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It has been shown that in intense plastic deformation of alloys, dislocation glide gives rise to nonequilibrium
phases or disperse structures. The phenomenon is due to the joint action of two factors: acceleration of dif-
fusion and change in the chemical potential of the alloy components in the region of the dislocation core.
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tive structures.

Introduction. Phase transformations in alloys subjected to intense plastic deformation have long attracted a
great deal of researchers’ attention [1, 2]. Experiments point to the development of nonequilibrium phase transforma-
tions during the action, such as stratification in miscible systems (Ni–Pd [3]), mechanical alloying in immiscible ones
(Cu–Co and Fe–Cu [4, 5], and cyclic reactions (Fe–B [6]). Consequently, there are mechanisms converting mechanical
energy to the alloy’s internal energy and whose nature remains debatable.

A theory of stratification of an alloy on exposure to nonequilibrium-vacancy fluxes generated at the bounda-
ries and junctions of grains in intense plastic deformation has been proposed in [7, 8]. It has been shown that regions
adjacent to the vacancy source and sink are enriched with atoms with different diffusion mobilities, and the reached
state is frozen after the exposure because of the sink of excess vacancies onto the grain boundaries. Since the effect
is reversible, once the vacancy source and sink have exchanged places, its realization requires that the rotational mode
of plasticity be restricted.

It has been hypothesized in [9, 10] that the nonequilibrium transformations observed in intense plastic defor-
mation are induced by the local change in the alloy thermodynamics in the region of nonequilibrium grain boundaries
[11] whose characteristic width is �1 nm. However, the structure of nonequilibrium grain boundaries remains debat-
able; in particular, the density of edge dislocations in the region of nonequilibrium grain boundaries does not exceed
108–109 m−1 [11]. More powerful defects are declinations on triple grain joints, which lead to decomposition in
nanograin alloys [12].

In the present work, we consider an additional mechanism of phase transformations in intense plastic deforma-
tion that requires no assumptions on the grain substructure. It is well known that plastic deformation is effected by dis-
location glide, although the rotational mode additionally appears on attainment of a small grain size [13]. No dislocations
are found in the volume after a long-duration action, but they are accumulated near the grain boundaries [11, 14]. The
latter does not mean that the dislocation glide ceases; it rather demonstrates that the nonequilibrium grain boundaries act
as barriers in gliding. In the dislocation tube whose radius is equal to several lattice parameters, the crystal lattice is
distorted; therefore, the thermodynamic properties of the alloy locally change, which is confirmed by the formation of
Cottrell impurity atmospheres [15, 16] and by the effect of diffusion cutting of phase boundaries [17, 18]. Furthermore,
the tube diffusion is accelerated by two to three orders of magnitude compared to the volume one [19], which is due to
both the reduction in the activation energy of the jump and the preferableness of cyclic atomic exchange [20, 21]. The
role of these effects is increased by the random walk of the dislocation line under the action of thermal fluctuations.
Concentration heterogeneities fix the dislocation, but it is capable of overcoming the obstacle under the applied stress.
The nonequilibrium trail left behind the dislocation dissipates over periods determined by the coefficient of volume dif-
fusion D0. The last effect has been found experimentally in [22], where long impurity trails leading to the anisotropy of
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the electrical properties of the material were observed behind the dislocations after the plastic deformation of silicon
single crystals.

With allowance for what has been said above, we formulate the concept of nonequilibrium phase transforma-
tions induced by dislocation glide. Diffusion is accelerated in a dislocation tube where the equilibrium phase diagram
is inapplicable; therefore, the nonequilibrium transformation is realized locally. The dislocation moves under stresses,
leaving a nonequilibrium trail which is "frozen" because of the difference of the diffusion rates in the dislocation core
and in the volume. The glide of a new dislocation through this region causes the nonequilibrium transformation to fur-
ther develop. As a result the mechanical energy is permanently converted to the internal energy of the alloy, and the
degree of decomposition (when the action is long) can be orders of magnitude higher than the segregation capacitance
of immobile dislocations.

An analysis with a generalized Cahn–Hillard spinodal-decomposition model [23] involving phenomenological
description of the dislocation core enables us to classify nonequilibrium transformations and to formulate conditions for
their realization. New effects such as the formation of disperse structures by the action of a dislocation flux are found.
The results are compared to the predictions of other models and to experimental facts.

1. Formulation of the Model. We use the model of decomposition of an alloy with lattice deformations,
which has been proposed earlier [9, 24]. In this model, the density of free mixing energy in the mean-field approxi-
mation is determined by the formula [25]

f (CA) = ∑ 
σ=A,B

 (Φσσ − Φσσ
0 ) Cσ + (ΦAB − Φσσ) CACB + kT (Cσ ln Cσ) , (1)

where CA + CB = 1. In the case of heterogeneous deformations the energies Φσσ′ are dependent on the coordinates,
Φσσ′ = Φσσ′(r). The decomposition kinetics is determined by Fick’s laws [25]:

∂CA

∂t
 = − ∇JA ,   JA = − M∇μ . (2)

To refine mobility we use the Einstein relation: M = DCACB
 ⁄ (kT). The chemical potential μ is related to the density

of free mixing energy by the equation [23]

μ = 
∂f
∂CA

 − ζR
2ΔCA . (3)

Substituting (1) and (3) into (2), we arrive at the expression for the atomic flux

JA = − D 
⎧
⎨
⎩
(1 − 2ΨCACB) ∇CA + CACB [∇ϕ + (1 − 2CA) ∇Ψ] − 

ζR
2

kT
 CACB∇ΔCA

⎫
⎬
⎭
 , (4)

where Ψ = (2ΦAB − ΦAA − ΦBB) ⁄ (kT) and ϕ = (ΦAA − ΦBB) ⁄ (kT). The first term is responsible for the ascending dif-
fusion, the second term is due to lattice deformations and is nonzero in the dislocation core, and the last term is
analogous to the the contribution of the boundary to the Cahn equation for spinodal decomposition [23]. We restrict
our consideration to homogeneous plastic deformation effected by the glide of edge dislocations [13]. We assume that
the parameters of the alloy in the dislocation core are coordinate-dependent phenomenologically:

D = D0 (1 + δDξ) ,   ϕ = ϕ0 (1 + δϕξ) ,   Ψ = Ψ0 (1 + δΨξ) ,   ξ = 
⎡
⎢
⎣
1 + 

⎛
⎜
⎝

r − r0 (t)
LδL

⎞
⎟
⎠

4
⎤
⎥
⎦

−1

 , (5)

where δD, δϕ, and δΨ characterize the amplitude and ξ(r) characterizes the form of disturbance of the alloy’s parame-
ters in the dislocation core, whereas the position of the dislocation is determined by the radius vector r0(t). Thus, we
disregard the difference of the values of the parameters ψ and ψ in the regions of stretching and compression of the
dislocation core, which is not universally true but enables us to investigate the basic qualitative features of transformations.
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According to Cottrell [15, 16], the impurity atoms are accumulated in the region of stretching or compression of the
core depending on the relation of the atomic radii of the impurity and the matrix, with the result that the entire core
is enriched with the impurity. According to Suzuki [26], for split dislocations, there is also the chemical interaction
with the impurity. In the present model, the dislocation core is enriched with A or B atoms depending on the Δϕ sign.
Furthermore, local dissolution of precipitates can be realized in the presence of the mixing-energy gradient (∇Ψ ≠ 0)
[17, 18].

2. Modeling Results. Equations (2)–(5) are numerically solved by the standard Runge–Kutta method on an
L × L square domain. The grain boundaries are assumed to be coincident with the square boundaries, and the atomic
fluxes through the grain boundaries are assumed to be absent. For definiteness we take δD = 100, δL = 0.05, R ⁄ L =
0.025, and ζ ⁄ (kT) = 1; different levels of concentration of component A in Figs. 1, 3, 5, and 7 are denoted as shades
of gray. It is assumed that under constant-stress conditions, dislocations occur at the boundary x = 0 with a random
coordinate y; in the presence of the rotational mode of plasticity, they are generated along the perimeter of the square.
The generated dislocation moves to the opposite boundary with a constant velocity V and disappears on it; at the same
instant, a new dislocation is generated, so that the only dislocation is universally present in the sample. In analyzing
the reached heterogeneous states, we use the quantities �S� and �F� characterizing the degree of decomposition and
dispersion of an alloy and determined by the formulas

�S� = 
1

2L
2 ∫ ⏐

CA (r) − �CA�⏐

�CA� �CB�
 dr ,   �F� = 

1

L
2 ∫ ⏐∇CA (r)⏐ dr ,   �Cσ� = 

1

L
2 ∫ Cσ (r) dr . (6)

Fig. 2. Limiting degree of stratification vs. deformation rate for Ψ = 1.5, ϕ0 =
4, �CA� = 0.2, and δϕ = −0.5 in the case of one (curves 1 and 2) and two
glide systems: δϕ = −0.5 (curves 1 and 1′) and −0.2 (curves 2, 2′).

Fig. 1. Concentration distribution for Ψ = 1.5, ϕ0 = 4, �CA� = 0.2, and δϕ =
−0.5: a) isolated impurity trails in the cases VL ⁄ (D0δD) = 10, b) 1, and c)
quasistationary distribution for VL ⁄ (D0δD) = 10.
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In most alloys, the dislocation core is preferable for segregation of atoms of one sort (Cottrell atmospheres
[15, 16]), which is determined, in the present model, by the action of the factor δϕ ≠ 0. For this case we first consider
the influence of the dislocation flux on a homogeneous alloy that is stable in the absence of external actions. In dis-
location glide, the impurity atoms float with the dislocations, which leads to a stratified alloy. However, for high V,
no chemical equilibrium is established in the dislocation core and the energy supplied to the alloy is expended on
forming extended impurity trails (Fig. 1a), which are compensated for when the action is long; therefore, the obtained
stratification is slight. On the other hand, for low V, the impurity atmosphere is entrained by the dislocation (Fig. 1b),
but the cumulative effect is suppressed, since the relaxation to an equilibrium is realized in the material’s volume over
the period of motion of the dislocation. Therefore, the stratification is maximum for the optimum deformation rate.
The effect is reversible when the direction of the dislocation flux is reversed and consequently is suppressed by rota-
tional modes. Figure 1c gives a typical quasistationary distribution of the concentrations on long-duration exposure to
the dislocation flux. Figure 2 plots the limiting degrees of stratification �S� versus the deformation rate (curves 1 and
2); it is clear from the plots that the stratification is maximum for an optimum V. In the case of two glide systems
(when dislocations are generated at x = 0 or y = 0 and the random second coordinate), we can assume that the dislo-
cation is retarded on crossing the impurity trail, i.e., V � (1 − CA); however, �S� decreases (curves 1′ and 2′). Thus,
stratification of the alloy is attained by impurity transfer to the grain boundary, and nonequilibrium phases are not
formed in the volume.

Fig. 4. Degree of dispersion of the alloy vs. number of dislocations that have
traversed the sample for Ψ = 3, ϕ0 = 4, δϕ = −0.5, and R∗ ⁄ L = 0.3 in the
case of generation of the dislocations at the boundary x = 0 (curve 1) and
along the perimeter of the square (curve 2).

Fig. 3. Concentration distribution for Ψ = 3, ϕ0 = 4, δϕ = −0.5, and R∗ ⁄ L =
0.3: a) initial state; b) on traversal by 200 dislocations generated at the bound-
ary x = 0; c) in the case of generation of the same dislocations along the pe-
rimeter of the square.
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In the same materials, an equilibrium two-phase state whose boundary of existence in the model of a regular
solid solution has been determined by the formula Ψ(1 − 2CA) = ln (CA

 ⁄ CB) can be realized with reduction in the tem-
perature [25]. Acting on the two-phase system, the dislocation flux causes the dispersion of precipitates to grow; the
degree of decomposition remains constant. Figure 3 gives the initial equilibrium two-phase state, in which the precipi-
tate of dimension R∗ is at the center of the square in question (Fig. 3a), and typical concentration distributions: under
the conditions of a constant dislocation flux (Fig. 3b) and in the presence of the rotational mode (Fig. 3c). Figure 4
plots the degrees of dispersion �F� versus the number of dislocations Nd that have traversed the sample. Under the
conditions of a constant dislocation flux, the behavior of �F� is nonmonotonic (curve 1): first �F� grows due to the
transfer of the impurity atoms from the grain volume to precipitates formed at the boundary x = L, but then it dimin-
ishes to the initial level as a result of the coalescence of the precipitates. Conversely, the rotational deformation model
leads to the precipitate distribution throughout the volume, with the result that �F� grows to saturation (curve 2). As
V grows, the attained degree of dispersion diminishes, since the dislocations have no time to entrain the impurity
atoms into the matrix volume. Thus, for the rates VL ⁄ (D0δD) = �2, 5, 10, 15, and 25� and with the remaining pa-
rameters analogous to Fig. 3c, we have obtained the limiting values of �F� = �4.5, 4.1, 3.6, 2.8, and 2.1� respectively.

Above, we have considered the action of the dislocation flux on the alloys with δϕ ≠ 0, where Cottrell impu-
rity atmospheres are formed. If δD � 0, the described effects are absent, but the nonequilibrium transformations can be
due to the change in the energy Ψ in the dislocation core. We can expect the dissolution of equilibrium phases in the
case Ψ0δΨ < 0 and the decomposition of solid solutions stable in the absence of external action in the case Ψ0δΨ > 0.

Fig. 6. Limiting degree of decomposition vs. deformation rate for Ψ0 = 3,
ϕ = 0, δΨ = −0.5 (curves 1 and 1′) and δΨ = −1 (curves 2 and 2′), and the
dimension of the initial precipitate of the equilibrium phase R∗ ⁄ L = 0.3 (cur-
ves 1 and 2) and R∗ ⁄ L = 0.2 (curves 1′ and 2′).

Fig. 5. Concentration distribution for Ψ0 = 3, ϕ = 0, δΨ = −1, and R∗ ⁄ L =
0.3: a) initial state; b) state reached by long-duration action in the case
VL ⁄ (D0δD) = 2 and Nd = 100; and c) VL ⁄ (D0δD) = 100 and Nd = 5000.

466



Since the change in the conditions of ascending diffusion in the dislocation core, not the transfer of impurity atoms by
the dislocations, is responsible for these transformations, we have the cumulative effect even in activation of the rota-
tional plasticity modes; however, the disturbance amplitude must be higher than the critical. Figure 5 gives the initial
equilibrium two-phase state (Fig. 5a) and typical concentration distributions in long-duration generation of dislocations
along the perimeter of the square and for different deformation rates (Fig. 5b and c) under the assumption that
Ψ0δΨ < 0. It is seen that for low V, the dispersion of the alloy increases (Fig. 5b); for high V, partial dissolution of
the equilibrium phase occurs (Fig. 5c). Figure 6 plots the limiting degrees of decomposition versus the deformation
rate; it is clear from the plots that the solubility of precipitates increases with V and is dependent on their volume
fraction. If the volume fraction of the precipitates is small, they are completely dissolved, so that �S� decreases to
nearly zero.

In the case Ψ0δΨ < 0 the dislocation flux can induce decomposition in miscible systems. The beginning of
such a process is similar to the development of spinodal instability [23]. However, volume diffusion acts as the com-
peting process, bringing the alloy back to the equilibrium homogeneous state. Therefore, the stage of coalescence of
precipitates does not begin and the decomposition ends in the formation of a disperse dissipative structure (Fig. 7).
The morphology of precipitates is dependent on the deformation rate, e.g., for a constant dislocation flux, the drop mi-
crostructure (Fig. 7b) gives way to a tape one (Fig. 7c). Figure 8 plots the limiting degrees of dispersion versus the
deformation rate; it is clear from the plots that disperse structures are formed both under the conditions of a steady-
state dislocation flux and in the presence of the rotational plasticity mode, and the degree of dispersion monotonically
grows with V.

Fig. 7. Concentration distribution for Ψ0 = 1.5, ϕ = 0, and �CA� = 0.4: a) in-
itial state, b) state reached by long-duration action in the case VL ⁄ (D0δD) =
1000 and Nd = 30,000, and c) VL ⁄ (D0δD) = 50 and Nd = 3000.

Fig. 8. Limiting degree of dispersion vs. deformation rate for Ψ0 = 1.5, ϕ =
0, and �CA� = 0.4 in the cases δΨ = 2 (curves 1 and 1′) and 1.5 (curves 2
and 2′) and in generation of dislocations along the perimeter of the square
(curves 1 and 2) or at the boundary x = 0 (curves 1′ and 2′).
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The considered transformations are controlled by kinetic mechanisms (dislocation glide and atomic diffusion)
but have a thermodynamic motive force (energy gradients ∇ϕ and ∇Ψ in the dislocation core). Therefore, transforma-
tion tends to grow with reduction in T, whereas the kinetic capabilities are determined by the mode and rate of defor-
mation and become weaker with reduction in T in actual systems. Consequently, nonequilibrium transformations in
intense plastic deformation must be realized in the range of moderate temperatures. The alloys are broken into two
classes depending on the motive force of nonequilibrium transformation: ∇ϕ or ∇Ψ. In the first group, the transfer of
impurity atoms by dislocations is realized; in the second group, the conditions of ascending diffusion change. We note
that, according to (4), a more rigorous restriction on formation of Cottrell atmospheres is the condition ∇ϕ +
(1 − 2CA)∇Ψ = 0 or alternatively, �CA� = (1 + ϕ0δϕ ⁄ (Ψ0δΨ)) ⁄ 2. If the value of �CA� belongs to the permissible con-
centration range, the alloy of this composition is an ideal object of investigation of transformations of the second type.

3. Discussion of Results. It has been shown that nonequilibrium phase transformations due to the acceleration
of diffusion and local change in the chemical potential in the region of dislocation cores are realized in the process of
intense plastic deformation. In particular, a stable homogeneous alloy is stratified by the optimum-intensity action; the
stratification requires that the rotational plasticity mode be suppressed. Conversely, activation of the rotational mode
and increase in the deformation rate contribute to the dissolution of equilibrium phases and realization of disperse
structures. The character of the reached states is dependent not only on the parameters of external action (mode and
rate of deformation) but also on the parameters δϕ, δΨ, δD, and δL determining the properties of the dislocation core.
Therefore, different scenarios of transformations are realized by the same action in different materials. The investiga-
tion results are generalized in Table 1.

We discuss the manner in which the presented ideas correspond to other models of phase transformations in
intense plastic deformation. The decomposition of an alloy, which is induced by the nonequilibrium-vacancy flux [7, 8], is
suppressed in the presence of rotational deformation modes, preserves a constant phase diagram in the grain volume,
has a kinetic nature, and is realized even at high T. The action of the vacancy flux could be demonstrated by the ex-
tended nonequilibrium segregation at the grain boundaries, which occur in intense plastic deformations at temperatures
much higher than those of the two-phase region or in miscible systems.

Transformations due to the disturbance of the crystal order in the region of nonequilibrium grain boundaries
[9, 10] give rise to nonequilibrium grain-boundary phases in a �1-nm-thick surface layer, which is significant when a
grain size of �10 nm is attained. The motive force of the nonequilibrium transformation holds for a certain time after
the action, since recrystallization of the lattice is time-consuming. The development of a nonequilibrium transformation
in annealing after intense plastic deformation was observed, e.g., in Ni–Pd and Mu–Al alloys [3, 27].

Thus, comparing the results of Section 2, we can single out features characteristic only of transformations that
are induced by dislocation glide: growth in the precipitates of nonequilibrium phases in the grain volume, mechanical
alloying and decomposition of stable systems to form disperse structures in the presence of rotational plasticity modes,
and existence of the optimum deformation rate for which the degree of decomposition is maximized. Transformations
of a dislocation nature have, apparently, been found experimentally [4, 5, 28, 29]. In [4, 5], mechanical alloying in

TABLE 1. Nonequilibrium Transformations Induced by Dislocation Glide

Properties
of the dislocation core

Character of intense plastic deformation, initial state

constant dislocation flux, V = const dislocation flux + rotational mode

I II I II

δϕ ≠ 0

Stratification for an
optimum V, suppressed

for alloys of the
precipitated composition

Growth in dispersion
for low V +

coalescence of
precipitates at the grain

boundaries Weak heterogeneity

Growth in dispersion
for low V

Ψ0δΨ < 0 �CA� = 
1
2
⎛
⎜
⎝
1 + 

ϕ0δϕ
Ψ0δΨ

⎞
⎟
⎠

Dissolution of
precipitates for high V
+ segregations at the

grain boundaries

Dissolution of
precipitates for high V

Ψ0δΨ > 0 Disperse dissipative
structures

The state remains
constant

Disperse dissipative
structures

The state remains
constant

Note. I, homogeneous stable state; II, two-phase equilibrium state.
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intense plastic deformation in immiscible Cu–Co and Fe–Cu systems and the subsequent spinodal decomposition in an-
nealing to form disperse structures have been observed. The latter means that the impurity atoms were distributed in
the grain volume during the action and were not accumulated near the boundaries. The dissolution of intermetallides
Ni3Me(Ti, Al, Si, and Zr) in the face-centered cubic (fcc) Fe–Ni–Me matrix has been found in [28, 29], and it has
been shown that the fraction of dissolved nickel atoms is linearly dependent on the degree of true deformation, which
is proportional to the dislocation flux. This enabled the authors to state that the impurity atoms are entrained by dis-
locations to the grain volume. A comparison to the data of transmission electron microscopy with the example of an
FeNi35Ti3 alloy has shown that the rotational deformation mode contributes to the dissolution of intermetallides. The
competition between the nonequilibrium dissolution and the equilibrium precipitation of the intermetallide phase, which
causes the dispersion of the precipitates to grow, has been noted. It has been noticed that homogenization of the alloy
is stronger if the alloyed components have identical lattices, which confirms the dislocation nature of transformation.

Conclusions. Thus, the dislocation glide gives rise to nonequilibrium phase transformations, which are due to
the acceleration of diffusion and to the change in thermodynamic properties in the region of the dislocation core. De-
pending on the material and the deformation mode, we have the stratification of hard solutions, the dissolution of equi-
librium phases, and the formation of disperse structures. Rotational plasticity modes inhibit the stratification but
contribute to the growth in the dispersion of precipitates and to the homogenization of the alloy.

The author expresses his thanks to Doctor in Physics and Mathematics Professor A. E. Ermakov and to Doc-
tor in Physics and Mathematics Yu. N. Gornostyrev for substantive discussions.

NOTATION

Cσ, local concentration of σ atoms, 0 ≤ Cσ ≤ 1; �Cσ�, mean concentration of σ atoms, 0 ≤ CA ≤ 1; D and D0,
diffusion coefficients in the dislocation core and in the material volume, m2 ⁄ sec; f, density of free mixing energy, eV;
�F�, degree of dispersion of the alloy; Jσ, flux of σ atoms, m ⁄ sec; k, Boltzmann constant, 8.6⋅10−5 eV ⁄ K; L, dimen-
sion of the sample, A° ; M, mobility, m2 ⁄ (sec⋅eV); Nd, number of dislocations that have traversed the grain; r, radius
vector of a certain spatial point, A° ; r0, radius vector determining the position of the dislocation, A° ; R, effective radius
of atomic interaction, A° ; R∗, dimension of the precipitate, A° ; �S�, degree of decomposition of the alloy, 0 ≤ S ≤ 1; t,
time, sec; T, temperature, K; V, velocity of motion of the dislocation, m ⁄ sec; x, y, coordinates of a certain spatial
point, A° ; δD, relative change in the diffusion coefficient in the dislocation core; δϕ and δΨ, relative changes in ϕ and
Ψ in the dislocation core; δL, dimensionless radius of the dislocation tube; ζ, density of surface energy, eV; μ, chemi-
cal potential, eV; ξ, shape function of disturbance of the alloy parameters in the dislocation core; ϕ and ϕ0, dimen-
sionless "asymmetric" potential and its constant part; Φσσ′ and Φσσ

0 , energy of interaction of a σ atom with the lattice
filled with σ′ atoms in the alloy and undeformed pure substances, eV; Ψ and Ψ0, dimensionless total mixing energy
and its constant part. Subscripts: i, lattice site, 1, ..., N; σ and σ′, sorts of atoms A and B; d, dislocation.
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