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HYDROGEN IN COMPOUNDS  
AND ALLOYS WITH A15 STRUCTURE

In the present work, a theoretical study of atomic ordering in the A3BCx alloy is 
carried out. The mutual influence of the ordering and solubility of impurity C in 
the A3B alloy is studied. The dependences of solubility on the composition of the 

C i t a t i on: An.D. Zolotarenko, Ol.D. Zolotarenko, Z.A. Matysina, N.A. Shvachko, 
N.Y. Akhanova, M. Ualkhanova, D.V. Schur, M.T. Gabdullin, M.T. Kartel, Yu.M. Solo-
nin, Yu.I. Zhirko, D.V. Ismailov, A.D. Zolotarenko, and I.V. Zagorulko, Hydrogen 
in Compounds and Alloys with A15 Structure, Progress in Physics of Metals, 24, 
No. 4: 654–685 (2023)

© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2023. This is an open 
access article under the CC BY-ND license (https://creativecommons.org/licenses/
by-nd/4.0/)



ISSN 1608-1021. Usp. Fiz. Met., 2023, Vol. 24, No. 4 655

Hydrogen in Compounds and Alloys with A15 Structure

1. Introduction

Currently, active research is being carried out on the behaviour of hyd-
rogen (H2) in compounds and in alloys [1–26] for its storage and for 
changing the properties of crystal lattices. For hydrogen energy, the 
scientific field of nanotechnology is very important, as studies show a 
high level of activation of alloys in nanodispersed powders for hydrogen 
sorption. Today, the storage and transportation of hydrogen is the main 
problem of hydrogen energy, for the solution of which not only metals 
[18–26] and alloys [1–17] are involved, capable of being a working fluid 
in modern hydrogen storage (HS), but also carbon nanostructures (ful-
lerenes [27–31], fullerites [32, 33], endofullerenes [34–37], and others 
[38–41]) as promising hydrogen sorbents [42–48]. The role of carbon 
nanostructures (CNS) in hydrogen energy is due to their variety and to 
the wide range of methods for their synthesis [49–58]. This makes it 
possible to create modern composites based on the listed materials using 
3D printing technologies [59–62].

Compounds and alloys with the A15 structure are actively studied 
in connection with their interesting and unusual properties, such as the 
transition to the superconducting state, the manifestation of structural 
instability, Butterman–Barrett martensitic transformations at low and 
room temperatures, non-vanishing atomic ordering, a decrease of atom-
ic volume to sizes smaller than those of pure components, a strong tem-
perature dependence of the magnetic susceptibility and electrical resis-
tance, an anomalously high heat capacity at room temperature, etc. (see, 
e.g., [64–67]). Many published works confirm the technological purpose 
of these materials. Typical representatives of these systems are Nb3Sn, 
V3Si, V3Ga, V3Ge alloys.

An important role in the formation of alloy properties is played by 
impurities, which usually include Al and Sb in Nb3Sn alloys, and Al, Si, 
Ti in V3Si, V3Ga, V3Ge alloys. In this case, systems of the A3B1 − xCx type 
are formed, where A is Nb or V, B is Sn, Si, Ga or Ge, and C is an im-
purity that partially replaces B atoms [68, 69]. The impurity, as a rule, 

alloy, temperature, degree of long-range order are found and studied. In addition, 
the criteria for the manifestation of extremity in the concentration and temperature 
dependences of solubility are obtained. The atomic ordering is studied using the 
average-energies’ method; the features of the C impurity solubility in the A3B alloy 
are elucidated using the configuration method. Experiments confirming the results 
of the theory are currently unknown to authors. However, the available experimen-
tal data on determining the temperatures of martensitic transformation (Tm) and 
superconducting transition (Tc) for the Nb3SnHx alloy allow us to hope and assert a 
possible agreement between the data of theory and experiment.
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drides, hydrogen, phase transformations, order–disorder transitions, solubility.
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contributes to a decrease of the temperature Tm of the structural mar-
tensitic transformation, and suppresses it at a high concentration x. A 
subsequent monotonic decrease of the temperature Tc of the transition 
to the superconducting state is observed.

Of particular interest is the Nb3SnHx alloy [70], in which the hydro-
gen atoms (Н) are located not in sites legal for tin atoms, but in alterna-
tive positions of niobium atoms. In the presence of hydrogen (Н2), the 
temperatures Tm, Tc also decrease, and at x > 0.1, no structural trans-
formation is observed.

The properties of alloys and compounds A3B, A3B1 − xCx, A3BCx are 
associated with the features of their crystal structure. Theoretical and 
experimental studies of the atomic ordering process in the A3B alloy 
with the A15 structure [71–78] made it possible to reveal its features 
and reveal the injustice of the usual ideas about ordering and, in par-
ticular, about the order–disorder phase transition. The criteria for the 
manifestation of extremity in the concentration and temperature depen-
dence of solubility can be obtained [79–81].

2. Formulation of the Problem

Consider an alloy A3B of the structure A15 with impurity C. Figure 1 
shows the crystal lattice of the A3BCx alloy, where 0 < х ≤ 3. There are 
three types of sites, legal respectively for atoms A, B and C. The sites 
of the first type, located on the faces of cubic cells, form three orthogo-
nal sets of linear chains. Sites of the second type lie at the vertices and 
centres of cubes. Sites of the third type form three mutually perpen-
dicular sets of linear chains, alternative to the positions of the first-
type sites. Sites of the first and second types are completely occupied by 
atoms A and B, the process of atomic ordering takes place at these sites, 
they are crystallographically unequal, i.e., they have a different kind of 
environment by neighbouring sites. C atoms enter the crystal from the 
external environment, the degree of the third-type sites filling with C 
atoms is determined by the solubility of component C, and some of the 
third-type sites are vacant.

We assume that the crystal lattice is geometrically ideal, the type 
of its structure does not change with temperature and composition 
changes, and the alloy is single-phase. Correlation in the filling of lat-
tice sites by atoms will not be taken into account. We will take into ac-
count the pair interaction of atoms at distances 

 = ≈ = ≈ =
d d d

r . d  r . d  r1 2 3

2 5
0 354 , 0 559 , ,

4 4 2
 (1)

where d is the crystal lattice constant.
A site of the first type has two neighbouring sites of the first type 

at a distance of r3 and four sites of the second type at a distance of r2. 
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A site of the second type has 12 neighbouring sites of the first type at 
a distance of r2. A site of the third type has four nearest neighbouring 
sites of the first type at a distance of r1 and four sites of the second type 
at a distance of r2. The site of the third type is located in the centre of 
two tetrahedra.

Let us introduce into consideration the quantities characterizing 
the lattice, the composition of the alloy, the distribution of atoms across 
the lattice sites and the interatomic interaction:

N is the total number of atoms A, B in the alloy A3B, the same num-
ber of sites of the first and second type;

NA, NB, NC, NV — the number of atoms, respectively, A, B, C and 
vacancies V (at the sites of the third type) in the alloy A3BCx;

 
N N N

N ,    N ,    N  = = =(1) (2) (3)3 3

4 4 4
 (2)

— the number of sites of the first, second and third types, respectively;
(1) (2) (1) (2) (3), , , , A A B B CN N N N N  — the numbers of atoms A, B, C at type i 

sites = 1, 2, 3;

 
(3) (3)

,    ,    ,    CA B VNN N N
a b c

N N N N
= = = υ =  (3)

— concentrations of A, B, C atoms and vacancies,

 a + b = 1, 0 ≤ c ≤ 1, x = 3c. (4)
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Fig. 1. Crystal lattice of A3BCx 
alloy, where large solid, large 
open, and small solid circles 
denote sites of the first, sec-
ond, and third types, legal for 
atoms A, B, and C; (a) orthogo-
nal sets of linear chains of the 
first and third type; (b) sites of 
the unit cell of the crystal; (c) 
tetrahedra of sites of the first 
and second types with the C 
atom in the centre [1]
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— probabilities of type i = 1, 2, 3 filling sites with atoms of grade A, B, 
C and vacancies V;
 η = 4 (PA

(1) − a) (7)

— the degree of long-range order in the placement of atoms A, B at 
sites i;

 1 2 3

c c 1 c c 2

( ),  ( ),   ( ),

 ( ),  ( ),   ,   , 

*r r r

r r A B
αβ αβ αβ αβ αβ αβ

α α α α

′ ′′υ = υ υ = υ υ = υ

′ ′′υ = υ υ = υ α β =
 (8)

— energies with the inverse sign of the atoms pair interaction at the 
distances indicated in parentheses.

To solve the tasks, it is necessary to calculate the free energy of the 
alloy,
 F = E − kT lnW − kTN lnλ, (9)

and investigate the conditions of thermodynamic equilibrium of the 
system. Here, E is the internal configuration energy of the alloy, 
determined by the energies of interatomic interaction; k is the Boltz-
mann constant; T is the absolute temperature; W is the thermody-
namic probability of the system state, determined by the distribution 
of atoms across sites in accordance with the rules of combinatorics; 
λ is the activity of atoms С.

Initially, we will study the process of atomic ordering in the alloy 
and the effect of impurities on it.

3. Atomic Order in A3B Alloy with C Impurity

We use the method of average energies, taking into account that the 
configuration energy E is determined by the sum of the all pairs of  
atoms interatomic interaction average energies at distances r1, r2, r3. 
Then the energy E is equal to

 = − υ − υ − υ −
′′ ′′ ′′− υ − υ − υ −
′ ′ ′′ ′′− υ − υ − υ − υ

AA AA BB BB AB AB

AA AA BB BB AB AB
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( ) ( ) ( )

      ( ) ( ) ( )

      ( ) ( ) ( ) ( ) ,

where Nαβ are the numbers of α, β = A, B and C atom pairs at the dis-
tances indicated in parentheses. The interaction of C–C pairs in (10) is 

= − υ − υ − υ −
′′ ′′ ′′− υ − υ − υ −
′ ′ ′′ ′′− υ − υ − υ − υ
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not taken into account, since, as a rule, NС << N(3). The numbers of 
atomic pairs without taking into account correlation can easily be deter-
mined through probabilities Pα

(i):

 AA A BB B AB A BN r N P  N r N P  N r N P P= = =
2 2(1) (1) (1) (1) (1) (1) (1)

3 3 3( ) , ( ) , ( ) 2 , 

 = =AA A A BB B BN r N P P  N r N P P(2) (1) (2) (2) (1) (2)
2 2( ) 12 , ( ) 12 ,

 = = =AA A BB B AB A BN r N P  N r N P  N r N P P
2 2(1) (1) (1) (1) (1) (1) (1)

3 3 3( ) , ( ) , ( ) 2 , 

 = =AC A C BC B CN r N P P N r N P P(3) (1) (3) (3) (1) (3)
1 1( ) 4 ,  ( ) 4 , 

 = =AC A C BC B CN r N P P N r N P P(3) (2) (3) (3) (2) (3)
2 2( ) 4 ,  ( ) 4 . (11)

The thermodynamic probability W according to the rules of combi-
natorics is

 
(1) (2) (3)

(1) (1) (2) (2) (3) (3)

! ! !

! ! ! ! ! !A B A B C

N N N
W

N N N N N Nυ

= ⋅ ⋅ , (12)

where numbers Nα
(i) can also be expressed, according to (5), in terms of 

probabilities Pα
(i).

The calculation of the free energy F (9), expressed taking into ac-
count the ratios (5), (11) in terms of probabilities Pα

(i), leads to the result

 = − υ + υ + υ −A AA B BB A B ABF N P P P P
2 2(1) (1) * (1) * (1) (1) *( 2 )  

  ′′ ′′ ′′ − υ + υ + + υ − A A AA B B BB A B A B ABN P P P P P P P P(2) (1) (2) (1) (2) (1) (2) (2) (1)12 ( )  

 ′ ′ ′′ ′′− υ + υ + υ + υ +C A AC B BC A AC B BCN P P P P P(3) (3) (1) (1) (2) (2)4 ( )  

 
+ + + + + A A B B A A B BkT N P P P P N P P P P(1) (1) (1) (1) (1) (2) (2) (2) (2) (2)( ln ln ) ( ln ln )  

 υ υ + + − λŸN P P P P kTN P(3) (3) (3) (3) (3) (3) (3)     ( ln ln ) ln .  (13)

Taking into account the ratios (6), we find the free energy F depen-
ding on the composition of the alloy, the degree of long-range order and 
temperature:

 { ′′ ′′ ′′= − υ + υ + υ + υ + υ + υ +AA AA BB BB AB ABF N a b ab2 * 2 * *3
( 4 ) ( 4 ) 2 ( 4 )

4  

  ′′ ′′ ′′ + η − − υ + υ + υ − υ + BB AB BB ABa w w* * *1
(4 ) 4( )

2
 

 [ ]′ ′′ ′ ′′+ υ + υ + υ + υ +AC AC BC BCc a b4 ( ) ( )  

 [ ] ′ ′ ′′ ′′ ′′+ η υ − υ − υ − υ + η − +


AC BC AC BCc w w2 *1
3( ) (12 )

16
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ln ln
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ln ln
3 4 4 3 4 4

a a b b
       + − η − η + − η − η +       
       

 + + − − − λc c c c kTNc
3

ln (1 ) ln(1 ) ln .
4

 (14)
where

 * * * *
AB AA BB AB AA BBw ,    w′′ ′′ ′′ ′′= υ − υ − υ = υ − υ − υ2 2 . (15)

The minimum free energy condition 
F∂

=
∂η

0  gives the equation

 1 2 3

1 3

4 4
ln

3 1

4 4

a b
kT R R R c

a b

   + η + η   
    = η + +
   − η − η   
   

, (16)

determining the equilibrium value of the long-range order degree  
depending on the temperature and composition of the alloy. In (16),

 *
1

1
6

2
R w w′′= − , 

 ( ) ( ) ( )* * *
2 2 4 2 8BB BB BB ABR a w w′′ ′′ ′′= − − υ − υ + υ − υ , 

 ( ) ( )3 4 12AC BC AC BCR ′ ′ ′′ ′′= υ − υ − υ − υ . (17)

Equation (16) differs from the equilibrium equations of the orde-
ring alloys theory at equivalent sites by the presence of terms R2, R3c, 
which do not have a multiplier of the long-range order degree. The pre-
sence of these terms determines the features of the η dependence on the 
temperature and concentration of impurity C.

To illustrate the features of the η = η (Т, c) dependence such graphs 
were constructed for an alloy of stoichiometric composition for compo-
nents A, B, i.e., for a = 3/4, b = 1/4. In this case, equation (16) takes the 
form

 
( ) + η + η 

  = η + +
− η

kT R R R c.1 2 32

1
1 1 3

3
ln

(1 )
 (18)

Figure 2 shows graphs of the long-range order parameter (η) tem-
perature dependence, constructed according to the formula (18) for  
energy parameters equal to

 R1 = 0.72, R2 = 0.005, R3 = ±1 [eV],  (19)
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and different concentrations of impurity C. The extreme points are mar-
ked with circles on these graphs, allowing us to estimate the possible 
temperature of the phase transition, which is somewhat smaller in mag-
nitude than the temperature of the extreme point. To compare and iden-
tify the features of the dependence η = η (Т, c), Fig. 2 shows a graph 
corresponding to the energy parameters R1 = 0.72 eV, R2 = 0, R3 = 0 
(dashed curve). The graphs η(Т), passing to the left of the dashed curve 
correspond to the case when R2 + R3c < 0, and to the right — to the case 
when R2 + R3c > 0. The dotted line shows the curve for alloy A3B at c = 0.

As can be seen in Fig. 2, for all curves 1–10 constructed at R2 + R3c ≠ 0, 
the long-range order degree does not vanish at any temperatures. This 
means that the ordered state of the alloy is equilibrium at all tempera-
tures. In the presence of an extremum on the curve η(Т), an order-order 
phase transition is possible in the A3BCX alloy. In the absence of an ex-
tremum, the long-range order parameter monotonically decreases with 
increasing temperature (curves 8–10).

The studies carried out in [77, 78] showed that the upper branch of 
curves 1–4 (when R2 + R3c < 0) to the extreme point corresponds to 
stable (deep minimum of free energy) and metastable (less deep mini-
mum of free energy) states, and the lower branch of these curves cor-
responds to an unstable state (maximum of free energy). Therefore, the 
order-order phase transition without changing the sign of the long-
range order degree should not occur in these cases.

The order–order phase transition without changing the grade of 
sites is possible at R2 + R3c > 0, i.e., for states described by curves 5–7 with 
an extreme point for which R3 < 0. For such curves, with an increase of 
the c concentration, the temperature of the extreme point, and conse-
quently, the order–order transition temperature decreases, and when, 

Fig. 2. Temperature dependence of 
the long-range order parameter ac-
cording Eq. (18) [1] for R1 = 0.72 eV, 
R2 = 0.005 eV, R3 = −1 eV (curves 
1–6), R3 = 1 eV (curves 8–10) and 
the impurity C concentration for 
curves 1–10, equal to (1) 0.025, 
(2) 0.017, (3) 0.01, (4) 0.006, (5) 
0.004, (6) 0.002, (7) 0, (8) 0.003, 
(9) 0.009, (10) 0.013. For the 
dashed curve, R2 = R3 = 0. Extreme 
points are marked with open circles
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at sufficiently large concentrations of c, it turns out that R2 + R3c > 0, 
the order–order phase transition disappears.

In [70], the transition temperatures to the superconducting state 
and the martensitic transformation temperatures in the Nb3SnHx sys-
tem were determined depending on the hydrogen concentration. With 
an increase of the hydrogen concentration, the temperatures of these 
transformations decreased, and at x > 0.1 (c > 0.03) there was no mar-
tensitic transformation, i.e., the transition of the cubic phase to the te-
tragonal phase disappeared. If we take into account that the degree of 
long-range order can be characterized by the degree of tetragonality

 1
d

c
η ∝ − , (20)

(d and c are the parameters of the tetragonal lattice) as it was done, for 
example, in [82], it can be assumed that the experimental data [70] in-
directly correspond to the results of our calculations, and it is hoped 
that direct experiments to identify the effect of the impurity concentra-
tion C on the ordering temperature of the A3BCx alloy with the A15 
structure will confirm the results our theoretical calculations.

Minimizing the free energy (14) by the concentration of c, i.e., the 
condition ∂F/∂η = 0 allows you to determine the solubility of the impu-
rity C. The calculation gives the formula

 

1

3

1
1 41 exp

Q R
c

kT

 − − η 
= + 

λ  
 

, (21)

where
 [ ]′ ′′ ′ ′′= = υ + υ + υ + υAC AC BC BCQ Q a a b( ) 4 ( ) ( ) ,  (22)

determines the equilibrium concentration of impurity C in the A3BCx 
alloy as a function of composition, order parameters and temperature.

At low solubility, when с << 1, formula (21) is simplified as

 
+ η

= λ
Q a R

c
kT

3

1
( )

4exp .  (23)

For a disordered alloy, when η = 0, formula (23) takes the form

 
′ ′′ ′ ′′υ + υ + υ + υ

= λ AC AC BC BCa b
c

kT0

4 ( ) 4 ( )
exp . (24)

According to the latter formula, the concentration dependence of 
the impurity C solubility in an unordered alloy is monotonic. With a 
change in the concentration of a, the solubility of c changes from
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′ ′′υ + υ

= λ AC AC
Ac

kT

4( )
exp  when a = 1 

(solubility of impurity C in pure component A) up to

 
′ ′′υ + υ

= λ BC BC
Bc kT

4( )
exp  when a = 0

(solubility of impurity C in pure component B).
The temperature dependence of solubility is also monotonic and de-

pends on the sign of the magnitude Q (22), i.e., on the signs of the ener-
gies υ′αβ, υ″αβ. At Q > 0, the solubility of c decreases with increasing 
temperature, at Q < 0 it increases.

The atomic order determines both the increase and decrease of the 
component C solubility depending on the sign of the value R3 (see (17)), 
i.e., on the ratios between the energies υ′αβ, υ″αβ.

At η ≠ 0, the solubility of component C is determined by the for-
mula
 3

0exp
R

c c
kT

η
= .  (25)

At R3 < 0, the solubility of component C in the ordered alloy de-
creases due to the atomic order in comparison with the solubility in the 
disordered alloy; if R3> 0, then, on the contrary, the atomic order in-
creases the solubility.

The solubility of component C in A3B alloy can be studied using the 
configuration method, which is more consistent and can reveal features 
in the configuration and temperature dependence of solubility, in par-
ticular, to determine the possibility of extreme manifestations of these 
dependencies.

4. Solubility of Impurity C in A3B Alloy

We calculate the free energy of the alloy using the method of configura-
tions, i.e., taking into account the possibility of forming different con-
figurations of atoms A, B around each atom C. It is necessary to deter-
mine the free energy term, depending on the concentration of c and 
containing the energies of the pair interaction of atoms AC, BC.

The configuration of atoms A, B in sites of the first and second 
types around a site of the third type is characterized by indices lj, where 
the number l determines the number of atoms A in sites of the first 
type, and the number j determines the number of atoms A in sites of the 
second type.

The energy of the atom C in the site of the third type with the lj-th 
configuration is equal to

 ′ ′ ′′ ′′υ = α + − β + α + − βlj j jl (4 1) (4 ) ,  (26)
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where
 α′ = υAC (r1) = υ′AC,

 β′ = υBC (r1) = υ′BC,

 α″ = υAC (r2) = υ″AC,

 β″ = υBC (r2) = υ″BC. (27)

The number of the third-type sites with the lj-th configuration oc-
cupied by C atoms is denoted by Nlj, and the number of all such sites 
with the lj-th configuration –Qlj. The latter can easily be expressed in 
terms of probabilities Pα

(i):

 − −=
− −

l l j j
lj A B A BQ N P P P P

l l j l
(3) (1) (1)(4 ) (2) (2)(4 )4 ! 4 !

.
!(4 ) ! !(4 ) !

 (28)

The configuration internal energy and thermodynamic probability 
can be written as

 
4

, 0
lj lj

l j

E N
=

= − υ∑ , (29)

 
=

=
−∑ lj

l j lj lj lj

Q
W

N Q N

4

, 0

!
.

!( ) !
 (30)

The free energy (9) will be equal to

 = =

 = − υ − − − − − ∑ ∑lj lj lj lj lj lj lj lj lj lj
l j l j

F N kT Q Q N N Q N Q N
4 4

, 0 , 0

ln ln ( ) ln( ) .  (31)

The expression (31) does not contain a term containing the activity 
of C atoms, since it is convenient to minimize the free energy by the 
method of an indefinite Lagrange multiplier, which is proportional to 
the activity.

We compose the function F + νϕ, where

 
4

, 0

0lj C
l j

N N
=

φ ≡ − =∑  (32)

is a condition for the connection of numbers Nij.
The equilibrium conditions of the system are written as

 0
lj lj

F

N N

∂ ∂φ
+ ν =

∂ ∂
, (33)

where ν is the Lagrange multiplier matched to the coupling condition 
(32).

Substituting the free energy F (31) and the function ϕ (32) in Eq. (33), 
we find the equilibrium equations

  −υ + − − + ν = = lj lj lj ljkT N Q N l jln ln( ) 0,   , 0,  1,  2,  3,  4,  (34)
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from which we determine the numbers Nij of C atoms in the sites of the 
third type with the lj-th configuration:

 
1

1
exp 1lj

lj ljN Q
D kT

−
−υ 

= + 
 

, (35)

where
 

−ν
=D

kT
exp .  (36)

For relatively small numbers of the third type sites filling with  
atoms C, when с << 1, the formulas (35) are simplified and can be writ-
ten as
 exp ,  ,  0,  1,  2,  3,  4lj

lj ljN DQ l j
kT

υ
= = . (37)

Summing these numbers over all possible configurations, according 
to (32) we find the equilibrium concentration of C atoms in the alloy

 
4

4 4
1 2(3) (3)

, 0

1C
lj

l j

N
c N DK K

N N =

= = =∑ , (38)

where

    ′ ′ ′′ ′′α β α β
= + = +A A A BK P P K P P

kT kT kT kT
(1) (1) (2) (2)

1 2exp exp ,  exp exp . (39)

The obtained formulas (38), (39) together with the ratios (6) deter-
mine the solubility of component C in alloy A3B depending on the alloy 
composition, temperature, degree of long-range order and energy pa-
rameters.

In the case of an unordered alloy, when η = 0, the solubility of the 
impurity C is determined by the formula

 
4 4

0 exp exp exp expc D a b a b
kT kT kT kT

′ ′ ′′ ′′α β α β   = + +   
   

. (40)

5. Concentration Dependence  
of the Impurity Solubility in Disordered Alloy

Let us find out the concentration dependence of the impurity C solubi-
lity in disordered alloy A3B.

We investigate the function (40), more precisely the function

 
′ ′ ′′ ′′α α   = = + +   

   
Oc b b

f a a b a b
D kT kT kT kT

4( ) exp exp exp exp ,  (41)

on the extremum. Equality ∂f/∂a = 0 defines the necessary condition for 
the extremity of this function. After calculations, this condition can be 
written in the form

 exp exp exp expG
kT kT kT kT

′ ′ ′′ ′′α β α β − = − − 
 

, (42)
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where

 exp exp exp exp 0G a b a b
kT kT kT kT

′ ′ ′′ ′′α β α β   = + + >   
   

, (43)

and concentrations a, b correspond to the extremum point, i.e., а = аe,  
b = 1 − ae.

Eq. (42) can be fulfilled if, when the interatomic distance r changes 
from r1 to r2, the difference exp (α/kT) − exp (β/kT) changes sign, i.e., if 
exp (α′/kT) − exp (β′/kT) > 0 we have (α″/kT) − exp (β″/kT) < 0 or vice versa.

From (42) and (43), the concentration of ae can be determined, at 
which the function f = f(a) is extreme. The calculation gives the for-
mula

 
exp exp

exp exp exp exp
e

kT kTa

kT kT kT kT

′ ′′β β

= −′ ′ ′′ ′′α β α β
− −

. (44)

The extremum of the function f(a) will occur if the ae value calcu-
lated by this formula falls within the interval 0 ≤ аe ≤ 1. If it turns out 
that аe < 0 or аe > 1, then in the interval 0 ≤ а ≤ 1, the function f(a) will 
be monotonic.

The calculation of the second derivative ∂2f/∂a2 gives the result

 
2

2
2 exp exp exp exp

f

a kT kT kT kT

′ ′ ′′ ′′∂ α β α β   = − −   ∂    
. (45)

In the latter relation, if there is an extremum, the expressions in 
parentheses have different signs. This means that ∂2f/∂a2 and the solu-
bility of c0 = c0(a) at point a = ae has a maximum.

The latter circumstance means that, under the condition of a change 
in the sign of the difference exp (α/kT) − exp (β/kT) as a result of the 
interatomic distance r1 → r2 change, the solubility of impurity C in a dis-
ordered alloy A3B with a composition near a = ae will be higher than the 
solubility of this impurity in pure components A and B.

Figure 3 shows graphs of the concentration dependence of the solu-
bility of c0 = c0(a), more precisely, the functions f = f(a) (41), construct-
ed for a certain temperature and various values of energy parameters 
α′, β′, α″, β″, such that exp (α′/kT) − exp (β′/kT) > 0 (Fig. 3, a) and 
exp (α′/kT) − exp (β′/kT) > 0 (Fig. 3, b).

For Fig. 3, a, the energy parameters for a certain temperature and 
ae concentration (44) of extreme points on curves 1–5 are equal to

 exp (α′/kT) = 9, exp (α″/kT) = 1, 

 exp (β′/kT) = 1, exp (β″/kT) = 1.5, 2, 3, 4, 5, 
(46)

 ae = 1.4375 (1) (no maximum), 0.9375 (2), 

 0.6875 (3), 0.6042 (4), 0.5625 (5).
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For Fig. 3 (b), they are equal to

 exp (α′/kT) = 1, exp (α″/kT) = 3, 

 exp (β′/kT) = 9, exp (β″/kT) = 0.125, 0.5, 1, 1.5, 2, 
(47)

 ae = 0.5408 (1), 0.4625 (2), 0.3125 (3), 

  0.0625 (4), −0.4375 (5) (no maximum).

In accordance with the selected values of the energy parameters, all 
curves 1–5 in Fig. 3 at a = 1 converge at one point with an ordinate 
equal to
 4 4

exp exp ,  . .,  exp expA Af i e c D
kT kT kT kT

′ ′′ ′ ′′α α α α
= = , (48)

determining the solubility of impurity C in the pure component A.
For a = 0, the function fb, which determines the solubility of the 

impurity C in the pure component B, is equal to

 
4 4

exp exp ,  . .,  exp expB Bf i e c D
kT kT kT kT

′ ′′ ′ ′′β β β β
= = , (49)

and it is different for curves 1–5 in Fig. 3.
With an increase of the energy parameter β″ in accordance with the 

formulas (40) or (41), (48), (49) the solubility of the impurity in the alloy 
increases, and since all curves 1–5 have the same ordinate at a = 1, the 
concentration of the extreme point ae shifts to the region of large con-
centrations of a.

Fig. 3. Solubility of C-impurity vs. concentration in disordered A3B alloy [1]: (a) 
exp(α′/(kT)) = 9, exp(α′′/(kT)) = 1, exp(β′/(kT)) = 1, exp(β′/(kT)) = 9, exp(β′′/(kT)) = 
= 1.5, 2, 3, 4, 5 (curves 1–5); (b) exp(α′/(kT)) = 1, exp(α′′/(kT)) = 3, exp(β′/(kT)) = 9, 
exp(β′′/(kT)) = 1.125, 0.5, 1, 1.5, 2 (curves 1–5). Extreme points are marked with 
circles on the curves
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Knowledge of the c0 = c0(a) experimental dependence can allow us to 
estimate the energy parameters α = α′, α″, β = β′, β″ using the obtained 
formula (40) and to obtain information about the change of the atoms 
pair interaction energies with a change of the interatomic distance  
r (r1 → r2), which is a scientific interest.

If the energy parameters of the alloy are known from independent 
experiments, e.g., for systems A–C, B–C, using the obtained formula 
(40), it is possible to determine the concentration dependence of the 
impurity C solubility in the disordered alloy A–B structure A15, and, in 
particular, by the formula (44) to predict the possibility of an extreme 
dependence of c0(a).

6. Temperature Dependence  
of the Impurity Solubility in Disordered Alloy

Consider the temperature dependence of the function f = f(T) (41). Let 
us first find out the possibility of the function f = f(T) extremum mani-
festation. The condition ∂f/∂T = 0 gives the equation

 exp exp exp expa b G a b
kT kT kT kT

′ ′ ′′ ′′α β α β ′ ′ ′′ ′′α + β = − α + β 
 

, (50)

where the value G > 0 is determined by the formula (43).
First of all, we note that the condition (50) of the extreme tempera-

ture dependence of the impurity C solubility in A3B alloy with structure 
A15 differs from those obtained earlier for other structures [82–104].

Equality (50), taking into account that G > 0 can be fulfilled if the 
dependences of the atoms pair interaction energies on the interatomic 
distance α = α(r), β = β(r) are such that when the distance r changes 
from the value r1 to the value r2, their sign (or one of them) changes to 
the opposite.

As an illustration, Fig. 4 shows graphs of the solubility temperature 
dependence, constructed for energy parameters α′, β′, α″, β″ such that 
the energies of α′, α″ are chosen of different signs, and the energies of 
β′, β″ are both of the same and different signs. The graphs in Fig. 4 were 
constructed for concentrations a = b = 0.5, i.e., for the function f, defi ned 
by the expression

 4 4 ( ) exp exp exp expf f T
kT kT kT kT

′ ′ ′′ ′′α β α β   = = + +   
   

, (51)

and energy parameters α′, β′, α″, β″ are equal as follow [eV]:
 α′ = −0.012; β′ = −0.036; α″ = 0.026; 

 β″ = −0.032; −0.012; 0; 0.012; 0.02; 0.03. (52)

As can be seen in Fig. 4, the temperature dependence of the impu-
rity C solubility in disordered alloy A3B (curves 1–4) is extreme, while 
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the energies β′ and β″ have different signs only for the 4-th curve. In all 
these cases, with an increase of temperature from zero, the solubility of 
component C first drops sharply, reaching a minimum, and then gra-
dually increases. At the same time, with an increase of β″ energy, both 
the solubility and the temperature Т0, corresponding to the minimum, 
increase; the latter for curves 1–4 is equal to

 (1) 310, (2) 320; (3) 360; (4) 375 [K]. (53)

In case of curves 5, 6 realization, temperature dependence of the 
impurity C solubility is monotonous, though at the same time and ener-
gy α′, α″ and β′, β″ change sign, i.e., the condition of changing the sign 
of the energies α(r), β(r) (or one of them) when the interatomic distance 
r changes from r1 to r2 for the extremum of the C component solubility 
temperature dependence is necessary, but not sufficient.

Thus, with a change of the disordered alloy A3B with the structure 
A15 temperature, the solubility of the impurity C can both increase and 
decrease. Note that the presence of a minimum in the dependence 
c0 = c0(T) can be used (by annealing at a temperature of T0) to reduce the 
solubility of component C in alloy A3B in order to change its physical 
properties in the right direction. Knowledge of the energy parameters 
from independent experiments (e.g., on the solubility of impurity C in 
pure components A and B) can allow using the obtained formula (40) 
and equation (50) to determine the temperature dependence of compo-
nent C in the alloy under consideration and, in particular, to reveal the 
possible extremity of this dependence.

Fig. 4. Solubility of the C impu-
rity vs. temperature in disordered 
alloy A3B composition, a = b = 0.5 
[1]. Graphs are plotted for the fol-
lowing energy parameters (eV):  
α′ = −0.012; α′′ = 0.026; β′= −0.036; 
β′′ = −0.032; −0.012; 0; 0.012; 
0.02; 0.03 (curves 1–6). Circles 
on the curves indicate the posi-
tions of the minima
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7. Atomic Order Effect on the Impurity Solubility

The effect of the long-range degree on the solubility of impurity C in 
alloy A3B is convenient to find out for the relative solubility of s = c/c0. 
Taking into account the formulas (38)–(40) and (6), the relative solubil-
ity of s can be represented as

 s = (1 + χ1)
4(1 − 3χ2)

4, (54)
where

 1 2

exp exp exp exp1 1
;   

4 4exp exp exp exp

kT kT kT kT

a b a b
kT kT kT kT

′ ′ ′′ ′′α β α β
− −

χ = η χ = η′ ′ ′′ ′′α β α β
+ +

. (55)

The values χ1, χ2, proportional to the long-range order parameter η 
can characterize the degree of the alloy ordering. Their sign and nu-
merical values are determined by the ratio between the energy parame-
ters α′, α″ and β′, β″. It is easy to verify that the maximum possible 
values χ1 and χ2, are estimated by ratios

 1 2

1 1
1 ,  1

3 3
− ≤ χ ≤ − ≤ χ ≤ . (56)

Equation (54) represents a surface in three-dimensional space (s, χ1, χ2) 
and determines the relative solubility of impurity C in an ordered alloy 
A3B depending on the values of parameters χ1, χ2. Fig. 5, a shows the 
appearance of this surface in the range of the parameters χ1, χ2 possible 
values (56). Curved lines on the surface indicate levels of the equal 
solubility; a number at the curve marks the solubility value of each 
level. The dotted line with s = 1 corresponds to a disordered alloy when 
c = c0, i.e., when the atomic order does not affect the change of solubi-
lity. For levels above this curve, atomic ordering increases the solubi lity 
of impurity C, and below decreases it.

Fig. 5, b shows the levels of equal solubility in the projection onto 
the plane (χ1, χ2) in the region (56) of the parameters χ1, χ2 values. All 
levels of equal solubility and their projections onto the plane (χ1, χ2) 
turn out to be symmetric with respect to the plane perpendicular to the 
plane (χ1, χ2), whose projection onto the plane (χ1, χ2) is determined by 
the equation
 χ1 + χ2 = −2/3. (57)

Along this straight line, the relative solubility is given by the equa-
tion

 = + χs
1

24
13 (1 ) . (58)

From equations (57), (58) we obtain

 1 21 1/ 3 0.423,  0.244χ = − + ≈ − χ ≈ −  for s = 1. (59)
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Therefore, along the straight line (57),

 at χ1 > −0.423, we have s > 1,

 at χ1 < −0.423, we have s < 1. (60)

The straight lines χ1 = −1 and χ2 = 1/3 on the plane χ1, χ2) are also 
the levels of equal solubility and determine the zero solubility of the C 
component in the A3B alloy. If we move along the straight line (57) from 
the point with coordinates χ1 = −1 and χ2 = 1/3, then the relative solubility 
s will increase smoothly monotonously approximately to the level s = 0.3. 
Further change of the values χ1 and χ2 along the straight line (57) leads 
to a sharp increase solubility s.

Thus, depending on the atomic order and the values of the parame-
ters χ1 and χ2, the solubility of the impurity C in the A3B alloy can both 
decrease and increase. Knowing of the each specific alloy energy param-
eters from independent experiments can allow us to estimate the param-
eters χ1 and χ2 (55) for any composition and then, according to the for-
mula (54), to determine the effect of atomic ordering on the solubility 
of impurity C in an alloy with structure A15. In this case, the degree of 
the long-range order (η) can be estimated by the formula (16).

Fig. 5. (a) Dependence of the impurity C relative solubility on the order parameters 
(values χ1 and χ2) in the A3B alloy — surface s(χ1,χ2) [1]. Lines on the surface indi-
cate the levels of equal solubility (numbers in curves). (b) The levels of equal solubi-
lity in the projection on the plane (χ1, χ2) in the range of possible values (56) of the 
parameters χ1 and χ2. A straight line is the projection of the plane of symmetry for 
the equal solubility levels. A circle marks a point on the line χ1 + χ2 = −2/3 with s = 1, 
which coordinates are equal to χ1 = –0.423 and χ2 = –0.244
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It should be noted that with a change of temperature in the alloy, a 
phase transformation of the first kind with an abrupt change of the 
long-range order degree η1 →  η2 is possible. In this case, there will be an 
abrupt change of the parameters χ1 and χ2 and the relative solubility of 
s. The latter circumstance will indicate the fact of phase transformation 
at this temperature in the alloy under study.

8. Discussion

Relevance. A3B alloys of structure A15 have a crystal lattice consisting 
of two elements, for example, Ti3Ir consists of titanium and iridium. 
Each A atom is surrounded by six B atoms, and each B atom is sur-
rounded by six A atoms. This structure is also called ‘cactus’ because of 
its cactus-like shape [105].

Hydrogen is an important element in A15-A3B alloy because it can 
significantly affect its physical and mechanical properties. For example, 
adding hydrogen to A15 alloy can improve its elasticity and strength, 
reduce the coefficient of friction, and provide better corrosion resistance.

In addition, the solubility of hydrogen in A15 alloy, such as Nb3Sn 
[70, 106], V3Si [106, 107], Ti3Al [107, 109], V3Ga [110], Ti3Ir [105, 107, 
110], Pd3Ag [111] and others, can vary depending on the conditions to 
control its properties [68, 69]. For example, depending on the tempera-
ture and hydrogen concentration, different levels of strength and hard-
ness of the alloy can be achieved [105].

Therefore, hydrogen is an important element of A15 alloy, which 
can provide improvements in its physical and mechanical properties and 
provide more precise control over its performance. This makes A15 al-
loys potentially useful in the automotive and aerospace industries.

Type A15 hydrogenated intermetallic materials emphasize that 
they are a special class of compounds consisting of metallic elements 
such as niobium (Nb) [70], vanadium (V) [90], titanium (Ti) [105, 107–
109, 110, 112–115,], chromium (Cr), aluminium (Al) [109], palladium 
(Pd) [111] and others [68, 69], as well as hydrogen [1–84, 105–115]. 
These compounds have high structural stability and interesting physical 
properties, making them important for a variety of applications. Re-
search by scientists has established that the presence of hydrogen does 
not change the structure of the original A15 crystals [110].

One of the main features of A15 type hydrogenated intermetallic 
compounds is their ability to store large quantities of hydrogen. They 
can absorb hydrogen to high concentrations [110], making them poten-
tially useful as hydrogen storage materials. Research in the proposed 
work confirms the importance of A15 alloys in hydrogen energy, as ac-
cumulating and storing hydrogen elements. Аnd they can also be used 
as catalysts in electrolysis reactions [111], fuel cells and other electro-



ISSN 1608-1021. Usp. Fiz. Met., 2023, Vol. 24, No. 4 673

Hydrogen in Compounds and Alloys with A15 Structure

chemical systems, which makes them an interesting object in the field 
of electrochemical activity research.

In general, A15-type hydrogenated intermetallic compounds repre-
sent an interesting class of alloys with unique physical, mechanical, and 
electrochemical properties. They have the potential to expand applica-
tions in various fields of science, technology and hydrogen energy.

Elements that can be added to the A15 alloy to change its proper-
ties include [68, 69] magnesium (Mg) [107, 113, 114], silicon (Si) [106, 
107], zirconium (Zr) [107, 112, 116], gallium (Ga) [110], iridium (Ir) 
[105, 110] , tin (Sn) [106, 107], copper (Cu) [107, 116], aluminium (Al) 
[107, 109], yttrium (Y) [107], palladium (Pd ) [107, 106, 117], molyb-
denum (Mo) [107, 115], silver (Ag) [111]. The addition of magnesium 
improves the strength and heat resistance of the alloy [107, 113, 114], 
and silicon and zirconium improve its corrosion resistance [106, 107, 
112, 116]. However, when adding these elements, it is necessary to take 
into account their influence on the properties of the alloy as a whole. 
Hydrogen, when introduced into the alloy, passes from the surface unit 
of the hexagonal close-packed areas (h.c.p.) to the subgrid area and, fi-
nally, to the suboct area, with the exception of surfaces alloyed with Mo 
and pure Ti, by way of from the surface face-centred cubic lattice (f.c.c.) 
area directly to suboct areas [107, 108, 115]. Among these dopants, Mo 
promotes the diffusion of hydrogen in the surface plane, and Pd most 
significantly promotes the hydrogen permeation process [107, 108, 115].

When choosing the A15 alloy with the largest range of use in indust-
ry, you can stop at the aluminium alloy, which contains approximately 
4.5% copper.

An interesting fact is that deuterium (2H) in the Ti3Ir compound oc-
cupies interatomic positions in the A15 crystal lattice. It forms octahe-
dral complexes with six atoms of titanium (Ti) and iridium (Ir), which 
are at the vertices and centres of the faces of the corresponding octahe-
dron. Deuterium in this compound has high mobility and is diffuse 
[105]. In addition, they interact with electrons and other atoms in the 
crystal lattice, which can affect the physical properties of the compound 
[105]. However, impurities of other elements can affect the location of 
deuterium in the crystal lattice. For example, other studies have shown 
that impurity elements such as oxygen (O) or carbon (C) can replace ti-
tanium (Ti) atoms in the crystal lattice and affect the arrangement of 
deuterium [105].

The analysis of hydrogen solubility in A15 crystals has been the 
subject of many studies in the scientific literature [1–84, 105–118]. 
Research shows that the solubility of hydrogen depends on many fac-
tors, such as temperature, pressure, hydrogen concentration and others.

Regarding the effect of temperature on the solubility of hydrogen 
in the A15 alloy, it is significant. Usually, including alloy V3Ga, with an 
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increase in temperature, the solubility of hydrogen increases, and a  
decrease in temperature leads to a decrease in solubility [110]. It is  
also known that for some A15 crystals of the A3B alloy, for example 
Pd3Ag, the solubility of hydrogen increases with decreasing tempera-
ture and increasing pressure (Fig. 6) [111]. This is due to a change in 
the activation energy of the hydrogen dissolution process in the alloy 
when the temperature changes. It is also worth noting that the solu -
bility of hydrogen in the A15 alloy may depend on the concentration  
of other elements in the alloy, for example, the solubility of hydrogen 
in the Pd3Ag alloy depends on the concentration of silver (Ag) in the 
alloy [111].

A15 crystals of the Pd3Ag alloy are a promising material for hydro-
gen storage due to their ability to absorb and desorb hydrogen at room 
temperature (Fig. 6) and pressure [111]. Studies have shown that Pd–Ag 
alloys have a high hydrogen capacity and the ability to repeatedly cycle 
hydrogen absorption/desorption. Moreover, Pd–Ag alloys have an ad-
vantage over other materials for hydrogen storage due to their stability 
and resistance to oxidation and interaction with gaseous hydrogen im-
purities [111].

According to scientific research, the solubility of hydrogen in the 
A15 alloy is quite high and can reach 1 hydrogen atom per 10 metal 
atoms at low temperatures. The solubility of hydrogen in A15 alloy de-
pends on temperature and pressure. For example: the solubility of hy-
drogen in Nb3Sn at room temperature and normal pressure, the solubi-
lity of hydrogen in such an A15 alloy is low (about 0.1 atom per 100 
metal atoms) [68, 69, 70, 106].

Considering the solubility of hydrogen in V3Ga and Ti3Ir alloys, it 
can be stated that it is low, since in the V3Ga alloy at low temperatures 
the solubility is about 0.1 atomic percent, and at high temperatures it 
can reach 0.5 atomic percent [110].

Fig. 6. Data on the solubility of 
hydrogen in the Pd and Pd3Ag 
phases, as well as comparative 
values obtained in experiments 
and calculations for pure Pd 
[111]
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For the Ti3Ir alloy, the solubility at low temperatures is about 0.2 
atomic percent, and at high temperatures it can reach 0.8 atomic per-
cent [110].

Research also shows that the solubility of hydrogen can signifi-
cantly increase under certain conditions. For example, when the pres-
sure or temperature is increased, the solubility can increase to signifi-
cant values, as can be seen from the alloys V3Ga [110] and Ti3Ir [105, 
110]. Factors that can affect the solubility of hydrogen in alloys with 
the A15 structure, and in particular Pd3Ag, V3Ga, and Ti3Ir alloys, can 
be noted: hydrogen pressure, temperature, material composition, and 
structural composition of the alloy [110, 111]. For example, when hy-
drogen pressure increases, its solubility in the material also increases 
[110]. It was also shown that the addition of other elements to the crys-
tal could affect its solubility in hydrogen. That is, the composition of 
the material and its structure also affect the solubility of hydrogen 
[110]. Studying these factors can help optimize conditions for efficient 
hydrogen storage and use in various applications.

Of course, there are also problems when using A15 crystals of the 
A3B alloy for hydrogen storage, namely the high price of effective sorp-
tion alloys (Pd3Ag) or the problem of hydrogen diffusion through the 
material, which can lead to hydrogen loss and reduced storage efficiency. 
Each of these problems has its own solutions, which makes it possible to 
look at the A15 crystals of the A3B alloy with perspective as promising 
materials for hydrogen storage in the future [111].

Therefore, the solubility of hydrogen in A15-type crystals is a dif-
ficult scientific task, which depends on many factors. Despite this, re-
search continues to understand better this process and possible applica-
tions of A15 type crystals.

An equally important application of the A15 alloy is aluminium 
alloys that contain copper (Cu) as the main alloying element. It has high 
strength and corrosion resistance, as well as good weldability [107, 
109]. The main applications of the A15 alloy include the production of 
aircraft and space structures, as well as in the production of marine 
ships and other vehicles where high strength and corrosion resistance 
are required [107, 109, 115]. In addition, the A15 alloy can be used in 
the production of sports equipment, for example, bicycles and golf clubs.

Alloys based on Ti3Ir are characterized by a high melting point, high 
hardness and strength. The Ti3Ir alloy has superconductivity at low 
temperatures and is used as a material for manufacturing magnets ope-
rating in strong magnetic fields. In addition, the Ti3Ir alloy also has 
high resistance to oxidation and corrosion due to its high chemical 
inert ness [105], all of which makes it a promising material for use in the 
production of blades, tools and other products that are subject to high 
mechanical loads.
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The obtained results of this article can be used to study the influence 
of dissolved hydrogen on the properties of A3B type alloys with the A15 
structure and to create new materials with improved characteristics. In 
addition, these results can be used to study the interaction of hydrogen 
with other alloys and materials. Overall, this paper opens up many  
opportunities for further research in the field of hydrogen solubility  
in alloys with the A15 structure. Such research results can be useful  
for various industries, including energy, the automotive industry, and 
others where hydrogen storage and use are required.

9. Conclusions

A theoretical study of atomic ordering in A3B binary alloys of the A15 
structure with an admixture of the third component C was carried out.

The free energy of the system was calculated depending on the com-
position of the alloy, temperature, atomic order parameter and energy 
constants of pairwise interatomic interaction;

An equilibrium equation is found that determines the degree of 
long-range order as a function of alloy composition and temperature.

The features of the process of atomic ordering for alloys of the 
structure under consideration have been elucidated;

As established, the first-order phase transition of the order–order 
type with a jump-like change in the long-range order parameter is pos-
sible in the system. A criterion for such a transition has been estab-
lished.

It is substantiated that with an increase in the concentration of the 
third component C, the phase transformation temperature should de-
crease, and at a certain impurity concentration C, the phase transition 
may disappear. This circumstance indirectly corresponds to the experi-
mental data on the study of phase transformation temperatures in the 
Nb3SnHx system.

The solubility of impurity C in the A3B alloy was calculated. The 
calculation was performed both by the average energy method and by 
the more consistent configuration method.

The dependence of the solubility of component C in the alloy on the 
concentrations of components A, B, temperature (Т) and degree of long-
range order (η) was determined.

It has been established that the concentration and temperature de-
pendences of solubility can be extreme: the dependence of solubility on 
the composition of the alloy may have a maximum; the temperature 
dependence of solubility may have a minimum.

Criteria for extreme dependence of impurity solubility on alloy com-
position and temperature were obtained, which turned out to be diffe-
rent from those for alloys of other structures.
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The dependence of solubility on the degree of long-range order 
turned out to be monotonic.

The limits of change of the parameters characterizing the atomic 
order, at which the atomic ordering increases and decreases the solubi-
lity of the C component, are established. The phase transformation of 
the order–order type should cause an abrupt change in the solubility of 
the C impurity.

Graphs of the dependence of the long-range order parameter on tem-
perature for different concentrations of impurity C were plotted.

Graphs of the temperature and concentration dependences of the 
solubility of impurity C in the disordered A3B alloy were plotted for 
various values of the energy parameters;

Graphs of dependence of relative solubility on parameters charac-
terizing the atomic order have been plotted;

The obtained formulas in the work allow predicting regularities in 
changes in the degree of long-range order and solubility of impurity C 
in an A3B alloy of the A15 structure with a change in temperature and 
composition of the alloy;

Formulas obtained for the mutual influence of atomic ordering pro-
cesses and impurity solubility for each specific alloy, for which the en-
ergy parameters characterizing the interatomic interaction are known 
from independent experiments (e.g., by studying the solubility of impu-
rity C in pure components A and B).

Experiments on the study of the regularities of the solubility of the 
third component C in the A3B alloy are still known. However, for alloys 
of other structures, there are experimental works, in which both mono-
tonic (hydrogen in PdPt, FeV, PdNi, oxygen in AgAu) and extreme 
(carbon in FeNi, hydrogen in FeV) concentration and temperature impu-
rity solubility dependences, as well as a jump in solubility at the orde-
ring temperature (hydrogen in NiFe). Therefore, we can hope that the 
performance of appropriate experiments for alloys of the A15 structure 
will reveal a correspondence between theory and experiment.
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ГІДРОҐЕН У СПОЛУКАХ І СТОПАХ ІЗ СТРУКТУРОЮ А15

У даній роботі виконано теоретичне дослідження атомового впорядкування у 
сто пі A3BCx. Вивчено взаємний вплив упорядкування та розчинности домішки С 
у стопі А3В. Знайдено та досліджено залежності розчинности від складу стопу, 
температури, ступеня далекого порядку. Також одержано критерії прояву екс-
тремальности у концентраційній і температурній залежностях розчинности. 
Ато мове впорядкування вивчено за допомогою методу середніх енергій; особ-
ливості розчинности домішки С у стопі А3В вдалося з’ясувати за допомогою кон-
фіґураційного методу. Експерименти, що підтверджують результати теорії, на-
разі невідомі авторам. Одначе наявні експериментальні дані щодо визначення 
температур мартенситного перетворення (Tm) і переходу у надпровідний стан (Tc) 
для стопу Nb3SnHx дають змогу сподіватися та стверджувати стосовно можливої 
відповідности даних теорії й експерименту.

Ключові слова: кристалічна структура, структура типу А15, стопи, сполуки, ме-
талогідриди, водень, фазові перетворення, переходи лад–безлад, розчинність.




