 8-hydride 1653...-188.7
Group| 1 2 3 4 5 6 7 8 9 |10 |11 |12 | 13 |14 | 15 | 16 | 17 | 18
Period

1 e
5 LiH BH; |CH; [NH; [OH, | FH | Ne
-176 - - - - - -
3 NaH MgH, AlH3|SiH, | PH; | SH, | CIH | Ar
-117| -75 - - - - - -
4 KH |CaH,|ScH, | TiH, | VH | CrH |MnH | FeH | CoH | NiH | CuH |ZnH, GaH;|GeH,|AsH3; |SeH, | BrH | Kr
-117|-176 |-201 |-126 | -59 | -17 | -17 | 33 | 33 | 17 - - - - - - - -
5 RbH |SrH, | YH; [ZrH; [NbH [MoH | TcH |RuH |RhH |PdH |AgH |CdH, | InH |SnH,4|SbH3|TeH,| IH | Xe
-109|-188 |-226 |-164 | -76 | 17 | 50 | 67 | 38 | -33 | - - - - - - - -
6 CsH |BaH, |LaH, [HfH, | TaH, | WH |ReH |OsH | IrH | PtH |AuH |HgH,| TiH |PbH,|BiH3; |PoH,| AtH | Rn
-100|-176 |-209 |-134 | -59 | 42 | 92 | 84 | 67 | 17 - - - - - - - -
Lan CeH, | PrH, |NdH, SmH,|EuH, |GdH,| TbH, |DyH, HoH, ErH, YbH,
' -205 | -209 | -209 =222 | - |-201 | - - - |-226 -
ThH, UH3 PuH,
Act. 1146 84 155
Fig. 15. Enthalpy of Binary Hydrides Formation, kJ/moleH; [81]
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BOJIOPO/I B IMPKOHUU
Yacrs 1

T.I1. Yepusnesa, A.B. Ocmanoe

CucteMaTH3UpOBaHbI CBEACHUS O MOBEJCHUN BOAOPO/A B IIMPKOHUU. [IpernaraeMble MaTepuansl KacaroTcs ps-
Jla OCHOBHBIX (DM3MKO-XMMHUYECKHX XapaKTEPUCTUK JIByX YYAaCTHUKOB peakuuu Bzaumopeicreus Zr-H (H u Zr), a
TaKke (QyHIaMEHTAJIBHBIX NaHHBIX 0 cucteMe Zr—H B niesom. [IpuBoasTCst cBeieHHs O MOJI0KEHUH aTOMOB BOJIOPO-
Jia B penreTke Zr (IPpeuMYIECTBCHHO TeTParoHajabHbIE MMyCTOTHI) U ero quHamMuke. ClieayeT OTMETUTD, YTO JHUCKYC-
CHOHHBIM SIBIISIETCS BONPOC OTHOCUTEIBHO TOTO, UMEET JH PACTBOPEHHBIM B IIMPKOHHU BOAOPOJ COCTOSTHHE
HEWUTpalIbHBIX aTOMOB H° wm nonos (H", H, H, H6+), B TO K€ BpeMs OJIHO3HAYHO YTBEPXKIAETCs, YTO BOJOPOJ B
IIUPKOHUH HE BCTPEYAETCS B MOJICKYJIIPHOM COCTOSTHMM M He 00pasyeT Mop, 3al0JHEHHBIX MOJICKYJISIPHBIM I'a3000-
pa3HBIM BOIOPOAOM. M3710)k€HBI OCHOBHBIE MPHHIMITHI B3aUMOAEHCTBHS Bojoposa ¢ Merayuiamu (M). Tlpencrasie-
Ha TepMOAMHAMUKA aacopOuuu m abcopOuuM BOJOPOAA NMPKOHHWEM. boJblioe BHUMaHHE yJENeHO KOPPEISILUH
XapaKTepUCTHK B3aUMOAeHCTBHs B cucteMe M—H ¢ monoxenrnem M B nepHoau4eCKON CHCTEME 2JIEMEHTOB H OLICH-
Ke peaJM3aliy 3TUX KOppensauuil npuMeHuTensHo k cucreme Zr—H. IlpuBenens! cBenenus o quddy3noHHO mo-
JBIDKHOCTH BOIOpO/a B IpKoHUK. CobupaeMble CBEICHUS OPHEHTHPOBAHBI HA CO3JIaHME MCXOIHOM 0a3bl JaHHBIX
0 B3aUMOJIEHCTBHUHU B cucTeMe Zr—H, HeoOXoanMO# Npu NPOBEJCHUH HCCIIEA0BAHUI 110 3aMeIEHHOMY THJPUIHO-
My PacTpeCKUBAHMUIO.

BOJAEHDb Y III/IPKOHIi
Yacruna 1

T.11. Yepnsaesa, A.B. Ocmanos

CurcTeMaTH30BaHI BIIOMOCTI MPO MOBEIiHKY BOIHIO B IMPKOHii. [IpormoHOBaHI MaTepialy CTOCYIOTBCS HH3KH
OCHOBHUX (Di3MKO-XIMIYHUX XapaKTEPHUCTHK JBOX yYacHUKIB peakuii B3aemonii Zr-H (H i Zr), a Takos ¢pyHnamen-
TaJbHUX JaHUX Mpo cuctemy Zr—H B mizoMy. HaBoasITbes BiTOMOCTI PO CTAHOBWIIE aTOMIB BOJHIO B PEUTITI Zr
(TIepeBaykHO TeTparoHaJIbHI MOPOKHEUi) 1 1oro AuHamimi. Ciix 3a3HaYUTH, M0 TUCKYCIHHUM € MMUTaHHS II0JI0 TOTO,
up Mae PO3YMHEHHIl y UPKOHI BOgeHb cTaH Heiirpamsuux aromis H® aGo ioumis (H', H, H>, H®*), B Toif ke uac
OJTHO3HAYHO CTBEPIDKYETHCS, 10 BOJIEHb B IIUPKOHII HE 3yCTPIYA€TLCS B MOJICKYISIPHOMY CTaHi i HE YTBOPIOE TIOD,
3aIMOBHEHUX MOJIEKYJSIPHUM Ta30moi0HNM BogHEM. BHKiajeHo OCHOBHI MPUHIMITK B3a€MOIii BOJHIO 3 METalaMu
(M). TIpeacraBnena TepMoarHaMika ajcopoOiii i abcopOiii BOIHIO IUPKOHIEM. Benuky yBary npumiieHo Kopemnsitii
XapaKTepUCTHUK B3aeMozii B cucteMi M—H 3 mosoxeHHsIM M B mepiondHii CHCTEMi €JIEMEHTIB Ta OIiHI peai3arlii
X KOpeJsiLii cTocoBHO N0 cuctemu Zr—H. HaBeneno BigomocTi npo andy3iliHy pyXJIMBICTH BOJHIO B IIMPKOHIT.
3i0paHi BiJOMOCTI Opi€HTOBaHI Ha CTBOPEHHS BHXIJIHOI 0a3u JaHMX Mpo B3aeMojiro B cucreMi Zr—H, HeoOXimHOT
IIPY ITPOBEJICHHI JIOCIIPKEHb 110 CIIOBIIBHEHOMY TiAPHIHOMY PO3TPiCKYyBaHHIO.



