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AnHomayus. TIpoBeeHO MOJIEKYISAPHO-IMHAMUYECKOE M3yUeHHE MEXAHW3MOB MHIPALUU HAKJIOHHBIX CHMMETPUYHBIX rpanui ».5(210)[001]
u 2.5(310)[001] B 6uxpucTanmueckux obpasnax Fe—10Ni—20Cr npu paapanuoHHOM o6mydenun. [II0THOCTS paJuaHOHHBIX Ae(eKTOB PacTeT
JOCTaTOYHO OBICTPO BILIOTH 0 H03bI ~0,02 CHA M 3aTeM BHIXOIHT Ha HACHINIEHUE. DTO OOYCIIOBICHO YPaBHOBCIIMBAHUEM CKOPOCTEH TeHEpauy
M aHHUTWISILUK paJalMoHHbIX AedektoB. [TokazaHo, 4To Ha paHHeH cTaaun 00Iy4YeH s IPaHULIbl 3ePEH HAYMHAIN CTOXaCTUYECKU OTKIOHSATHCS
OT HCXOJIHBIX ITOJIOXKCHUH BCJICCTBUE B3aUMOJACHCTBHS C KacKaJaMy aTOMHBIX CMCLICHHII U IONIOIeHHs NeeKTOB CTPYKTyphl. B mpomecce
00yueHus 00acTh IpaHMI] 3ePeH yTONIIANACh U CTAHOBHIJIACH IIepoxoBaroil. C pocToM 03bl OOIyUeHHUs YBEIMYMBAINCH pa3Mepbl KIacTEepOB
TOYCYHBIX AC(PEKTOB (TETPadIoB 1e()EKTOB YIAKOBKHU M UCIOKAMOHHBIX IIeTelIb). B3anMoelicTBre ¢ KpyITHBIMU KIIACTEPAMU TOUCYHBIX 1e(EKTOB
MPUBEJIO K 00pa30BaHMIO U3rMOOB HA M3HAYAIBHO IUIOCKUX MOBEPXHOCTSIX FPaHUILL 3epeH. [Ipy ManbiX pacCTOSHUIX MKy IPaHULIAMH BBICOKAst
JBIDKYIIAs CHJIa MEKLY M30THYTBIMH IIOBEPXHOCTSIMU CYIECTBCHHO yBEJIMYUBAJIAa CKOPOCTH COMMKEHHS rpaHuIl 3epeH. [TokasaHo, 4To cpeqHue
CKOPOCTH MUTpPALMK I'PAHUIL 3€PEH JI0 UX HEMOCPEACTBEHHOIO B3aUMOJCHCTBHUS IPYr ¢ Jpyrom cocrasisuii npumepHo 0,8 m/c. B pesynbrare
COMKCHHS TPAHULBI 3¢PCH aHHUTIIMPOBAIN, MOTCHIMATIbHAS SHEPrus o0pasia CKaykooOpa3sHO YMEHBIIMIACh, U 3epHA 00beIUHMINCH. [t
AHHMTHISINK TpaHuI 3epeH ».5(310)[001] moTpe6oBanack B aBa pasa 6ombuas 103a OOMydeHHs TI0 CpaBHEHHIO ¢ TpaHuIei 3epen 2.5(210)[001].
HenocpencTBeHHOE B3aUMOJICHCTBHE IPAHUI] 3€PEH APYT C APYTOM CKAYKOOOPA3HO YBEIMYHMBACT CKOPOCTH UX MUIPALUU H3-32 BOSHUKHOBCHHS
JIBHIKYIIEH CHIIBI CO CTOPOHBI H30THYTBIX Y4ACTKOB IIOBEPXHOCTEH IpaHull 3epeH. M3ydeHo BIUsSHIE 03Bl PaANallHOHHOTO 00IyYeHUs Ha 0COOeH-
HOCTH Ae(OpMAIIHOHHOIO NOBEACHUS 00Pa3LOB IIPH OJXHOOCHBIX pacTshkeHUsAX. [IokazaHO, 4TO ¢ POCTOM J03bI OONYYCHUS Ipenes YIPYyroCTH
OBICTPO MOHMKACTCS M BBIXOJMT HA HACHIIIEHNE 1pu 03¢ oomydenust ~0,01 cHa.
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GRAIN BOUNDARY MIGRATION AND MECHANICAL PROPERTIES
ALTERING IN Fe — 10Ni — 20Cr ALLOY UNDER IRRADIATION
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kii Ave., Tomsk 634021, Russian Federation)
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Abstract. Mechanisms of 2,5(210)[001] and 2°5(310)[001] symmetrical tilt grain boundaries migration in bicrystall Fe—10Ni—20Cr samples under irra-
diation were investigated by means of molecular dynamics method. The density of radiation defects grows quite quickly up to a dose of ~0.02 dpa
and then reaches saturation. This is due to balancing of the radiation defects generation and annihilation rates. It is shown that at the early stage of
irradiation, grain boundaries began to deviate stochastically from their initial positions due to interaction with cascades of atomic displacements and
absorption of structural defects. During irradiation, the grain boundary region thickened and became rough. With an increase in the radiation dose,
size of the clusters of point defects (tetrahedrons of stacking faults and dislocation loops) increased. Interaction with large clusters of point defects
led to the formation of bends on initially flat surfaces of grain boundaries. At small distances between the boundaries, the high driving force between
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the curved surfaces of grain boundaries significantly increased the rates of their approach. The average migration rates of grain boundaries before
their direct interaction with each other were approximately 0.8 m/s. As a result of their approach, the grain boundaries were annihilated, the potential
energy of the sample decreased abruptly, and the grains merged. The annihilation of 2.5(310)[001] grain boundaries required twice the radiation dose
compared to the 2.5(210)[001] grain boundaries. The direct interaction of grain boundaries with each other abruptly increased the velocity of their
migration due to the emergence initiation of a driving force from the curved sections of the grain boundary surfaces. Influence of the radiation dose
on deformation behavior features of the samples under uniaxial strains was studied. With an increase in the radiation dose, the elastic limit decreased

rapidly and reached saturation at an irradiation dose of ~0.01 dpa.
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[ InTRODUCTION

One of effective ways to enhance radiation resistance
of materials is to form various kinds of interfaces [1 — 3].
The interfaces such as grain boundaries can accumulate
a considerable part of defects generated during irradia-
tion. Irradiation of nanocrystalline Ni and Cu samples
showed that their grain boundaries are the main sink for
radiation defects, which significantly reduces the den-
sity of structural defects compared to coarse-grained
analogs [4]. The authors of [5] applied the molecular
dynamic approach to show that grain boundaries actively
absorb interstitials generated by atomic displacement
cascades, and a significant number of vacancies remain in
the bulk. Later, the excessive interstitials leave the grain
boundaries, returning to the bulk where they enhance
the recombination with vacancies. The experimental
study of the ion-irradiated nanocrystalline gold revealed
thermal instability of the generated defects caused by
a high density of grain boundaries [6]. The works [7; 8]
investigated the peculiarities of grain boundaries interac-
tion with radiation defects at the microscopic level. It is
noted that grain boundaries segregate in their region their
own interstitials, which are characterized by higher mobi-
lity compared to vacancies and pores. However, the issues
related to the grain boundaries absorbing defects with
low mobility require additional research.

High-temperature heating of materials in the nuclear
reactor zone significantly accelerates the recrystalliza-
tion process based on the migration of boundaries [9; 10].
To contain this process, it is important to investigate
the mechanisms of interaction of radiation-induced struc-
tural defects with moving grain boundaries. The grain
boundary migration controls the evolution of the mate-
rials microstructure. The driving forces behind grain
boundary migration can have different physical nature,
which can be related to the anisotropy of elastic energy,
inhomogeneous density of defects and impurities, tem-
perature gradient, and curvature of the grain boundary
surface [11]. These driving forces are often considered
in experimental and numerical studies of grain boundary
migration and recrystallization of polycrystalline mate-
rials [12 — 14].
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Bicrystalline samples are a reasonable alternative
for investigating the behavior features of individual
grain boundaries under various types of external influ-
ences, both in experiments and in simulations [15 — 18].
In the absence of external influences and internal
energy gradients, the migration of grain boundaries
has the nature of random walk [18]. The effect of irra-
diation on the mobility of grain boundaries is a scientific
challenge, which should be addressed to reveal the mech-
anisms of radiation-stimulated grain growth.

We investigated the mechanisms of grain boundary
migration in bicrystal Fe — 10Ni—20Cr samples with
>'5(210)[001] and >5(310)[001] symmetrical tilt grain
boundaries during irradiation and also the effect of radia-
tion dose on the nucleation and development of plasticity
in these samples under uniaxial tension.

[ RESEARCH METHOD

The simulated Fe — 10Ni — 20Cr alloy samples con-
tained two > 5(210)[001] or Y'5(310)[001] symmetrical
tilt grain boundaries and were parallelepiped-shaped with
ribs sized at 12x24x12 nm. The gamma-surface minimi-
zation algorithm [19] was used to determine the optimal
configuration of the grain boundary. The initial temper-
ature of the samples was 950 K. The interatomic inter-
action in the material was described by the many-body
potential, which enables to correctly simulate atomic
displacement cascades in the sample [20]. The atoms
velocity distribution in the initial samples corresponded
to the Maxwell distribution, and their initial direction was
set using a random number generator. To speed up the cal-
culation, the integration step was changed dynamically,
the maximum atom displacement not exceeding 0.5 pm.
The integration step for given loading conditions and tem-
perature varied between 2-107'® and 3-107'° s. To simulate
irradiation, a sequence of atomic displacement cascades
was generated in the samples with the primary knocked-
on atom energy of 10 keV. The primary knocked-on atom
and the initial direction of its displacement were chosen
using a random number generator. The primary knocked-
on atom was always an iron atom. To estimate the accu-
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mulated radiation dose in the approximation of NRT
theory, the threshold displacement energy was set equal
to 40 eV, which is commonly used for iron and iron-based
alloys [21]. After generation of the atomic displacement
cascade, the system was relaxed for 10 ps and cooled
by the thermostat to the initial temperature for 5 ps before
generation of the next atomic displacement cascade.
Mechanical loading was set by tension perpendicular
to the grain boundary plane at a constant velocity of 5 m/s
by scaling the atomic coordinates and the size of the sim-
ulated cell. As for the other directions, the system was
deformed so that zero pressure could be maintained in
each of these directions. Periodic boundary conditions
were modeled in all directions. The simulation was per-
formed using the LAMMPS computational package [22].
To identify local structural changes in the loaded sample,
the Common Neighbor Analysis pattern for each atom

0.2
—4.020 T T

was used [23]. The OVITo software was used to visualize
the structure of simulated crystallites [24].

Bl CALCULATION RESULTS

With the onsetofirradiation, the simulated sample starts
accumulating radiation-induced damage of the structure.
The number of radiation defects grows quite rapidly
up to a dose of ~0.02 dpa and at this value the radia-
tion defect density reaches saturation. During irradiation,
the growth of the potential energy of interatomic interac-
tion gradually slows down (Fig. 1). At doses higher than
0.02 dpa, the rates of generation and annihilation of radi-
ation defects equalize and the curves in Fig. 1 reach satu-
ration. During irradiation, the grain boundaries grow
thicker, and their initially flat surfaces develop roughness
and curves. Fig. 2 presents the results of calculations
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Fig. 1. Potential energy vs radiation dose for the samples with different grain boundaries

Puc. 1. VI3MeHeHre NOTEHIMATBHON HEPTUH 00Pa3IOB C Pa3TMYHBIMU IPAHULIAMU 3€PEH B 3aBHCUMOCTH OT J03bI O0IYYCHHUS
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Fig. 2. 2'5[210](001) (/) and >.5[310](001) (2) grain boundary location vs radiation dose

Puc. 2. VI3MeneHue MONokKeHUs rpanuil 3epen 2.5[210](001) (/) u 2.5(310)[001] (2) B 3aBHCUMOCTH OT 035l OONyUeHHS
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of grain boundary positions in the simulated bicrystals.
We can clearly see that the grain boundary movement is
of a stick-slip nature. In addition, the curves presented in
Fig. 2 feature irradiation intervals when grain boundaries
moved both towards each other and in the opposite direc-
tion. At the same time, the trend towards their mutual
approach is obvious. The impact of such processes as
the generation and development of atomic displacement
cascades, the cascades distance from grain boundaries,
thermally activated defect diffusion, and the interac-
tion of grain boundaries with various radiation defects
in the structure, on the migration of grain boundaries
accounts for these features [25].

The evolution of the unirradiated sample for more than
200 ns at a temperature of 950 K shows that the grain
boundaries do not shift. This indicates that the rate
of thermally activated migration of grain boundaries in

35(210)[001], st 870

C

the sample is significantly lower than that of the radiation-
stimulated one. Irradiation of the sample causes radia-
tion-stimulated migration of grain boundaries, during
which their structure changes, which can be clearly seen
in Fig. 3. The structure of the grain boundaries alters
due to the interaction and absorption of various radia-
tion defects. Fig. 3 shows the structure of grain boundaries
and large clusters at different radiation doses. The majo-
rity of large clusters represent tetrahedrons of stacking
faults. At a radiation dose of 0.129 dpa (Fig. 3, a), grain
boundaries slightly shifted from the initial position, but
their initially flat surfaces locally curved due to the inter-
action with large clusters located nearby. Fig. 2, a shows
that the distance between the boundaries could both
increase and decrease during irradiation. The direc-
tion of grain boundary displacement was determined
by attraction to large clusters formed randomly on one

$5(210)[001], st 1950

ol

@

&3

b

35(210)[001], st 1983

Fig. 3. 2:5[210](001) grain boundary and radiation defects for different radiation doses
(atoms with hep and uncertain local structure are marked in red and grey, respectively; other atoms are invisible)
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or the other side of the grain boundary surface. Note
that elastic forces acting between the clusters of point
defects and grain boundaries account for mutual attrac-
tion between them [26]. At a radiation dose of 0.290 dpa,
the surfaces of the grain boundaries curved locally
toward each other due to the joint attraction to a large
cluster formed in the region between the grain bounda-
ries (Fig. 3, b). The distance between the curved surfaces
became sufficient for the grain boundaries to interact and
rapidly approach each other (Fig. 3, ¢). The calculations
showed that the average migration rates of grain boun-
daries before their direct interaction with each other were
approximately 0.8 m/s. The interaction of the curved
surface regions boosted the rate of the grain boundary
migration by about an order of magnitude. After the grain
boundaries approached and merged, they annihilated
(Fig. 3, d), which caused a drastic fall in the potential
energy of the simulated sample (Fig. 1).

The calculations showed that the mechanisms of grain
boundary migration changed during irradiation. Thus, at
an early stage, up to a radiation dose of about ~0.01 dpa,
grain boundaries increased their mobility compared
to unirradiated ones due to the interaction with atomic
displacement cascades and absorption of radiation
defects. At this stage, migration manifested by chaotic
oscillations of grain boundary surfaces. As the radiation
dose increased, larger and larger clusters began to form
in the sample, interaction with which led to accele-
rated migration of grain boundaries. At the same time,
the migration rate of grain boundaries accelerated and
they shifted further relative to their initial positions.
In this interval of radiation doses, the grain boundary
migration transformed from chaotic oscillations of local
surface areas into displacement of surfaces as a whole.
As a result, the grain boundaries deviated significantly
from their initial positions. When the distance between
grain boundaries became less than 4 nm, the grains began
to interact directly with each other. At the same time,
the rate of their migration spiked due to the high driv-
ing force from the curved surfaces of grain boundaries.
A bicrystal with > 5(310)[001] grain boundaries behaves
similarly under irradiation. However, in this case, twice
the radiation dose was required for grain boundary anni-
hilation (Fig. 2).

We investigated the behavior features of samples
irradiated to different doses under uniaxial tension.
The calculations showed that the mechanical properties
of the sample, to a large extent, depend on the radia-
tion dose, which determines the degree of the sample
radiation-induced damage. The deformation behav-
ior showed the following general trend: the growth
of the radiation dose was accompanied by rather rapid
decrease in the samples elastic limit (Fig. 4, @), the value
of which reaches saturation at doses exceeding 0.01 dpa

(Fig. 4, b). At the given radiation dose, the density and
sizes of the formed radiation defects minimized the value
of energy barriers for the emergence and propaga-
tion of stacking faults — the main carriers of plastic defor-
mation in the simulated material. Note that the elastic
limit reaches saturation at a lower radiation dose than
that at which the processes of generation and annihila-
tion of radiation defects reach balance. Deviations from
the elastic limit average value at higher radiation doses
were caused by peculiarities of the internal structural
changes, primarily related to changes in the configura-
tion and distribution of the large clusters and disloca-
tion loops. These changes in the defect system were sto-
chastic in nature (Fig. 4, b).
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Fig. 4. Stress-strain dependence under uniaxial tension for different
radiation doses for the sample with the >.5(210)[001] grain
boundary (a). Elastic limits vs radiation dose for samples
with different types of grain boundaries (b):
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- CONCLUSIONS

The simulation results showed that the migra-
tion mechanisms of symmetrical tilt grain bounda-
ries in Fe — 10Ni—20Cr bicrystal change during irra-
diation. At low radiation doses, the migration of grain
boundaries is manifested by stochastic deviations from
the initial positions. This is attributed to the interac-
tion of grain boundaries with atomic displacement cas-
cades and absorption of mobile defects in the structure.
Higher radiation doses cause formation of large clusters,
interaction with which boosts the migration rate of grain
boundaries and enhances local curvature of their sur-
face. The driving force behind the migration of grain
boundaries is their elastic interaction with large clusters.
As the radiation dose increases further, grain boundar-
ies tend to approach each other even more, which results
in their annihilation. The migration rate spikes when
the boundaries start interacting with each other. The dri-
ving force behind the migration is attributed to the strong
mutual attraction between the nearby curved regions
of the grain boundaries.

The calculations showed that the elastic limit
of the simulated alloy drops rather rapidly, as the radia-
tion dose grows up to 0.01 dpa, and then reaches satu-
ration. With further irradiation, the elastic limit slightly
deviates from the mean value. It is found that the elastic
limit reaches saturation at a lower radiation dose than that
at which the density of surviving radiation defects reaches
saturation. This is because the lower radiation dose mini-
mizes energy barriers required for the nucleation and
development of plastic deformation in the material under
study.
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