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Abstract: The main problem of submicrocrystalline (SMC) materials formed as a result of severe plastic deformation is
their thermal stability. The large stored energy and the formation of strongly disordered microcrystallites in the structure
lead to a decrease in the recrystallization onset temperature and, therefore, possibly decrease the structure stability.
In the work, severe plastic deformation by high-pressure torsion and annealing of pure nickel and an alloy containing
2 at. % chromium were carried out. The structure of both deformed and annealed material was studied by scanning and
transmission electron microscopy. The dependence of hardness on the square root of true strain and structure evolution
were analyzed to identify the boundaries of the stages of structural states. The energy stored during deformation was esti-
mated using differential scanning calorimetry by the amount of absorbed heat energy. The author studied the behaviour of
materials during annealing depending on the stored strain energy at the SMC structure stage. Three stages of structural
stats were identified in pure nickel: cellular, mixed, and SMC structure, while in the alloy containing 2 at. % chromium,
a cellular structure stage was not detected. A decrease in the stored strain energy was found at the stage of the SMC struc-
ture for both materials. Alloying nickel with 2 at. % chromium increases its thermal stability, which increases the tempera-
ture when the grain growth becomes intensive by 150 °C. The amount of stored strain energy affects grain growth in
the alloy containing 2 at. % chromium, whereas in pure nickel no effect was detected. In the Ni—Cr alloy, greater stored

energy corresponds to larger recrystallized grain size.
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INTRODUCTION

Industrial development requires the creation of new
materials with unique physical and mechanical properties.
One of the approaches to achieve these properties is the for-
mation of submicrocrystalline (SMC) and nanocrystalline
(NC), structural states in these materials, for which severe
plastic deformation (SPD) can be used [1; 2], in particular,
high-pressure torsion (HPT) [3; 4]. The structure for-
mation directly depends on the stacking fault energy
(SFE) of the studied materials. Thus, in materials with
a medium SFE during deformation at room temperature,
the structure evolution appears to be three successive
stages: cellular, mixed, and SMC structure [1; 5; 6].
The cellular-type structure is formed due to the movement
of dislocations. At the second stage, along with the dislo-
cation mechanism, rotational modes of deformation ap-
pear leading to the formation of individual microcrystal-

lites [7]. Such a structure contains both high- and low-
angle boundaries; it is usually called a mixed structure [8].
Finally, at the last stage, the structure consists of micro-
crystallites only — this is the SMC structure stage. In mate-
rials with high SFE during HPT, the cellular structure
stage is not registered; after small angles of anvil rotation,
a mixed structure appears [9].

The presence of an SMC structure leads to a significant
(by about 150 °C) decrease in the recrystallization tempera-
ture, which may be associated with a decrease in the ther-
mal stability of the structure [10]. On the other hand, in
[11-13] it is shown that grinding the structural elements
below a certain critical size, leads to an increase in thermal
stability. In the works [14; 15], it was found that the for-
mation of a honeycomb-type structure as a result of SMC
structure recrystallization gives the material high thermal
stability. The SMC structure can be obtained in the material
surface layer by frictional processing [16]. This treatment
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of martensitic and austenitic steels delays the softening
(by 200-300 °C) of the material surface layer [17].

Another characteristic of thermal stability is the grain
growth rate during recrystallization. It is possible to reduce
the grain growth rate by alloying to form a solid solution.
It is important to limit the content of the alloying element to
prevent such a decrease in the SFE, that would lead to
a change in the strain mechanism.

The stored strain energy also affects recrystallization
[18]. In a number of materials, SPD can lead to the deve-
lopment of relaxation processes, such as dynamic recovery
and dynamic recrystallization [3; 5; 19]. As a result of these
processes, with an increase in true strain, a decrease in
the stored strain energy can be observed, and, consequently,
a decrease in the recrystallization driving force.

The purpose of this work is to study the influence of al-
loying Ni-2 at. % Cr on the SMC structure formation,
the amount of stored energy during HPT deformation, as
well as on the thermal stability of the resulting structure
upon heating.

METHODS

To carry out the study, single-crystalline nickel
(99.98 wt. % Ni) and a polycrystalline single-phase Ni—Cr
alloy, with a chromium content of 2 at. % (Ni—2Cr) were
selected. The samples had a diameter of 5 mm and a thick-
ness of 0.3 mm. They were deformed by HPT in Bridgman
anvils at room temperature under a pressure of 8 GPa by
upsetting and with anvil rotation: for Ni — from 15° to 7 re-
volutions, and for Ni-2Cr — from 15° to 10 revolutions.
The true strain was calculated using the formula

1
2\, .
e=In|1+| ¥ +In| 2|,
h; h;

where ¢ is the angle of anvil rotation, rad.;

r; is the radius from the center of the sample, mm;

hy is the sample thickness before deformation, mm;

h; is the thickness of the sample after deformation at
the i-radius, mm.

The hardness of the studied materials was measured af-
ter deformation, using a METOLAB 502 device under
a load of 0.5 N along two mutually perpendicular diameters
of the sample with a step of 0.25 mm. Hardness values were
averaged over true strain intervals Ae=0.4. The boundaries
of the deformation stages were determined by the inflection
points in the hardness dependence on the square root of true
strain H=f{e"?) in accordance with the technique described
in [20]. To assess the mechanical properties of nano- and
submicrocrystalline materials, hardness values were used as
flow stress, as substantiated in [21]. Before measuring
hardness, the samples were ground and electropolished.

Calorimetric studies were carried out using a STA 449
F3 thermal analyser, with a heating rate of 20 °C/min in the
temperature range of 25—1000 °C. Two successive heatings
were carried out in the same temperature range with the
sample being cooled to room temperature after each heat-
ing. During the first heating, heat release peaks were re-
corded on the curves. The peak temperatures were deter-
mined by the secant method, and the amount of released

thermal energy was determined as the area under the peak.
This energy was then associated with the stored strain ener-
gy [22]. Reheating was carried out to ensure that the heat
release process was irreversible. The error, when determin-
ing the amount of energy released during calorimetric
measurements did not exceed 2.5 %.

The samples were annealed in a vacuum furnace at
the following temperatures: for Ni — 200-350 °C with
a step of 50 °C for 1 h; for Ni-2Cr — 200-400 °C with
a step of 100 °C for 1 h. Samples with the maximum stored
energy (for Ni — ¢=7.0 and for Ni-2Cr — ¢=9.3, which cor-
responds to the anvil rotation by 2 and 10 revolutions), and
SMC structure samples, where the maximum stored energy
has not been reached (for pure nickel — with the anvil rota-
tion by 7 revolutions (e=8.3), and for Ni-2Cr — by 5 revolu-
tions (e=8.5)), were selected for annealing.

The resulting structures were assessed using QUANTA 200
and TESCAN MIRA scanning electron microscopes, and
a JEM200CX transmission electron microscope. Using
scanning electron microscopy (SEM), the structure was
examined at a distance of 1.0 mm from the centre of
the samples. Based on the SEM results, the spectra of grain-
boundary angles, and grain sizes were determined. Using
transmission electron microscopy, the structure was exami-
ned at the distances of 1.5 mm from the centre of the sam-
ples. The sizes of structural elements (dislocation cells,
microcrystallites, and recrystallized grains) were deter-
mined from bright-field images, as well as from dark-field
images in the {111} type reflection, based on the results of
more than 400 measurements, which ensured an error of
less than 10 %.

The results were processed using the STATISTICA
software.

RESULTS

Fig. 1 shows a diagram of the hardness dependence on
the true strain of the studied materials. It can be seen that
alloying with 2 % of Cr only slightly influences the strain,
hardening of Ni in the region of relatively small strains
(up to e=6). At e>6, alloying, ensures an increase in
the hardness growth coefficient; in Ni, hardness stabilisa-
tion is registered after e=5.

To identify the stages of deformation in the studied ma-
terials, the dependences shown in Fig. 2 were obtained. For
pure Ni, three stages were identified, their change occurs
at e=0.8 and e=5. For the alloy containing 2 % of Cr, only
two stages were obtained; the transition from one stage to
another in Ni-2Cr occurred at e=8.5.

Fig. 3 shows the structures of pure Ni and the Ni—2Cr
alloy deformed in this work. It can be seen that the evolu-
tion of the pure nickel structure goes through three stages.
First, a cellular-type structure is formed up to e=0.8
(Fig. 3a). In the interval 0.8<e<5, individual micro-
crystallites with high-angle boundaries are formed in
the structure, which is a sign of a mixed-type structure
(Fig. 3 b). Moreover, after e=5, the structure contains only
microcrystallites, which is a sign that the SMC structure has
been achieved (Fig. 3 ¢). Unlike pure nickel, in Ni—2Cr,
the cellular structure stage was not registered, therefore,
only one boundary is identified in this alloy, at which the
mixed structure is replaced by the SMC structure at e=8.5
(Fig. 3d, 3 e).
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Fig. 1. Microhardness dependence on true strain: © — pure Ni; A — Ni-2Cr alloy
Puc. 1. 3asucumocms meepoocmu om ucmurnou oegpopmayuu. © — yucmotii Ni; A — cniae Ni-2Cr

Fig. 4 shows the dependence of the average size of
structural elements on true strain. It has been found that
alloying with chromium in an amount of 2 % does not lead
to a decrease in the size of microcrystallites in the single-
phase Ni-2Cr alloy compared to pure nickel: after e=9,
the average size of microcrystallites in both cases is
(0.14+0.01) um. It can be seen that the output of the de-
pendencies shown in Fig. 4 to saturation in grinding is typi-
cal for both studied materials.

Fig. 5 shows that the stored energy (£) in the studied
materials continuously increases with increasing defor-
mation up to e=7 in pure Ni and e=9 in Ni-2Cr, and with
continued deformation at the SMC structure stage it de-
creases in both materials. Thus, the maximum stored energy
was recorded after deformation ¢=7.0 for Ni and ¢=9.3 for
Ni—2Cr, which corresponds to the anvil rotations for 2 and
10 revolutions.

Fig. 6 gives images of the pure nickel structure after de-
formation and annealing. Annealing pure nickel at 150 °C
leads to the recrystallization onset (Fig. 6 a). The average
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size of structural elements is 0.2 pm. Increasing the anneal-
ing temperature to 200 °C leads to the recrystallization
completion (Fig. 6 b). The average size of recrystallized
grains is 6 pm, while the maximum size of recrystallized
grains is about 40 pm. After annealing at 300 °C, a decrease
in the average size of recrystallized grains to 5.5 pm is ob-
served, apparently due to the appearance of nuclei through
the thermal activation mechanism (Fig. 6 c). At the anneal-
ing temperature of 350 °C, the grain growth rate becomes
greater than the rate of nucleation of new recrystallization
centres (Fig. 6 d), and the average grain size increases
again.

Fig. 7 shows that in nickel, the average grain size ob-
tained through annealing the material with the maximum
(2 revolutions) and lower (7 revolutions) stored strain ener-
gy is almost the same. The temperature when rapid grain
growth begins also does not depend on the strain amount
(stored energy). Thus, no effect of the difference in
the stored strain energy on recrystallization in pure nickel
with an SMC structure was detected.
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Fig. 2. Diagram of microhardness dependence on the square root of true strain: a — pure Ni; b — Ni-2Cr alloy

Puc. 2. 'papux 3asucumocmu meepoocmu om K6aopamuo20 KOPHs U3 UCMUHHOU Oeghopmayuu.:
a — yucmoiii Ni; b — cnnae Ni—2Cr
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Fig. 3. Fine structure of pure nickel and Ni-2Cr alloy deformed by high-pressure torsion:
a— Ni, e=0.3; b— Ni, e=4.2; ¢ — Ni, e=6.9;, d — Ni-2Cr, e=4.0; e — Ni-2Cr, e=8.6
Puc. 3. Toukas cmpyxmypa uucmozo Huxens u cniaéa Ni—2Cr, oegpopmuposannvix CIT/]:
a— Ni, e=0,3; b— Ni, e=4,2; ¢ — Ni, e=6,9;, d — Ni-2Cr, e=4,0; e — Ni-2Cr, e=8,6
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Fig. 4. Dependence of average size of structural elements on true strain:
O — pure Ni; A — Ni-2Cr alloy
Puc. 4. 3asucumocmsv cpednezo pasmepa s1emMeHmos CmpyKkmypsl om UCMUHHOU Oeghopmayuu:
O — yucmuui Ni; A — cnnase Ni-2Cr
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Fig. 5. Dependence of stored strain energy on true strain: © — pure Ni; A — Ni-2Cr alloy;
the inset shows an example of a DSC (differential scanning calorimetry) curve for Ni deformed by 5 anvil revolutions
Puc. 5. 3asucumocmo 3anacennoil suepeuu depopmayuu om ucmunHou oegpopmayuu. © — yucmoiii Ni; A — cnias Ni-2Cr;
Ha ecmaeke npumep JJCK (Oughpepenyuanvroii ckanupyroweli karopumempuu) kpueou onst Ni,
0ehopmMuposanto2o Ha 5 060pomos HaKoBAIbHU

There are individual recrystallized grains with a size of
about 0.7 pm in the Ni-2Cr alloy after annealing at 200 °C
(Fig. 8 a, 8 b). The average size of the structural elements
did not change much, relative to the size of the micro-
crystallites in the deformed state. It amounts (0.16+0.03) um.
This shows that the number of recrystallized grains is small.
Thus, recrystallization in this material just begins at a tem-
perature of 200 °C.

In turn, annealing at 300 °C shows that in the Ni-2Cr al-
loy, recrystallization occurs more completely after defor-
mation with e=9.3 (10 anvil revolutions, Fig. 8 ¢). In this
case, in the sample that was deformed by HPT for
5 revolutions, a large fraction of the non-recrystallized ma-
trix is retained (Fig. 8 d). The structure contains large de-
formed structure areas, as well as individual grains larger

than 1 um in size, which do not contain dislocations. SEM
images demonstrate that annealing led to the bimodal
structure formation (Fig. 9). The average size of the struc-
tural elements for both treatments is close: 1.2 pm after
deformation with e=8.5 and 0.8 um with ¢=9.3, while
the maximum size differs by a factor of 2 and is 5 and
9 um, respectively.

Increasing the annealing temperature to 400 °C increas-
es the dimensional heterogeneity of the structure of the al-
loy with 2 % of Cr deformed by both 5 and 10 anvil revolu-
tions (Fig. 10); along with large grains, small crystallites
are observed. It can be seen that after deformation by
10 revolutions, and annealing at 400 °C, individual coarse
grains larger than 50 pm in size appeared (Fig. 10 a),
the average grain size is approximately 8 pm. After

Fig. 6. Electron microscope images of the structure of pure nickel deformed with e=7
(2 anvil revolutions) and following annealing at:
a—150°C; b—-200°C; ¢—300°C; d—-350 °C

Puc. 6. Dnexmponno-mukpockonudeckue uzoopasiceruss Cmpykmypul YUcmo2o HUKes,

deghopmupogannozo ¢ e=7 (2 060poma HAKOBANbHU), U NOCIEOVIOUE20 OMIHCUSA NPU.:
a—150°C; b—200°C; c—300°C; d—350 °C
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Fig. 7. Dependence of average size of structural elements on annealing temperature:
® — pure Ni; A — Ni—2Cr alloy;
filled markers correspond to the deformation when the stored energy is maximum according to DSC data
Puc. 7. 3asucumocmsv cpednezo pasmepa 1emMennos CImpyKmypbl 0m memnepamypbl Omicu2d.:
® — yycmuiti Ni; A — cnnag Ni—2Cr;
3aKpauleHHble MAPKEPbL COOMBEMCMEYIOM dehopmayuu,
npuU KOMOPOU 3aNACEHHAs. IHEP2USL MAKCUMANbHA, co2aacHo dannbim JCK

Fig. 8. Microstructure of the Ni-2Cr alloy after deformation
and subsequent annealing at 200 (a, b) and 300 °C (c, d):
a — bright-field image, e=8.5,; b — dark-field image, e=8.5; ¢ — bright-field image, e=9.3; d — bright-field image, e=8.5
Puc. 8. Muxpocmpyxkmypa cnaasa Ni—2Cr nocie oepopmayuu
u nocnedyiowezo omacuea npu 200 (a, b) u 300 °C (c, d):
a — cgemaononvHoe uzobpaoicenue, e=8,5; b — memnononvroe uzobpadcenue, e=8,5;
¢ — ceemnonovHoe usobpadicerue, e=9,3; d — ceemaononvroe uzobpasicenue, e=8,5
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Fig. 9. Orientation map in colours of the inverse pole figure of the Ni-2Cr alloy after deformation
and subsequent annealing at 300 °C: a — e=8.5; b — e=9.3
Puc. 9. Opuenmayuonnas kapma 6 ygemax o6pammuou noaocroti guzypel cnaasa Ni—2Cr nocie oepopmayuu
u nocneoyrowezo omcuea npu 300 °C: a — e=8,5; b —e=9,3

Fig. 10. Orientation map in colours of the inverse pole figure and fine structure of the Ni-2Cr alloy
after deformation and subsequent annealing at 400 C: a — e=9.3; b, c — e=8.5; a, b— SEM; ¢ — TEM
Puc. 10. Opuenmayuonnas xapma 6 ygéemax oOpamHou NOIOCHOU Guaypsl u monxas cmpykmypa cniasa Ni—2Cr
nocne oeghopmayuu u nocredyioweeo omacuea npu 400 C: a—e=9,3; b, c —e=8,5; a, b— COM; ¢ — [IDM

deformation by 5 revolutions and annealing at 400 °C,
relatively large grains up to 8 um in size and small areas
of non-recrystallized structure are also observed (Fig. 10 b,
10 c), but the average grain size is several times smaller —
2.5 um. Thus, in this alloy, primary recrystallization does
not complete even at 400 °C. For the Ni-2Cr alloy, the de-
pendences of the average size of structural elements on
the annealing temperature obtained by SEM and TEM
methods are shown in Fig. 7.

DISCUSSION

Pure nickel deformation at the SMC structure stage does
not lead to a change in hardness (Fig. 1). At the same time,
the dimensions of the nickel structural elements also remain
constant (Fig. 4), and calorimetric studies show a decrease
in the stored strain energy (Fig. 5). Based on these results,

one can conclude that in nickel deformed by HPD at
the SMC structure stage, the dominant structure-forming
process is dynamic recovery. This is consistent with data
known from the literature [23].

The results of the work confirmed that alloying with
a small amount of chromium did not cause a change in
the strain mechanism, which is observed, for example, in
the Ni-20Cr alloy [24]. In this work, the author managed to
identify the influence of solid solution strengthening on
the formation of the structure of the studied materials dur-
ing deformation and subsequent annealing. In the Ni—2Cr
alloy, the SMC structure is formed at a significantly higher
true strain (e=8.5) than in pure Ni (e=5). In this case, de-
formation at the SMC structure stage does not lead to stabi-
lisation of the alloy hardness value. However, the average
size of the SMC structure elements, just as in nickel, does
not change (Fig. 1 and 2). Despite the stabilisation of sizes
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in Ni-2Cr, according to calorimetric studies, the stored en-
ergy changes: it increases to e=9.3 (10 anvil revolutions),
and then decreases. Consequently, the structure continues to
change. A decrease in the stored strain energy, at the SMC
structure stage indicates the occurrence of dynamic reco-
very in the alloy (Fig. 5). However, the increase in hardness
shows that in this case, dynamic recovery is not the domi-
nant process.

Annealing of SMC nickel showed that recrystallization
begins at 150 °C (Fig. 6 a) and proceeds as the growth of
individual centres. This leads to strong grain heterogeneity:
a small number of large grains are located in a fine-grained
matrix. Recrystallization is completed at 200 °C (Fig. 6 b).
After annealing at 300 °C, a decrease in the average size of
recrystallized grains is observed (Fig. 6 ¢). A similar effect
was recorded in [15] as a result of annealing the iron SMC
structure. In the latter case, the decrease in size was associ-
ated with the appearance of thermally activated recrystalli-
zation nuclei. A further increase in the annealing tempera-
ture of nickel shows a tendency towards grain structure
coarsening (Fig. 6 d).

Nickel alloying with 2 at. % of chromium increases
the temperature of the recrystallization onset from 150
to 200 °C, and the temperature of the beginning of intensive
grain growth — from 150 to 300 °C (Fig. 7 and 8). There-
fore, one can conclude that solid solution strengthening
increased the thermal stability of the SMC structure. Just
like in Ni, in the Ni-2Cr alloy, recrystallization occurs ac-
cording to the mechanism of accelerated growth of indivi-
dual centres, which does not allow obtaining a homogene-
ous submicrogranular recrystallized structure, as, for exam-
ple, in iron [14; 15]. In this work, it was not possible to
determine the temperature of the end of recrystallization in
the Ni—2Cr alloy.

In pure nickel, a change in the stored strain energy at
the SMC structure stage does not affect recrystallization,
while in Ni-2Cr the stored strain energy affects the size of
the recrystallized grain: greater stored energy corresponds
to a larger recrystallized grain size (Fig. 7).

CONCLUSIONS

1. During high-pressure torsion deformation, in the Ni—
2Cr alloy, in contrast to pure nickel, a continuous increase
in hardness is observed throughout the entire studied de-
formation range. Alloying with chromium significantly
inhibits the transition to the SMC structure stage: in the Ni—
2Cr alloy, the transition to the submicrocrystalline structure
stage occurs at a true strain e=8.5+0.3 — higher than for
pure nickel (e=5.3).

2. Nickel alloying with chromium in an amount of 2 at. %
does not lead to an increase in the submicrocrystalline
structure dispersion; in both cases, after deformation with
=9, the microcrystallite size is (0.14+0.01) um.

3. Alloying with chromium affects the recrystallization
temperature of nickel. The temperature, when the recrystal-
lization of nickel with a submicrocrystalline structure be-
gins, is 150 °C, and that of the Ni—2Cr alloy is 200 °C.
The temperature of the intensive grain growth onset in-
creases from 150 °C in pure nickel, to 300 °C in the Ni-2Cr
alloy.

4.In the Ni-2Cr alloy, preliminary high-pressure tor-
sion deformation and the energy stored during this, influ-

ence the recrystallized grain size. As a result of annealing
of the Ni-2Cr alloy, in which the maximum energy was
accumulated during deformation, the largest recrystallized
grains, and high dimensional heterogeneity of the structure
are observed, whereas in pure nickel, the dependence was
not detected.

5.In both studied materials, submicrocrystalline
structure recrystallization occurs through the accelerated
growth of individual centres. This makes it impossible to
obtain a submicrogranular recrystallized structure uni-
form in size.
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Annomayun: OcHOBHOU TipobaeMoil cyomukpokpucrammndeckux (CMK) matepuanos, copMUpOBaHHEIX B pe3yibTa-

Te OOJNBIION TUTACTHYECKOW IeOpManuy, SBISETCS HX TepMHUYECKas CTaOMIIBHOCTh. boiblmas 3amaceHHas JHEPTHUsS
1 (hopMHUpPOBaHKE B CTPYKTYPE CHITBHO Pa30pHUCHTHPOBAHHBIX MUKPOKPUCTAIUTUTOB BEJET K YMEHBIIICHHIO TEMIIEPATypPhl Hadaia
PEKPUCTAIITN3AINH U, KaK CJICICTBHE, BO3BMOXKHO, K CHIDKEHHIO CTaOMIBHOCTH CTPYKTYpHL. B paboTe mposeneHa Gombias mia-
cTuueckas aedopMars METOJIOM «CABHT TIOJ JIAaBJICHHEM», a Talkke OTKUT YHCTOTO HMUKENS M €ro CIUIaBa, COMAEpIKaIlero
2 ar. % xpoma. ccnenoBaHue CTpyKTypbl Kak Ae()OPMHUPOBAHHOTO, TaK M OTOXOKEHHOTO MaTepHala OCYIIECTBISII METOJaMU
CKaHHUPYIOIIEH U MPOCBEYMBAIONIECH 3IEKTPOHHOW MUKPOCKOIIMH. AHAIN3 3aBUCHMOCTH TBEPJOCTH OT KBAJPATHOTO KOPHS M3
MCTHHHOM Jie(hopMaIiy COBMECTHO C aHAIIM30M CTPYKTYPHBIX U3MEHEHHIA TIO3BOJIMII BBIIEIUTD TPAHUIIBI CTAJIUH CTPYKTYPHBIX
COCTOSIHHH. 3amaceHHyI0 IpH IeopMaIiiy SHEPTHIO OIICHUBAIIN C MOMOIIEBI0 TU(depeHITnaTbHO-CKaHUPYIOMIEH KalopuMeT-
pHH 10 KOJIMYECTBY TOTIOLIEHHON TEMI0BOM 3Heprun. VccienoBaHo MOBEACHUE MATEPHANIOB IPHU OTHKUTE B 3aBUCUMOCTH OT
3arnaceHHoi sHeprun nepopmarmu Ha craaun CMK-cTpykTypsl. B urcToM HUKene BBIENEHBI TPH CTaJUU CTPYKTYPHBIX CO-
CTOSIHUI: stuencToi, cmemanHoi 1 CMK-cTpykTypsl, Toraa kak B ciase, copepakaieM 2 ar. % Cr, cTaaus s’ MeucTon CTpyKTy-
pbl He 3adukcupoBana. OOHApPY)KEHO CHMPKEHHE 3araceHHON 3Hepruu aedopmanuu Ha cragun CMK-cTpykTypsl uist 00oux
MmarepuaioB. JlernpoBanue HuKeNs 2 aT. % XpoMa MOBBIIIAET TEPMUUECKYIO CTAOWIBLHOCTB, YTO TPOSIBISIETCS B MOBBIIICHUN
TeMIIepaTyphbl Hauajla HHTEHCUBHOTO pocTa 3epHa Ha 150 °C. BennunHa 3anmaceHHOM dHeprin Ae)opMaIlii OKa3bIBAeT BIMSIHAE
Ha POCT 3€pHa B CIIaBE C COJepKaHueM XpoMa 2 aT. %, Torja Kak B YUCTOM HUKeJIe BIUsIHHUE He 3adukcuposaHo. B crutaBe Ni—
Cr 6ombII1as 3araceHHast SHEPTUsi COOTBETCTBYET OOJIBIIEMY pa3Mepy PEeKpUCTAIUTN30BAHHOTO 3epHa.

Knrwouesvie cnoga: nukens; ciutaB Ni—Cr; CIBHUT 1OJ TaBICHHEM; CYyOMHUKPOKPUCTAIUINYECKas CTPYKTYpa; 3armaceHHas
sHeprus aedopmanyn.
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