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EFFECT OF CYCLIC MARTENSITIC γ–ε
TRANSFORMATIONS ON DIFFUSION
CHARACTERISTICS OF COBALT IN
AN IRON–MANGANESE ALLOY
This review article analyses the results of experimental investigations of the influence of the cyclic direct γ−ε (f.c.c.–h.c.p.) and reverse ε−γ (h.c.p.–f.c.c.) martensitic
transformations (MT) on the diffusion characteristics of Co atoms in Ã18Ñ2 (Fe–
18.3 wt.% Mn–2.1 wt.% Si) alloy with low stacking-fault energy. With using of the
radioactive isotopes via autoradiography and the layer analysis methods, it is shown
the significant intensification of mobility of Co atoms by γ ↔ ε transformations is
determined by two different independent mechanisms: due to the MT (athermal
mechanism) and by means of the mechanism of thermal activation in the area of
structural defects formed during the γ–ε and ε–γ transformations. The possibility of
Co atom transport by means of the athermal mechanism in the process of cyclic
martensitic transformations (CMT) by moving of interstitial atoms and their complexes along the close-packed (111)γ and (001)ε planes in the crystal lattices of f.c.c.
austenite and h.c.p. martensite, respectively (crowdion mechanism) is analysed. The
ability of the crowdion complexes to move with a velocity exceeding the velocity of
sound in a crystal in the field of high internal stresses arising during high-rate
deformation of austenite in a MT process is taken into account. The regularities of
accumulation of such structural defects in the CMT process as disorientation of the
crystal lattice and chaotic stacking faults (CSF) are investigated by the x-ray methods for the single-crystalline and polycrystalline samples. The intensification of
diffusion processes in a phase-hardened alloy by the thermal-activation mechanism
is attributed to the increase in the Co-atoms’ mobility in the region of accumulation
of defects in the crystal structure. An analysis of the regularities of accumulation
of different types of defects with an increase in the phase-hardening degree made it
possible to establish a certain sequence of their influence on the diffusion mobility
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of Co atoms. The results of the investigation develop the physical notions about the
diffusion of substitutional atoms in alloys with a developed system of the structural defects of different types (dislocations, small-angle sub-boundaries of fragments, large-angle grain boundaries, deformation twinning boundaries, CSF). The
obtained new experimental data can be used to develop a model of diffusion in the
region of the linear and planar structural defects at low temperatures (below the
half of the melting point). The perspective of practical application of the diffusionintensification regularities for optimization of chemical-and-thermal treatment regimes and dispersion hardening processes for metastable alloys is determined. A
significant acceleration (by means of the CMT) of the diffusion of substitutional
atoms at low temperatures opens up new additional possibilities of the dispersion
solidification technology.
Keywords: martensitic transformation, diffusion, stacking faults, dislocation, phase
hardening, sub-boundaries of fragments.

1. Introduction
The phenomenon of the diffusion in metals and alloys has a wide application in the industrial thermal and chemical-and-thermal treatment
processes. As much as the diffusion is a direct after-effect of thermal
atom fluctuations, the main treatment processes are carried out at high
temperatures (0.6Tmelt–0.9Tmelt, where Tmelt is a melting temperature)
with long isothermal exposures. In some cases, the effect of alloy saturation by diffusion unable to implement because of low diffusion mobility of one of the diffusants. The rise of diffusion mobility of the atoms
up to the necessary level for realization of the optimal treatment regimes is reasonable only in limited number of cases by means of rising
of the temperature or time of isothermal exposure.
Practical realization of a possibility of atom diffusion mobility increasing at technologically convenient low temperatures can become the
new development stage of material treatment methods with using of diffusion processes. Considering this, the problem of significant (on orders
of magnitude) increasing of the diffusion coefficient in metal systems
has a pronounced fundamental character [1–6]. One can solve this problem by usage of the significant dependence of diffusion characteristics
on the dimensions and concentration of the structure and substructure
elements and on the main crystal-structure defect types. Significant acceleration of diffusion processes can be induced by high-energy treatment, at which the gradient structure-and-phase state in steels and alloys forms [7–14]. The new complex of physical-and-mechanical
characteristics, including diffusion characteristics, can be formed under the structure fragmentation to the ultrafine and/or nanoscale level.
Such a fragmentation level is reachable via the ÑMT.
As result of CMT in metastable alloys, the line and planar defects of
the crystal structure are generated (dislocations, additional nanograin
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boundaries, stacking faults, sub-boundaries of disoriented fragments
and deformational twins) [15–18]. In the region of such defects, the diffusion mobility of substitution atoms and introduction atoms under low
temperatures (lower than 0.5Tmelt) can rise on orders. Thereby, in the
metastable Fe-based alloys, the idea of a rising of intensification of the
low-temperature diffusion mobility with a goal of regulation of diffusion processes that forms useful properties can be realized via the internal factor MT without using of external high-energy impacts. The possibility of diffusion acceleration of the substitutional atoms via the
γ–α−γ (f.c.c.–b.c.c.–f.c.c.) ÑÌT was shown experimentally in Ref. [19].
Effect of the (f.c.c.–h.c.p.–f.c.c.) ÑMT on the diffusion processes in alloys with low energy of stacking faults (SF) remains practically not
studied.
Addition intensification of the diffusion processes is possible under
condition of accumulation of the crystal structure defects as result of
CMT of different types [19–22]. Such systematic investigations are not
performed up to present time, and, therefore, the significant resource
of intensification of the diffusion processes which can be used for development of intensive methods of thermal and chemical-and-thermal treatment remains unrealized.
Phase transformations of different types can effectively influence
on diffusive mobility of substitution atoms and introduction atoms in
metastable alloys [23–26]. Degree and quality of such an influence depend on alloys structural state, which forms because of the phase transformations. Phase and structural transformations in metals and alloys,
accompanied with volume effect and therefore formed certain system of
crystal structure defects, cause the intensification of diffusion processes and stimulate mass transfer on macroscopic distance. Martensitic
γ–α–γ transformations in the Fe–Ni alloys substantially accelerate the
diffusion of atoms in the reverted austenitic phase. Diffusive mobility
of the atoms of alloying elements substantially depends on cooling and
heating conditions, which necessary for realization of the direct γ–α and
reverse α–γ MT, respectively.
In the Fe–Mn alloys, the γ–ε–γ transformations occur and result in
an increasing the density of dislocations in the reverted austenitic phase
by the order of magnitude [27] (for comparison, the density of dislocations after γ–α–γ transformation increase by three orders of magnitude
[15, 16]). Difference in increase of the density of dislocation caused by
the different magnitude of the volume effect of γ−α and γ−ε transformations (3–4% and 1.75%, respectively). In reverted iron–manganese
austenite with low energy of stacking faults, the multiple γ–ε–γ transformations have caused the accumulation of the CSF, but have not lead
to significant structure fragmentation and to form of the additional
sub-boundaries.
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A significant difference of structure state and degree of the imperfection of crystal lattice of the phase components formed due to the
γ–α–γ and γ–ε–γ transformations points out on necessity of additional
study of effect of the γ–ε–γ transformations on regularities of diffusion
in alloys with low SF energy. Only one work is currently known [28],
where authors experimentally studied the effect of cyclic γ ↔ ε transformations in cobalt and Fe–Mn alloys on the parameters of the diffusion
of substitutional atoms. Significant increase of the diffusion mobility of
substitutional atoms was revealed. However, in Ref. [28], authors obtained the integral result of intensification of the diffusion processes
due to the general action of MT factors. In Ref. [29], authors revealed
the regularities of diffusion intensification of carbon atoms in metastable Fe–18.3 wt.% Mn–2.1 wt.% Si alloy because of creation of the system of crystal structure defects via the γ ↔ ε MT. In this article, at the
first time, an attempt is made to separate the contribution to the intensification of the mobility of substitution atoms in the Fe–Mn alloy of
the martensite γ–ε–γ transformations and of the defects of the crystal
structure formed by direct γ–ε and reverse ε–γ MT.

2. Materials and Experimental Technique
The studies were performed for a metastable Fe–Mn Ã18Ñ2 (Fe–
18.3 wt.% Ìn–2.1 wt.% Si) alloy, where a high completeness of γ–ε
transformation (up to 90% of martensitic ε-phase) takes place. Cyclic
direct γ–ε and reverse ε–γ transformations were sequentially realized in
alloy during cooling in the liquid nitrogen and subsequent heating in
the salt bath at a temperature of 380°Ñ. In this case, it was reached the
maximal cooling rate within the range of direct transformations (20 °Ñ/s)
and the heating rate within the range of reverse transformations
(80 °Ñ/s). Such a thermal cycling regime resulted to deceleration of relaxation processes and provided an effective accumulation of structural
defects due to both direct and reverse transformations. These structural defects can significantly effect on diffusion processes in the phasehardened alloys. Indeed, authors [30] noted a considerable increasing of
diffusion coefficient of Fe and Tl only when a certain critical thermal
cycling rate was reached. After the γ–ε–γ transformations, a diffusion
annealing of the phase-hardened alloys was performed at 250 °Ñ and
325 °Ñ.
X-ray investigations of the polycrystalline samples were performed
using the automated diffractometer DRON-3 in the radiation of iron
anode monochromatized with a lithium fluoride. Single-crystalline
samples were investigated in a RKV-86M1 rotation chamber in the
radiation of iron anode with fixation of the diffraction pattern by
photo method.
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The amount of ε-martensite can be calculated by the ratio of integral intensity of (111)γ and (002)ε diffraction reflexes [27]:
Mε = 100% [1 + 0.27 (I(111) γ/I(002) ε)]–1.
Using these reflexes from the austenite and ε-martensite crystallographic planes, which were parallel in accordance with orientation relations between the f.c.c. and h.c.p. lattices, we can calculate an amount
of ε-phase without decrease in accuracy of the measurement in case of
the appearance of texture in a process of the cyclic heating and cooling.
In order to characterize the degree of imperfection of the crystal
lattice of phase-hardened alloy, it was measured the maximal angular
disorientation ψ of austenitic and ε-martensitic lattices (on single-crystalline samples) and the CSF concentration (on polycrystalline samples).
The ψ value, which characterizes the possibility of formation of lowangle dislocation sub-boundaries of fragments, was measured by the
value of azimuth smearing of (200)γ and (101)ε reflexes at the diffraction pattern from single-crystalline samples [15]. To define ψ angle, the
length of diffraction spot a on the azimuth and the distances between
the ends of spot and equator h1 and h2 were found [22].
The ψ value was calculated using the formula

sin(ψ 2) =

a2 − (b − c)2 (4bc) ,

where b = h1 + r , c = h2 + r , r is radius of the x-ray chamber.
The concentration α of the CSF in f.c.c. crystal lattice was measured
by the value of change of the Bragg angles of certain diffraction reflexes. According to Refs. [31, 32] for f.c.c. structure, which contains the
SF in planes {111}, the Bragg angle remains unchanged in those reflexes, where the Miller indices satisfy such requirements (in cubic coordinates): h + k + l = 3N, 2h − k − l = 6N′, where N and N′ are integers.
For the austenite Ã18Ñ2 alloy, the α value was defined by the mutual shift of Bragg angles of the (200)γ and (111)γ reflexes:
Δ(2θ200 − 2θ111 ) = − 45α Σ 3(2tgθ200 − tgθ111 ) (2π2 ) ,
2

2

2

2

where θ is the Bragg angle and αΣ is the CSF concentration.
In h.c.p. lattice, the αΣ value can be defined from physical broadening
of such reflexes satisfying the conditions of h − k = 3N ± 1 and l ≠ 0
[33–36]. Note that CSF does not cause the broadening of (hk0) reflexes.
Concentration of CSF in {001}ε crystallographic planes can be calculated using the formula [21]

B = 1 − [(1 − 3α Σ (1 − α Σ )]

1 + [(1 − 3α Σ (1 − α Σ )] ,

where Â is a half-width of (hkl) reflex. The αΣ value in this expression
denotes a CSF concentration without their separation into deformed and
twinned ones.
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Investigations of the diffusion mobility of Co atoms can be performed by the radioactive isotopes method. The layer of 60Ñî radioactive
isotopes of 0.5 μm thickness was electrolitically coated on the polished
surface of flat-parallel samples of the alloy with dimension of
10 × 10 × 5 mm3. The distribution of Co atoms in the depth was determined by the autoradiography and layer removing methods with a measurement of the β-activity of 60Ñî radioisotope (Gruzin method [37]).
After removing of each layer, an integral activity was measured on
‘Beta’ analyser, and by these data, the concentration curve of the distribution of radioactive isotope by depth of sample was plotted. The thickness of the removed layer was determined by weighing on microanalytical weigh-scales, using the formula
Δh = (h0 P0 ) ΔP ;
here, h0 and P0 are the sample’ thickness and weight, respectively; Δh
and ΔP are the thickness and weight of removed layer, respectively.
Diffusion coefficient of Co, D, can be calculated via the formula
D = −(4τtgα) −1 ,
where τ is the duration of a diffusion annealing, α is the slope angle of
a straight line to the abscissa axis at the graphs of lnI (x2) (I is specific
β-activity of a residue of sample after layer removing of x thickness).
The error in determining the diffusion coefficient does not exceed 20%.

3. Regularities of the Accumulation of Defects in Austenitic
and Martensitic Phases Due to the Cyclic γ–ε MT
Previously, it was shown that due to a cycle of γ ↔ ε transformations in
Fe–Mn alloys, the density of dislocations in reverted austenite increases
by the order of magnitude, and a further increase of the number of
γ ↔ ε transformations up to hundreds of cycles does not cause a significant increase in the density of dislocations [35]. In Fe–Mn alloys, the
formation of such structural defects as the large-angle boundaries of
austenitic grains is not observed similarly to the Fe–Ni alloys [38].
However, after the multiple γ ↔ ε transformations, the small-angle subboundaries of fragments that can be characterized by the ψ angle of the
maximum disorientation of crystalline lattice were formed.
X-ray studies of single-crystalline samples showed that, in the
phase-hardened Ã18Ñ2 alloy, the ψ angle monotonously increases with
the increasing the number of γ–ε–γ cycles and after 100 γ–ε–γ cycles it
reached values of 9° and 6.5° for γ-phase (Fig. 1, curve 1) and ε-phase
(Fig. 2, curve 1), respectively. As a result of the multiple cycles, the
value of the ψ angle was significantly less than the value reached because of γ−α−γ cycles in the iron–nickel alloys [38]. This is due to the
higher structural reversibility of direct γ−ε and reverse ε−γ transitions.
ISSN 1608-1021. Usp. Fiz. Met., 2019, Vol. 20, No. 3
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Fig. 1. Maximal disorientation angle ψ (1) and CSF concentration α (2) vs. the
number of γ ↔ ε cycles (N) in the crystalline lattice of austenite
Fig. 2. The same as in the previous figure, but for ε-martensite

It should be noted that the ψ angle, even at intensive γ ↔ ε cycling (the
hundreds of cycles) do not exceed the value of 10° for austenite, at that
the disorientation angle of 14–15° attributes to the large-angle boundaries of the grains. This means that cyclic γ ↔ε transformations can form
only the small-angle sub-boundaries of the austenite fragmentsá and it
is impossible to form new grains of reverted austenite due to the accumulation of the lattice disorientation, which would differ from the orientation of the initial grain, as it was the case for iron–nickel alloys
after multiple γ–α–γ transformations.
After the cyclic γ ↔ ε transformations in the reverted austenite and
ε-martensite of the Fe–Mn alloys with low SF energy, the CSF was
formed on the crystallographic planes {111}γ and {001}ε. The CSF in the
f.c.c. and h.c.p. structures showed the ability to the accumulation. In
this connection, the regularities of formation and accumulation of CSF
were studied in austenite and ε-martensite of the Ã18Ñ2 alloy, which
was phase-hardened by γ ↔ ε transformations.
After the first γ–ε–γ cycle, the concentration of the CSF in austenite
was approximately 0.013. After 50 such cycles, it reached the value of
0.02, and after further increase in the number of cycles, it increased
insignificantly (Fig. 1, curve 2). The concentration of the CSF in ε-martensite after the first cycle reached a greater value of 0.018 and increased to 0.035 with increasing number of cycles (Fig. 2, curve 2).
Accumulation of the CSF was observed at the condition the quenched
alloy was heated in the interval of reverse ε–γ transformation at a rate
higher than the critical (60 °C/s).
The formation and accumulation of CSF in reverted austenite after
multiple direct γ–ε and reverse ε–γ transformations can be related both
as to the thermal stresses, which arose during cyclic coolings and heatings, and with an increase of the degree of phase hardening, which was
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Fig. 3. The change of CSF concentration
in the austenite (1) and ε-martensite (2)
alloys phase-hardened by 100 cycles of γ ↔ ε
transformations depending on temperature of isothermal annealing for 30 min

determined by an increase in the
number of γ ↔ ε transformations. It
has been shown the appearance of
the ÑÐD in the austenite of Fe–Mn
alloys with low energy of the SF was
determined mainly by the formation
of the martensitic ε-phase and, at least, by thermal stresses [38]. This
was evidenced by the experimental fact of an increase of the CSF concentration in the condition of the increase of ε-martensite amount. Such
a regularity previously observed for both carbon-free and carbon Fe–Mn
alloys [36, 39].
Thus, as a result of cyclic γ ↔ ε martensitic transformations in the
Ã18Ñ2 alloy, there are appeared and accumulated dislocations, smallangle sub-boundaries characterized by the disorientation of the crystalline lattice of austenite and ε-martensite, and the CSF in both phases.
In connection with the possible influence of these defects of the
crystalline structure on the intensity of diffusion processes in a phasehardened alloy Ã18Ñ2, the investigation of the thermal stability of these
defects was carried out.
As revealed, the annealing of the alloy, phase-hardened by 100 γ ↔ ε
transformations, did not lead to a significant change in the density of
dislocations and the maximum angle of disorientation of the crystalline
lattice of γ- and ε-phases within the interval of 100–400 °C. However,
under certain annealing regimes, the CSF in austenitic and martensitic
phases exhibited thermal instability. The isothermal annealings at the
temperatures of 50–300 °C did not lead to changes in the concentration
of CSF, when the amount of ε-martensite did not change. Heating to the
temperatures above 300 °C led to a significant decrease in the density of
CSF. At the same time, a complete correlation was observed between
changes in the density of the CSF in austenite and martensite (Fig. 3,
curves 1 and 2). The interval of the decrease of ÑSF concentration coincided with the interval of the reverse ε–γ transformation. After completing the reverse transformation, the CDP completely disappeared. It
should be noted that in Ref. [36], the CSF in the austenitic phase were
more thermally stable than the martensitic phase; they were annealed at
a temperature higher than the temperature of the end of reverse ε–γ
transformation.
ISSN 1608-1021. Usp. Fiz. Met., 2019, Vol. 20, No. 3
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4. Characteristics of the Diffusion Processes
in the Phase-Hardened Alloy
Analysis of the depth distribution of Co atoms showed that due to the
cyclic γ ↔ ε transformations without additional diffusion annealing, their
penetration into the volume of the alloy was at a certain depth. Already
after the first cycle of transformations, the depth of penetration of Co
atoms was 3.5 μm (measurement accuracy is of 0.5 μm) (Fig. 4, curve 1).
An increase in the number of cycles resulted in the further penetration
of Co atoms. After 50 and 200 cycles, the penetration depth was 7 and
13 μm respectively (Fig. 4, curves 2 and 3).
The next diffusion annealing of a phase-hardened alloy led to penetration of the cobalt atoms for a greater distance. For example, after
the first and hundredth cycles, as a result of the subsequent annealing
for a 2500 hours at a temperature of 250 °C, the depth increased to 80
and 133 μm (Fig. 5, a, curves 1, 2). An increase of the annealing temperature up to 325 °C caused an additional penetration of the cobalt
atoms into the depth of alloy (Fig. 5, b).
Thus, the significant intensification of Co caused by the cyclic γ ↔ ε
transformations relates to the action of two independent mechanisms:
the athermal and the mechanism of thermal activation. The first mechanism was determined by the motions of atoms in the field of internal
stresses that aroused in a result of direct γ−ε transformation and accumulated at the repeated cyclic γ ↔ ε transformations. The dependency of
the penetration depth of Co isotope, at the conditions of the accumulation of internal stresses, has shown by curve 1 in Fig. 6. At a subsequent diffusion annealing, the penetration occurred on macroscopic distances (Fig. 6, curves 2, 3). Indeed, if the depth of penetration by the
athermal mechanism was 12–13 μm, then by a combined mechanism (an
athermal mechanism and a next one of thermal activation), the macroscopic distance was 145–170 μm.
The calculation of the diffusion coefficient of cobalt by its concentric distribution of the isotope in the alloy after the transformation cycles
without additional annealing (Fig. 4, curves 1–3) could not be carried
out. The latter is because of the impossibility of correct determination
of the duration of cobalt penetration in the volume of alloy, which is
obviously comparable to the occurrence time of MT. The mechanism
Fig. 4. Concentration distribution of Co
isotope atoms after one (1), 50 (2), and
200 (3) cycles
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Fig. 5. Concentration distribution of Co isotope atoms after one (1), 100 (2), and 200
(3) cycles, and subsequent diffusion annealing at the temperatures of 250 °C (a) and
325 °C (b)

of the cobalt atoms transfer should be considered to be related to the
structural f.c.c.–h.c.p.–f.c.c. reconstruction and the associated resultant distribution of force field of the stresses and of the moving dislocations due to the change in the volume and shape of the crystals undergoing transformation. Increasing the depth of penetration in the conditions
of the repetition of transformation cycles showed the possibility of the
accumulation of internal stresses that consistently stimulated the additional penetration of cobalt atoms. Obviously, this mechanism of substitution atoms displacement can be considered as a primarily athermal
one. As shown earlier, the athermal mechanism of mass transfer of the
substitutional and interstitial atoms was realized by the explosive kinetics of γ−α transformation in iron–nickel alloys [25, 26]. Since the athermal nature of the process of cobalt atoms penetration into the depth of
alloy due to CMT, it cannot be considered as a diffusion process. It is
reasonably being called an atomic transport process that does not require the thermal activation.
During the γ ↔ ε transformations in the local regions of the alloy,
the internal stresses of tension and compression emerged in accordance
with the sign of the volume effect
of direct γ−ε (increase of specific
volume) and reverse ε−γ (decrease of
specific volume) transformations.
Stretched areas arose due to direct

Fig. 6. The depth of penetration (x) of the
Co isotope as a function of the quantity
(N) of γ ↔ ε cycles without annealing (1)
and with annealing at 250 °C (2) and
325 °C (3)
ISSN 1608-1021. Usp. Fiz. Met., 2019, Vol. 20, No. 3
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γ−ε transformation at the low temperatures, when the relaxation processes were inhibited and internal stresses were preserved. This created the conditions for the Co atoms’ displacement in such areas. Obviously, the reverse ε–γ transformation created the conditions for the
migration of substitutional atoms through the athermal mechanism by
a lesser extent.
One of the possible mechanisms for mass transfer in the process of
thermal cycling is the dislocation mechanism. As shown in Refs. [43, 44],
the mobile dislocations can perform the role of mobile traps for point
defects, viz. for interstitial atoms, and to facilitate their transport by
increasing the effective diffusion coefficient. The effectiveness of such
transfer increases in the conditions of significant stresses that cause the
movement of acentric dislocations. But with the increase in the total
density of dislocations, the proportion of fixed dislocations increases,
which leads to the inhibition of mobile dislocations, thereby slowing down
the mass transfer. Significant contribution of such dislocation mechanism
for the transfer of atoms is pronounced especially at low temperatures,
when the thermally activated redistribution of atoms by the mechanism
of random wandering is ineffective due to the small amplitude of atomic oscillations and due to the small frequency of atomic jumps.
Another possible mechanism for mass transfer in the process of
thermal cycling is the interstitial (or crowdion) mechanism, which consists in the displacement of interstitial atoms along the close-packed
planes (111)γ and (001)ε in the crystalline lattices of f.c.c. austenite and
h.c.p. martensite, respectively. As known, the crowdions play an important role in the diffusion processes and the displacement of radiation
defects [40, 41]. Interstitial atoms should also play a significant role in
cases of high internal stresses, e.g., at high-rate deformation, which occurs at MT. They can occur in the places of high local stresses generated at the edges of martensitic crystals. The penetration of Co atoms
into the depth of the sample from thin surface layer due to the ÑMT
(interstitial stream) can be considered as a macroscopic manifestation of
the interstitial mechanism of mass transfer. The transfer of Co atoms
to the macroscopic depth, taking into account the known property of
crowdions to the aggregation, allows supposing the formation of clusters containing several crowdions (crowdion complexes). This may contribute to the reduction of the energy of their formation and determines
the possibility of transferring a larger number of atoms through this
mechanism. In this case, the crowdions manifest the property to move
in the field of stresses occurring in the crystal with structural deformation, particularly with the MT [41]. It was concluded that, in the
process of the motion of crowdion complexes at a speed exceeding the
velocity of sound in a crystal, they appear to be sufficiently stable
configurations and decay into separate crowdions only at temperatures
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Fig. 7. Calculated dependences of lnI (x2) after one (1), 100 (2), and 200 (3) γ ↔ ε
cycles and subsequent diffusion annealing at 250 °C (a) and 325 °C (b). Fitting by
linear curves is also performed

closed to the melting temperature. This important circumstance explains
the transfer of a significant number of Co atoms in our experiments on
its penetration into the depth of sample as a result of the CMT. Authors
of Ref. [41] admitted the possibility of high-rate processes of the crowdion transfer and its complexes at MT, which did not require the thermal activation.
In order to detect the thermally activated component of atomic
transport processes (diffusion) in the phase-hardened Ã18Ñ2 alloy, the
influence of isothermal annealing on the parameters of cobalt diffusion
were further studied. After thermal cycling of samples with different
number of γ ↔ ε transformations, they were additionally maintained for
2500 hours at the temperatures of 250 and 325 °C, thereby implementing the diffusion annealing, which further stimulated the diffusion of
cobalt atoms into the depth of samples. The annealing temperature was
chosen in such way that it does not exceed the temperature of the end
of reverse ε–γ transformation to prevent the occurrence of relaxation
processes in the phase-hardened alloy. Under this annealing regime in
the structure of the phase-hardened alloy, the accumulated chaotic
stacking faults were stored. As a result, the possibility to determine the
contribution of the CSF to the intensification of diffusion processes
rose. Annealing at higher temperatures eliminates the influence of the
CSF on diffusion processes in reverted austenite. After thermal cycling
and additional isothermal annealings, the amount of ε-phase was over
90%. This indicated the diffusion characteristics in the phase-hardened
alloy were mainly related to the martensitic ε-phase.
To calculate the coefficients of cobalt diffusion, a linear range of
the lnI = f (x2) dependence obtained for diffusion annealing temperatures of 250 °C and 325 °C was used (Fig. 7). Note that lnI = f (x2) deISSN 1608-1021. Usp. Fiz. Met., 2019, Vol. 20, No. 3
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pendence was linear only in a certain approximation. As one can see in
Fig. 7, there is a deviation of the experimental points from the linear
dependence, which increased with the increase of the number of γ ↔ ε
cycles, that is, with the growth of the degree of phase hardening. The
specified deviations from the linearity have a certain physical sense.
As known, the bulk diffusion character via the mechanism of random walks is characterized by a linear dependence in the lnI = f (x2) coordinates. Diffusion profiles reconstructed in such coordinates deviate
from the linear dependence. As a result of the approximation of graphs
by the function C = A exp (–bxn), the power indices n (given in Table
below) were obtained.
The deviation of the power index from n = 2 to a value close to 1
indicates the prevailing contribution of another atoms transfer mechanism, characterized by the presence of additional driving force [42]. The
role of such a force in this case play defects of the crystalline structure:
dislocations, small-angle sub-boundaries of fragments and CSF, accumulated in the results of the CMT. It is demonstrable that at T = 250 °Ñ, n
does not increase with increasing the number of transformations. This
indicates that the contribution of thermoactivated processes in the
transfer decreases with the increasing the number of cycles. At T = 325 °Ñ,
the n value increased as a result of the increase in the contribution of
bulk diffusion to the total diffusion flow.
Calculations showed that after the first cycle of transformations,
the diffusion coefficient D = 2.9 ∙ 10−13 cm2/s at 325 °C. An increase in
the number of γ ↔ ε cycles results to a monotonic growth of D to a
value of 9.3 ⋅ 10−13 cm2/s that means an increase of it due to the phase
hardening not less than in four orders of magnitude as compared with
the coefficient of self-diffusion. As a result of 500 transformation cycles, the coefficient increased by approximately 3.2 times in comparison
to the first cycle. This value corresponded to the coefficient of stationary diffusion at 900 °C. After 200 cycles, the growth rate of D was reduced (Fig. 8).
A noticeable difference in the penetration depth (Fig. 6) and, consequently, D (Fig. 8) at 250 °C and 325 °C was sufficient to calculate the
activation energy E of the Co diffusion. As revealed, the magnitude of
Index of power (n) in approximation function C = Aexp (–bxn)
for different diffusion annealing temperatures and number
of martensitic γ–ε transformations
Number of γ–ε transformations

1

50

500

Ò = 250 °Ñ
Ò = 325 °Ñ

1.39
0.99

1.16
1.01

1.15
1.30
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Fig. 8. Diffusion coefficient of Co vs. the number of γ−ε−γ cycles after diffusive annealing at 250 °C (1) and 325 °C (2)
Fig. 9. Activation energy of Co diffusion depending on the γ ↔ ε cycles’ number

E monotonically decreased with increasing the number of γ ↔ ε cycles
(Fig. 9). After 500 cycles, the E value decreased by 2.6 times. The main
change in the E value (by 1.54 times) occurred at an increase in the
number of cycles to one hundred.
The mechanism of thermally activated diffusion is associated with
its acceleration in the region of crystal structure defects generated by
direct γ−ε and reverse ε−γ transformations. Because of the annealing,
following the cyclic transformations, the diffusion mobility of the substitutional atoms was additionally increased due to the effect of onedimensional and two-dimensional defects of the crystalline structure of
residual austenite and ε-martensite formed during these transformations (dislocations, small-angle sub-boundaries of fragments, CSF). The
maximum increase of the Co diffusion coefficient was observed with an
increase in the number of thermal cycles to about one hundred, when
the major increase in the density of defects in the crystalline structure
in the f.c.c. and h.c.p. structures was fixed.
The contribution of various defects to the intensification of diffusion in the process of diffusion annealing was shown at various intervals of γ−ε−γ cycling. An analysis of the regularities of the accumulation
of structure defects of a different type as a result of cyclic γ−ε−γ transformations allowed to determine a certain sequence of their influences
on the Co diffusion (analogous to the influence on the diffusion of C
atoms [29, 45]) as follow:
(i) the effect of dislocations generated by γ−ε–γ transformation was
observed after the first cycle;
(ii) the increase in the contribution of the CSF occurred in the process of first 30–40 cycles;
(iii) the disoriented small-angle sub-boundaries did not significantly
affect the diffusion as a result of first 5–7 cycles, but subsequently
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continuously accumulated and effectively influenced on the diffusion
processes already throughout the whole range of thermal cycling.
The main mechanism of the intensification of Co diffusion through
the thermally activated mechanism is the acceleration of diffusion in
the dislocation region. We have to take into account that small-angle
sub-boundaries can be considered as polygonal dislocation walls. The
influence of the CSF on the diffusion characteristics also indirectly relates to the effect of the dislocations, since the CSF can be represented
as a complex of two partial dislocations with a stacking fault layer between them.
As a result of the annealing of phase-hardened samples at temperatures higher than 350 °C, i.e. at the end of the reverse ε−γ transformation, the CSF were no longer involved in accelerating of the diffusion
processes, since they were practically completely annealed during this
transformation.

5. Conclusions
Because of the γ ↔ ε CMT in the Ã18Ñ2 alloy, the CSF as well as subboundaries of austenite fragments and ε-martensite with increasing
disorientation of crystal lattices were accumulated. As shown, the CMT
can result to the formation of only small-angle sub-boundaries of the
austenite fragments. However, the CMT cannot result to the formation
of the new grains of reverted austenite differing from the orientation
of the initial grain due to the accumulation of disorientation of the lattice, as it took place for iron–nickel alloys in a result of multiple γ ↔ α
transformations. The CSF also showed the ability to be accumulated
with increasing the number of γ ↔ ε transformations. Concentration of
the CSF increased with the heating of the quenched alloy in the interval
of the reverse ε–γ transformation at a rate higher than the critical one.
The heating to temperatures above 300 °C results to a significant
decrease in the concentration of CSF. The interval of decrease of the
CSF concentration coincides with the interval of reverse ε–γ transformation. At the completion of the reverse transformation, the CSF completely disappeared.
The defect system of the crystalline structure, formed in the process
of cyclic γ ↔ ε transformations, and the degree of thermal stability of
various defect types, determine the regularities of the intensification of
diffusion processes in the phase-hardened alloy.
The depth of the Co atoms penetration in the phase-hardened Ã18Ñ2
alloy increases as the accumulation of internal stresses and defects in
the crystalline structure (dislocations, fragments with small-angle subboundaries, CSF) during the γ ↔ ε-transformation processes. The transformation cycles provided cobalt penetration to the depth of 12 μm. The
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subsequent annealing of the phase-hardened alloy at 325 °C provided a
macroscopic depth of 170 μm. Significant increase in the mobility of
substitution atoms via the γ ↔ ε transformations on the example of the
60
Co isotope occur due to the action of two independent mechanisms: the
athermal one and the mechanism of thermal activation.
The first mechanism was realized because of the diffusionless shifting character of direct γ–ε and reverse ε–γ transformations (without
diffusion annealing) due to the action of sign-changing stresses in the
process of structural reconstruction of the crystal lattice.
The second possible mechanism for the transfer of Co atoms in the
process of thermal cycling is the interstitial (crowdion) mechanism consisting in the displacement of interstitial atoms and their complexes
along close-packed planes (111)γ and (001)ε in crystalline lattices of f.c.c.
austenite and h.c.p. martensite, respectively. Interstitial atoms can play
a significant role in atomic transport processes in cases of high internal
stresses, e.g., at a high-rate deformation, which takes place at MT. They
can emerge in places of high local stresses generated at the martensitic
crystal edges.
The mechanism of thermal activation was realized in the process of
the subsequent diffusion annealing of the phase-hardened alloy due to
acceleration of the diffusion in the region of accumulated defects of the
crystal structure. The maximum increase of the diffusion coefficient of
cobalt and the decrease of the diffusion activation energy occur at the
increasing the number of thermal cycles to circa one hundred when the
major increase in the density of the defects of the crystalline structure
in f.c.c. austenite and h.c.p. martensite takes place.
After the first cycle of transformations, the diffusion coefficient D
for Co atoms was equal to 2.9 ⋅ 10−13 cm2/s at 325 °C. When the number
of γ ↔ ε cycles increased, the depth of penetration of cobalt atoms increased by two times and D grew monotonically up to 9.3 ⋅ 10−13 cm2/s,
which meant its increasing (due to the phase hardening) at least up to
four orders of magnitude as compared with stationary diffusion at the
same temperatures. This value corresponded to the coefficient of stationary diffusion at 900 °C. At the same time, the activation energy of
diffusion of the cobalt atoms was monotonically reduced by 2.6 times.
There is a deviation of the concentration profiles over the depth of
penetration of the cobalt atoms from the linear dependence in the coordinates of lnI = f (x2), which is characteristic for the bulk character of
diffusion through the mechanism of random walks. This allowed concluding that the contribution of bulk diffusion to the total diffusion
flow increases as the temperature of diffusion annealing increases.
The revealed regularities of intensification of diffusion processes
via the γ ↔ ε transformations can be used in the simulation of the atomic mechanism of low-temperature diffusion (below 0.5 Tmelt), when the
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diffusion occurs mainly in the areas of the crystal-structure imperfections, i.e. defects.
The formation of a system of the crystal-structure defects in the
metastable alloys by means of the CMT and the resulting significant
increase of the diffusion mobility of substitutional atoms at low temperatures opens up new additional prospects for application of the chemical-and-thermal treatment methods. For instance, through the preliminary phase hardening, the surface metallization temperature of
metastable Fe-based alloys can be reduced by several hundred degrees.
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Â.Þ. Äàí³ëü÷åíêî, Â.Ô. Ìàçàíêî,
Î.Â. Ô³ëàòîâ, Â.ª. ßêîâëåâ
²íñòèòóò ìåòàëîô³çèêè ³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè,
áóëüâ. Àêàäåì³êà Âåðíàäñüêîãî, 36, 03142 Êè¿â, Óêðà¿íà
ÂÏËÈÂ ÖÈÊË²×ÍÈÕ ÌÀÐÒÅÍÑÈÒÍÈÕ γ–ε-ÏÅÐÅÒÂÎÐÅÍÜ
ÍÀ ÄÈÔÓÇ²ÉÍ² ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÊÎÁÀËÜÒÓ
Â ÇÀË²ÇÎÌÀÍ¥ÀÍÎÂÎÌÓ ÑÒÎÏ²
Â îãëÿäîâ³é ñòàòò³ àíàë³çóþòüñÿ ðåçóëüòàòè åêñïåðèìåíòàëüíèõ äîñë³äæåíü âïëèâó öèêë³÷íèõ ìàðòåíñèòíèõ ïåðåòâîðåíü (ÌÏ), — ïðÿìèõ γ−ε (ÃÖÊ–ÃÙÏ) ³ çâîðîòí³õ ε−γ (ÃÙÏ–ÃÖÊ), — íà äèôóç³éí³ õàðàêòåðèñòèêè àòîì³â Co ó çàë³çîìàí´àíîâîìó ñòîï³ Ã18Ñ2 (Fe–18,3 âàã.% Mn–2,1 âàã.% Si) ç íèçüêîþ åíåðã³ºþ
äåôåêò³â ïàêóâàííÿ (ÄÏ). Ç âèêîðèñòàííÿì ðàä³îàêòèâíèõ ³çîòîï³â ìåòîäîì àâòîðàä³îãðàô³¿ òà ïîøàðîâîãî àíàë³çó ïîêàçàíî, ùî ³ñòîòíà ³íòåíñèô³êàö³ÿ ðóõëèâîñòè àòîì³â Co γ ↔ ε-ïåðåòâîðåííÿìè âèçíà÷àºòüñÿ äâîìà ð³çíèìè íåçàëåæíèìè
ìåõàí³çìàìè: âëàñíå ÌÏ çà ðàõóíîê ä³¿ öèêë³÷íèõ çíàêîçì³ííèõ âíóòð³øí³õ íàïðóæåíü (àòåðì³÷íèé ìåõàí³çì) ³ ìåõàí³çìîì òåðì³÷íî àêòèâîâàíî¿ äèôóç³¿ â
îáëàñò³ äåôåêò³â êðèñòàë³÷íî¿ áóäîâè, ùî ñôîðìóâàëèñÿ â ïðîöåñ³ γ−ε- ³ ε−γïåðåòâîðåíü. Ïðîàíàë³çîâàíî ìîæëèâ³ñòü òðàíñïîðòó àòîì³â Co àòåðì³÷íèì ìåõàí³çìîì ó ïðîöåñ³ öèêë³÷íèõ ìàðòåíñèòíèõ ïåðåòâîðåíü (ÖÌÏ) çà ðàõóíîê ïåðåì³ùåííÿ ì³æâóçëîâèõ àòîì³â òà ¿õ êîìïëåêñ³â âçäîâæ ù³ëüíîïàêîâàíèõ ïëîùèí
(111)γ ³ (001)ε ó êðèñòàë³÷íèõ ´ðàòíèöÿõ ÃÖÊ-àóñòåí³òó òà ÃÙÏ-ìàðòåíñèòó
â³äïîâ³äíî (êðàóä³îííèé ìåõàí³çì). Ïðè öüîìó âðàõîâóâàëàñÿ âëàñòèâ³ñòü êðàóä³îííèõ êîìïëåêñ³â ðóõàòèñÿ ç³ øâèäê³ñòþ, ùî ïåðåâèùóº øâèäê³ñòü çâóêó â
êðèñòàë³, â ïîë³ âèñîêèõ âíóòð³øí³õ íàïðóæåíü, ÿê³ âèíèêàþòü ïðè âèñîêîøâèäê³ñí³é äåôîðìàö³¿ àóñòåí³òó â ïðîöåñ³ ÌÏ. Ðåíò´åí³âñüêèìè ìåòîäàìè íà
ìîíîêðèñòàë³÷íèõ ³ ïîë³êðèñòàë³÷íèõ çðàçêàõ ïîêàçàíî ìîæëèâ³ñòü íàêîïè÷åííÿ â ïðîöåñ³ ÖÌÏ òàêèõ äåôåêò³â êðèñòàë³÷íî¿ áóäîâè ÿê äåçîð³ºíòàö³ÿ êðèñòàë³÷íî¿ ´ðàòíèö³ ôðà´ìåíò³â ³ õàîòè÷íèõ äåôåêò³â ïàêóâàííÿ (ÕÄÏ). ²íòåíñèô³êàö³ÿ äèôóç³éíèõ ïðîöåñ³â ó ôàçîíàêëåïàíîìó ñòîï³ çà ìåõàí³çìîì òåðì³÷íî¿
àêòèâàö³¿ ïîâ’ÿçóºòüñÿ ³ç ï³äâèùåííÿì ðóõëèâîñòè àòîì³â Co â îáëàñò³ íàêîïè-
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÷åíèõ äåôåêò³â êðèñòàë³÷íî¿ áóäîâè. Àíàë³ç çàêîíîì³ðíîñòåé íàêîïè÷åííÿ äåôåêò³â áóäîâè ð³çíîãî òèïó ïðè ï³äâèùåíí³ ñòóïåíÿ ôàçîâîãî íàêëåïó óìîæëèâèâ âèçíà÷åííÿ ïåâíî¿ ïîñë³äîâíîñòè ¿õíüîãî âïëèâó íà äèôóç³éíó ðóõëèâ³ñòü
àòîì³â Co. Ðåçóëüòàòè äîñë³äæåííÿ ³ñòîòíî ðîçøèðþþòü ô³çè÷í³ óÿâëåííÿ ñòîñîâíî äèôóç³¿ àòîì³â çàì³ùåííÿ â ñòîïàõ ç ðîçâèíóòîþ ñèñòåìîþ äåôåêò³â êðèñòàë³÷íî¿ áóäîâè ð³çíîãî òèïó (äèñëîêàö³é, ìàëîêóòîâèõ ñóáìåæ ôðà´ìåíò³â, âèñîêîêóòîâèõ ìåæ çåðåí, ìåæ äåôîðìàö³éíèõ äâ³éíèê³â, ÕÄÏ). Îäåðæàí³ íîâ³
åêñïåðèìåíòàëüí³ ðåçóëüòàòè ìîæóòü áóòè âèêîðèñòàí³ äëÿ ðîçðîáëåííÿ ìîäåë³
äèôóç³¿ â îáëàñò³ ë³í³éíèõ ³ ïëîùèííèõ äåôåêò³â çà íèçüêèõ òåìïåðàòóð (íèæ÷å
ïîëîâèíè òî÷êè òîïëåííÿ). Îêðåñëåíî ïåðñïåêòèâó ïðàêòè÷íîãî âèêîðèñòàííÿ
çàêîíîì³ðíîñòåé ³íòåíñèô³êàö³¿ äèôóç³¿ äëÿ îïòèì³çàö³¿ ðåæèì³â òåõíîëîã³÷íèõ
õ³ì³êî-òåðì³÷íèõ ïðîöåñ³â. ²ñòîòíå ïðèøâèäøåííÿ (çà äîïîìîãîþ ÖÌÏ) äèôóç³¿
àòîì³â çàì³ùåííÿ çà íèçüêèõ òåìïåðàòóð â³äêðèâàº íîâ³ äîäàòêîâ³ ìîæëèâîñò³
òåõíîëîã³¿ äèñïåðñ³éíîãî òâåðä³ííÿ.
Êëþ÷îâ³ ñëîâà: ìàðòåíñèòíå ïåðåòâîðåííÿ, äèôóç³ÿ, äåôåêòè ïàêóâàííÿ, äèñëîêàö³ÿ, ôàçîâèé íàêëåï, ñóáìåæ³ ôðà´ìåíò³â.
Â. Þ. Äàíèëü÷åíêî, Â. Ô. Ìàçàíêî,
À. Â. Ôèëàòîâ, Â. Å. ßêîâëåâ
Èíñòèòóò ìåòàëëîôèçèêè èì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðàèíû,
áóëüâ. Àêàäåìèêà Âåðíàäñêîãî, 36, 03142 Êèåâ, Óêðàèíà
ÂËÈßÍÈÅ ÖÈÊËÈ×ÅÑÊÈÕ ÌÀÐÒÅÍÑÈÒÍÛÕ γ–ε-ÏÐÅÂÐÀÙÅÍÈÉ
ÍÀ ÄÈÔÔÓÇÈÎÍÍÛÅ ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÊÎÁÀËÜÒÀ
Â ÆÅËÅÇÎÌÀÐÃÀÍÖÅÂÎÌ ÑÏËÀÂÅ
Â îáçîðíîé ñòàòüå àíàëèçèðóþòñÿ ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé
âëèÿíèÿ öèêëè÷åñêèõ ìàðòåíñèòíûõ ïðåâðàùåíèé (ÌÏ), — ïðÿìûõ γ−ε (ÃÖÊ–
ÃÏÓ) è îáðàòíûõ ε−γ (ÃÏÓ–ÃÖÊ), — íà äèôôóçèîííûå õàðàêòåðèñòèêè àòîìîâ
Co â æåëåçîìàðãàíöåâîì ñïëàâå Ã18Ñ2 (Fe–18,3 âåñ.% Mn–2,1 âåñ.% Si) ñ íèçêîé
ýíåðãèåé äåôåêòîâ óïàêîâêè (ÄÓ). Ñ èñïîëüçîâàíèåì ðàäèîàêòèâíûõ èçîòîïîâ
ìåòîäîì àâòîðàäèîãðàôèè è ïîñëîéíîãî àíàëèçà ïîêàçàíî, ÷òî ñóùåñòâåííàÿ èíòåíñèôèêàöèÿ ïîäâèæíîñòè àòîìîâ Co γ ↔ ε-ïðåâðàùåíèÿìè îïðåäåëÿåòñÿ äâóìÿ
ðàçíûìè íåçàâèñèìûìè ìåõàíèçìàìè: ñîáñòâåííî çà ñ÷¸ò ÌÏ (àòåðìè÷åñêèé ìåõàíèçì) è ìåõàíèçìîì òåðìè÷åñêîé àêòèâàöèè â îáëàñòè äåôåêòîâ ñòðîåíèÿ,
îáðàçîâàííûõ â ïðîöåññå γ–ε- è ε–γ-ïðåâðàùåíèé. Ïðîàíàëèçèðîâàíà âîçìîæíîñòü òðàíñïîðòà àòîìîâ Co àòåðìè÷åñêèì ìåõàíèçìîì â ïðîöåññå öèêëè÷åñêèõ
ìàðòåíñèòíûõ ïðåâðàùåíèé (ÖÌÏ) çà ñ÷¸ò ïåðåìåùåíèÿ ìåæäîóçåëüíûõ àòîìîâ
è èõ êîìïëåêñîâ âäîëü ïëîòíîóïàêîâàííûõ ïëîñêîñòåé (111)γ è (001)ε â êðèñòàëëè÷åñêèõ ðåø¸òêàõ ñîîòâåòñòâåííî ÃÖÊ-àóñòåíèòà è ÃÏÓ-ìàðòåíñèòà (êðàóäèîííûé ìåõàíèçì). Ïðè ýòîì ó÷èòûâàëàñü ñïîñîáíîñòü êðàóäèîííûõ êîìïëåêñîâ
äâèãàòüñÿ ñî ñêîðîñòüþ, êîòîðàÿ ïðåâûøàåò ñêîðîñòü çâóêà â êðèñòàëëå, â ïîëå
âûñîêèõ âíóòðåííèõ íàïðÿæåíèé, âîçíèêàþùèõ ïðè âûñîêîñêîðîñòíîé äåôîðìàöèè àóñòåíèòà â ïðîöåññå ÌÏ. Ðåíòãåíîâñêèìè ìåòîäàìè íà ìîíî- è ïîëèêðèñòàëëè÷åñêèõ îáðàçöàõ èññëåäîâàíû çàêîíîìåðíîñòè íàêîïëåíèÿ â ïðîöåññå
ÖÌÏ òàêèõ äåôåêòîâ ñòðîåíèÿ êàê äåçîðèåíòàöèÿ êðèñòàëëè÷åñêîé ðåø¸òêè è
õàîòè÷åñêèõ äåôåêòîâ óïàêîâêè (ÕÄÓ). Èíòåíñèôèêàöèÿ äèôôóçèîííûõ ïðîöåññîâ â ôàçîíàêë¸ïàííîì ñïëàâå ïî ìåõàíèçìó òåðìè÷åñêîé àêòèâàöèè ñâÿçûâàåòñÿ ñ ïîâûøåíèåì ïîäâèæíîñòè àòîìîâ Co â îáëàñòè íàêîïëåíèÿ äåôåêòîâ
êðèñòàëëè÷åñêîãî ñòðîåíèÿ. Àíàëèç çàêîíîìåðíîñòåé íàêîïëåíèÿ äåôåêòîâ ñòðîISSN 1608-1021. Usp. Fiz. Met., 2019, Vol. 20, No. 3
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åíèÿ ðàçíîãî òèïà ïðè ïîâûøåíèè ñòåïåíè ôàçîâîãî íàêë¸ïà ïîçâîëèë óñòàíîâèòü îïðåäåë¸ííóþ ïîñëåäîâàòåëüíîñòü èõ âëèÿíèÿ íà äèôôóçèîííóþ ïîäâèæíîñòü àòîìîâ Co. Ðåçóëüòàòû èññëåäîâàíèÿ ðàçâèâàþò ôèçè÷åñêèå ïðåäñòàâëåíèÿ
î äèôôóçèè àòîìîâ çàìåùåíèÿ â ñïëàâàõ ñ ðàçâèòîé ñèñòåìîé äåôåêòîâ êðèñòàëëè÷åñêîãî ñòðîåíèÿ ðàçíîãî òèïà (äèñëîêàöèé, ìàëîóãëîâûõ ñóáãðàíèö ôðàãìåíòîâ, âûñîêîóãëîâûõ ãðàíèö ç¸ðåí, ãðàíèö äåôîðìàöèîííûõ äâîéíèêîâ, ÕÄÓ).
Ïîëó÷åííûå íîâûå ýêñïåðèìåíòàëüíûå äàííûå ìîãóò áûòü èñïîëüçîâàíû äëÿ
ðàçðàáîòêè ìîäåëè äèôôóçèè â îáëàñòè ëèíåéíûõ è ïëîñêîñòíûõ äåôåêòîâ ñòðîåíèÿ â îáëàñòè íèçêèõ òåìïåðàòóð (íèæå ïîëîâèíû òî÷êè ïëàâëåíèÿ). Îïðåäåëåíà ïåðñïåêòèâà ïðàêòè÷åñêîãî èñïîëüçîâàíèÿ çàêîíîìåðíîñòåé èíòåíñèôèêàöèè
äèôôóçèè äëÿ îïòèìèçàöèè ðåæèìîâ õèìèêî-òåðìè÷åñêîé îáðàáîòêè è ïðîöåññîâ äèñïåðñèîííîãî òâåðäåíèÿ ìåòàñòàáèëüíûõ ñïëàâîâ. Ñóùåñòâåííîå óñêîðåíèå (ïðè ïîìîùè ÖÌÏ) äèôôóçèè àòîìîâ çàìåùåíèÿ ïðè íèçêèõ òåìïåðàòóðàõ
îòêðûâàåò íîâûå äîïîëíèòåëüíûå âîçìîæíîñòè òåõíîëîãèè äèñïåðñèîííîãî çàòâåðäåâàíèÿ.
Êëþ÷åâûå ñëîâà: ìàðòåíñèòíîå ïðåâðàùåíèå, äèôôóçèÿ, äåôåêòû óïàêîâêè,
äèñëîêàöèÿ, ôàçîâûé íàêë¸ï, ñóáãðàíèöû ôðàãìåíòîâ.
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