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INTERSTITIAL IMPURITIES
IN ALLOYS WITH B19 STRUCTURE

A metal having heragonal B19 structure and introduced interstitial atoms has been consid-
ered. The solubility of introduced impurities and the correlation parameters at the substitution
of sites and interstitials have been studied, by using the configuration method, and their de-
pendences on the metal composition, temperature, and long-range order degree of the impurity
distribution over the sites have been determined. The information about the correlation pa-
rameters enables the evaluation of many physical characteristics of alloys. If the correlation
parameters are known from experiments, the obtained formulas allow the energy parameters

of the alloys to be determined.
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1. Introduction

The study of the solubility of interstitial impurities in
a crystalline structure and the corresponding correla-
tion parameters is of significant scientific and prac-
tical interest [1-93], because it makes it possible to
determine the concentration limits for the existence
of homogeneous phases [14—22| and to reveal possi-
bilities for the formation of the short-range [22-30]
or local ordering [30-38], which leads to the appear-
ance of nuclei of a new phase [38-44]. It is known that
the introduction of interstitial impurities can substan-
tially change the parameters of materials [1-13, 45—
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96] and their alloys [14-44]. In particular, such inter-
stitial phases as carbides [30, 44, 63, 65, 66, 76, 79|,
borides [41], and nitrides [15, 18-20, 25, 26, 29, 47, 58,
60, 66, 74, 75, 78, 81, 84, 87, 89, 90, 92, 93], which are
characterized by enhanced hardness, strength, and in-
fusibility, are widely used in practice in instrumen-
tal engineering, while constructing metallurgical fur-
naces, engines of rockets, and so forth.

2. Solubility of Interstitial Impurity

The solubilities of interstitial impurities were mainly
studied in alloys with various structures [96, 97],
whereas correlations occurring at the substitution of
sites and interstices were analyzed for disordered al-
loys [98]. In this work, we consider a metal with
hexagonal B19 structure, with atoms (let us call them
C-atoms) being introduced into its interstices. The
B19 structure has two types of octahedral interstices
(O; and O3) and one type of tetrahedral (T) ones. Fi-
gure 1 demonstrates the researched structure in the
spatial (Fig. 1, a) and projectional (along the C-axis,
Fig. 1, b) views.

In order to determine the solubility and the cor-
relation properties, it is necessary to calculate the
metal free energy F'. Here, we use the configuration
method, i.e., we account for all changes of atoms A for
every interstice. The configuration will be denoted by
the index [, which determines the number of nearest
atoms around the pore. Then the free energy can be
expressed in the following form [98,99]:

6 4
F= Z (N§, + Nb, v — ZNITUZ — KO X
1=0 1=0

6 6 4
<13 Qb QL+ Qb nQ6, + > QrnQh —

=0 =0 =0

— > (@ = Np)In(Qh — N |, (1)
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a b

Schematic diagrams of the B19 structure:

Fig. 1. spatial
arrangement of components (a); projection view along the C-
axis (b). Symbols ® mark first-type sites for atoms A, second-
type sites for atoms B (0), octapores (x), and tetrapores (*)

Here, N(l-)l, N(l)Q, and N are the numbers of C-atoms
in the pores O1, O2, and T, respectively; le, Qloz,
and QY% are the corresponding numbers of those pores
in the alloy;

vy =la+(6-10)8, vy=Ild+@-1)F

are the energies of a C-atom in the octa- and tetra-
pores, respectively;
B =vpe

/ /
a=uvac, B=uvpc—a =vUye,

are the energies of interaction between the pairs of
nearest indicated atoms; k is the Boltzmann constant;
and © is the absolute temperature.

From the condition of free energy minimum, we
determine the quantities

l v,
DQO1 exp .5

Nlo = ;

o1+ DQZO1 exp :—l@

l

N = DQo, exp 5 @)

- b

214+ DQlO2 exp :—l@

! vy

err B DQr exp o)

a 1+DQlTexp%’

They satisfy the obvious relation

4

6
> (N6, +Nb,) + Y Nb = N, (3)
=0 =0

where Ng is the number of all C-atoms in the al-
loy. The coefficient D in formula (2) is a factor de-
scribing how the function of the system state in-
creases, when an additional atom appears in the sys-
tem during the process of impurity dissolution. If we
put N¢ = const when studying the correlation, the
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coefficient D is determined from condition (3). For-
mulas (2) are valid for any occupation numbers of
interstices with C-atoms.

In the special case of metal A, when, on the one
hand, | = 6, v; = 6a, and Qo = N for octapores (N
is the number of sites in the alloy) and, on the other
hand, | =4, v] = 4d/, and Q7 = 2N for tetrapores,
instead of nineteen formulas (2), we have only two:

—6a\ !
No:N(1+DeXp @) ;

Np— o (14 L exp =H) (4)
= D KO ’
Summing them up, we obtain the component solubil-
ity,
_ No + Nt _ 1

-1
L4 Sexp 02) 4
Zexp ——
3N 3 D P e
1 4o\
214 —= .
+ ( + D" e >
If the C-atoms are located in octapores or tetra-

pores only, then the solubility should be determined
according to the formulas

(5)

N, 1 —6a\ "
VO:NO:(l—i—DeXp(;) ;
6
N ()1, ) ?
"I 9N D P o

In the case of low component concentrations, these
formulas become simpler:

/
—=; d (7)
KO KO
i.e., we obtain a linear dependence of the natural log-
arithm of the solubility of interstitial atoms on the
inverse temperature. Expressions (6) for the depen-
dences of In vp and In v on 1/0 are not linear, but
monotonic.

If the solubility is described by formula (5), then
the manifestation of its extreme properties in the tem-
perature dependence is possible at

! 2 (3 — 20)
pA e ®)

vo = Dexp vr = Dexp

For that to happen, the energy parameters o and o/
must have different signs. In this case, the distribu-
tions of C-atoms over the octa- and tetrapores are
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non-uniform. They can be estimated from the equa-
tions
vo (1 —vr) 2 (3a — 2a/)

vr (1 —vo) - P KO (9

vo+2vt = 3¢

where ¢ = N¢/(3N). The former equation was ob-

tained from system (4) via excluding the multiplier

D, and the latter one is a consequence of condition 3).
By solving the system of equations (9), we get

3c(l—¢)—2—e+
+\/[30(1—5)—2—6]2+1266(1—6)

Vo = ’

2(1—¢)
3 1

vV = -C— —1VQ
2 2 7

(10)

where € = exp Q(MTBM/). In the case ¢ = 1, distribu-
tion (10) gives vo = vr = 1, i.e., we have a uniform
occupation of all interstices irrespective of the tem-
perature.

At low temperatures, the atomic distribution is de-
termined by the relationship between the energy pa-
rameters o and o’. If 3a — 20/ > 0, then, at the ab-

solute zero temperature, we have

1
3c, if0<cec< =,
vo(0) = 1 3
1, if -<ec<1,
’ . (11)
0, if0<ec <§
rr0)=93 1 1
Se—c,if-<e<l,
2 3

i.e., the interstitial atoms first occupy the octapores,
where they have a deeper potential energy mini-
mum. Only after the octapores turn out occupied, the
interstitial atoms begin to occupy the tetrapores. On
the other hand, if 3ac — 2a’ < 0, then

2
07 foS §77
vo(0) = ) 3
3c—2, if - <e<1,
3 ’ 2 (12)
—c, f0<cec< -,
(0 =42 3
1, ifggcgl,

i.e., the C-atoms first occupy the tetrapores.
Dependencies (11) and (12) are represented by
straight lines in Fig. 2. The curves in this picture
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Fig. 2. Dependences of expressions (11), (12), vo(0), and v1(0) on ¢ calculated in
accordance with distribution (10) at the temperatures ©1 (a) and ©2 (b)

illustrate the dependencies vo(0) and vr(0) plotted
accordingly to distribution (10) at the temperatures

4(1.5a — )
= 2 1
o1 Kk1n10 (panel a)
and ( )
4(1.5a — o
e ST (panel b)

It is necessary to consider another special case,
namely, a binary alloy with a low concentration of
interstitial impurities. In this case, formulas (2) can
be simplified:

1 _ 1 Y,
No1 = DQO1 exp Py

I 1 Y,
N02 - DQ02 €xp @7

!

N = D@L exp —L
T Q exp <O’

where the parameters Qé)l, Qloz, and Q!r are deter-
mined by the configuration of atoms A around voids:

Ty 4 mi ma-i
Qo, = mm PB x
2! ()7, (2)(2—j)
X 7P p s
G- s ' B
2' . .
@b, = SN0
il (2—1)! 4
Al . » (14)
« (2)j, (2)(4—3)
j@—ﬁ!A B ’

2' »

2! ()7, (2)(2—5)
8 m“ P '
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Here, | = i + j, where i and j are the numbers of A-
atoms around an interstice at the of the first- and

second-type sites, respectively, and pg), pf), ;1)](31 ),

and p](B2 ) are the probabilities of substituting sites 1
and 2 by atoms A and B, which depend on the com-
position (a,b) of the binary alloy and the long-range
ordering degree n according to the formulas [99]

1 1
Py =a+ 37 pf)—a—in;
) : (15)
I
57 P =b+gn.

Summing up quantities (13) over all configurations
and taking Eqs. (14) into account, we get the fol-
lowing formulas for the numbers of C-atoms in the
pores O, Oo, and T:

1
N = §NDKj"K§7

1
NG? = §NDK12K§7 (16)
N = 2NDKPPKL,
where
1
K= pg)exp preY +p](3)exp @
_ @ a (2) B
Ky =py'exp — +pg’ exp —;
KO kO
(17)
K1 = p' exp ——l—p( ) exp s
A @ B KO’
K! = (2) exp — +p(2) exp — ﬁ/
2 A @ B @
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fo | fr
1

Fig. 3. Influence of the atomic order on the solubility

The impurity solubility, which is determined by the
concentration of C-atoms for each of the interstice
types, can be obtained from Egs. (16):

N(Ol) N(O2) 1
vo=20 TR _ Ipgags (K? + K3),
o 2 (18)
Ne® _ = DKPKP
2N tee

These formulas together with Eqs. (17) and (15) de-
termine the impurity solubility dependence on the
alloy composition, temperature, and order parame-
ters. The former dependence is monotonic for a dis-
ordered alloy ( = 0); the latter one can be extreme
at n =0, if

vt =

« be 8 —«
S Tex
I} a P kO

for the octapores and

!

« b B —a
7 a0
for the tetrapores (in this case, the energy parameters
a,8 and o, 8/ must be of different signs).

It is convenient to elucidate the influence of the
atomic order on the impurity solubility by introduc-
ing the relative quantities (Fig. 3)

(1=x3)(1-x1),

fo=vo/(vo),— = (19)

2

fr=vr/(vr),—o=(1-x3)",
where 5
1 exp.g—expls
X1=35M ° e

2 Taexp % +bexp%’
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1 exp%—exp% '
X2:§ o B’
aexp 5 +bexp o5

—1<x1, x2<L

(20)

with —1 < (x1,x2) < 1. The behavior of the depen-
dences of the quantities fo and fr on 7 is identi-
cal. The ordering reduces the solubility, and the effect
is somewhat weaker for the octapores.

If the interstitial impurity is distributed over all
interstices, its solubility is determined by the formula

_ Né01)+Né02)+NéT)
3N

= éD [KTK3 (K7 + K3) + 4K K7 ] .

(21)

The dependence of the solubility on the composition
at 7 = 0 can be extreme, if the energies a, 5 or o/, 3’
have different signs. The character of the dependence
of v on 7 is the same as for the quantities vo and vr.

Let us determine the correlation parameters for
the substitution of sites and interstices when assum-
ing N¢ = const. From condition (3) and in view of
Egs. (13), we obtain the coeflicient D,

6¢

D= ) 22
K?K2(K? + K2) + AK[PK}? (22)

Summing up the quantities N(l)l, N(l)27 and Nk
[Egs. (13)] over ¢ or j, we get the number of C-atoms
in the indicated pores with the corresponding i-th
or j-th, respectively, configuration of A-atoms at the
closest to the interstice sites of the same type what-
ever the occupation of the sites of the other type:

(e, (H(4—1)

. A1
N01 Z]\/vo1 DNK2ﬁpA pB X
za+(4f )B
X exp ey ;
- 1 2l (@) (2)(2—))
=Y N, = -DNEK{—————p?p))*7
; O 9 lj!(2 _j)!pA by X
. 5 .
" eija+(@ 3)5;
K
) 2! D5 (1)(2—i
No, = ZNOQ = DNKz 2= )!pE\)pra)( )%
ot @2 i)p
: 23
X exp 5 (23)
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2
: 1
Ny, =) Nb, = §DNK12
=0
jo+(4—J)B,
KO ’
2
Ni =) Ni =2DNK}
=0
il +(2—10)8
KO '

A

X exp

N2 — A B

X exp

2
()i ,(2)(2=4)

Nj =) Ny =2DNE{—— (2 iPA P
=0 ’
- 1 2 N\g

x oxp T C=DF

kO

4l 2)7, (2)(4—3)

ROINGICON

X

Accordingly, the a posteriori and a priori probabili-
ties of substituting the nearest pairs of sites and pores

with atoms A and C equal

4
10 1 i 1 o
(100 — = o% > NG, = DEIK3pY exp —

AC
1=0 @
pUOV" — oW NOY /N = DEAKZPLD;
)1 (2) o
20 . j 2
pgcl = N;]N(j)l = DK%—KEPA eXp g5
O (¢]
pE" = 2p P NPV /N = DEIRZY;
1 2 «
10 cNTE 1
ch 2) NZZN% = DKlKg‘pg)exp o=y

=0

PO = IO N = DI

4
o 1 o
5&20 2) = NZ']N(J)Z :DK%Kgpf) exp — @
j=0
0,)° ¢}
et = NG IN = DR K3DY;
1 & o
1T . 1
p&c) = IN ZZNT = DK{Kfpg) exp — @
T° 1 T
fo! = 5P NG /N = DEPREDY;
2T .
Pl = W Z_:JNJ = DKPKypY exp — =
T)° 1 T
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(24)

The differences between these possibilities determine
the correlation parameters.

The correlation parameters for the pairs of atoms B
and C can be calculated in a similar way. As a result,
we obtain

_(101)

(104) _ (101) _ _
€ =€ac €ec ' T

1) (1 « B
= DKfKQPE\)Z%(g) (GXP "0 exp H®>§

£(201) _ €(A281) _ 743281) _
= DK!K p(2)p( ) exp o exp ﬁ ;
! A TB KO kO )’
6(102) _ 6&182) _ _5g002) _
_ D0 (exp %~ exp D),
DKlKQpA (exp 5 ~ P n@)’ (25)
&‘(202) _ 5(A2CCJ)2) _ _61(32(?2) _
2) (2 a B
= DK%szgx)Pés) (exp w0 exp /4:@>;
) G g
:DK’K'2p(1)p(1) exp — o —expﬁ—/ :
122 FA FB e Pre) ’
-
2) (2 o B
= DKizK’Zpg)p]g) (exp —5 ~ exp H@)
The obtained formulas, taking Eqs. (23), (17), and

(15) into account, determine the dependence of the
correlation parameters on the alloy composition, tem-
perature, and long-range order degree. The knowl-
edge of the latter makes it possible to determine
whether the short-range ordering or the stratification
of atoms takes place in the alloy.

The correlation parameters for the octa- and tetra-
pores can be of different signs, e.g., if @ > [ and
o’ < f’. This means that the C-atoms will be pri-
marily accumulated at the octahedral interstices. For
a disordered alloy, i.e., if n = 0,

a B
K=K =Ky= —+b —
1 2 aexpﬁe—l— exp O’
/ ﬁ/
K' = K] =K, —aexp—e—l—bexp prey
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only two correlation parameters, for pores O and T,
survive:

©) _ 5 (exp - —exp L) /(KO 4 2K™):
€ 3abcK <€Xp 5~ oxP ﬁ®> J(K° 4+ 2K™);

(26)
M = 3abeK" (ex o ex d /(K5 +2K')
Po Po '

The dependences of the quantities £(©@) and &™)

on the composition are extreme and asymmetric. The
maxima in those dependences take place at the fol-
lowing compositions:

-1
Ay = <exp 057@ + 1) for (©)

and , , 1
Ay = (exp M + 1) for e(M).
kO

As the temperature grows, the asymmetry of the con-
centration dependences decreases, and, at very high
temperatures, the values of a, become close to the
stoichiometric one, a, =~ % At high temperatures,
formulas (26) become simpler:
! !

a=B =

KO KO

Finally, let us write down formulas for the correla-
tion parameters in the case where the atoms are dis-
tributed over only octapores or tetrapores. In the for-
mer case, c = No/N and D = 2s[K1 Ko(K?2+K3)]~
so that

£(101) _ QCP( ) ( ) (exp

£(©) = abe (27)

Ta
£(201) — 2cpy 2) (2) exp — exp ﬁ) X
KO

x K7 /Ky (K7 + K3);
£(102) _ 2cp(1) (1)

(28)

B
@ exp ,{@) X

exp
x KG /K1 (KT + K3);

£(202) _ 92 (exp @
KO

In the latter case, ¢ = No /2N and D = ¢(K{+K})~

so that o !

1T — cp( )pg) (exp P exp ) /K1,
N (29

£2T) — (@) ) (exp - ) K,
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- oxp ) K (R3S

—exp ;f@) Ky /(K{4K3);

3. Conclusions

Knowing the values of correlation parameters (25)
[or (29)] and (28) makes it possible to estimate a
lot of physical parameters of alloys. If the correlation
parameters are known from experiments, the formu-
las derived above allow the determination of the en-
ergy parameters of alloys, which is of high scientific
importance.

Owing to the results of calculations presented in
this work, the alloys corresponding to the B19 struc-
ture can be used as a working body in modern hydro-
gen accumulators, where they absorb and store hy-
drogen due to the diffusion of interstitial atoms into
the bulk of their crystalline structure.
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vV CIIJTABAX 3I CTPYKTVYPOIO B19

Y poboTi pO3rJIsIHYyTO MeTaj 3 I'€KCAarOHAJIBHOIO CTPYKTYPOIO
B19, B MixkBy3/11 sIKOTO BIPOBaIXKYIOThbCA aToMu. MeTomoMm
KOHDIrypaliii BUB4EHO PO3YMHHICTH BIIPOBA/KEHUX JIOMIIIOK
Ta [MapaMeTpU KOpeJsilil y 3aMillleHH] By3JIiB i Mi>KBy3J1iB, 3Ha-
#iIeHo TX 3aJIe?KHICTb BiJ, CKJIay MeTaJly, TeMIIePaTypPHU Ta CTy-
[eHsl JAJLHBOIO MOPSNKY y By3JlaX. JHAHHS [1apaMeTpPiB Ko-
pessanil Ko3BosIsfA€ OmiHUTH 6araro Pi3MYHHX XapaKTEPUCTHK
criaBiB. ZKIo K mapamMerpu KOpeJsiiil BiJloMi 3 eKCIiepruMeH-
TiB, OTpHMaHi (POPMYJIN TO3BOJISAIOTH BU3HAYUTH €HEPreTUIHI
napaMeTpHu CIJIaBiB, IO MA€ HAYKOBY I[IHHICTBH.

Katowoei caoea: CiyiaBu, PO3UUHHICTD, JOMIIIKH BIPOBa-
JI2KEHHsI, IapaMeTpU KopeJdanil, JOMIIIKu 3aMiIleHHs, CTPy-
kTypa B19.

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 6



