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INTRODUCTION

Anomalous phase transformations that occur in
alloys because of intense plastic deformation attract
increased interest of researchers [1–8], who hope to
obtain promising materials by this method [9]. Exper�
iments show that, under intense plastic deformation
conditions, an alloy moves from the state of thermody�
namic equilibrium, and part of mechanical energy
supplied to the system transforms into internal alloy
energy [10, 11]. The mechanisms responsible for this
process are, however, debatable [1, 12, 13]. Among
several factors that influence the phase stability of
alloys during intense plastic deformation (direct
mechanical mixing of atoms in deformation bands,
the action of nonequilibrium vacancy fluxes, the dis�
turbance of crystalline order close to grain boundaries,
etc.), intragrain edge dislocation slip, which occurs no
matter how an alloy is deformed, should be men�
tioned.

Indeed, according to modern concepts, plastic
deformation transfer between neighboring crystallites
does not stop even during alloy transition to the amor�
phous state and the formation of nonequilibrium grain
boundaries [14]. Local changes in thermodynamic
properties cause the formation of Cottrell atmo�
spheres in dislocation tubes [15], the appearance of
extended impurity traces behind moving dislocations
[16], and the local solution of precipitates intersected
by dislocations [17–19]. The rate of diffusion in a dis�
location core is higher by 2–3 orders of magnitude
than that in the volume [20], and it can be suggested
that the nonequilibrium alloy state gets frozen after
dislocation shift until the next dislocation arrives,
which provokes the further development of nonequi�
librium transformations. The formation of metastable
phase diagram phases in this process is preferable
compared with the formation of fundamentally new

phases, because metastable states correspond to local
minima of the free energy of mixing and are therefore
long�lived. In this work, the qualitative peculiarities of
the synthesis of metastable phases under intense plas�
tic deformation conditions are studied for the example
of an alloy with a tendency to B2 ordering.

MODEL

Diffusion equations for an alloy with a tendency to
B2 ordering were suggested in [21] and used in [22] to
study the growth of colonies; the results were consis�
tent with Monte Carlo simulations. The evolution of
the concentration of component A is described by the
continuity equation

. (1)
The flux of component A is determined as

(2)

where  is the diffusion coefficient;  stands for the
sublattice concentrations of atoms of kinds ;
and  and  are the energies of mixing and ordering
divided by the thermal energy kT. For simplicity,
energy φ will be set equal to zero. The mean local
concentration and the degree of ordering are deter�

mined by the equations  and

. We assume that the contribution to

flux  is only nonzero in the region of dislocation
cores because of a local change in thermodynamic
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properties. The  value is determined in the local�
equilibrium ordering approximation by the Bragg–
Williams condition

.

If  and , Eq. (2) reduces to the Cahn–
Hilard equation [23], which can be used to describe
the spinodal decomposition of a regular solid solution,

.

If a local�equilibrium ordering is not reached on
the time scale under consideration, the evolution of
the order parameter should be considered [21],

, (3)

where Q is the correction factor, a is the lattice param�

eter, and  stands for the diffusion mobilities of
atoms in sublattices.

Typical phase diagrams of the model under consid�
eration are shown in Fig. 1. The dark region corre�
sponds to a metastable phase if  (Fig. 1a) and a
stable ordered phase if  (Fig. 1b). In the first
case, alloy cooling below the dome of the two�phase
region causes alloy decomposition into equilibrium
phases  and  enriched in atoms of kinds A and B,
respectively. The decomposition of the metastable 
phase requires activation and develops by the mecha�
nism of the growth of colonies or double plates from
regions with disturbed homogeneity [22]. In the sec�
ond case, the phase diagram has two two�phase
regions  and  each experiencing spinodal
decomposition with the precipitation of the ordered 
phase.

The term  in (2) contributes to alloy removal
from thermodynamic equilibrium, and, for intense
plastic deformation, preferable transformation can be

 for the first case and ordered phase decom�
position  for the second case. The observa�
tion of one or another scenario depends on energy gra�
dients  in a dislocation core, that is, on
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the properties of the material. For crude qualitative
analysis purposes, we assume that a change in the
Gibbs energy is independent of the sign of deforma�
tion and ignore differences in  energy and diffu�
sion coefficient changes in the regions of dislocation
core compression and expansion. These parameters
are determined phenomenologically in a dislocation
core using the radially symmetrical functions

(4)

where , and  characterize the amplitude and
 the form of parameter perturbation in a disloca�

tion core; the position of a dislocation is determined
by the  radius vector.

SIMULATION RESULTS

Equations (1)–(4) were numerically solved by the
standard Runge–Kutta method on an L × L square
region. It was assumed that grain boundaries coin�
cided with the boundaries of the square and atom
fluxes through them were absent. The initial state was
selected homogeneous or two�phase equilibrium with
small composition fluctuations. A dislocation
appeared randomly at one of the boundaries, moved to
the opposite boundary at a constant rate V, and disap�
peared at this boundary. At the same moment, new
dislocation was generated, and a single dislocation was
present in the sample at any time moment. Various
levels of the concentration of component A are shown
in Figs. 2–4 by various shades of gray, and ordered
phase precipitates are hatched. The integral degrees of
alloy decomposition, dispersity, and ordering are
determined by the 〈S〉, 〈F〉, and  values, respectively,
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Fig. 1. Phase diagrams of alloys with (a) metastable and (b) equilibrium ordered  phase. Phase equilibrium curves and spinodals
are given by solid and dashed lines, respectively;  = (a) 1.2 and (b) 0.8.
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The kinetics of solution of an equilibrium phase
precipitate in an alloy with the phase diagram corre�
sponding to Fig. 1a as the energy of mixing  in a dis�
location core decreases is shown in Fig. 2. At the initial
stage, the matrix is enriched in atoms of kind A
because of their entrainment with dislocations that
intersect the precipitate. After an incubation period, a
nucleus of the  phase appears at the boundary
between the � and  phases (Fig. 2a). Phase  rapidly
envelops the initial precipitate (Fig. 2b), and the vol�
ume fraction of the  phase then increases to satura�
tion (Fig. 2c). It should be expected that the rate of the
return to equilibrium during annealing after action
must depend on the degree of  nonequilib�
rium transformation, because the decomposition of

Ψ

γ

α β γ

γ

α + β → γ

the metastable  phase is only possible from regions
with disturbed homogeneity [22].

The kinetics of the decomposition of the equilib�
rium ordered  phase (phase diagram corresponds to
Fig. 1b) as the energy of ordering  decreases in the
dislocation core is shown in Fig. 3. At the initial stage,

 and  phase precipitates appear close to the bound�
aries of the square under consideration (Fig. 3a). The
transformation then extends deep in the grain
(Fig. 3b), and, if the action is long, a state is reached in
which nonequilibrium  and  phase precipitates are
separated by  phase interlayers (Fig. 3c). It follows
that competition between the external action and
stimuli to return to equilibrium results in the forma�
tion of a band dissipative structure. If in addition the
relaxation time of order parameter  after dislocation
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Fig. 2. Solution of equilibrium phases and synthesis of a metastable ordered phase caused by the passage of (a) 150, (b) 4000, and

(c) 8000 dislocations through a grain; ,  = 7.2,  = 6, , , , , , and
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Fig. 3. Decomposition of an equilibrium ordered phase caused by the passage of (a) 200, (b) 1000, and (c) 2000 dislocations
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Fig. 4. Decomposition of an equilibrium ordered phase caused by the passage of (a) 25, (b) 100, and (c) 1000 dislocations through
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passage is comparable with the characteristic time of
the approach of a new dislocation to this region, alloy
decomposition is preceded by partial disordering, and,
after prolonged action,  phase interlayers are absent
(see Fig. 4). Such a situation can only arise at low tem�
peratures, when diffusion in the volume is fully frozen.
In both cases, the state formed can conventionally be
called metastable, because the  and  phases corre�
spond to local Gibbs energy minima and are present in
the equilibrium phase diagram (Fig. 1b). However, the
return to the equilibrium state during annealing does
not require activation.

γ

α β

The evolution of integral transformation charac�
teristics (see Eqs. (5)) is shown in Figs. 5 and 6. Time
is given in dimensionless units , where
Nd is the number of dislocations passed through the
grain. Figure 5 shows that the kinetics of growth of
metastable  phase precipitates is similar to the Avrami
kinetics [24] and includes such characteristic stages as
incubation period, exhaustion of nucleation sites
(accompanied by a change in the curve slope), the lin�
ear growth of a new phase layer, and saturation. Inter�
estingly, growth rate is almost independent of the size
of the residual  phase precipitate to its complete
solution (curve 1). A decrease in the  and V param�
eters decelerates the transformation and increases
fluctuations (compare curves 1, 2 and 1 ', 2 '), and sta�
tionary conditions are reached at incomplete precipi�
tate solution (curve 2 ').

Additional calculations show that there are critical
 and V values at which equilibrium phases remain

stable. Figure 6 shows that the decomposition of the
equilibrium  phase under the action of dislocations is
substantially accelerated and a more dispersed state
can be reached if the relaxation time of the order
parameter  is long (compare curves 1 and 1'). Disor�
dering then proceeds in two stages, which is seen as a
change in the slope of the (t) curve. The fast disor�
dering stage develops in times determined by the rate
of dislocation movement, and the slow stage is possible
because of alloy decomposition; it is controlled by dif�
fusion through distances on the order of the size of
precipitates. The evolution of the degree of decompo�
sition and dispersity (see curves 2, 2 ' and 3, 3 ') is qual�
itatively similar to the kinetics of spinodal decomposi�
tion [25] and includes the growth of fluctuations, fast
wave stage, coalescence of precipitates (close to the
〈F〉(t) curve maximum), and slow growth of large pre�
cipitates because of the vaporization of smaller ones.
Additional calculations show that the  value should
be higher than its critical value; otherwise, the equilib�
rium phase remains stable.

RESULTS AND DISCUSSION

It was shown that, under the conditions of intense
plastic deformation, an alloy moved away from the
state of thermodynamic equilibrium because of local
changes in thermodynamic properties and diffusion
acceleration in the region of moving dislocation cores.
The synthesis of metastable phases and nonequilib�
rium disperse structures was then possible. The char�
acter of transformations depended on the material and
was determined by interatomic interaction energy gra�
dients in the dislocation core. Experimental estimates
for cementite Fe3C [26], iron nitride Fe4N [27], and
some substitution alloys such as Ni3Al [18, 19] showed
that the binding energy between an impurity and dis�
location could exceed the phase formation energy.
Theoretical estimates were performed ab initio; it was,
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for instance, shown [28] that the interaction energy
between the As atom and dislocation in Si was of
~1 eV, and As atoms were ordered in the dislocation
tube.

Nonequilibrium transformations of the dislocation
nature were likely observed experimentally [1–4]. In
[1], the solution of Ni3Me (Ti, Al, Si, and Zr) intermetal�
lic compounds in Fe–Ni–Me face�centered cubic
matrices was studied. It was shown that the fraction of
dissolved nickel atoms linearly depended on the degree
of true deformation proportional to the dislocation
flux. In [2], intense plastic deformation of pearlitic
steel U13 by shear under pressure at room temperature
caused the solution of cementite Fe3C with the formation
of metastable  and  carbides according to the scheme
α�Fe + Fe3C   α�Fe–C  ε + χ + γ�Fe–C. In [3],
the mechanically induced solution of equilibrium
nitride Fe4N with the formation of the Fe16N2 meta�
stable compound was observed, 

α�Fe + Fe4N  α�Fe–N + γ�Fe–N 

+ Fe16N2 + Fe4N.

In [4], intense plastic deformation�induced
dynamic solution of oxides proceeded as

α�Fe2O3 + Me  Fe3–yO4 + Fe1–xO + Fe–O 

+ Me–Fe + Me–Fe–O + α�Fe–Ме,

where Me is the matrix of metals; after post�deforma�
tion annealing, the Fe3 – yO4 and Fe1 – xO metastable
oxides disappeared.

There are also many experimental observations
that remain unexplained or are interpreted not unam�
biguously [5–8]. For instance, in [5], the decomposi�
tion of equilibrium solid solutions was observed when
La50Ag50, La38Co62, La34Ni66, Cr50Zr50, etc. alloy pow�
ders were ground in a ball mill. The decomposition of
the Nd2Fe14B compound into nonequilibrium phases
enriched in and depleted of Nd was observed on a
Bridgman anvil [6]. The depth of decomposition
increased as the degree of deformation grew, and it
was shown that the initial state was recovered under
annealing. In [7], similar decomposition of the
Fe2B equilibrium compound was observed. It was
noticed that the intermetallic compound first expe�
rienced disordering and partially became amor�
phous, and only then did its stratification occur.
Such a behavior is in qualitative agreement with the
case considered above, when order parameter 
relaxation cannot occur in time between dislocation
passages (Fig. 4).

The formation of solid solutions under intense
plastic deformation conditions in immiscible systems
such as Cu–Co or Fe–Cu [8] cannot be explained by
the action of fluxes of nonequilibrium vacancies [12]
or grain boundary segregation [13], which can only
change the morphology of precipitates. In view of this,
Skakov suggested [10] that “exorbitatnt” solid solu�

ε χ

η

tions behaved as metastable phases at low tempera�
tures; that is, their appearance was predetermined
thermodynamically. By way of example, the data from
[29] are given. In [29], the metastable character of the
obtained supersaturated Cu–Ag solid solution was
substantiated experimentally. In reality, this means
that phase diagrams of many alloys at low tempera�
tures remain poorly studied, and intense plastic defor�
mation can be one of the main tools of synthesizing
metastable phases in alloys.
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