ISSN 2079-1704. Ximis, ¢pizuka ma mexHonoeiss nogepxHi. 2023. T. 14. Ne 2. C. 210-222

UDC 669.25 : 620.18 doi: 10.15407/hftp14.02.210

Z.A. Matysina?, An.D. Zolotarenko ! ?, OL.D. Zolotarenko ! 2, T.V. Myronenko ?,
D.V. Schur 14, E.P. Rudakova ! 2, M.V. Chymbai 2, A.D. Zolotarenko !, I.V. Zagorulko?,
0.0. Havryliuk 2

EMBEDDED ATOMS IN A CRYSTALLINE HEXAGONAL
STRUCTURE

! Frantsevich Institute for Problems of Materials Science of National Academy of Sciences of Ukraine
3 Krzhizhanovskogo Str., Kyiv, 03142, Ukraine, E-mail: a.d.zolotarenko@gmail.com
2 Chuiko Institute of Surface Chemistry of National Academy of Sciences of Ukraine
17 General Naumov Str., Kyiv, 03164, Ukraine, E-mail: o0.d.zolotarenko@gmail.com
$G.V. Kurdyumov Institute for Metal Physics of National Academy of Sciences of Ukraine
36 Academician Vernadsky Blvd., Kyiv, 03142, Ukraine
4 Institute of Applied Physics of National Academy of Sciences of Ukraine
58 Petropavlivska Str., Sumy, 40000, Ukraine

As part of the work, the hexagonal structure of B19 type metals as hydrogen sorbents will be considered. That is,
crystal lattices are considered, where atoms of impurities (hydrogen) are introduced into the interstices of the metal.
To do this, we present an image of the B19 structure itself. In this work, the solubility of hydrogen in the crystal
structure of B19 type metals was studied using the configuration method, and the dependence on the composition of
the alloy and temperature was found in the substitution of nodes and interstices. Also, in the work the degrees of long-
range order at the nodes are considered and the parameters of the correlation in the substitution are determined. A
graphical view of the effect of atomic order on the solubility of impurities is given. The calculated data obtained in the
work coincide with the experimental data of other studies, and the obtained calculation formulas make it possible to
determine the energy parameters of the alloys, which is a certain scientific value of the work. The proposed system
takes into account only atomic interaction and absorption (dissolution) and diffusion of interstitial atoms into the bulk
of the crystal structure; therefore, it is possible to predict the introduction of only a hydrogen atom. Thus, the results
obtained in the work of the correlation parameters for the distribution of atoms only in octapores or only in tetrapores
allow a deeper study of the physical characteristics of alloys of the B19 type and an understanding of the processes of
hydrogen sorption by the working bodies of hydrogen storage.

Keywords: Hydrogen, metal, alloys, solubility, introduction impurities, correlation parameters, substitution
impurities, B19 structure

INTRODUCTION fields [66-72], biological and medical fields
[73-77], as well as in hydrogen energy [78-100].

In the field of hydrogen energy, materials that
can serve as hydrogen sorbents [78-100] are of
special scientific and practical interest to solve the
problem of storing and transporting hydrogen as a
power source of the energy “hydrogen cycle”.
Both carbon nanostructures [78-82] and metals
[83-86] and their alloys [87-100] are being
studied to create hydrogen sorbents.

Today, the study of the solubility of
impurities introduced into the metal crystal
structure is mostly based on the results of research
on the production of metals [1-4], alloys [5-7],
and their mechanical mixtures [8-10]. Such
materials can play the role of catalysts [11-24] for
the synthesis of a number of nanostructures
(fullerenes [25-28], fullerites [29],
endofullerenes [30], nanotubes [31-34] and
others [35-39]) in various methods of synthesis SOLUBILITY, IMPURITIES,
[40-46]. All catalysts and related synthesized IMPLEMENTATION
nanostructures allow to compete with other micro
[47-79] and nanofillers [50-58] for modern
composites that have more or less a range of
applications in various fields: solar panels
[59-61], additive technologies [62—65], sorption

The solubility of the introduced impurity was
studied mainly for alloys with different structures
[101, 102], the correlation in the substitution of
nodes and internodes — for disordered alloys
[103]. In this work, we consider a metal with a
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Embedded atoms in a crystalline hexagonal structure

hexagonal structure B19, into the interstices of
which insertion atoms are introduced, let’s call
them C-atoms. The B19 structure has two types of
octahedral O;, O> and one type of tetrahedral T
internodes. Fig. 1 shows the studied structure in

spatial (Fig. 1 a) and projection along the C axis
(Fig. 1 b) images. Black circles show nodes of the
first type, legal for A atoms; light circles show
nodes of the second type, legal for B atoms;
Crosses - octapores; points - tetrapores.

Fig. 1. Image of the hexagonal structure of B19. a — spatial image of the B19 structure; b — projection image of the
B19 structure along the C axis. Black circles (@) show nodes of the first type, legal for A atoms; light circles
(o) show nodes of the second type, legal for B atoms; crosses (x) — octapores; dots (*) — tetrapores

To determine the solubility and correlation
properties, it is necessary to calculate the free energy
of metal F. We use the method of configurations,
that is, we take into account all kinds of changes of
atoms A for each internode. The configuration is

6
F =
1=0

|=
4

M- T

T
o

1=0

where N('j1 : Néz , N iis the number of C atoms in

pores O1, Oz, T ;Qé,1 ,Qéz , Q! - the number of
these pores in the alloy; vi;=1 a +(6-1 )
v =lo'+(4-1)p - energies of the C atom in
octa- and tetrapores; o =vac, P=vec -
a'=U)., f'=v;. energy of interaction of the
nearest pairs of the specified atoms; k — Boltzmann’s
constant; ® — absolute temperature.

From the conditions of minimum free energy,
we find the numbers
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denoted by the index I, which determines the
number of nearest atoms around the pore. The free
energy can be presented in the form specified in
formula (1) [102, 103].

(N, N8 J1 =32 Mhof 40| 304 InQl + 304, G, + 301 n@! -
1=0 1=0 1=0 1=0
No, In Ng, _.;N‘I’z In Ny, —IZ(;N; In Ny —Z;(le —Ng, )In(Qg, —Ng, ) - (1)

(Q5, —N&, )In(Qg, —Ng, )= >(Qr =Ny )In(Qf =Ny )]

DQ,, exp DQg, exp——
No, = KE— N, :
1+ DQp, exp—- 1+DQ, exp -
K
DQ! exp
N KO )
1+ DQ' exp V
+hQr px@
which are connected by an obvious ratio
6 4
2 (Ng, +No, )+ 2 Ny =N, ®)
=0 1=0
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where Nc is the number of all C atoms in the alloy. from condition (3). Formulas (2) are valid for any
The coefficient D included in formulas (2) is a numbers of filling of internodes with C atoms.

multiplier by which the state function of the In the particular case of metal A, when | =6,
system increases when each additional atom vI = 60, Qo = N for octapore and | = 4, v/ =4 o,

appears in it in the process of dissolving
impurities. When studying the correlation, if we
count N¢ = const, the coefficient D is determined

Qr = 2N for tetrapores (N is the number of alloy
nodes), instead of nineteen formulas (2) we have
two

1 —6a)’ 1 4\
No=N[1+—exp—— | ; N; =2N|1+—exp—— | , 4
O(Dp@]T [DpK@] @)

K

summing up them we find the solubility of the component

-1 N1
V:wzz{(“iexp—ﬁ_a) w21+ Lop | } ©)

3N 3 D x® K

If C atoms are located only in octapores or only in tetrapores, then the solubilities should be determined
according to the formulas:

N, 1 —6a)’ N R
=—%=|1+—exp— | ; vy =—-=|1+—ex . 6
Y [ Dpx@j o ZN( DpK@) ©)
In the case of low concentrations of the where ¢ = Nc/3N. The first is obtained from
component, these ratios are simplified system (4) by excluding the multiplier D, the
second is condition (3).
! Solving system (9), we find
Vo =Dexp6—a N =Dexp4i, @) gsy ©)
K@ K@
. ) 3C(l—8)—2—g+\/[30(1—8)—2—8:|2+12€e(1—£)
that is, a linear dependence of the natural Vo = ,
logarithm of the solubility of the introduced atoms 2(1-¢)
on the inverse temperature is manifested. The
d d fl d Iny,f 1/0 (6 t
ependences of Iny,, and Invfrom 1/0 (6) are no v =§c—1v (10)

linear, but monotonic. 2 20
If the solubility is described by formula (5),
then it is possible to manifest its extreme 2(3a—2a')

properties in the temperature dependence at where e=exp x® s marked. Whenc =1,

distribution (10) gives vo=vr =1, that is. we

1=—exp2(3a_2a,) . ®) have uniform filling of all internodes regardless
a' K@ ’ of temperature.
At low temperatures, the distribution of atoms
at the same time, the energy parameters o and o' is determined by the ratio of energy parameters o
must have different signs. In this case, the and o'. If 30-2a'>0, at absolute zero of
distribution of C atoms in the octa- and tetrapores temperature we have
is uneven. It can be estimated from the equations "
3cat0 < c <z
Vo +2v; =3¢; Yo (1-w) =exp2(3a_2a ) ) vp(0) = 1 3v:(0) =
vr (1-vp) ) latz<cs<1,
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0at0 < ¢ s§

= (11)
3c—latEScS 1,
2 2 3

that is, the introducing atoms first occupy the
octapores, in which they have a deeper potential
energy minimum, and only when the octapores
are occupied do the tetrapores begin to fill. If
3020’ <0, then

2
Qat0 < c < §
vo(0) = 5 vr(0) =
3c—2 at§ScS 1,
Vo | W (a)
Vo(0)
] ________ 1
0,8 + : i
’ @ !
o
0,6 T | !
| I
I
0.4 1 ! v, (0) :
D! :
0,2 + \‘_\\Q)‘ |
: |
0 s } } : }
0 02 04 06 08 1

;c at0 <c <
= ) (12)
1at§ <c<l1,

[SSI ]

that is, first of all, C atoms fill the tetrapores.
Dependences (11) and (12) are represented by
straight lines in Fig. 2. Curved lines in this figure
show the dependences of vo(0) and vr(0),
constructed according to distribution (10) at the
temperatures ®1 and ©;.

4(L5a-a')
y =——————= (d)
4(1,5a - o'
0, = _g (b)
xIn10
Vo | Vn (b)
l e e e e
) " !
0.8 + v . |
] I
0,6 + i !
’ e :
04 T ! |
B 1 1
i @ |
0.2 S o)
0 : ' A [
0 02 04 06 08 |

Fig. 2. Graphic representation of dependences (11), (12), and vo(0) and vr(0) according to distribution (10) at the

temperatures ®; (a) and ©; (b)

It is necessary to consider the second special case - a binary alloy with a low concentration of the
introduction impurity. In this case, relation (2) is simplified:

I I O .\ I O .\ I U|,
No, =DQq expE, No, =DQo, expE, N; =DQ; expE,

and Q('Jl ,Qéz , Q] numbers are determined by
the configuration of A atoms around voids

| 1 4l )i (1)(4-1) ' (2] K(2)(2-
==N ) j
(201 2 ||(4—|)|pA pB JI(Z—J)'pA pB
| 1 2! i HD(2-0) 4! (2] (A4~
= N—= LI Y
QO2 2 |'(2—|)IpA pB 1(4—J)IpA pB
21 o 21 .
I _ 2N Wi nM2-1) () n(2)(2-

(14)
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(13)

Here | =i + j, where i and j are the numbers
of A atoms around the internode, respectively, on
nodes of the first and second type, and

pQ, p@, p®, p@ are the probabilities of

replacing nodes 1, 2 by atoms A, B, which depend
on the composition a, b of the binary alloy and the
degree of long-range order n according to the
formulas [104]:

1 1 1
W _gt iy p® gty p® ooty
Pa 2’7 Pa 2’7 Pg 2’7

Py =b+ . (15)
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Summing up for all configurations of the
guantity (13) taking into account (14), we obtain
the numbers of C atoms in the pores O1, Oz, T

N§u=%NDKfK§;NSz:%NDKng,Ng>=2NDKfo

(16)
where
K1=|053’e><|oi +pexpL- ;
K@
pf)eXp + p§)eXp% :
= pA)exp +pyexp-— L
@ Kk®'
= pf)exp e +pPexp B@ .
(17)

The solubility of impurities, which is
determined by the concentration of C atoms for
each type of internodes, is obtained from (16)

NV + NS 1

VO = N :EDKlzKZZ (K12 +K22),

N (M)
T\l =DK/’K}’. (18)

V=

These formulas together with (17) and (15)
determine the dependence of solubility on alloy
composition, temperature, and order parameters.
The first dependence for a disordered alloy
(n =0) turns out to be monotonic, the second at
n = 0 can be extreme, if

ﬁ:—éexpﬂ_oC
p a KO

for the octa pores and

o b B —a
— =——exp
B a K@

for tetrapores (in this case, the energy parameters
o, B and o, B’ must have different signs). The
influence of atomic order on solubility is
convenient to find out for relative values (Fig. 3).

=(1-x)(a-2),

=(1-22), (19)

fo =vo /(v )n:O

fr=w /(vT )’7:0
where

B
exp—2 —ex
1 e o
X1—2’7 ﬁ
aexp—+bexp—
KO K

I ﬁl

eX —ex

_1 P KO P o
XZ_ ’1 a ﬁ

2
K®

1< 1<l (20)

Fig. 3. Influence of atomic order on solubility

The nature of the dependence of the values fo,
fr on n is the same. Ordering reduces solubility,
for octapores this reduction is somewhat weaker.

In the case of distribution of the introduction
impurity simultaneously on all internodes, the
solubility is determined by the formula

N+ NS +NE
3N

V=

=%D[K12K22 (K?+K2)+4KPKE ] . (21)

The dependence of solubility on the
composition at n = 0 can be extreme if the
energies acand 3 or o’ and p’ are of different signs.
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The nature of the dependence of v on nj is the same
as for the values vo and vr.

Let’s find the correlation parameters in the
substitution of nodes and internodes, counting
Nc =const. From condition (3) taking into
account (13), we find the coefficient D

D =6c[K7KE (K] +KD) +4KKPT! (g

Summing up the values of N, , N5, N; (13)

over i or j, we will find the number of C atoms in
the specified pores with the corresponding i-th or
j-th configuration of A atoms, on the nodes of one
type closest to the internode, with any filling of
nodes of another type:

2 1 4! i o+ (4—i
ZZN(I%:ED 2—pA pg(4 exp(—)ﬁ;
j=0 K'@

i(4-i)!
oy o2 2 jo+(2-j)p
N, =Y Ny ==DNK; ———— (2-1) gxp ] ;
> Z SR R O TR R
_ s 2 (1) p(1)(2-1) lo+(2-i)B .
Z N =-DNK, m Pa Pe eXPT, (23)

I 4 | 2N gy 40+ (A= )P
NI =S'N' =ZDNKZ2 —2 p@ip2)X4-1) gy :
0, ; 0, 2 1 J|(4_J)| Pa Pe p O
i~ 2! e ia'+(2=0)B
NI =3"N! =2DNK % — (i 5(1X(2-1) gy :

T JZ:; T 2 i!(Z—j)! Pa” Pe p )

-3 2! 1) e 00 (2= B
NJ =S"N! =2DNK? (2)i 5(2)(2-1) gy .
T ; T 1 (2= ) Pa ™ Ps p )

The posteriori and a priori probabilities of replacement of the nearest pairs of nodes and pores by atoms

A, C are equal, respectively

(0 = — 1 ZuN' =DK szgl)exp 5 4’ — 2p®ON /N = DK /K 2p®;

2N 5

13,
s’ =1y 2 INg, = DKJK, pi” exp @;

£ ~2pIN /N = DKIKE P

2 .
gg»:%ZiNgz = DK,K{p e p2 =2pNI) /N = DK?K{p; (24)

i=0

4
Pic” =5 SN -
i=0

2 .
Phc’ =78 LSy
i=0

1 a'
2T) _ — N] DKVZKI (2) ex _1 (2T —
Pac AN JZ(;J 1 Ko Pa pK@ Pac
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DKK:p®@ exp @; 2%’ = 2p@N®) /N = DK2K:p?;
=DK{ Ky'plexp—; pe = DS)Né”/ N = DK;*KE*pys
K

pZ)N(T /N =DKJ?K}?p?.
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The differences in these possibilities determine the correlation parameters. Similarly, correlation
parameters can be found for pairs of B, C atoms. Using calculations, we find

(10,) _ _ .(101)

(10,) _
€ =énc T ¢me

= DK?KZp® p (exp— —exp
40

(20,) _ .(20) _ (20,) _ 4 (2) ,(2) a
g —eAcOl __cho1 =DK/ K, pp’ Py (eXpE_eXp

B
k@

v
kO

);

);

(10,) _ (10,) _ _ (10;) _ 4@ a B\
&7 =Epct = —pc” —DKlepi)pé’(expE—expE), (25)
(20,) _ (20,) _ _(20,) _ ppr2 g3, @ a B .
g =&pc T8 T 185D Pg (eXpE_eXpEL
(M _ (1 (1 e o' B’
1T 1T 1T [ 12 1 1 .
e =&y ==& = DK K;)"pi’ pg (eXpE_eXpEl
(21) _ (21 ___(2T) @ (2 o p
2T 2T 2T 12 [ 2 2
e =ep’ =—egc’ =DK["K; pp’ Py (eXpE_eXpE)-

The obtained formulas, taking into account
(22), (17) and (15), determine the dependence of
the correlation parameters on the composition of
the alloy, temperature, and the degree of long-
range order, the knowledge of which can allow
determining the formation of short-range ordering
or stratification of atoms in the alloy. The
correlation parameters for octapore and tetrapore
can be of different signs, for example, when o > 3
and o' < f3'. This means that C atoms will primarily
concentrate in the octahedral interstices. For a
disordered alloy

(T]=0,K=K1=K2=
B

-aexpi+bexp
P°C)

!

K'=K/=K; =aexp%+bexp

ﬂ!

only two correlation parameters are preserved for
pores O and T:

£© =3abcK® (expi - expﬁ) [ (K®+2K™);
K@ K®

e =3abcK " (expa— —exp ﬁ) [ (K®+2K"™).
KO KO

(26)

216

The dependence of the ¢ and ¢ values on
the composition is extreme and asymmetric. The
maximum of this dependence is manifested in the
composition

a-p
20

a. = (exp +1)7".

A

ﬁl
4G

o —

For £ and at a. =(exp +1)* fore®. aq

the temperature increases, the asymmetry of the
concentration dependence decreases, and at very
high temperatures the value of a« is close to the
stoichiometric composition of (a~ = 1/2). At high
temperatures, formulas (26) are simplified

! !
o- a' —

© = abc—’B; el = abc—ﬂ.
k@

x®

€ (27)

Finally, we will write down the formulas for
the correlation parameters in the case of
distribution of atoms only in octapores or only in
tetrapores. In the first case ¢=Nc/N, D= 2¢

[Kl K2 (l‘<2|.2 + K22 )]_1 and

£1%) = 2¢p® p® (exp—— — exp ﬁ)K1 (K} +K?);
KO KO

£2%) = 26p@ p2 (exp— — exp ﬁ)Kl2 1K, (K> +K2);
42 KO
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R _ _ Kr Kr -2
s‘loz):ZCpS’p(B“(expi—expﬁ)Kf/Kl(Kf+K22); in the second ¢ = Nc/2N, D = ¢ (K& +K2 ) ang
K@ 4C)
20,) _ 20p@ 1@ (ox-% —ex0-LVK. | (K2 + K2): 1 _ oy ® 0 (- —exn L)) K
& =2cp,’ pg’ (EXP exp—)K, / (K; +K3); € cpy’ pe’ (EXp exp—)/ Kj,
¢ K@ xk® xk®
28 [ [
%) £ = p@ p (exp-= —expLo) 1 K.
x® x® (29)

CONCLUSIONS

Knowing the correlation parameters (25) or correl_amon paramete_rs are known from
(29) and (28) allows one to estimate many experiments, the obtained formulas allow one
physical characteristics of alloys. If the determining the energy parameters of alloys,

which has a high scientific value.

ATOMM BIPOBAIKEHHS Y KPUCTAJIYHIN reKCAaroHAJbHIH CTPYKTYPI
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B pamxax pobomu pozenamymo eexcazonanviy cmpykmypy memanie muny Bl19 sk copbenmié 600HIO.
Posensoaromvca kpucmaniyni reamxu, 0e 8 MidC8y3i Memany 6nposaAd’CYIOMbC AMoMU OOMIWOK (800eHb). [lns
yvo2o y pobomi Hasedeno 300padsicenus camoi cmpykmypu B19. B pobomi eusueHo po3uunHicmb 600HIO 8
Kpucmaniunii cmpykmypi memanie muny B19, euxopucmogyiouu memod Kongicypayii, a maxodxic 3HAUOCHO 6
3aMiWenHi 8y31i6 i MIdHCEY3NI8 3ANeHCHICMb 8i0 cK1ady cnaagy ma memnepamypu. Taxodic po3enaHymo cmyninb
0anekozo nopsAoKy y 6y31ax ma UsHA4eHo napamempu Kopeiayii y 3amiwenni. Hageoeno epadiunuii suenad eniugy
amomHo2o NopsidKy Ha PpPO3YUHHICMb O0oMiwoK. Po3spaxynkosi oami, axi ompumauni y pobomi, 30icaromvcs 3
EeKCNepUMEHMANbHUMY OQHUMY THWUX OOCHIONCeHb, d OMPUMAHI OPMYIU PO3PAXYHKIE 00360./1810Mb GUSHAYUMU
eHepeemuyHi napamempu Cniagsié, w0 Maioms Ne6Hy HAyKo8y YiHHICMb. 3anponoHO6ana cUucmema 6paxosye auuie
amomHy 63aemooito ma abcopOyito (PO3UUHEHHs), Ou@y3io amomis 6nposaddceHHs 6 00°em KpucmaniyHol
CMPYKMYpuy, mMoMy MOJICHA RPOSHA3YEAMU 68e0eHHs quue amoma 6o0HI0). Takum uunom, ompumaui 6 pob6omi
pesyibmamu wooo napamempis Kopenayii npu po3noodini amomié auuie 8 OKmanopax abo juue 8 mempanopax
003601810Mb 2UbWe susuamu Qizuuni xapakmepucmuxu cniagie muny B19 i spozymimu npoyecu copoyii 600H0O
pobouumu minamu OJisk HAKONUYYBAUL8 BOOHHO.

Knrouosi cnosa: 600env, meman, cniasu, po3uuHHICMb, 86€0€HHS OOMIULOK, KOPETAYIUHI napamempu, OOMIUKY
3amiwenns, cmpykmypa B19
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