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Microstructure and nanohardness evolution in 18Cr10NiTi and 18Cr10NiTi-ODS steels after exposure to argon ion irradiation has
been studied by combination of nanoindentation tests, XRD analysis, TEM and SEM observation. ODS-modified alloy was produced
on the basis of conventional 18Cr10NiTi austenitic steel by mechanical alloying of steel powder with Y(Zr)-nanooxides followed by
mechanical-thermal treatment. XRD analysis has showed no significant changes in the structure of 18Cr10NiTi steel after irradiation
at room and elevated temperatures (873 K) and in ODS-steel after irradiation at 873 K, whereas the evidences of domains refinement
and microstrain appearance were revealed after irradiation of 18Cr10NiTi-ODS steel at room temperature (RT). Layer-by-layer TEM
analysis was performed to investigate the microstructure of alloys along the damage profile. The higher displacement per atom (dpa)
and Ar concentration clearly lead to increased cavities size and their number density in both steels. The swelling was estimated to be
almost half for 18Cr10NiT-ODS (4.8%) compared to 18Cr10NiTi (9.4%) indicating improved swelling resistance of ODS-steel. The
role of oxide/matrix interface as a sink for radiation-induced point defects and inert gas atoms is discussed. The fine dispersed oxide
particles are considered as effective factor in suppressing of cavity coarsening and limiting defect clusters to small size. The hardness
behavior was investigated in both non-irradiated and irradiated specimens and compared to those at RT and elevated temperature of
irradiation. The hardness increase of unirradiated ODS-steel is associated mainly with grain refinement and yttrium oxides particles
addition. The hardening of 18Cr10NiTi-ODS after Ar ion irradiation at RT was found to be much lower than 18Cr10NiTi. Black dots
and dislocation loops are observed for both steels in the near-surface area; however, the main hardening effect is caused by the
cavities. Oxide dispersion strengthened steel was found to be less susceptible to radiation hardening/embrittlement compared with a
conventional austenitic steel.
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Structural materials of modern technical devices operate under extreme conditions (high temperatures, high
mechanical stresses and high radiation doses). Exposure of materials under irradiation in nuclear reactors leads to
changes in the crystalline structure at the atomic level due to the nucleation of various kinds of defects (such as voids,
bubbles, dislocation loops and stacking faults). These defects can dramatically degrade the physical properties of reactor
materials through swelling, irradiation hardening, embrittlement, irradiation creep, etc. [1].

Gen IV nuclear reactors concept imposes increased demands on structural materials. Therefore, the main
challenge for reactor material science is the development of materials with high irradiation resistance that can
operate at high temperature and stresses. Ni based super alloys and austenitic steels were considered to be excellent
choice of material due to their close-packed structure. Austenitic stainless steels have high creep resistance but their
void swelling resistance is lower compared to ferritic/martensitic steels. The void swelling resistance in austenitic
stainless steel can be improved by strengthening with nano-sized stable oxide particles with high density and uniform
distribution in the matrix. The interface “matrix-nanooxide” can serve as effective sink for radiation-induced point
defects and increases the void swelling resistance. So, oxide dispersion-strengthened (ODS) austenitic stainless steels
can be an attractive material because of their corrosion resistance, high-temperature strength and irradiation
properties [2].

Apart from the void swelling neutron irradiation also degrades the mechanical performance of the austenitic
stainless steels during the operation. Irradiation induced hardening due to irradiation defects and helium embrittlement
are essential degradation issues encountered with nuclear structure materials. Early studies mainly focused on the
macroscopic mechanical properties of steels after irradiation, but studies on crucial aspects such as microstructural
evolution, the effect of inert gas implantation, and the interaction with different microstructural characteristics are rare.

Heavy ion irradiation is commonly used technique to simulate neutron damage under reactor conditions, due to
the short periods of time needed to reach relatively high damage levels (several years of neutron irradiation in few
hours). Moreover, the samples are not activated and therefore the study is easy to perform [3]. But, ion irradiation
has a significant drawback — it produces only shallow depth of damage layer, which complicates the study of
mechanical properties. The solution of the problem is possible by using of nanoindentation, TEM and SEM —
methods that probe very small volumes of material which allow investigate the microstructural changes and
mechanical properties after irradiation.
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In the present work, we applied these methods to study the changes in the mechanical properties caused by high
energy argon ions irradiation of austenitic stainless steel 18Cr10NiTi and its ODS version. Argon ion irradiation and
nano-characterization were carried out to clarify the effect of nano-oxide particles on defect formation, argon
precipitation and irradiation induced hardening.

MATERIAL AND METHODS

In this study 18Cr10NiTi austenitic stainless steel and it’s strengthened by Y»03-ZrO, nanooxides version were
investigated. Commercial austenitic steel 18Crl10NiTi was used as initial steel. ODS steel was produced by the
mechanical alloying of steel powder with 0.5wt.% of 80%Y,03-20%ZrO, pre-synthesized nanooxides with subsequent
compacting and mechanical-thermal treatment. As the result rolled types of 18Cr10NiTi-ODS steel with thickness of
200 pm were obtained. More detailed technological chain of 18Cr10NiTi-ODS steel production is described in [4].

Irradiation experiments were conducted in the accelerating-measuring system “ESU-2" [5]. The polished samples
were irradiated with a 1.4 MeV Ar" ion beam at irradiation temperatures of 300 and 873 K. The error in the temperature
measurement did not exceed = 5%. The error in the beam current and, consequently of the damage dose, did not
exceed = 10%.

Calculated by SRIM 2008 [6] depth distribution profiles of damage and concentration of Ar atoms implanted in
18Cr10NiTi steel to a dose of 1-:10'7 cm? are shown in Fig. 1. The damage calculations are based on the Kinchin-Pease
model (KP), with a displacement energy for each alloying element was set to 40 eV, as recommended in ASTM E521-
96 (2009) [7]. The average damage level of 50 dpa over the whole projective ranges of Ar" ions instead of the peak
damage level was used.
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Figure 1. The depth distribution of damage and concentration of Ar atoms calculated with SRIM
for 18Cr10NiTi irradiated by 1.4 MeV Ar ions to a dose of 1-10!7 cm™

Nanohardness was measured by Nanoindenter G200 with a Berkovich type indentation tip. Each sample was
applied at least 20 prints at a distance of 35 um from each other. Nominal maximum displacement of 2000 nm was used
for all measurements on unirradiated and ion-irradiated steel [8]. The methodology of Oliver and Pharr was used to find
the hardness [9].

Microstructural and cavities parameter data were extracted using conventional techniques conducted on JEM-
100CX and JEM-2100 transmission electron microscopes, employing standard bright-field techniques. Analysis of
TEM micrographs was performed using image processing software. For transmission studies, samples of 18Cr10NiTi
austenitic stainless steel and its ODS version were prepared as disks of 3 mm in diameter, which were mechanically
thinned to a thickness of 0.22 mm, and then electropolished. To obtain a hole the thickness of the samples was reduced
by standard jet electropolishing in a Tenupol installation in an electrolyte of 80% C,HsOH, 10% HCIOs, 10% C3;HsO3 at
a voltage of 70 V at room temperature. TEM in kinematic bright-field mode was primarily used to characterize
radiation-induced structures.

We divided the whole implantation range into four regions for statistical analysis of the cavity size and volume
density in each region. To remove a specified depth layer of material from irradiated side of the sample the electro-
pulse technique was used and then TEM studies were carried out [10]. The swelling value was calculated from the
cavity size and density within each depth region. The thickness of TEM samples was determined using a convergent
beam electron diffraction (CBED) pattern acquired in the two-beam approximation [11]. The thickness estimation
method is based on a comparison of the measured and simulated intensity profiles across the diffraction disc. Secondary
electron images produced in SEM were used for investigations of as-received and irradiated specimens in regions
surrounding indents.

Structural study of samples was carried out on X-ray diffractometer DRON-2.0 in Co-Ka radiation equipped with
selective absorbing B-filter and scintillation detector. All diffraction patterns were collected under the same conditions.
Standard processing was carried out for diffraction patterns (background subtraction, stripping of the Ka2 doublet,
approximation of the diffraction peaks by the pseudo-Voigt function) to obtain the characteristics of the peaks
(diffraction angle 26, intensity I, integral width B, interplanar spacing d) required for further calculations.
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RESULTS AND DISCUSSION

The initial pre-irradiation microstructures of 18Cr10NiTi steel and its ODS version are shown in Fig. 2. The
structure of 18Cr10NiTi steel (see Fig. 2a) contains annealing twins, precipitates of second phase (carbides and titanium
carbonitrides) and dislocations. Majority of perfect dislocation are extended on partial dislocation with stacking fault
formation. Total dislocations density was ~ 10® cm™; average grain size was ~ 30 pm.

Grain structure of ODS steel (see Fig. 2b) is characterized by fine grains (average grain size was 1.2...2.0 um) and
significant concentration of precipitates with near-uniform distribution. Precipitation’s size varied from several
nanometers to hundreds of nanometers, but the last were a few orders less, thus, its contribution to concentration and
average size was negligible.

Figure 2. Initial structure of 18Cr10NiTi steel (a) and its ODS version (b)

XRD spectra of unirradiated and Ar" ion irradiated samples of 18Cr10NiTi steel and 18Cr10NiTi-ODS steel at
temperatures of 300 K and 873 K are shown in Fig.3-8, results of XRD analysis are summarized in Table 1. All
diffraction patterns were collected under the same conditions. The following samples were taken for analysis:

#1. as-received sample of 18Cr10NiTi steel;

#2. 18Crl1ONiTi steel after Ar* irradiation at T = 300 K;

#3. 18Crl10NiTi steel after Ar+ irradiation at T = 873 K

#4. initial sample of 18Cr10NiTi-ODS steel;

#5. 18Crl0NiTi-ODS steel after Ar* irradiation at T = 300 K
#6. 18Cr10NiTi-ODS steel after Ar" irradiation at T = 873 K.

The diffraction patterns of 18Cr10NiTi steel samples in as-received state and after Ar* irradiation are virtually the
same (Figs. 3-5). These samples are single-phase and consist of austenite Fe-based y-phase with a lattice parameter a =
3.5916+5-10* A. The intensity distribution of the austenite peaks corresponds to a weak crystallographic texture (111).
The diffraction lines are rather narrow, which indicates a coarse-grained state.

In XRD spectra of unirradiated 18Cr10NiTi-ODS steel (Fig. 6) only austenite Fe-based y-phase with a lattice
parameter a = 3.5891+5-10* A is observed. The peaks intensity distribution corresponds to the crystallographic texture
(220). The diffraction peaks are rather narrow indicating a coarse-grained state. After Ar' ion irradiation at 873 K (Fig.
8) no significant change in the structure of ODS-steel is observed. The lattice parameter of austenite (a = 3.5896+5-10
4 A) does not change within the measurement error.

XRD pattern of 18Cr10NiTi-ODS steel after Ar' irradiation at 300 K demonstrated some differences compared to
abovementioned cases. In addition to peaks of Fe-based y-phase which are fully correspond to those ones of the
unirradiated sample a distinguishable broadened peak on the left of the (220) matrix peak was observed (Fig. 7). This
peak could be attributed to the damaged matrix within the implanted layer. In this case, Ar* ion irradiation has two
effects on the structure. First of all, irradiation-induced defects are pinned by nanooxide particles in the surface layer.
Accumulation of dislocations (dislocation walls) in implanted layer leads to the formation of small domains separated
by the dislocations induced local lattice rotations. Also, microstrain appears in this layer due to the radiation-induced
formation of chaotically oriented dislocations. Both small domains size and microstrain cause peak broadening [12, 13].
Moreover, the presence of a large number of dislocation loops is confirmed by TEM micrographs (Fig. 9, a) and their
number is significantly higher at 300K. Second, irradiation at 300K leads to dissolution of nanooxide precipitates [14].
Dissolution of nanooxides elements (Y, Zr and O) in implanted layer increases lattice parameter and as a consequence
peak shift towards the smaller 26 angles is observed. Also swelling causes a residual stress in the implanted layer [15],
which affects the peak shift too. It should be noted, that this effect is observed only at low irradiation temperature, while
at 873 K it appears to be compensated due to the high diffusion mobility of radiation-induced defects.
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Figure 3. Diffraction pattern of sample #1.
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Figure 8. Diffraction pattern of sample #6.

Table 1. Phase composition and lattice parameters of investigated samples

Sample Phase Lattice
# composition | parameter, A
1 Fe-y 3.5915
2 Fe-y 3.5917
3 Fe-y 3.5916
4 Fe-y 3.5891
s Fe-y 3.5896
Fe-y (imp) 3.595
6 Fe-y 3.5896

Fig. 9 shows TEM micrographs of 18Cr10NiTi and 18Cr10NiTi-ODS steel samples irradiated with Ar ions to
average dose of 50 dpa at room temperature (RT). In the region of the first 200 nm, irradiation-induced defects of very
small-sized “black spots” and dislocation loops were observed (Fig. 9 a, c). These defects disappeared upon tilting of
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sample by small degrees indicating that these are not precipitates. Fig. 9 b, d represents through-focus micrographs
where some very small cavities are observed at the depth near 450 nm from surface.

< 30

',v.

Figure 9. The microstructure of 18Cr10NiTi (a, b) and 18Cr10NiTi-ODS (¢, d) at specified depth after irradiation at 300 K. (a, ¢) —
at the depth 100 nm from surface, (b, d) — at the depth 450 nm from surface, pointing with arrows some very small cavities with a
size ~ 1 nm, over-focused image +1000 nm (black cavities), under-focused image —1000 nm (white cavities).

The detection of cavities in the Ar irradiated steels at RT was complicated due to their small size. A high error
must be considered for cavity sizes below 1 nm due to the amount of defocus used to detect them. Depending on the
specimen thickness its value was ~1 pum in absolute values. The mean size of the cavities was 1.3 nm with the number
density 1.5-10** m™ for 18Cr10NiTi and 2-3 nm with 5 - 10 m™ for 18Cr10NiTi-ODS steels. Random distribution was
found, they seem not to be attached to any microstructural sinks which would indicate that the nucleation was
preferential.

As the temperature of irradiation increases to 873 K, the process passes to another stage: the swelling gradually
increases. Fig. 10 shows TEM micrographs of Ar implanted 18Cr10NiTi at specified depths. The higher dpa and Ar clearly
lead to increased cavity size, primarily due to the presence of more numerous and larger faceted cavities (see Fig. 8, c).

Fig. 11 shows microstructure of 18Cr10NiTi-ODS steel at specified depth after argon ion irradiation at 873 K.
Most cavities in ODS-steel seems to be rounded, however, there are also faceted cavities. Despite the fact that
significant concentration of precipitates was distributed near-uniform over the sample, areas with reasonably
inhomogeneous distribution of cavities throughout the matrix and from grain to grain and even within the same grain
are observed.

Cavities observed around the precipitates have a density increased by several times and an average diameter in
2-3 times smaller than the cavities formed far from the precipitates (see some cavity clusters highlighted with ovals in
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Fig. 11b,). High vacancy concentration as well as high argon atoms content contribute to the formation of porous
structure both in conventional and in ODS-modified alloys. The enhanced cavities nucleation is attributed to the ability
of argon to trap vacancies and stabilize them [16]. However, at the stage of cavity growth, the inflow of vacancies will
be limited in the case of ODS-steel, because a significant part of the vacancies will drift towards the semicoherent
matrix/precipitation interfaces to compensate for microstrains.

R : s e 7 8 9 10 11 12 13

bble size (nm)

0 12 3 4.5 6 7 8 9 10 11 12113 14

Bubble size (am)

Figure 10. Microstructure of 18Cr10NiTi steel at specified depth 100 (a), 250 (b), 450 (c) and 750 nm (d) after Ar irradiation at
873 K. Cavity size distributions in steel are shown in the inserts.

The evolution of cavities diameter, density and swelling with depth for 18Cr10NiTi and 18Cr10NiTi-ODS steels
irradiated with Ar ions to a dose of 50 dpa at 873 K is shown in Fig. 12. With increasing depth, the bubble sizes and
densities increase up to the peak dpa region (450 nm depth) and then subsequently decrease beyond the Ar implantation
peak region. The average cavity size in ODS-steel is smaller than in base 18Cr10NiTi. The depth dependences of cavity
number density are virtually the same for both types of investigated steels. 18Cr10NiTi-ODS demonstrated good
resistance to swelling. The swelling was estimated to be almost half for 18Cr10NiTi-ODS (4.8 %) compared to
18Cr10NiTi (9.4 %). These data suggest that the fine dispersed oxide particles are obviously effective in suppression of
cavity coarsening and contributes to limiting defect clusters to small size. Part of oxide particles seems to be incoherent
with respect to the matrix from TEM observations. This gives a hint that the oxide/matrix interface is the neutral sink
for point defects as well as grain boundaries.
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Figure 11. Microstructure of 18Cr10NiTi-ODS steel at specified depth 100 (a), 250 (b), 450 (c) and 750 nm (d) after Ar irradiation at
873 K. Cavity size distributions in steel are shown in the inserts.
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Figure 12. Depth dependences of cavities diameter, volume density and cavity swelling at different depths in 18Cr10NiTi and

18Cr10NiTi-ODS steels irradiated of Ar ions to average dose 50 dpa at 873 K
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Fig. 13 shows the hardness as a function of the indenter displacement for unirradiated and irradiated 18Cr10NiTi
and 18Cr10NiTi-ODS steels at RT and 873 K. For all samples in the first 150 nm, there is a significant scatter in the
data through indenter tip artifacts and surface preparation effects. Therefore, data for the first 150 nm will be ignored in
the rest of the analysis. There are no indications of the formation of pile-up lobes or localized slip steps indent in the
unirradiated steels. The irradiated samples also showed virtual, if any, pile-up effect. For this reason, a contact area
correction for the pile-up was not attempted.
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Figure 13. An averaged nanohardness vs indentation depth (a, c¢) and plots of the square of nanoindentation hardness against the
reciprocal of indentation depth (b, d) for unirradiated and irradiated at 300 and 873 K sample of 18Cr10NiTi (a, b) and
18Cr10NiTi-ODS (c, d).

Irradiation with Ar ions up to a dose of 50 dpa at RT and 873 K leads to an increase in nanohardness of implanted
layer. By redrawing the hardness profile in terms of Nix-Gao [17] plot (squared hardness vs. reciprocal depth), the bulk-
equivalent hardness Hy has been evaluated (see Fig. 13 and Table 2). Comparison of the radiation-induced hardening
(AH, the difference of hardness values of irradiated and unirradiated materials) and the corresponding nanohardness
increments described as the ratio of AH and Ho"™™ shows some differences in the data, that are likely to be associated
with the difference in the irradiation temperature and microstructure.

Table 2. Experimentally determined the bulk-equivalent hardness and hardening.

. 18Cr10NiTi 18Cr10NiTi-ODS
Material Ho, GPa | AH,GPa | AH/H™" % | H,, GPa AH, GPa | AH/H™™, %
unirradiated 2.2 32
irradiated at RT 4.70 25 114 435 1.15 36
irradiated at 873 K 3.74 1.54 70 3.66 0.46 14

In the case of unirradiated 18Cr10NiTi samples Ho" " was estimated as 2.2 GPa, while for 18Cr10NiTi-ODS
samples this value was 3.2 GPa. A significant increase in hardness of unirradiated 18Cr10NiTi-ODS appears to be due
to the grain refinement and precipitates as yttrium oxides.
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Generally, irradiation assisted hardening in fcc metals is associated with the formation of Frank loops which,
being sessile in nature, strongly impede the movement of dislocations [3, 18-20]. However, in the present study the
main radiation-induced hardening effect is attributed to cavities formation. Although “black spot” defects, which are
believed to be Frank loops, were also detected, their occurrence was observed mainly in a narrow near-surface region
of irradiated sample (see Fig. 9). Strong dominance of cavity-type defects was revealed by TEM analysis at greater
depths. Observed microstructure transformation appears to be due to the high damaging dose (50 dpa), which is
forcedly associated with the accumulation of a noticeable amount of gas impurity in depth range of 200-800 nm (see
Fig. 1). Due to dpa and gas concentration gradient, different types of cavities can be formed. Depending on
vacancy/Ar ratio and, accordingly, internal gas pressure, the effectiveness of these cavities as obstacles to dislocation
motion can vary.

According to the data of Table 2, the hardening of 18Cr10NiTi-ODS is a much lower than that of 18Cr10NiTi
after Ar ion irradiation at RT. The presence of precipitates as yttrium oxides leads to the formation of nano-sized
cavities with a larger size and lower number density in 18Cr10NiTi-ODS compared to conventional steel. For this
reason, less hardening effect was observed in 18Cr10NiTi-DS, although the contribution of residual stress observed by
XRD analysis in damaged layer of ODS-steel is also possible.

Irradiation at 873 K leads to less increase in hardness in both alloys compared to RT irradiation. Meanwhile, the
difference in hardening between two steels after 873 K irradiation has become even greater. Observed tendencies appear
to be associated primarily with high diffusivity of radiation-induced point defects, and gas atoms and their intensive
interaction with sinks such as grain boundaries and precipitates. These processes substantially influence cavities
formation and evolution. The fine dispersed oxide particles are obviously effective in suppression of cavity coarsening
and contributes to limiting defect clusters to small size. At the same time, the fine-grained structure of 18Cr10NiTi-
ODS has a high density of distribution boundaries, which act as absorbers of radiation defects.

Summarizing, the phenomenon known as radiation induced hardening has been experimentally demonstrated in
18Cr10NiTi austenitic stainless steel and its strengthened version. The increase in hardness values is caused by defects
created during irradiation (such as cavities and dislocations), the formation of which, in turn, depends on the
experimental conditions, such as radiant species nature, irradiation temperature or fluence. At evaluation of hardening
behavior, it is also important to take into account other microstructural characteristics (irradiation independent) such as
grain boundaries, dislocations inherent to the microstructure, precipitated or added particles as yttrium oxides (in the
case of ODS). Thus, by the collection of properties, oxide dispersion strengthened 18Cr10NiTi austenitic stainless steel
is less susceptible to radiation hardening/embrittlement compared to conventional austenitic steel.

CONCLUSIONS

In the present study, we applied the methods of ion irradiation, nanoindentation, XRD analysis, scanning and
transmission electron microscopy to investigate the evolution of microstructure and mechanical properties of
irradiated 18Cr10NiTi austenitic stainless steel and its ODS-modified version. ODS-steel was produced on the basis
of conventional 18Cr10NiTi austenitic steel by mechanical alloying with nano-oxide particles. Argon ion irradiation
was carried out to clarify the effect of oxide particles on defect formation, argon precipitation and irradiation induced
hardening.

XRD analysis showed no significant changes in the structure of irradiated specimens, with the exception of
domains refinement and microstrain appearance in ODS-steel after irradiation at room temperature.

Layer-by-layer TEM analysis revealed spatial distribution of radiation-induced defects along the damage profile.
Dislocations and cavity-like defects were observed in both steels. The higher dpa and Ar concentration clearly lead to
increased cavities size and their number density. The swelling was estimated to be almost half for 18Cr10ONiT-ODS
(4.8%) compared to 18Cr10NiTi (9.4%) indicating improved swelling resistance of ODS-steel. Fine dispersed oxide
particles are shown to be effective in suppression of cavity coarsening and contributes to limiting defect clusters to
small size.

The main hardening effect is caused by cavities in both steels. Due to oxide particles, the hardening of
18Cr10NiTi-ODS after Ar ion irradiation at room and elevated temperatures is lower than 18Crl10NiTi. Oxide
dispersion strengthened 18Cr10NiTi austenitic stainless steel is less susceptible to radiation hardening/embrittlement
compared with a conventional austenitic steel.
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MIKPOCTPYKTYPA TA 3MILIIHEHHSI CTAJIEM X18H10T I X18H10T-/130,
OINPOMIHEHUX IOHAMM APT'OHY
Irop KoJoniii®, Onexcanap Kanbuenko?, Cepriii Kapnos?, Bikrop Boepoain®’, Muxaiisio TUXOHOBCHKHIA?,
Ounexciii Besuxoaniii?, 'anuna Toamauyosa?, Pycian Bacuienko?, 'anuna Tosctorynbka®
“Hayionanvnuii naykosuii yenmp “‘Xapkiecoxuil izuxo-mexuiunuti incmumym’”, Xapkis, Ykpaina
bXapriscoruii nayionansnuii ynisepcumem iveni B.H. Kapaszina, Xapxis, Ypaina

BuBueno 3miny MikpocTpyktypu i HaHoTBeppocTi B ctaimsix X18H10T ta X18H10T-/130 micis ompoMiHEHHS i0HaMH aproHy 3a
JIOTIOMOTOI0 KOMOIHaIii MeTO/iB HAaHOIHAEHTYBaHHS, PEHITCHOCTPYKTYPHOIO aHalli3y, IPOCBIUyI04Y0l Ta CKAaHYIOYOi eJIeKTPOHHOI
Mikpockormii. Moaudikosanuii J[30 cruiaB OyB oTpuMaHHil Ha OCHOBI 3BMUaiiHOi aycteniTHOI cTami X18H10T uuisixom MexaHi4HOTO
JIETYBaHHsI CTAJICBOTO IOPOIIKY HaHOOKCHAaMH Y (Zr) 3 MOAANBIIOI TePMO-MEXaHIuHOIO 00poOKoi0. PeHTreHOCTpyKTYpHUit aHaIi3
HE TO0Ka3aB CyTTEBHX 3MiH B CTpyKTypi ctami X18H10T micis onmpoMiHeHHS pW KIMHATHIH 1 miaBuIIeHuX Temmeparypax (873 K) i B
J30-crani micns onpomineHHs npu 873 K, Toxi sk o3HaKH NOAPIOHCHHS TOMEHIB 1 MOSABU Mikpoaehopmarii Oyiau BUSBICHI MiCIs
onpominenHst craini X18H10T-A30 npu kimuartHii temmeparypi (KT). Ilomaposuit IIEM-anami3 mpoBoguBcst ISt JOCIIJDKEHHS
MIKPOCTPYKTYPH CIUIaBIB B3IOBXK NMPO]IIS MOIIKOPKEHb. BNBII BHCOKAa KOHIEHTpAMisl IOMIKOKEHb 1 Ar SBHO NMPU3BOAWUTH IO
30UTBIIEHHST PO3MipYy MOPOXHUH i X MIIBHOCTI B 000X cTaiax. Posmyxanns cxiano maibke monosuny it X18H10T-/130 (4,8%) y
nopiBHsHHI 3 X18H10T (9,4%), mo cBigunTth npo modimmenuii omip posmyxanHio B OJ13-ctami. OOroBOpIOETECS POJIb TPAHMII
PO3MOMITY OKCHA/MATPUIIS SIK CTOKY U pagialliiHUX TOYKOBUX Ne(EKTiB i aTOMIB iHepTHOro rasy. JIpiOHOIHMCIIEPCHI YacTKH
OKCHY PO3IJISAAIOTBCS K e(PEeKTHBHUH (akTOp B MPHUTHIYCHHI YKPYIHCHHS MOPOXKHUH 1 OOMEKCHHs CKYIYeHb Ae(eKTiB
HEBENMKHM po3MipoM. [ToBeqiHKY TBEpAOCTi TOCIIKYBAIN K Ha HEONPOMIHEHHUX, TaK 1 Ha ONMPOMIHEHHX 3pa3Kax i MOPiBHIOBAIH 3
TaKUMH [IpU KIMHATHIHM Temmepatypi 1 migBHUIIeHIH TeMueparypi onpoMineHHs. [linBumenHs TBepaocti HeonpoMiHeHoi JI30-craii B
OCHOBHOMY IIOB'SI3aHO 3 MOAPIOHEHHSM 3€pHa 1 JOAaBaHHAM YAacTHHOK OKcHAy iTpiro. 3mimueHHs crami X18H10T-A30 micms
ONpOMiHEHHS i0HAaMHM Ar HpH KIMHATHIH TeMmneparypi BusiBWiIocs HaOararto Hikde, HDbK X18HI10T. [Ins obox crameit B
MIPUITOBEPXHEBiH 00J1acTi crocTepiraloThesi YOPHI TOUKU 1 AUCIOKANiifHI MeTNi; OJHAK OCHOBHUH €(eKT 3MIIHEHHS 00yMOBIEHHI
nopoxxHuHamu. Byno BcranoBieHo, 1o JI30-cTanh MEHII CXWJIbHA O PAIiallifiHOrO 3MIIlHCHHS/OKPHXUYCHHS B TOPIBHSAHHI 31
3BHYAIfHOIO ayCTEHITHOIO CTAJLTIO.

KJIIOYOBI CJIOBA: aycreHiTHi cTami, OKCHIHI YacTHHKH, OINPOMIHEHHS, MIiKPOCTPYKTYpa, MOPOXXHHUHH, HAHOTBEPIICTh,
pO3IyXaHHs, 3MIIHEHHsI, pajiamiiiHa CTIHKICTh





