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The activation parameters for various iron structures were calculated by the analytical method based on the paired

four-parameter Mie−Lennard-Jones interatomic interaction potential. Within the framework of a single method,

all the activation processes parameters were calculated: Gibbs energy, enthalpy, entropy and volume for both the

process of electroneutral vacancy formation and for the process of atom self-diffusion. The isobaric temperature

dependences of the indicated activation parameters for BCC and FCC iron structures from T = 10 to 1810K along

two isobars: P = 0 and 10GPa were calculated. It is shown that at the α−γ transition temperature (1184K),
the activation parameters decrease during the isobaric transition from the BCC to the FCC structure. At the γ−δ

transition temperature (1667K), the activation parameters increase during the transition from the FCC to the BCC

structure. With increasing pressure, the jumps magnitude for the Gibbs energy and the enthalpy of the activation

process increases, and for the entropy and volume of the activation process decreases. It is shown that, at low

temperatures, due to quantum regularities, activation parameters strongly depend on temperature, and the entropy

of activation processes in this region is negative. In the high temperature region, a good agreement has been

obtained with the experimental estimates of activation parameters for different iron structures known from the

literature.
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Introduction

In terms of the metals distribution in the earth’s crust,

iron (Fe) occupies the second place after aluminum, so

iron is studied for a long time, but some of its properties

were studied relatively little. Difficulties in the study are

due to the fact that iron at different temperatures (T ) and

pressures (P) can have a different crystal structure. It is

known that at low pressures (P = 1 atm) solid iron can exist

in three crystalline modifications [1,2]:

1. At low temperatures: T ≤ Tα−γ = 1184 ± 1K, the α-

Fe phase with a body-centered cubic (BCC) structure is

stable: kn = 8 , k p = 0.6802, where kn — the first coordi-

nation number, k p — packing index of the structure. In α-

phase at the Curie temperature TC = 1043K, a second kind

phase transition from the ferromagnetic to the paramagnetic

state occurs in iron.

2. In the temperature range: Tα−γ ≤ T ≤ Tγ−δ =
= 1667± 1K, γ-Fe phase with a face-centered cubic (FCC)
structure is stable: kn = 12, k p = 0.7405.

3. At high temperatures: Tγ−δ ≤ T ≤ Tm =
= 1811± 3K, δ-Fe phase with BCC structure is stable.

Here Tm is melting temperature.

Activation parameters (i.e., the parameters of formation

of electrically neutral vacancies and self-diffusion of atoms)
in various polymorphic modifications of iron were studied

for a long time, but to date, reliable experimental data were

obtained only for enthalpy (hi) and volume (v i) of activation

process [3–11]. Yet, there are no methods for measuring or

calculating the entropy (s i ) and associated Gibbs energy

(g i = hi−T s i) of the activation process [7–11]. Here the

index is i = v or d for the formation of electrically neutral

vacancies or for the self-diffusion of atoms, respectively.

Computer simulation methods allowed us to estimate the

values of hi and v i at T = 0K, while these data are

very contradictory [3–5,7,9]. In papers [8,10] methods

were proposed for taking into account the temperature

dependence of activation parameters, but these methods

are approximate, since they do not take into account

the equations of state, thermal expansion, and crystal

compressibility.

In this regard, in this paper, the thermal and baromet-

ric dependences of all activation parameters in various

polymorphic modifications of iron are calculated by the

analytical method. The isobaric temperature dependences

of the functions g i , hi, s i , and v i , starting from T = 10K

and up to the iron melting point, are calculated for the first

time under a standard method. In this case, all calculations

were performed along two isobars: at
”
zero“ pressure

(P ≈ 10−4 GPa ≈ 1 atm), where experimental estimates of

activation parameters were obtained, and at P = 10GPa.
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1. Method of activation parameters
calculation

Let us represent a single crystal of a single-component

substance from N atoms as a structure of N + Nv cells

having the same size, where Nv cells are vacant and

uniformly distributed across crystal volume V . We will

assume that atoms in the system can be in two states:

localized and delocalized. In localized state the atom is

in a cell formed by the nearest neighbors and has only the

oscillatory degrees of freedom. In delocalized state the atom

has access to the whole system volume and has only the

translational degrees of freedom.

We will assume that an atom can leave a cell if the

amplitude of its oscillation in a cell exceeds co/2, where

co = [6k pV/(πN)]1/3 — distance between the centers of the

nearest cells in an initial (not relaxed into the state activated

by vacancies) vacancy-free (at Nv = 0) virtual lattice (this is
indicated by the index

”
o“). Here k p – is the packing index

of the structure of N + Nv spherical cells. Then, for the

probability of vacancy formation, the following expression

was obtained [12]:

φv =
Nv

N + Nv

= 1− erf

[(

Ev

kBT

)1/2]

, (1)

where kB — Boltzmann’s constant, the probability integral

has the form

erf(x) =
2

π1/2

x
∫

0

exp(−t2)dt. (2)

In formula (1), the function Ev is the energy of a vacant

cell creation in vacancy-free lattice, which has the form [12]:

Ev =
m
ko

n

(

3cokB2o

8~

)2

f y

(

32o

4T

)

. (3)

Here ~ — Planck’s constant, m — atomic mass, ko
n —

number of all cells (both occupied and vacant) closest to a

given atom, 2o — the Debye temperature in vacancy-free

lattice (hence the index
”
o“). The function f y(yw) appears

in (3) due to quantum effects and has the form

f y (yw) =
2

yw

[1− exp(−yw)]

[1 + exp(−yw)]
, yw =

32o

4T
. (4)

The probability of atom delocalization is defined as the

relative fraction of excited atoms that have a kinetic energy

above the threshold Ed — energy of atom delocalization in

the bulk of the crystal:

xd =
Nd

N
=

2

π1/2

∞
∫

Ed/(kBT)

t1/2 exp(−t)dt

= 2

(

Ed

πkBT

)1/2

exp

(

−
Ed

kBT

)

+ 1− erf

[(

Ed

kBT

)1/2]

.

(5)

The delocalization energy of atom is related to the energy

of vacant cell by creation by the following relationship:

Ed =

(

3

8π2

)

m

(

3cokB2o

4~k1/3
p

)2

f y (yw) = C ldEv, (6)

where the structural parameter is introduced:

C ld =
3ko

n

2π2k2/3
p

> 1.

In [12] expressions were obtained for the Gibbs en-

ergy (g i), enthalpy (hi), entropy (s i) and volume (v i)
similarly to the process of formation of electrically neutral

vacancies (i = v), and for the process of atom self-diffusion

(i = d) over the bulk of crystal. Under the condition

Ev ≫ kBT (which is valid for metals up to the melting

point), these formulas have the following form:

for the vacancy formation process

gv = −kBT ln(φv) = Ev

[

1 +

(

kBT
2Ev

)

ln

(

πEv

kBT

)]

,

hv = Ev

{

1− ty (yw) + αpT

[

(

2− ty (yw)
)

γo −
2

3

]}

,

sv
kB

=
hv − gv

kBT
=

Ev

kBT

{

αpT

[

(

2− ty (yw)
)

γo −
2

3

]

− ty (yw) −

(

kBT
2Ev

)

ln

(

πEv

kBT

)}

,

vv

v0

=
Ev

BTv0

[

(

2− ty (yw)
)

γo −
2

3

]

; (7)

for the self-diffusion process

gd = −kBT ln(xd) = Ed

[

1−

(

kBT
2Ed

)

ln

(

4Ed

πkBT

)]

,

hd = Ed

{

1− ty (yw) + αpT

[

(

2− ty (yw)
)

γo −
2

3

]}

,

sd

kB

=
hd − gd

kBT
=

Ed

kBT

{

αpT

[

αpT
(

2− ty (yw)
)

γo −
2

3

]

− ty (yw) +

(

kBT
2Ed

)

ln

(

4Ed

πkBT

)}

,

vd

v0

=
Ed

BTv0

[

(

2− ty (yw)
)

γo −
2

3

]

. (8)

Here αp = (1/V )(∂V/∂T )P — isobaric coefficient of ther-

mal expansion, BT = −V (∂P/∂V )T — isothermal modulus

of elasticity, γo = −[∂ ln(2o)/∂ ln(V )]T — first Grüneisen

parameter for a vacancy-free crystal, v0 — volume per atom

at P = 0 and T = 0K,

ty (yw) = −
∂ ln( f y )

∂ ln(yw)
= 1−

2yw exp(yw)

[exp(2yw) − 1]
. (9)
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Let us represent the pair interatomic interaction as four

parametric Mie−Lennard-Jones potential, which has the

form

ϕ(r) =
D

(b − a)

[

a

(

ro
r

)b

− b

(

ro
r

)a]

, (10)

where D and ro — depth and coordinate of the potential

minimum, b > a > 1 — parameters.

Then, as shown in [13], Debye temperature within the

framework of approximation of
”
only nearest neighbors

interaction“ can be determined as follows

2o(k
o
n, co) = Aw(ko

n, co)ξ

[

−1+

(

1+
8D

kBAw(ko
n, co)ξ2

)1/2]

,

(11)

where function Aw(ko
n, co) arises due to the consideration of

energy of atoms
”
zero-point oscillations“ in crystal:

Aw(ko
n, co) = KR

5ko
n ab(b + 1)

144(b − a)

(

ro
co

)b+2

, (12)

KR =
~
2

kBr2om
, ξ =

9

ko
n
.

Based on the potential (10), in the framework of the

approximation of
”
only nearest neighbors interaction“ for

the equation of state (P) and the isothermal modulus of

elasticity (BT ) one can obtain the following expressions [14]:

P =

[

ko
n

6
D U ′(R) +

9

4
kB2oγo Ew(yw)

]

1

v
, (13)

BT = −v

(

∂P
∂v

)

T

= P +

[

ko
n

18
D U ′′(R) +

9

4
kB2o

× γo(γo − qo)Ew(yw) − 3kBγ
2
oT FE(yw)

]

1

v
. (14)

Here v = V/N, R = (v0/v)1/3 — relative linear density

of the crystal,

Ew(yw) = 0.5 +
1

[exp(yw) − 1]
,

FE(yw) =
y2
w exp(yw)

[exp(yw) − 1]2
,

v0 =
πr2o
6k p

, U(R) =
aRb − bRa

b − a
,

U ′(R) = R

[

∂U(R)

∂R

]

=
ab(Rb − Ra)

b − a
,

U ′′(R) = R

[

∂U ′(R)

∂R

]

=
ab(bRb − aRa)

b − a
. (15)

From formula (11) it is easy to find expressions for the

first (γo) and second (qo) Grüneisen parameters for the

vacancy-free crystal, which are

γo = −

(

∂ ln2o

∂ ln v

)

T

=
b + 2

6(1 + Xw)
,

qo =

(

∂ ln γo

∂ ln v

)

T

= γo
Xw(1 + 2Xw)

(1 + Xw)
. (16)

Here, the function Xw = Awξ/2o is introduced, which

determines the role of quantum effects in calculating the

Grüneisen parameters.

Since, according to (11), the Debye temperature does

not depend on temperature during isochoric heating of the

crystal, the isochoric heat capacity and isobaric coefficient

of thermal volumetric expansion for the vacancy-free crystal

can be determined in the form [15]:

Cv = 3NkB FE

(

32o

4T

)

,

αp =
1

v

(

∂v

∂T

)

P

= γ
Cv

V BT
=

γCv

NBT [πr3o/(6k p)]

(

v0

v

)

.

(17)

As was shown in [12], the method (1)−(17) allows,

based on the parameters of the potential (10), to calculate

both the temperature dependence along the isobar and

the barometric dependence along the isotherm for all

parameters of activation processes specified in formulas (7)
and (8). This calculation method is applicable at any

pressures and temperatures corresponding to the solid phase

of a one-component substance.

2. Calculation results

Let us apply the formalism from (1)−(17) to calculate

the activation parameters of iron (m(Fe) = 55.847 amu)
with different crystal structure. The change in the ther-

modynamic properties of iron at atmospheric pressure and

temperature of α−γ-transition was studied by us in [16].
To study the properties of BCC-Fe and FCC-Fe in the

article [16], the parameters of the Mie−Lennard-Jones (10)
interatomic potential, which are presented in Table 1, were

used. The right columns of the Table show the values of

the molar volume, Debye temperature, thermal expansion

coefficient, and modulus of elasticity calculated at P = 0

and T = 300K. Experimental estimates of these parameters

for BCC-Fe at P = 0 and T = 300K are:

2 = 420− 467K [15], αp = (33−38) · 10−6 K−1 [17, 18],

BT = 156 − 171GPa [18, 19].

The comparison shows that our data are in good

agreement with these estimates. A detailed study of the

jumps in the iron properties during the α−γ-transition and

comparison with the data of other authors were made by

us [16].
Since the Curie temperature TC(P = 0) = 1043K is only

by 141K lower than the temperature of the α−γ-transition

Tα−γ(P = 0) = 1184 ± 1K, this neighborhood makes it

difficult to measure various thermodynamic properties at

the α−γ-transition temperature, which was noted in pa-

pers [17,20,21]. The α−γ transition causes a very small

change in volume and related properties:

1vα−γ = v(γ) − v(α) = −0.074 cm3/mol [22];

[v(γ) − v(α)]/v(α) = −0.0096 ≈ −1% [21].

4∗ Technical Physics, 2023, Vol. 68, No. 2
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Table 1. Parameters of Interatomic potential (10) for BCC and FCC iron structures from [16]

Phase
ro, D/kB, b a

v0, v(0, 300K), 2o(0, 300K), αp(0, 300K), BT (0, 300K),

10−10 m K cm3/mol cm3/mol K 10−6K−1 GPa

α-bcc-Fe 2.4775 12561.530 8.37 3.09 7.0494 7.1339 415.174 34.117 161.291

γ-fcc-Fe 2.5404 8374.353 − − 6.9812 7.0645 404.983 34.264 162.892

Note. After the parameters of the potential (10) other columns contain the calculated values of the molar volume, Debye temperature, thermal expansion

coefficient and modulus of elasticity at P = 0 and T = 300K.

Therefore, these jumps in properties during the α−γ

transition are very difficult to measure. The matter is

aggravated because of both the closeness of the Curie

temperature and the fact that the measurement error of

some properties is much greater than the magnitude of

the jump in these properties during α−γ transition. For

example, in [20, Fig. 5] it is shown that the change in the

elasticity modulus (BT ) during the α−γ-transition is less

than the measurement error of BT .

At the γ−δ transition temperature Tγ−δ(P = 0) =
= 1667± 1K, the volume change is also very small:

1vγ−δ = v(γ)−v(γ) = 0.031 cm3/mol [22]. This is almost

by an order of magnitude smaller than the jump in volume

at the melting temperature of iron. Therefore, the change

in various properties during the γ−δ phase transition is

also very difficult to measure. In this connection, the

experimental data available in the literature for activation

parameters in various phases of iron are very approximate

even for the self-diffusion enthalpy. Table 2 presents

theoretical (in parentheses) and experimental estimates of

activation parameters known from the literature in various

phases of solid iron, which are given in the indicated

articles. The first column also shows the temperature

range in which the self-diffusion enthalpy hd from the

review [6] was measured. Thus, due to the difficulties

in measuring activation parameters, the question of the

activation parameters change during phase transitions in iron

today does not have a clear answer even for such a relatively

easily measurable activation parameter as the self-diffusion

enthalpy.

Using the formalism (1)−(17) and the parameters of

the interatomic potential (10) from Table 1, we calculated

the activation parameters for BCC and FCC structures of

iron. In this case, for α-Fe and δ-Fe the parameters of

the potential (10) obtained for α-Fe were used. As was

shown in [6,10], at the Curie temperature, the self-diffusion

coefficient and the self-diffusion enthalpy change almost

continuously within the accuracy of their measurement, i.e.,

without a jump. Therefore, the calculation of the α-Fe

properties in the ferromagnetic and paramagnetic states was

carried out on the basis of a single interatomic potential

from Table 1.

Figs 1−4 show isobaric temperature dependences of the

parameters both for the vacancy formation (two lower

curves 1 and 2), and for atom self-diffusion (two upper

curves 3 and 4) in the iron. The solid lines 1 and 3
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0

1

2
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fcc bccbcc
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3

2
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T, K

gd

g
v

g
, 
e
V

i

Figure 1. Isobaric temperature dependences of the Gibbs energy

for vacancy formation (curves 1 and 2) and for atom self-diffusion

(curves 3 and 4) in iron. Solid lines 1 and 3 — isobars P = 0,

dashed lines 2 and 4 — isobars P = 10 ,GPa.
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Figure 2. Temperature dependences of the enthalpy of vacancy

formation (curves 1 and 2) and self-diffusion (curves 3 and 4) in

iron. Lines 1 and 3 for P = 0, 2 and 4 — for P = 10GPa.

show the P = 0 isobars, the dashed lines 2 and 4 —
these are the P = 10 isobars, GPa. Vertical lines show

the boundaries of various iron structures at P = 0. The

values of activation parameters for BCC and FCC struc-
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Table 2. Theoretical (in parentheses) and experimental estimates of activation parameters in various phases of solid iron

Phase, measurement area hd , eV hv , eV vd/v0 vv/v0

α-bcc-Fe (2.788) [6] (1.30) [3] (0.50) [3]
Ferromagnetic 2.6−3.1 0.95

T = 754−1043K
(2.92) [10] (2.20) [10]

2.63−3.10

2.634 [24] 1.81± 0.1 [25]

α-bcc-Fe (2..05−2.47) [4] (1.37−1.70) [4] (6.27−0.899) [4] (0.703−0.939) [4]
Paramagnet 2.35−3.0 1.6−1.8 0.95

T = 1052−1148K
(2.446) [6] (2.16−2.64) [7] (0.63) [3]

2.48−2.68

(3.052) [9] (2.370) [9] (0.723) [9] (0.744) [9]
2.36−3.01 1.59−2.0 0.95

(2.46) [10] (1.99) [10]
2.48−2.92

2.5−2.7 [24] (1.98) [23]
1.6± 0.2

2.88 [25] 1.74± 0.1 [25]

γ-fcc-Fe (3.93) [6] (2.65) [3] (0.70) [3]
T = 1443−1634K 2.94

2.942± 0.063 [24,26] (0.74) [26]
0.77

δ-bcc-Fe (2.083) [6]
2.33−2.53T = 1443−1634K

2.5−2.7 [24]

Note. The first column shows the temperature range in which the self-diffusion enthalpy was measured from [6].

tures of iron at certain temperatures are presented in Ta-

ble 3−6: 300, Tα−γ(P = 0) = 1184, Tγ−δ(P = 0) = 1667,

Tm(P = 0) = 1810K. For each phase the first line presents

the data obtained at P = 0, and the second line — at

P = 10GPa. Note that in Fig. 4 and Tables 3−6 for the

normalization volume v0 in different Fe structures different

values from Table 1 were used.

It can be seen from Figs. 2 and 4 and Tables 3−6 that our

results for hi and v i/v0 at high temperatures (T ≫ 2 texto)
are in good agreement with the experimental estimates of

these functions presented in Table 2. We were unable to

find experimental or theoretical estimates of the functions s i

and g i = hi−Ts i for various phases of iron in the literature.

It can be seen from Fig. 1−4 that at low temperatures,

due to quantum laws, the activation parameters strongly

depend on temperature, and the entropy of the activation

process in this region is negative: s i (T < 2o) < 0. At

T = 0K the parameters of the activation process reach their

minima:

g i(0) = 0, hi(0) = 0, v i(0) = 0, s i (0) < 0.

The reasons for this behavior of these functions were

discussed in detail in [12]. Note that the negative entropy of

the activation process was found at low temperatures both

in experimental [27,28] and theoretical [29–31] studies.

It can be seen from Figs 1−4 and Table 4 that at the α−γ-

transition temperature (1184K) the activation parameters

decrease during the isobaric transition from BCC to FCC

structure. In this case, if the self-diffusion parameters

decrease by 4−6%, then the vacancy parameters decrease

by 31−34%. As the pressure increases, the jump of the g i

and hi functions increases, and the jump of s i and v i —
functions decreases. Note that the increase in hv and

the decrease in vv with increasing pressure were studied

experimentally for FCC Au, Al, Pt in [32] and theoretically

for BCC-Ta in [33].

Note that the accuracy of the experimental determination

of these functions does not allow today to measure such

jumps in activation parameters. As for theoretical calcu-

lations, then in article [6] the self-diffusion coefficients in

various polymorphic phases of iron were calculated on the

basis of the thermodynamic cB� model, and increase in

the self-diffusion enthalpy during α−γ-transition from 2.446

to 3.93 eV (Table 2) was obtained. However, this is much

higher than the experimental value: hd(γ-Fe) = 2.94 eV. In

Technical Physics, 2023, Vol. 68, No. 2
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Table 3. Activation parameters for BCC and FCC iron structures calculated at T = 300K and two pressures — 0 and 10GPa

Phase P, GPa − lg(xd) − lg(φv) gd , eV gv , eV hd , eV hv , eV sd/kB sv/kB vd/v0 vv/v0 vd , cm
3/mol vv , cm

3/mol

α-bcc-Fe 0 44.09 29.87 2.623 1.778 2.327 1.480 −11.443 −11.508 0.5699 0.3625 4.0173 2.5555

10 50.38 33.93 2.999 2.020 2.550 1.622 −7.352 −15.373 0.4718 0.3001 3.3257 2.1156

γ-fcc-Fe 0 41.78 20.30 2.487 1.208 2.227 0.999 −10.059 −8.077 0.5434 0.2439 3.7934 1.7024

10 47.74 23.01 2.842 1.370 2.443 1.096 −15.410 −10.572 0.4513 0.2025 3.15029 1.4138

Table 4. Activation parameters for BCC-Fe and FCC-Fe calculated at Tα−γ (P = 0) = 1184K and two pressures — 0 and 10GPa

Phase P, GPa − lg(xd) − lg(φv) gd , eV gv , eV hd , eV hv , eV sd/kB sv/kB vd/v0 vv/v0 vd , cm
3/mol vv , cm

3/mol

α-bcc-Fe 0 10.49 8.02 2.464 1.885 2.983 1.898 5.089 0.124 0.7347 0.4674 5.1794 3.2947

10 12.52 9.38 2.942 2.203 3.414 2.172 4.628 −0.303 0.6106 0.3884 4.3043 2.7381

γ-fcc-Fe 0 9.89 5.56 2.323 1.306 2.822 1.266 4.893 −0.387 0.6949 0.3119 4.8515 2.1773

10 11.79 6.46 2.770 1.519 3.226 1.448 4.471 −0.693 0.5784 0.2596 4.0380 1.8122

Table 5. Activation parameters for FCC-Fe and BCC-Fe calculated at Tγ−δ(P = 0) = 1667K and two values of pressure — 0 and 10GPa

Phase P, GPa − lg(xd) − lg(φv) gd , eV gv , eV hd , eV hv , eV sd/kB sv/kB vd/v0 vv/v0 vd , cm
3/mol vv , cm

3/mol

γ-fcc-Fe 0 6.47 3.91 2.141 1.293 2.856 1.283 4.978 −0.071 0.7337 0.3295 5.1219 2.3003

10 7.87 4.59 2.604 1.519 3.262 1.464 4.581 −0.380 0.5994 0.2690 4.1845 1.8780

δ-bcc-Fe 0 6.87 5.59 2.274 1.848 3.021 1.922 5.201 0.514 0.7759 0.4937 5.4699 3.4806

10 8.37 6.60 2.769 2.184 3.454 2.197 4.770 0.090 0.6329 0.4026 4.4615 2.8381

Table 6. Activation parameters for FCC-Fe and BCC-Fe calculated at T = 1810K and two values of pressure — 0 and 10GPa

Phase P, GPa − lg(xd) − lg(φv) gd , eV gv , eV hd , eV hv , eV sd/kB sv/kB vd/v0 vv/v0 vd , cm
3/mol vv , cm

3/mol

γ-fcc-Fe 0 5.80 3.58 2.082 1.287 2.865 1.289 5.014 0.015 0.7458 0.3356 5.2066 2.3428

10 7.12 4.22 2.555 1.517 3.269 1.467 4.577 −0.315 0.6053 0.2717 4.2258 1.8969

δ-bcc-Fe 0 6.17 5.11 2.217 1.835 3.030 1.930 5.209 0.610 0.7888 0.5024 5.5606 3.5417

10 7.57 6.06 2.717 2.176 3.461 2.202 4.771 0.166 0.6392 0.4066 4.5058 2.8665

the article [6] by the same cB� method the reduce in the

self-diffusion volume from (5.22−5.26) cm3/mol for α-Fe

to (4.17−4.97) cm3/mol for γ-Fe. was obtained. This result

agrees well with our calculations from Table 4.

It can be seen from Figs. 1−4 and Table 5 that at

the γ−δ-transition temperature (1667K) the activation

parameters increase during the isobaric transition from

the FCC to BCC structure. The self-diffusion parameters

increase by 4−6%, and the vacancy parameters increase

by 40−70%. As the pressure increases, the jump of

the g i and hi functions increases, while the jump of the s i

and v i functions decreases. And during γ−δ-transition,

the accuracy of the experimental determination of these

functions is not very high. There are two experimental

studies relating measuring the self-diffusion coefficient in δ-

Fe. In [34] in the region T = 1663−1783K the fol-

lowing was obtained: hd = 57± 3 kcal/mol = 2.473 ± 0.13

eV. In [35] for self-diffusion in the paramagnetic α-

Fe phase (for T = 956−1157K) and in δ-Fe (for
T = 1701−1765K), the same self-diffusion enthalpy

hd = 57.5± 1.04 kcal/mol = 2.495 ± 0.045 eV was ob-

tained. In this case, the self-diffusion coefficient itself

in [35] was measured with an accuracy of 22%. As

for theoretical calculations, in the article [6], on the

basis of the thermodynamic cB� model, the decrease

in the self-diffusion enthalpy during γ−δ transition in

iron from 3.93 to 2.083 eV (Table 2) was obtained.

However, these calculated values differ significantly from
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the experimental estimates for hd . The self-diffusion

volume increasing from (4.17−4.97) cm3/mol for γ-Fe up

to (4.99−5.08) cm3/mol for δ-Fe was also obtained. This

result agrees well with our calculations from Table 5. We

failed to find experimental or theoretical data on vacancy

parameters for δ-Fe.

Fig. 5 shows the dependences of the entropy of the

vacancy formation (curves 1 and 2) and self-diffusion

(curves 3 and 4) on the decimal logarithm concentration

of vacancies and delocalized atoms in iron. It can be seen

from Fig. 5 that as the concentration of defects decreases,

the entropy corresponding to them becomes negative, i.e. in

this region these defects order the crystal. Only starting

from a certain concentration (Xs i) the entropy of defect

formation transfers to positive region, where the defects

disorder the crystal. The reasons for this behavior of s i

function were discussed in detail in [36,37]. It can be seen

from Fig. 5 that diffusing atoms begin to disorder the crystal

at lower concentrations than vacancies. Thus, the following

relation is satisfied: Xsd < Xsv , and with pressure increasing

the value Xsd decreases, while the value Xsv increases.

As can be seen from Figs 3 and 5, during the α−γ-

transition the entropy of defects decreases sharply, and the

entropy of vacancy formation in γ-Fe is negative, i.e. here,

vacancies order the crystal. During the γ−δ transition

the entropy of defect formation increases, and in δ-Fe the

vacancies, like delocalized atoms, disorder the crystal.

As can be seen from Fig. 5, the entropy of defect

formation in iron becomes negative at a very low concen-

tration of defects: Xs i < 10−8 (for vacancies) — 10−30 (for
diffusing atoms). But for such crystals as, for example,
3He, 4He, H2, D2, Ne, Li, the change of sign of the vacancy

formation entropy occurs at a more noticeable concentration

of defects [36]. That is why the negative value of the
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vacancy formation entropy was experimentally found in

helium crystals in [27,28].

Conclusion

1. Analytical method based on the pair four-parameter

potential of interatomic interaction of Mie−Lennard-Jones

calculated the isobaric temperature dependence of activation

parameters for BCC and FCC iron structures from T = 10

to 1810K along two isobars — P = 0 and 10GPa.

2. For the first time, according to a single method all

parameters of activation processes were calculated: the

Gibbs energy, enthalpy, entropy, and volume both for the

process of vacancy formation and for the process of self-

diffusion. It is shown that the temperature dependence

of activation parameters at low temperatures (T < 2) is

quite considerable due to quantum effects. The temperature

dependence of activation parameters at high temperatures

weakens and is almost linear. In the region of high

temperatures good agreement is obtained with experimental

estimates of activation parameters known from the literature

for various iron structures.

3. It is shown that at the α−γ-transition temperature, the

activation parameters decrease during the isobaric transition

from the BCC to FCC structure. At the γ−δ-transition

temperature, the activation parameters increase during the

isobaric transition from the FCC to the BCC structure. With

pressure increasing the magnitude of the jumps for the

Gibbs energy and the enthalpy of the activation process

increases, while decreases for the entropy and volume of

the activation process.

4. At low concentration of defects (i.e., at low tempera-

tures), the entropy of defect formation becomes negative,

i.e., they order the crystal here. Only starting from a certain

concentration (Xs i) the entropy of defect formation transfers

to positive region, where the defects disorder the crystal.

In this case, diffusing atoms begin to disorder the crystal

at lower concentrations than vacancies, i.e., Xsd < Xsv , and

with pressure increasing the value of Xsd decreases, and the

value of Xsv increases.
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