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EFFECT OF CYCLIC MARTENSITICY—¢
TRANSFORMATIONS ON DIFFUSION
CHARACTERISTICS OF COBALT IN
AN IRON-MANGANESE ALLOY

This review article analyses the results of experimental investigations of the influ-
ence of the cyclic direct y—¢ (f.c.c.~h.c.p.) and reverse e~y (h.c.p.—f.c.c.) martensitic
transformations (MT) on the diffusion characteristics of Co atoms in I'l18C2 (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 y <> ¢ 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 y—¢ and g~y 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 com-
plexes along the close-packed (111), and (001), 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 meth-
ods 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 struc-
tural defects of different types (dislocations, small-angle sub-boundaries of frag-
ments, 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 diffusion-
intensification regularities for optimization of chemical-and-thermal treatment re-
gimes 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 appli-
cation 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 (0.67,,,-0.97 .., where T . is a melting temperature)
with long isothermal exposures. In some cases, the effect of alloy satu-
ration by diffusion unable to implement because of low diffusion mobil-
ity of one of the diffusants. The rise of diffusion mobility of the atoms
up to the necessary level for realization of the optimal treatment re-
gimes 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 in-
creasing at technologically convenient low temperatures can become the
new development stage of material treatment methods with using of dif-
fusion 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 prob-
lem 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 ac-
celeration of diffusion processes can be induced by high-energy treat-
ment, at which the gradient structure-and-phase state in steels and al-
loys forms [7—14]. The new complex of physical-and-mechanical
characteristics, including diffusion characteristics, can be formed un-
der the structure fragmentation to the ultrafine and/or nanoscale level.
Such a fragmentation level is reachable via the CMT.

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 dif-
fusion mobility of substitution atoms and introduction atoms under low
temperatures (lower than 0.5T ) 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 diffu-
sion processes that forms useful properties can be realized via the inter-
nal factor MT without using of external high-energy impacts. The pos-
sibility of diffusion acceleration of the substitutional atoms via the
y—a—y (f.c.c.—b.c.c.—f.c.c.) CMT was shown experimentally in Ref. [19].
Effect of the (f.c.c.—h.c.p.—f.c.c.) CMT on the diffusion processes in al-
loys 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 devel-
opment of intensive methods of thermal and chemical-and-thermal treat-
ment 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 de-
pend on alloys structural state, which forms because of the phase trans-
formations. 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 proc-
esses and stimulate mass transfer on macroscopic distance. Martensitic
y—o—y 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 y—a and
reverse a—y MT, respectively.

In the Fe—Mn alloys, the y—e—vy 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 disloca-
tions after y—o—y 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 y—a and y—¢ transforma-
tions (3—4% and 1.75%, respectively). In reverted iron—manganese
austenite with low energy of stacking faults, the multiple y—e—y trans-
formations 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 imper-
fection of crystal lattice of the phase components formed due to the
y—o—y and y—e—y transformations points out on necessity of additional
study of effect of the y—e—y 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 y <> ¢ transfor-
mations 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 ob-
tained 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 metast-
able Fe—18.3 wt.% Mn-2.1 wt.% Si alloy because of creation of the sys-
tem of crystal structure defects via the y <> ¢ MT. In this article, at the
first time, an attempt is made to separate the contribution to the inten-
sification of the mobility of substitution atoms in the Fe—Mn alloy of
the martensite y—e—y transformations and of the defects of the crystal
structure formed by direct y—¢ and reverse e—y MT.

2. Materials and Experimental Technique

The studies were performed for a metastable Fe—-Mn I'18C2 (Fe—
18.3 wt.% Mn—2.1 wt.% Si) alloy, where a high completeness of y—¢
transformation (up to 90% of martensitic e-phase) takes place. Cyclic
direct y—¢ and reverse ¢—y transformations were sequentially realized in
alloy during cooling in the liquid nitrogen and subsequent heating in
the salt bath at a temperature of 380°C. In this case, it was reached the
maximal cooling rate within the range of direct transformations (20 °C/s)
and the heating rate within the range of reverse transformations
(80 °C/s). Such a thermal cycling regime resulted to deceleration of re-
laxation processes and provided an effective accumulation of structural
defects due to both direct and reverse transformations. These struc-
tural defects can significantly effect on diffusion processes in the phase-
hardened alloys. Indeed, authors [30] noted a considerable increasing of
diffusion coefficient of Fe and TI only when a certain critical thermal
cycling rate was reached. After the y—e—y transformations, a diffusion
annealing of the phase-hardened alloys was performed at 250 °C and
325 °C.

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 e-martensite can be calculated by the ratio of inte-
gral intensity of (111), and (002), diffraction reflexes [27]:

M, =100% [1 + 0.27(L 111, /L0001

Using these reflexes from the austenite and e-martensite crystallo-
graphic planes, which were parallel in accordance with orientation rela-
tions between the f.c.c. and h.c.p. lattices, we can calculate an amount
of e-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 y of austenitic and e-martensitic lattices (on single-crys-
talline samples) and the CSF concentration (on polycrystalline samples).
The y value, which characterizes the possibility of formation of low-
angle dislocation sub-boundaries of fragments, was measured by the
value of azimuth smearing of (200), and (101), reflexes at the diffrac-
tion pattern from single-crystalline samples [15]. To define y angle, the
length of diffraction spot a on the azimuth and the distances between
the ends of spot and equator %, and &k, were found [22].

The y value was calculated using the formula

sin(y/2) = \Ja* - (b - ¢)* /(4bc) ,

where b =+lh’ +7*, ¢ =\hi+7r®, ris radius of the x-ray chamber.

The concentration o of the CSF in f.c.c. crystal lattice was measured
by the value of change of the Bragg angles of certain diffraction refle-
xes. According to Refs. [381, 32] for f.c.c. structure, which contains the
SF in planes {111}, the Bragg angle remains unchanged in those reflex-
es, where the Miller indices satisfy such requirements (in cubic coor-
dinates): h + k +1=3N, 2h — k — | = 6N’', where N and N’ are integers.

For the austenite I'18C2 alloy, the o value was defined by the mu-
tual shift of Bragg angles of the (200), and (111), reflexes:

A(20,,, — 20,,,) = — 450, ~/3(2tg6,,, — teb,,,)/(2n%),

where 0 is the Bragg angle and o, is the CSF concentration.
In h.c.p. lattice, the o, value can be defined from physical broadening
of such reflexes satisfying the conditions of n —k=3N £t 1 and [l = 0
[33—-36]. Note that CSF does not cause the broadening of (hk0) reflexes.
Concentration of CSF in {001}, crystallographic planes can be calcu-
lated using the formula [21]

B=1-[(1-3a,(1-a,)]/y1+[Q-3a,1-a,)],

where B is a half-width of (h#kl) reflex. The a, 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 per-
formed by the radioactive isotopes method. The layer of %°Co radioactive
isotopes of 0.5 um thickness was electrolitically coated on the polished
surface of flat-parallel samples of the alloy with dimension of
10x10x5 mm?3. The distribution of Co atoms in the depth was deter-
mined by the autoradiography and layer removing methods with a meas-
urement of the B-activity of %°Co 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 distri-
bution of radioactive isotope by depth of sample was plotted. The thick-
ness of the removed layer was determined by weighing on microanalyti-
cal weigh-scales, using the formula

Ah = (hy/P,) AP;

here, h, and P, are the sample’ thickness and weight, respectively; Ah
and AP are the thickness and weight of removed layer, respectively.
Diffusion coefficient of Co, D, can be calculated via the formula

D = —(4ttga)™,

where 1 is the duration of a diffusion annealing, o is the slope angle of
a straight line to the abscissa axis at the graphs of InI(x?) (I is specific
B-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 y—¢ MT

Previously, it was shown that due to a cycle of y <> ¢ 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
y <> ¢ transformations up to hundreds of cycles does not cause a signifi-
cant 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 y <> ¢ transformations, the small-angle sub-
boundaries of fragments that can be characterized by the y angle of the
maximum disorientation of crystalline lattice were formed.

X-ray studies of single-crystalline samples showed that, in the
phase-hardened I'l18C2 alloy, the y angle monotonously increases with
the increasing the number of y—&—y cycles and after 100 y—e—y cycles it
reached values of 9° and 6.5° for y-phase (Fig. 1, curve 1) and e-phase
(Fig. 2, curve 1), respectively. As a result of the multiple cycles, the
value of the y angle was significantly less than the value reached be-
cause of y—a—y cycles in the iron—nickel alloys [38]. This is due to the
higher structural reversibility of direct y—¢ and reverse e—y transitions.
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Fig. 1. Maximal disorientation angle y (1) and CSF concentration o (2) vs. the
number of y <> € cycles (N) in the crystalline lattice of austenite

Fig. 2. The same as in the previous figure, but for e-martensite

It should be noted that the v angle, even at intensive y <> ¢ 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 bounda-
ries of the grains. This means that cyclic y <>¢ transformations can form
only the small-angle sub-boundaries of the austenite fragments6 and it
is impossible to form new grains of reverted austenite due to the accu-
mulation of the lattice disorientation, which would differ from the ori-
entation of the initial grain, as it was the case for iron—nickel alloys
after multiple y—o—y transformations.

After the cyclic y <> ¢ transformations in the reverted austenite and
e-martensite of the Fe—-Mn alloys with low SF energy, the CSF was
formed on the crystallographic planes {111} and {001},. 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 e-martensite of the I'18C2 alloy, which
was phase-hardened by y <> ¢ transformations.

After the first y—e—y 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 g-mar-
tensite after the first cycle reached a greater value of 0.018 and in-
creased 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 e—y transformation at a rate
higher than the critical (60 °C/s).

The formation and accumulation of CSF in reverted austenite after
multiple direct y—¢ and reverse e¢—y transformations can be related both
as to the thermal stresses, which arose during cyclic coolings and heat-
ings, and with an increase of the degree of phase hardening, which was
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Fig. 3. The change of CSF concentration o, %
in the austenite (1) and s-martensite (2)
alloys phase-hardened by 100 cycles of y<>¢ 3
transformations depending on temperatu-

re of isothermal annealing for 30 min

determined by an increase in the
number of y <> ¢ transformations. It 1
has been shown the appearance of
the CPD in the austenite of Fe—Mn

alloys with low energy of the SF was 100 2(')0 360 T, °C
determined mainly by the formation

of the martensitic e-phase and, at least, by thermal stresses [38]. This
was evidenced by the experimental fact of an increase of the CSF con-
centration in the condition of the increase of e-martensite amount. Such

a regularity previously observed for both carbon-free and carbon Fe—Mn
alloys [36, 39].

Thus, as a result of cyclic y <> ¢ martensitic transformations in the
I'18C2 alloy, there are appeared and accumulated dislocations, small-
angle sub-boundaries characterized by the disorientation of the crystal-
line lattice of austenite and e-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 phase-
hardened alloy I'18C2, the investigation of the thermal stability of these
defects was carried out.

As revealed, the annealing of the alloy, phase-hardened by 100 y <> ¢
transformations, did not lead to a significant change in the density of
dislocations and the maximum angle of disorientation of the crystalline
lattice of y- and e-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 e-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 I and 2). The interval of the decrease of CSF concentration coin-
cided with the interval of the reverse e—y transformation. After com-
pleting 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 e~y
transformation.
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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 y < ¢ 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 um (measurement accuracy is of 0.5 um) (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 um respectively (Fig. 4, curves 2 and 3).

The next diffusion annealing of a phase-hardened alloy led to pen-
etration 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 um (Fig. 5, a, curves 1, 2). An increase of the annealing tem-
perature 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 y < ¢
transformations relates to the action of two independent mechanisms:
the athermal and the mechanism of thermal activation. The first mech-
anism was determined by the motions of atoms in the field of internal
stresses that aroused in a result of direct y—¢ transformation and accu-
mulated at the repeated cyclic y <> ¢ transformations. The dependency of
the penetration depth of Co isotope, at the conditions of the accumula-
tion of internal stresses, has shown by curve I in Fig. 6. At a subse-
quent diffusion annealing, the penetration occurred on macroscopic dis-
tances (Fig. 6, curves 2, 3). Indeed, if the depth of penetration by the
athermal mechanism was 12—-13 pum, then by a combined mechanism (an
athermal mechanism and a next one of thermal activation), the macro-
scopic distance was 145-170 um.

The calculation of the diffusion coefficient of cobalt by its concen-
tric 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 im-
possibility of correct determination
of the duration of cobalt penetra-
tion in the volume of alloy, which is
obviously comparable to the occur-
rence time of MT. The mechanism

1600 [

I, imp/min

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 result-
ant distribution of force field of the stresses and of the moving disloca-
tions due to the change in the volume and shape of the crystals undergo-
ing 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 ad-
ditional penetration of cobalt atoms. Obviously, this mechanism of sub-
stitution 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 kinet-
ics of y—a transformation in iron—nickel alloys [25, 26]. Since the ather-
mal 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 re-
quire the thermal activation.

During the y < ¢ 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 y—¢ (increase of specific %> HI
volume) and reverse ¢~y (decrease of 180
specific volume) transformations. 150
Stretched areas arose due to direct 120

90 |
Fig. 6. The depth of penetration (x) of the 60 -
Co isotope as a function of the quantity

(N) of y > ¢ cycles without annealing (1) 30 - 1
and with annealing at 250°C (2) and 0 —— —k— . —X
325°C (3) 30 60 90 120 150 180 N
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y—¢ transformation at the low temperatures, when the relaxation pro-
cesses were inhibited and internal stresses were preserved. This crea-
ted the conditions for the Co atoms’ displacement in such areas. Ob-
viously, the reverse ¢—y 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 atom-
ic 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 con-
sists in the displacement of interstitial atoms along the close-packed
planes (111), and (001), in the crystalline lattices of f.c.c. austenite and
h.c.p. martensite, respectively. As known, the crowdions play an impor-
tant 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 oc-
curs at MT. They can occur in the places of high local stresses gener-
ated at the edges of martensitic crystals. The penetration of Co atoms
into the depth of the sample from thin surface layer due to the CMT
(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 clus-
ters containing several crowdions (crowdion complexes). This may con-
tribute 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 defor-
mation, 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 InI(x?) after one (1), 100 (2), and 200 (3) y<> ¢
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 crow-
dion transfer and its complexes at MT, which did not require the ther-
mal activation.

In order to detect the thermally activated component of atomic
transport processes (diffusion) in the phase-hardened I'18C2 alloy, the
influence of isothermal annealing on the parameters of cobalt diffusion
were further studied. After thermal cycling of samples with different
number of y < ¢ transformations, they were additionally maintained for
2500 hours at the temperatures of 250 and 325 °C, thereby implement-
ing 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 g¢—y 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 g-phase was over
90% . This indicated the diffusion characteristics in the phase-hardened
alloy were mainly related to the martensitic e-phase.

To calculate the coefficients of cobalt diffusion, a linear range of
the Inl = f(x?) dependence obtained for diffusion annealing tempera-
tures of 250 °C and 325 °C was used (Fig. 7). Note that Inl = f(x?) de-
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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 y <> ¢
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 ran-
dom walks is characterized by a linear dependence in the Inl = f(x?) co-
ordinates. Diffusion profiles reconstructed in such coordinates deviate
from the linear dependence. As a result of the approximation of graphs
by the function C = Aexp(—bx"), 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 mecha-
nism, 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, accumu-
lated in the results of the CMT. It is demonstrable that at T = 250 °C, 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 °C,
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 -107*® cm?/s at 325 °C. An increase in
the number of y <> ¢ cycles results to a monotonic growth of D to a
value of 9.3 -10'® cm?/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 cy-
cles, the coefficient increased by approximately 3.2 times in comparison
to the first cycle. This value corresponded to the coefficient of station-
ary diffusion at 900 °C. After 200 cycles, the growth rate of D was re-
duced (Fig. 8).

A noticeable difference in the penetration depth (Fig. 6) and, conse-
quently, 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(—bx")
for different diffusion annealing temperatures and number
of martensitic y—¢ transformations

Number of y—¢ transformations 1 50 500
T =250 °C 1.39 1.16 1.15
T =325°C 0.99 1.01 1.30
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Fig. 8. Diffusion coefficient of Co vs. the number of y—g—y cycles after diffusive an-
nealing at 250 °C (1) and 325 °C (2)

Fig. 9. Activation energy of Co diffusion depending on the y <> € cycles’ number

E monotonically decreased with increasing the number of y <> ¢ 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 y—e and reverse e¢—y transformations. Because of the annealing,
following the cyclic transformations, the diffusion mobility of the sub-
stitutional atoms was additionally increased due to the effect of one-
dimensional and two-dimensional defects of the crystalline structure of
residual austenite and e-martensite formed during these transforma-
tions (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 diffu-
sion in the process of diffusion annealing was shown at various inter-
vals of y—e—y cycling. An analysis of the regularities of the accumulation
of structure defects of a different type as a result of cyclic y—e—y trans-
formations 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 y—e—y transformation was
observed after the first cycle;

(ii) the increase in the contribution of the CSF occurred in the proc-
ess 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 re-
lates to the effect of the dislocations, since the CSF can be represented
as a complex of two partial dislocations with a stacking fault layer be-
tween them.

As a result of the annealing of phase-hardened samples at tempera-
tures higher than 350 °C, i.e. at the end of the reverse e—y transforma-
tion, 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 y <> ¢ CMT in the I'18C2 alloy, the CSF as well as sub-
boundaries of austenite fragments and e-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 lat-
tice, as it took place for iron—nickel alloys in a result of multiple y <> a
transformations. The CSF also showed the ability to be accumulated
with increasing the number of y <> ¢ transformations. Concentration of
the CSF increased with the heating of the quenched alloy in the interval
of the reverse ¢—y 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 e—y transforma-
tion. At the completion of the reverse transformation, the CSF com-
pletely disappeared.

The defect system of the crystalline structure, formed in the process
of cyclic y « ¢ 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 I'18C2
alloy increases as the accumulation of internal stresses and defects in
the crystalline structure (dislocations, fragments with small-angle sub-
boundaries, CSF) during the y < e-transformation processes. The trans-
formation cycles provided cobalt penetration to the depth of 12 um. The
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subsequent annealing of the phase-hardened alloy at 325 °C provided a
macroscopic depth of 170 um. Significant increase in the mobility of
substitution atoms via the y < ¢ transformations on the example of the
50Co 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 shift-
ing character of direct y—¢ and reverse g—y 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 con-
sisting in the displacement of interstitial atoms and their complexes
along close-packed planes (111), and (001), 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 -107'% ecm?/s at 325 °C. When the number
of y & ¢ cycles increased, the depth of penetration of cobalt atoms in-
creased by two times and D grew monotonically up to 9.3 -107!® cm?/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 sta-
tionary 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 coor-
dinates of InI = f(x?), which is characteristic for the bulk character of
diffusion through the mechanism of random walks. This allowed con-
cluding 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 y & ¢ transformations can be used in the simulation of the atom-
ic mechanism of low-temperature diffusion (below 0.5T, ), when the
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diffusion occurs mainly in the areas of the crystal-structure imperfec-
tions, 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 tem-
peratures opens up new additional prospects for application of the chem-
ical-and-thermal treatment methods. For instance, through the prelimi-
nary phase hardening, the surface metallization temperature of
metastable Fe-based alloys can be reduced by several hundred degrees.
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BILJINB IIUKJIITYHNX MAPTEHCUTHUX y—¢-IIEPETBOPEHD
HA JU®YBINHI XAPAKTEPUCTUKU KOBAJIBTY
B 3AJIIBOMAHI AHOBOMY CTOIII

B ornAmosiii craTTi aHATI3YIOTHCA PE3yabTATH eKCIePUMEHTAIbHUX MOCHiIKeHb BILIU-
BY MUKJIIYHUX MapTeHCUTHuX neperBopers (MII), — npamux y—e (FIK-T'TIII) i 3Bo-
poruix e—y (FHOIII-TTIK), — ma audysilini xapaxktepuctuxku atomiB Co y 3samizo-
manranoBomy cromi I'18C2 (Fe—18,3 Bar.% Mn—2,1 Bar.% Si) 3 HU3bKOIO e€Hepriei
mederTtiB makyBauHa ([II). 3 BUKOPUCTAHHAM paJioOaKTUBHUX 130TOIIB METOIOM aB-
Topajziorpadii Ta ImoIIapoBOro aHaJIi3y IIOKa3aHo, IO iCTOTHA iHTeHCcU(piKkalia pyxJin-
BocTu aToMiB Co Y <> &-IIePEeTBOPEHHAMY BU3HAYAETHCS JBOMA DIBHUMU He3aJIE:KHUMU
mexanisamamu: Biaacae MII 3a paxyHOK il MUKJIIYHMX 3HAKO3MiHHUX BHYTpPilIHiX HAa-
OpyKeHb (aTepMiyHUII MexaHi3M) i MexaHidaMoM TepMiuHO aKTHBOBaHOI audysii B
obyacti medexrtiB kKpucramiunoi 6GymoBu, Ifo chopMyBaiucd B mpoueci y—e- i e—y-
nepeTBopeHsb. [IpoaHarizoBaHO MOKJINBICTD TpaHCcIOpTy aToMiB Co aTepMiyHUM Mexa-
Hi3MOM y mpoIieci MUKIIUHUX MapTeHCUTHUX neperBopeHsb (IIMII) 3a paxyHOK mepe-
MileHHA MiKBY3JIOBUX aTOMIB Ta IX KOMILJIEKCIB B3/JOBXK II[iTBHOIIAKOBAHUX IJIOIIIUH
(111), i (001), y xpucramiunux rparauusx [IIK-aycremity rta TIIII-maprencury
BigmoBigHO (KpaymioHHui MexaHnisam). IIpu mbomy BpaxoByBaJiacd BJIACTUBICTH Kpay-
MIOHHUX KOMILIEKCiB pyxaTucdA 3i IIBUIKICTIO, IO IEPEBUIIYE ITBUAKICTL 3BYKY B
KpHUCTaJi, B MOJi BHCOKMX BHYTPIIIHIiX HaNpPyKeHb, AKi BUHUKAIOTH IIPU BUCOKO-
mBuAKicHi# nedopmarii aycrenity B mporeci MII. PenTreniBcbKkuMu mMeTomamMmu Ha
MOHOKPHCTAJTIYHUX i MOJIKPUCTATIUHNX 3pPa3Kax IIOKa3aHO MOYKJINBICTH HAKONIUUYEH-
Ha B mporeci IIMII Takux medekTiB KpucTtandiuHoi OyJoBU AK He30pieHTAIlidA Kpuc-
TajxiyHol rpaTHuii @parmeHTiB i xaormuHux nedextiB maxkyBauHa (XI[II). Iuresn-
cudikania gudysifiuux mporecis y (pasoHaKJIeIIaHOMY CTOIIi 3a MeXaHi3MOM TepMiuHO1
aKTHBAIll OB’ A3YeThCA i3 HMigBUINEHHAM pyxJuBocTu aromiB Co B obGJiacTi HaAKOIHU-
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yeHUX AedeKTiB KpucraiaiuHoi OymoBu. AHaais 3aKOHOMipHOCTE!l HAKOUWYEHHS Je-
dexTiB OyZOBU PiBHOTO TUITY MPU HiABUINEHHI CTYyNeHs (Pa3soBOr0 HAKJENY YMOMKJIM-
BUB BU3HAYEHHSA II€BHOI IIOCJIiOBHOCTH IXHBOI'O BIJIMBY Ha AU@YS3ifiHy pyXJamBicTb
aromiB Co. PeaysnbraTu mOCHiIKeHHA iCTOTHO POBIIMPIOTL (hidWUYHI YABJIEHHS CTO-
coBHO aAu@ysii aToMiB 3aMillleHHA B CTOIAX 3 PO3BUHYTOIO CUCTEMOIO Je(deKTiB Kpuc-
TaJigyHol Oya0BU pisdHOTO THUIY (AUCJIOKAIlill, MAJOKYTOBUX CyOMe)X (pparmMeHTiB, BU-
COKOKYTOBUX M€K 3€peH, MeX medopwmarniiinux asiiaukis, XIIII). Oxep:xkani HOBL
€KCIEePUMEHTAJbHI Pe3yabTaTH MOXKYTb OyTH BUKOPUCTAHI IJIA PO3POOJIEHHA MOMAENL
nudysii B o6aacTi giHiAHUX i II0OIMUHHEUX AedeKTiB 3a HUSBKUX TeMIlepaTyp (HuKue
IIOJIOBUHU TOYKHU TOILIeHHsS). OKpecjeHO MepCIeKTUBY MPAKTUYHOTO BUKOPUCTAHHSA
3aKOHOMipHOCTell inTeHcudikaii gudysii aaa onTumisaiii pesKUMiB TeXHOJOTIYHUX
ximiko-Tepmiunmux mporiecis. IcToTHe mpumBuAIeHHA (3a gomomoroio ITMIT) audysii
aToOMiB 3aMillleHHA 3a HUBBKUX TeMIlepaTyp BilKpMBa€e HOBi JOZATKOBI MOXKJIMBOCTL
TEXHOJIOTil MUCIEePCITHOTO TBEPIiHHS.

Karouosi croBa: MapTeHCUTHE MepeTBOPeHHA, nudysid, nedeKTu MakyBaHHS, JUCJIO-
Kais, pasoBuil HaKJel, cyoMeski parmenTis.
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BJIUSHUE ITUKJINYECKUX MAPTEHCUTHBIX y—¢-IIPEBPAIIEHUN
HA TNPDPY3NOHHBIE XAPAKTEPUCTUKN KOBAJIBTA
B JKEJIESOMAPTAHIIEBOM CIIJIABE

B 0030pHOIT cTaThe aHAJIMBUPYIOTCSA PE3yIbTATHl SKCIEPUMEHTAJIBHBIX HCCJIeIOBAHUN
BIUAHUA IUKJINUYECKUX MapTeHCUTHBIX npeBpamenuii (MII), — mpamerix y—¢ (I'LIK—-
T'TIY) u ob6parabix e—y (I'TIY-TIIK), — Ha nuddysmuoHHbIe XapaKTEPUCTUKU aTOMOB
Co B :xesnezomapraniiesom ciiaase '18C2 (Fe—18,3 Bec.% Mn—2,1 Bec.% Si) ¢ HU3KOI
sHeprueii pedexToB ynakoBku (V). C mcmonb3oBaHueM pagrMOaKTHUBHBIX M30TOIIOB
METOZ0M aBTOpaAuorpadmu U MOCIONHOTO aHAIN3a TOKa3aHo, UTO CYI[eCTBeHHAA MH-
TeHCUPUKAIMA TOABUKHOCTU aToMOB CO ¥ <> £-IIPeBPaIeHUAMU ONPEAeIAeTCA ABYMS
pasHBIMU HE3aBUCUMBLIMU MeXaHu3MaMu: coocTBeHHO 3a cuét MII (aTepmuuecKkuii me-
XaHW3M) U MeXaHM3MOM TEePMHUYECKON aKTHBAIMU B obOjacTu ged)eKTOB CTPOEHU,
o6pa3oBaHHBIX B IIpoliecce y—¢- U g—y-IpeBpalneHuii. IIpoanasnsupoBaHa BO3MOIK-
HOCTBH TpaHcmopTa aTroMoB Co aTepMHUUECKUM MeXaHU3MOM B IIPOIlECCe IMUKJINUECKUX
MapTeHCUTHBIX npeBpartenuii (IIMII) 3a cuér mepeMeIeHnA MeK/I0Y3€IbLHBIX aTOMOB
U UX KOMILTEKCOB BROJb INIOTHOYIIAKOBAHHBIX Iockocreit (111) u (001), B kpucrasu-
audyecKkux perrérkax coorBerctBeHHO ['IIK-aycrenura u I'IIY-maprencura (KpayguoH-
HBIIT MexaHu3Mm). IIpu dTOM yUYHUTBHIBAJach CIIOCOOHOCTH KPAYAMOHHBIX KOMILIEKCOB
IBUTAThCA CO CKOPOCTHIO, KOTOPas IIPeBBIIIAET CKOPOCTh 3BYKa B KpUCTAaJJe, B II0JIe
BBICOKUX BHYTPEHHUX HANPAKEHUN, BOSHUKAIOIIUX IIPU BBICOKOCKOPOCTHOI medop-
Maruu aycteHuTa B mpoiecce MII. PeHTreHOBCKMMU MeTOZAMU HA MOHO- ¥ MOJUKDPHU-
CTAIINYECKNX 00pasiax WCCIeSOBaHbBI 3aKOHOMEDHOCTU HAKOILJIEHWA B IIPOIlecce
IIMII Takux nedeKTOB CTPOEHUA KaK Ie30PUEHTAIVSA KPUCTALINYECKON DEIIETKU U
xaoTnueckux naedextoB ymakoBru (XIVY). UareHcupuranua auddysuoHHBIX IIPO-
1eccoB B (ha30HAKJIENIAHHOM CILJIaBe 110 MEeXaHU3MY TE€PMUYECKOH aKTHUBaIlUU CBA3bI-
BaeTcsA C IOBBHIIIEHWEM IMOABUKHOCTH aToMoB Co B o6sacTy HaKOIIeHU:A JedeKToB
KPUCTAJJINYECKOTO CTPOEHU . AHATN3 3aKOHOMEPHOCTeI HaKOIIeHus qe(eKTOB CTPO-
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eHMsI PasHOr'o TUIIA MIPU IIOBBLIIIIEHUM CTEeleH! (pasoBOro HAKJIENIA MMO3BOJIUAJ YCTAHO-
BUTH OIPEEJEHHYIO IOCJEeN0BATEJIbHOCTh, UX BIAUAHUA HA AUG(HY3UOHHYIO MOABUNK-
HOCTBh aToMOB Co. PesysibTaTh! UccCIeJ0BaHUS Pa3BUBAIOT (DU3UUECKUE IPeICTaBIeHUA
o nuddysun aToMOB 3aMeIlleH!A B CILJIaBax C PasBUTOMN cUCTeMO¥l ne)eKTOB KPUCTAJ-
JINYECKOr0 CTPOEHUS Pas3HOro TuMNa (IUCIOKAIUil, MAJOYIJIOBEIX CyOrpanul, (hparMmeH-
TOB, BBICOKOYTJIOBBIX I'DAHUI] 3€PeH, I'PAHUI] AedOopMaIrMOHHBIX ABOMHUKOB, XV).
ITonyueHHBIEe HOBBIE SKCIIEPUMEHTAJbHBIE NaHHBIE MOT'YT OBITH MCIIOJb30BAHBI MIJISA
paspaboTku mogenau nuddysun B 06JIaCTH JUHEHHBIX U MJIOCKOCTHBIX Ne()eKTOB CTPO-
eHMs B 00J1aCTH HU3KUX TeMIlepaTyp (HuKe IOJIOBUHBI TOUKHU IIaBienusa). Oupeneie-
Ha MEepCIeKTUBa IPAKTUYECKOT0 MCIIOJIb30BAHUA 3aKOHOMEPHOCTe MHTEHCU(PUKAIIUYI
nud@ysun Aasa ONTUMUAINN PEKUMOB XUMUKO-TEPMUUYECKON 00pabOTKU 1 IIPOILec-
COB [JMCIIEPCHMOHHOI'0 TBEPJAEHUS MeTAacTaOUJIbHBLIX cIaBoB. CyIlleCTBEHHOE YyCKOpe-
Hue (mpu momoiru IITMIT) nuddysun aToMOB 3aMeIeHUA IPU HUSKUX TeMIepaTypax
OTKPBIBAET HOBBIE JOIIOJHUTEJNbHBIE BO3MOYKHOCTHA TEXHOJOTUU AUCIIEPCUOHHOTrO 3a-
TBEpeBaHUI.

KaroueBnie cioBa: MapTeHCUTHOe IpeBpalienue, auddysus, gedeKTbl yIaKOBKH,
nucjaoKanus, (asoBbIil HAKJEN, CyOrpaHuIlbl (DPAarMeHTOB.
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