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Abstract
Full Text

PHYSICAL CHEMISTRY
I. L. APTEKAR’and D. S. KAMENETSKAYA

ON THE THERMODYNAMICS OF PHASE
TRANSFORMATIONS IN BINARY ALLOYS
(Presented by Academician G. V. Kurdyumov, September 11, 1961)

A phase transformation in a binary alloy, in contrast to phase transformations
in a one-component system, is the result of the superposition of two processes:
an increase in the volume of the new phase (as in the case of one-component
substances) and a redistribution of the components between the phases in con-
tact. In this case the magnitude of the change in free energy is composed of the
change in free energy 𝑑𝑓𝑐, associated with the transfer of a certain amount of
substance from the initial phase with specific free energy 𝑓1 into the new phase
with specific free energy 𝑓2 (at constant concentration 𝐶), and of the change
associated with the redistribution of the components of the alloy with initial
concentration 𝐶0 (at constant mass of each phase) 𝑑𝑓𝑎. As a result of the re-
distribution, the phase concentrations are 𝐶1 and 𝐶2, which in the general case
are not equal to the equilibrium concentrations.

Each of the quantities 𝑑𝑓𝑎 and 𝑑𝑓𝑐 characterizes the change in free energy in
two limiting processes: 𝑑𝑓𝑎 in the process of redistribution of components (a
diffusion process—the process of exchange), 𝑑𝑓𝑐 in the transition from one phase
to another without a change in concentration (the process of a phase transfor-
mation with capture of atoms of the second component).

Let the total number of atoms in the alloy be 𝑁 , the number of all atoms in
phase I be 𝑁1, and in phase II 𝑁2. The fraction of substance in phase I is
𝑎1 = 𝑁1/𝑁 , and in phase II 𝑎2 = 𝑁2/𝑁 . The concentration of atoms of type A
in phase I is 𝐶1, in phase II 𝐶2, and in the initial solution 𝐶0 (for substitutional
solutions). The condition of conservation of matter gives the relations:

𝑎1𝐶1 + 𝑎2𝐶2 = 𝐶0, 𝑎1 + 𝑎2 = 1. (1)

In the case of interstitial solutions, the same relations are obtained if 𝑎1 and 𝑎2
denote the fraction of solvent atoms in both phases, and 𝐶1 and 𝐶2 the ratio of
the number of impurity atoms to solvent atoms in both phases. For a two-phase
system

𝑓 = 𝑎1𝑓1(𝐶1) + 𝑎2𝑓2(𝐶2). (2)
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Of the four variables (𝐶1, 𝐶2, 𝑎1, and 𝑎2), two are independent variables, for
example 𝑎2 and 𝐶2 (the other two are determined by relations (1)). Expressing
𝐶1 and 𝑎1 in terms of 𝐶2 and 𝑎2, one may represent the quantity 𝑓 as a function
only of 𝐶2 and 𝑎2. The differential of the function 𝑓 transformed in this way
has the form

𝑑𝑓 = 𝑎2 ( 𝜕𝑓2
𝜕𝐶2

− 𝜕𝑓1
𝜕𝐶1

) 𝑑𝐶2 + [𝑓2(𝐶2) − 𝑓1(𝐶1) + (𝐶1 − 𝐶2) 𝜕𝑓1
𝜕𝐶1

] 𝑑𝑎2. (3)

Equation (3) makes it possible to analyze a number of possible cases of partial
equilibrium and phase transitions.*

* In the present work the curvature of the phase-boundary surface is not taken
into account. In addition, it is assumed that the concentration in each phase is
homogeneous.

a) The amount of each phase remains unchanged (the phase boundary does
not move). This case corresponds to:

𝑎2 = const, 𝑑𝑎2 = 0. (4)

The equilibrium condition for the system, 𝑑𝑓 = 0, is satisfied if

𝜕𝑓1
𝜕𝐶1

= 𝜕𝑓2
𝜕𝐶2

. (5)

Consequently, condition (5) corresponds to the case in which redistribution of
the components in the coexisting phases occurs without changing the ratio of
their volumes.

Conditions (4) and (5) determine the concentrations at which the redistribution
(exchange) process ceases. These concentrations depend on the ratio of the
volumes of the coexisting phases (the quantity 𝑎2).

b) The concentration of the second phase remains unchanged (the new phase
grows without a change in composition). In this case

𝐶2 = const, 𝑑𝐶2 = 0. (6)

The condition 𝑑𝑓 = 0 is satisfied if

𝑓2(𝐶2) − 𝑓1(𝐶1) + (𝐶1 − 𝐶2) 𝜕𝑓1
𝜕𝐶1

= 0. (7)
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Equations (6) and (7) are the equilibrium equations for this case. When 𝐶2 =
𝐶0, it follows from (1) that 𝐶1 = 𝐶0 as well (the concentrations of the phases
are identical), and condition (7) takes the form

𝑓1(𝐶0) = 𝑓2(𝐶0). (8)

Condition (8) determines the temperature 𝑇0 at which both phases with the
initial concentration are in equilibrium, and below which a transition without a
change in concentration is thermodynamically favorable (see (1,2 )).
It should be noted that, in this case, equality (5) does not apply.

c) The phase transition proceeds with a change both in the amount and in
the composition of each phase. The equilibrium condition of the system,
𝑑𝑓 = 0, in this general case is satisfied if both multipliers at 𝑑𝐶2 and
𝑑𝑎2 are simultaneously equal to zero. The equations thus obtained can be
written in the form:

𝜕𝑓1
𝜕𝐶1

= 𝜕𝑓2
𝜕𝐶2

, 𝑓1(𝐶1) − 𝐶1
𝜕𝑓1
𝜕𝐶1

= 𝑓2(𝐶2) − 𝐶2
𝜕𝑓2
𝜕𝐶2

. (9)

Equations (9) are the well-known conditions of complete phase equilibrium in a
binary system.

Let us note that conditions (4) and (5) will correspond to a minimum of the
free energy when 𝜕2𝑓/𝜕𝐶2

2 > 0, conditions (6) and (7) when 𝜕2𝑓/𝜕𝑎2
2 > 0, and,

finally, condition (9) when

𝜕2𝑓
𝜕𝐶2

2
> 0, 𝜕2𝑓

𝜕𝑎2
2

> 0, 𝜕2𝑓
𝜕𝐶2

2

𝜕2𝑓
𝜕𝑎2

2
− ( 𝜕2𝑓

𝜕𝐶2𝜕𝑎2
)

2
> 0. (10)

If the system is not in a state of equilibrium, then one of the three processes
described above will occur. The rate of these processes depends on the degree
to which the free energy of the system, Δ𝑓 , deviates from its equilibrium value.
The quantity Δ𝑓 is the energetic driving force of the process.

In the general case, the rate of the process of transition to the equilibrium state
will depend both on the quantity Δ𝑓𝑎 = (𝜕𝑓2/𝜕𝐶2 −𝜕𝑓1/𝜕𝐶1)𝑎2, corresponding
to the purely diffusional exchange process, and on the quantity Δ𝑓𝑐 = 𝑓2(𝐶2) −
𝑓(𝐶1) + (𝐶1 − 𝐶2)𝜕𝑓1/𝜕𝐶1, which stimulates the growth process in which the
concentration of the precipitating phase remains unchanged.

The rates of each of the processes can be estimated by considering, as is done
in works (3,4 ), the rate of overcoming the energy barrier 𝑞 during the transition
from phase I to phase II and the rate of overcoming the energy barrier 𝑞 + Δ𝑓
during the reverse transition.
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The rate of the process of redistribution of components (the exchange process)
between the coexisting phases must be equal to the difference between the rates
of transition from phase I to phase II and from phase II to I:

𝑉dif = 𝐴dif𝑒−𝑞dif/𝑘𝑇 [1 − 𝑒−Δ𝑓𝑎/𝑘𝑇 ] , (11)

where 𝐴dif is a coefficient including the diffusion coefficient; 𝑞dif is the activation
energy of the process; 𝑘 is Boltzmann’s constant; 𝑇 is the temperature (∘K).

For the rate of the process without a change in the composition of the second
phase, we similarly obtain

𝑉capt = 𝐴capt𝑒−𝑞capt/𝑘𝑇 [1 − 𝑒−Δ𝑓𝑐/𝑘𝑇 ] , (12)

where 𝐴capt is a coefficient including the mobility of atoms in the process with
capture; 𝑞capt is the activation energy of the process.

The question of the conditions under which a phase transformation of an al-
loy proceeds without a change in composition is of considerable interest. To
establish these conditions it is necessary to compare the rates 𝑉dif(𝐶0) and
𝑉capt(𝐶0) for the case in which both phases have one and the same composition
𝐶1 = 𝐶2 = 𝐶0. In this case the rate of the process of redistribution of com-
ponents between coexisting phases of the same composition is determined from
(11). The rate of the process of phase transition without a change in composition
is determined from (12).

Whether the process will proceed without a change in concentration (with cap-
ture) or will be accompanied by a change in composition is determined by the
ratio of the rates 𝑉dif(𝐶0) and 𝑉capt(𝐶0). Each of these rates varies with tem-
perature, and the relation between them is different in different temperature
intervals.

In the temperature region above 𝑇0 (in the interval 𝑇0 − 𝑇𝑙, where 𝑇𝑙 is the tem-
perature of the upper boundary of the two-phase region), the quantity Δ𝑓𝑐(𝐶0)
is negative (the free energy of phase II is higher than that of phase I) and
𝑉capt(𝐶0) < 0. If phase I is the initial phase, this means that in the tempera-
ture interval under consideration a transition without a change in concentration
cannot occur, and only a phase transition accompanied by redistribution of com-
ponents is possible. At the temperature 𝑇0, Δ𝑓𝑐(𝐶0) = 0 and 𝑉capt(𝐶0) = 0
(see (12)).

At temperatures below 𝑇0 both processes may proceed; both lead to a decrease
in the free energy of the entire system. However, the rates of these processes are
different, and the leading one will be that whose rate at the given temperature
is greater. At some temperature below 𝑇0 the two rates prove to be equal. Let
us denote this temperature by 𝑇𝐷. In the temperature interval 𝑇0 − 𝑇𝐷, the
process of redistribution of components proceeds faster, and it is the leading one.
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At temperatures below 𝑇𝐷, the process of phase transition without a change in
composition proceeds faster, and it is the leading one.

At equilibrium of both phases, Δ𝑓𝑎 = 0 and Δ𝑓𝑐 = 0, and the rates of both
processes are equal to zero (see (11) and (12)).

Since the mobility of atoms in a phase transition (rearrangement of the lattice)
is greater than the mobility in redistribution of components, the temperature
𝑇𝐷 corresponds to the condition Δ𝑓𝑎 > Δ𝑓𝑐, and this inequality is the stronger,
the more the factors before the brackets in (11) and (12) differ.

Thus, from thermodynamic consideration it follows that the temperature region
below the upper boundary of phase equilibrium 𝑇𝑙 (when considering the process
of transition from the high-temperature phase to the low-temperature one) can
be divided into three intervals: 1) 𝑇𝑙 − 𝑇0, where the process of phase transition
with redistribution of components is energetically favorable; 2) 𝑇0 − 𝑇𝐷, where
two processes are possible, but the process of phase transition with redistribution
of components is the faster; and 3) below 𝑇𝐷,

where the more rapid process is the phase transformation without a change in
composition.

The position of the point 𝑇𝐷 relative to the equilibrium curves depends on the
ratio of the quantities 𝑞diff, 𝑞capt to 𝑎2, and on the character of the dependence
of the free energy of both phases on temperature and concentration for the given
binary system, as well as on the ratio of the coefficients 𝐴diff and 𝐴capt. The
curve of the dependence of 𝑇𝐷 on concentration lies below 𝑇0. At 𝑎2 = 0 the
curve 𝑇𝐷 merges with the curve 𝑇0.

Depending on the nature of the alloy and the magnitude of 𝑎2, the point 𝑇𝐷
may be above or below the temperature 𝑇𝑆 (𝑇𝑆 is the temperature of the lower
boundary of the two-phase region). In the case where 𝑇𝐷 < 𝑇𝑆, there is a
temperature interval 𝑇𝑆 − 𝑇𝐷 in which the homogeneous second phase is sta-
ble, but the transformation process proceeds in two stages: the first stage is a
phase transformation with redistribution of the components; the second stage
is equalization of the composition.

In work (5) it was shown experimentally that the crystallization process of an
alloy of Cu with 50% Ni proceeds differently in the temperature intervals 𝑇𝑙 −𝑇0,
𝑇0 − 𝑇𝑆, and below 𝑇𝑆. This effect agrees with the conclusions of the present
work.

For a certain character of the dependence of the free energy on composition
and temperature, the point 𝑇𝐷 may lie at very low temperatures. In such cases
observation of the transformation process without a change in concentration
will be difficult. This may possibly explain the results of work (6).

When 𝑇0 > 𝑇𝐷 > 𝑇𝑆, then in the interval 𝑇𝐷 − 𝑇𝑆, where the two-phase state
will be stable, the process proceeds in two stages: the first stage is a phase trans-
formation without a change in concentration; the second stage is decomposition
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of the metastable II phase into two phases. When the transformation process
proceeds at temperatures below 𝑇𝐷, but close to it, the “capture”process may
be accompanied by a process of exchange through the moving boundary. In this
case the concentration of the matrix changes, and the ratio of the rates of the
processes of“capture”and“exchange”also changes. For some volume of the new
phase the exchange process may become the leading one. As a result of such
a mixed process, inhomogeneity of the composition and of the metallographic
structure of the alloy should be expected.

It is necessary to note that when the transformation process is accompanied by
an appreciable redistribution of the components, for a complete description of
the process it is necessary to take into account the removal of matter from the
boundary of the growing phase, which may limit the rate of the transformation
process (4).

Institute of Metallophysics
and Institute of Precision Alloys
of the Central Scientific-Research Institute
of Ferrous Metallurgy named after I. P. Bardin

Received
2 IX 1961

CITED LITERATURE
1 G. V. Kurdyumov, Problems of Metal Science and Physics of Metals, Moscow,
1949, p. 132. 2 M. Hasselblatt, Zs. f. phys. Chem. 83, 1 (1913). 3 S. Chan-
drasekhar, Stochastic Problems in Physics and Astronomy, IL, 1947. 4 B. Ya.
Lyubov, DAN 72, No. 2, 273 (1950). 5 D. S. Kamenetskaya, E. P. Rakhmanova,
E. Z. Spektor, DAN 142, No. 3 (1962). 6 I. V. Salli, I. S. Miroshnichenko, DAN
132, No. 6, 1364 (1960).

Note: Figure translations are in progress. See original paper for figures.

Source: Math-Net.Ru and CyberLeninka. Machine translation. Verify with the
original.

sovietrxiv.org/items/ru-196201.33448 Machine Translation

https://sovietrxiv.org/items/ru-196201.33448

	Abstract
	Full Text
	PHYSICAL CHEMISTRY
	ON THE THERMODYNAMICS OF PHASE TRANSFORMATIONS IN BINARY ALLOYS
	CITED LITERATURE


