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Abstract. Development of nuclear and thermonuclear energy poses a number of problems for materials
scientists related to the creation of structural materials. It should be noted that to date, the material of the fuel
rod ducts, which would be able to realize the economical, long-term and safe operation of FNR in full scope,
has not been developed. The study of the properties of structural materials for operating and future nuclear
plants is still one of the most important scientific and technical challenges. The methods of X-ray diffraction
and Mossbauer spectroscopy on ®’Fe nucleus were used to study the effect of implanting >’Fe ions of 1 MeV
energy and the fluence of 5*10%%ion/cm? on the radiation resistance properties of the structural materials of the
nuclear industry of metallic Ta and Mo. Mdssbauer studies were of two methods: 1) standard transmission
geometry (MS) and 2) conversion electrons registration from the material surface (KEMC). Concentration of
the implanted Fe atoms was calculated using STRIM software. Two phases formation was found at the result
of implantation into Ta and Mo matrices. The main phase in molybdenum (84%) is a solid solution of Fe
replacement into Mo. The main phase in tantalum (78%) corresponds to formation of Fe complexes in the
matrix of Ta. The obtained results of the study could be used to solve the issues of NPPs safe operation and
to improve the efficiency of their operation, enabling the resource characteristics of core materials to be
correctly assessed and to predict their behavior at high damaging radiation doses.

Key words: implantation, conversion and absorption Mdssbauer spectroscopy, X-ray diffraction, STRIM
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Secondly, the concentration profile of embedded
atoms along the target depth with increasing ion
fluence can vary from the portion of a percent to tens
of percent. The limiting impurity content in the doped
layer is determined by the sputtering coefficient, to a
large extent and sometimes by diffusion processes.

Introduction

The development of nuclear and thermonuclear
energy makes the material scientists to create the new
structural materials that are resistant to various types of
radiation. The study of radiation resistance under reactor

irradiation conditions is easy to implement through the
implantation of atoms on charged particle accelerators.

The alloying of metals upon irradiation with
ions with energy of more than 10 keV has a number
of special features that distinguish them from alloys
synthesized by the metallurgical method.

To begin with, it leads to the formation of atomic
mixtures in the surface area of the material, the
composition of which is not limited by the principles
of thermodynamics.

Thirdly, a large number of displaced atoms
(structural defects) are generated along with the ion-
beam doping, which strongly affect the location of
the introduced atoms in the crystal lattice and can
cause the movement of atoms both at small and long
distances.

Fourthly, since ion implantation is an athermal
process, thermally activated phenomena can be
independently controlled by the target temperature.

This allows (with a high degree of accounting
and reproducing rate) to create alloys with the very
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different properties in the near-surface area of the
implanted material with a length of 0.01 to 1 em. By
changing the type and dose of ions, the target
temperature, or the rate of dose collection, it is
possible to obtain equilibrium alloys, supersaturated
solid solutions, metastable, intermediate phases or
amorphous materials [1].

The Mussbauer effect makes it possible to
measure hyperfine electric and magnetic fields on
57Fe nucleus, which are determined by the local
atomic environment. With this in mind, the phases in
which iron atoms are localized can be determined in
a Missbauer experiment.

A large number of monographs and original
articles have been devoted to the study of the physical
and chemical state of matter using Mussbauer
spectroscopy with all the variety of its
methodological approaches [2,3]. In [4], the grain
boundaries of polycrystalline molybdenum were
studied by Mrussbauer emission spectroscopy on
’Co(*’Fe) nucleus. The Co atoms have been
demonstrated to diffuse along grain boundaries by
the interstitial mechanism. The authors show that the
effective diffusion coefficient in the boundary
regions of crystallites is significantly higher than the
volume diffusion coefficient, but the width of the
zone of accelerated diffusion does not exceed several
atomic layers. Based on the temperature dependences
analysis of the isomeric shift of the spectral lines, the
grain boundaries and the boundary regions of
crystallites are concluded to be enriched with
interstitial impurities. Moreover, the degree of this
enrichment is greater, the lower the annealing
temperature.

This paper provides the samples of metallic
tantalum and molybdenum irradiated with *"Fe ions
were studied by X-ray diffraction, Mussbauer
spectroscopy, and electron microscopy. These two
materials are structural materials that are used in the
nuclear energy. Irradiation with *'Fe ions makes it
possible to conduct Mussbauer studies on the atoms
that directly create radiation damage. High doses of
radiation were applied in the work, creating damage
in the surface layer corresponding to approximately
200 displacements per atom. In simular conditions,
iron atoms do not dissolve in metallic Ta [5] and to a
limited extent dissolve in metallic Mo [6]. The study
was aimed to determine which phases or local
structures of Fe atoms form in Mo and Ta as a result
of powerful irradiation and subsequent radiation
annealing.

The two methods for Mussbauer studies were
used: 1) in standard transmission geometry (MS) and
2) with registration of conversion electrons from the
material surface (KEMC). In the first case, the
Miissbauer spectra contained information about all
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implanted Fe-57 atoms. As concerns KEMS, only Fe
atoms were recorded that were in the surface
irradiated layer with a thickness of about 0.1 em. The
thickness was determined by the yield of *'Fe
conversion electrons with energies of 7.3 - 13.6 keV.

Testing

The studied samples were Ta and Mo foils with
a thickness of 20 em. The thickness of the studied
foils was selected so as to conduct Mrussbauer
measurements in transmission mode (MS). Foils
were obtained by repeated cold rolling of the original
bulk samples. Recrystallization annealing for the
foils was carried out in vacuum 5-10°°mm of mercury
for 2 hours at a temperature of 1000 °C. The purity of
the initial Ta and Mo was no worse than 99.9.

Irradiation with 3’Fe ions with an energy of
1 MeV was carried out using a UKP-2-1 heavy-ion
accelerator at the Institute of Nuclear Physics
(Almaty). A special holder made of aluminum was
designed and manufactured to carry out irradiation
experiments, an appropriate sample of metallic iron
was placed inside enriched up to 95% with "Fe
isotope, for its further ionization in a source of heavy
ions and subsequent acceleration. The ion current
density was maintained in the range of 50 - 100 nA.
The ion flux fluence for all samples was 5410 ion/cm?.

X-ray diffraction analysis was carried out using
BRUKER D8 ADVANCE diffractometer. The
diffraction patterns were measured both from the side
of the irradiated surface and from the reverse side in
the range of angles 20 = (20 490).

Mussbauer studies were carried out in two modes:
1) in the standard transmission geometry (MS) and 2)
with registration of conversion electrons from the
irradiated surface of the material (KEMC). The
measurements were carried out on an MS-110Em
spectrometer at room temperature. A *’Co radioactive
source in a chromium matrix served as the Mussbauer
source of gamma rays. The Mussbauer spectra were
analyzed and processed using the least square method
using the SpectrRelax program [7].

The SRIM-2008 software [8] was used to assess
the degree of influence of the ion beam on the crystal
lattice of Mo and Ta. The results are provided in
Table 1.

Table 1 SRIM calculation data

Total
Element Pro:]ectlve vacancies | number DPA
mileage |number / of (CHA)
R, nm ion displaced
atoms
Ta 272 7670 3.8410%° | 250
Mo 315 6580 3.3410% | 165
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Note that the average range of Fe ions
(projective range, R) is approximately the same for
all matrices, R = 300 nm. The average number of
displacements per atom (DPA) for two matrices is
approximately 200.

Figure la provides the dependence of the
concentration of Fe,n(Fe) atoms implanted in a
tantalum foil on the X distance to the irradiated
surface (curve 1, concentration is expressed in at.%).

The calculations were performed taking into
account the diffusion of the matrix atoms. The
calculated Ta diffusion coefficient turned out to be
small and equal to 3.09 Ta atoms / ion. Accordingly,
a fluence of 5*10'%at/cm? causes a sputtering of a
Ta layer with a thickness of 28 nm, which is
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Fig. 1. b DPA parameter - the number of
displacements per ion, as a function of x depth

noticeably less than the thickness of the implanted
layer. Similar concentration curves were obtained for
Mo. The maximum concentration of *’Fe implanted
atoms in Ta and Mo is approximately 2.6 at.%.

Figure 1b provides the dependence of the DPA
parameter in tantalum on the distance to the irradiated

surface, DPA (x). This parameter, equal to the
average number of displaced matrix atoms per ion,
represents the degree of matrix destruction upon
irradiation. STRIM calculations specify only the
initial conditions for the problem of material
transformation under radiation exposure. The final
phases and structure of the material is determined by
radiation annealing, which occurs during irradiation.

Mugssbauer spectra of 3’Fe in Mo and Ta

Figures 2a and 2b provide the Mrussbauer
spectra of >’Fe implanted in Ta. Figure 2a provides
the conversion electron spectrum (KEMS). The
spectrum corresponds to >’Fe atoms located in the
surface layer at a depth of = 100 nm. The probability
curve for the exit of conversion electrons from Ta is
shown in Fig. 1 a, curve 2 [9, 10].
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Fig. 2. Mussbauer spectra of ’Fe implanted in the Ta
matrix. a - conversion electron spectrum (KEMS);
b - transmission spectrum (MS).

The KEMS spectrum consists of a broadened

singlet and a strongly broadened doublet; the
intensities of the sub-spectra are 70% and 30%,
respectively. Presumably, the doublet corresponds to
a strong distortion of the crystal lattice, and the
singlet to a less distorted phase.
The Mussbauer transmission spectrum in Fig. 2b also
consists of a singlet and a doublet. A consistent
analysis of the conversion electron spectra (KEMS)
and transmission spectra (MS) was carried out in the
work. When processing transmission spectra (MS), it
was taken into account that they should contain a
KEMS spectrum, as well as an additional
contribution from deeply located Fe atoms. With this
in mind, the transmission spectrum processing model
contained a KEMS spectrum in which all parameters
except the total intensity were recorded, plus an
additional singlet spectrum. The parameters of this
singlet within the errors coincided with the KEMS
singlet.
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Figures 3a and 3b provide the Mussbauer
spectra of *’Fe implanted in Mo: the conversion
electron spectrum of KEMS is 3a and the
transmission spectrum of MS is 3b. The spectra of
Mo are similar to those of Ta, and contain singlet and
doublet contributions.

The KEMS spectra for both Ta and Mo show that
both “doublet” and “single” phases are present near
the surface (x = 100 nm). At large depths, a “singlet”
phase is predominantly formed. This phase

distribution is especially characteristic of Mo, for
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Fig. 3. Mussbauer spectra of ’Fe implanted in a Mo
matrix. a - conversion electron spectrum (KEMS); b -
transmission spectrum (MS).

which a single line in the transmission spectra
dominates and amounts to 93%. This line in the
spectrum of Mo has a width of G = 0.27mm / s,
which only slightly exceeds the natural width of the
Mussbauer line for ’Fe [11]. This means that the
monopic in Mo corresponds to Fe atoms, which
replace Mo atoms in the crystal lattice. In other
words, even with strong radiation exposure (DPA =
200), a solid solution of substitution of Fe in Mo is
mainly formed in the Mo matrix.

The KEMS spectrum of the “singlet” phase
Ta is greatly broadened, and in the case of the MS
spectrum it is described by a small quadrupole
splitting QS = 0.17 mm / s. It is known that Fe atoms
do not dissolve in Ta at room temperature under
equilibrium conditions H2} With this in mind, we
can assume that the “singlet” phase is the formation
of Fe + Ta + vacancy complexes in the Ta matrix.
These assumptions do not contradict the results of
[12], in which the Mussbauer isotope °’Co was
introduced into the samples of high purity
molybdenum (99.999%) to an average concentration
0f 0.001 at.%. The diluted MoCo alloy thus obtained
was irradiated with protons with an energy of 70 keV
to a fluence of 2*10'® cm™? at a temperature of 300 K,
and then isochoric annealing was carried out in the
temperature range 30011300 K, followed by
measurement of y-resonance spectra. In addition to
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the single line corresponding to the position of Co in
the position of substitution, six additional
components were found, five of which (2-6) are
symmetrical doublets with the initial width, and
component 1 is a single broadened line. Component
1 is attributed to the complexes: (intrinsic interstitial
atom) - (Co atom). Components 2—4, which appear
after annealing in the temperature range 4004500 K,
bind to complexes (vacancy) — (Co atom), and
components 5 and 6 — with nonequilibrium
segregation of Co atoms.

The issue of identifying the “doublet” phases for
Ta and Mo remains open. Missbauer data do not
provide clear guidance. We list the possible phases:
these are the phases of the Fe-Ta and Fe-Mo diagram,
as well as the B-Ta phase. The initiation of cluster
formations of Fe + Ta or Mo + vacancies or partial
amorphization cannot also be ruled out.

Discussion of the results

The least irradiation effect is observed for
metallic Mo. The “singlet” phase in Mo, constituting
84% of the surface layer, is a solid solution of
substitution of Fe in Mo, which is confirmed by X-
ray diffraction data, which showed a decrease in the
lattice parameter from 3.15980 E for the unirradiated
side to 3.14194 E for the irradiated one. In the case
of tantalum, the “singlet” phase with an intensity of
78% apparently corresponds to the formation of
complexes (Fe + vacancy) in the Ta matrix. Such
complexes can serve as a source of additional
stresses.

As for the "doublet" phases found both in
tantalum and in molybdenum, the question remains
open. X-ray diffraction performed by the Bragg-
Brentano method did not detect additional phases. In
particular, the B-Ta phase [13, 14] and phases of the
Fe-Ta system: Fe-Ta: Fe,Ta, Fe;Tas and Fe,Ta; [15]
were not found for the tantalum matrix. For the
molybdenum matrix, no traces of the phases of the Fe
— Mo system were detected: Fe-Mo: Fe;Mo, FesMos
and Fe:Mos [16]. The diffraction patterns measured
from the irradiated and back sides practically
coincided. For the Ta matrix, a slight broadening of
the lines was observed in the diffractogram of the
irradiated side; for the Mo matrix, there was
practically no additional line broadening. The
broadening of the diffraction lines indicates
disturbances in the crystal lattice of the surface layer.
The “doublet” phases, apparently, refer to the
formation of Fe + Ta complexes or Mo + vacancy in
the regions of grain boundaries, or are associated
with regions of partial amorphization of materials.

Based on the Mussbauer measurements and the
dependence of the n (Fe) concentration on the depth
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(Fig. 1a), the localization of phases in Ta and in Mo
can be estimated. In the Ta matrix, a “doublet” phase
and a “singlet” phase of substitution of Fe in Ta
coexist in a 350 nm thick near surface layer; in the
layer from 350 to 600 nm, only the “singlet”
substitution phase is localized. In the Mo matrix, the
“doublet” phase and the “single” monopick of Fe
substitution in Mo are localized in the surface layer
with a thickness of 250 nm; next is the "singlet" phase
of the solid solution of substitution of Fe in Mo.

Conclusions

The effect of the implantation of *’Fe ions with

For metallic Ta and Mo, Mussbauer spectroscopy
also showed the formation of two phases. The main
"single" line in the spectrum of molybdenum (84%)
is a solid solution of Fe in Mo substitution. The
monopik in the tantalum spectrum (78%), taking into
account the zero solubility of Fe in Ta, most likely
corresponds to the formation of a complex (Fe +
vacancy) in the Ta matrix. The nature of the surface

“doublet” phases has not been completely
established.
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Metaaa Ta men Mo-ae Fe-57 uMmjiiaHTanusicbIH
PEHTIeHKYPBLIBIM/BIK 7K9He MeccOaydpJlik 3epTTeyaep

benennoexoBa K. A.

Tyiiinaeme. ATOMABIK J>KOHE TEPMOSIPOJIBIK SHEPreTUKAHbIH IaMybl MaTepHAITaHYIIbUIAPDFa KOHCTPYKIMSUIIBIK
MaTepHalIapIbl )KacayMeH OalTaHBICTHI OipKaTap Macenenep Kowbi oTeip. Kasipri tagna IITHP yHemmi, y3ak Mmep3iMai
JKOHE Kayilci3 JKYMBICHIH TOJBIKTai JKy3ere achlpyFa MYMKIHIIK OepeTiH XKO3Tepi KamIbIKTapBIHBIH MaTepHaIbIH
o3ipiey iCKe acmaraHbIH aTal ©TKeH jkeH. JKyMBIC icTen TypraH *oHE NMEePCHEeKTHUBAJBIK SAPOJIBIK KOHIBIPFBUIAPFA
apHaJFaH KOHCTPYKIMSUIBIK MaTepHaIJapAblH KacHeTTEpiH 3epieiey i e MaHbI3Ibl  FhUIBIMH-TEXHHUKAJIBIK
MingeTTepain 6ipi 6o TaObLIanel. PenTrenmik audpaxipms sxoHe MeccOaydpiik CHEKTPOCKONHs amictepimen 'Fe
SPOJIApPbIHJIA aTOM ©HEPKACiOiHiH MeTaut Ta MeH Mo KOHCTPYKIMSUIBIK MaTepUalIapbIHbIH PaHallisuIbIK TYPAKThIIBIK
kacuertepine 1 MoB sueprusms xone 5*10!%0on/cm? gprmroencti 3'Fe MOHAapsl MMIUTAHTAIUSCHIHBIR 9CEPi 3€PTTENIL.
STRIM mporpamMMachIHBIH KeMeriMeH eHaipinreH Fe arommapbIHBIH KOHIEHTpaIMACH ecenTenmi. Matpunanapra Ta
xoHe Mo eHnipy HOTIKeciHnme eki (as3aHblH Ty3imyi alkerHmangsl. Mommbaenneri (84%) Herisri ¢a3za Mo-ne Fe
aybICTBIPATHIH KaTTHI epiTiHAi Oomsin Tabbutansl. Tantanma (78%) Herisri ¢a3a Ta maTpunaceiaaa Fe sKHBIHTBIKTapBIHBIH
TY3UIyiHe jkayarn Oepei. AJBIHFaH 3epTTeyJIep HOTHKENEepi SAPOIIbIK KOHIBIPFbIUIApAbI Kayilci3 Maiianany Macesenepin
LICHIyre >KOHE OJIAPJBIH JKYMBICHIHBIH THIMAUITIH apTThIpyFa IaiJalaHblIybl MYMKiH, OYJ aKTHUBTI aWMaKThIH
MaTepHaJlIapblHBIH PECYPCTHIK CHIATTaMaliapblH Ayphic OarajayFa >KOHE S>KOFapbl 3aKbIMIAyIIbl J03ajiapia
coyIneneHipy Ke3iHe oJap IbIH SpeKeTiH OoinKayFa MYMKIHAIK Oepei.

Tyiiin ce3gep: VMmiuraHTanms, KOHBEPCHSUIBIK >XOHE aOCOPOIMIBIK MeccOaydpiiK CIEKTPOCKOIHUS, PEHTICHIIK
mudpaxuns, STRIM nmporpammacsl, paguanysiiblK 3aKbIMIaHY.
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PeHTreHOCTPYKTYpHBIE H MecCOAYyIPOBCKHE UCCIeI0BaAHUA UMILIaHTauuu Fe-57 B
Metaganyeckud Ta u Mo

Bbenennoexona K. A.

AnHoTanusi. Pa3BuTHe aTOMHON M TepMOSIEpHON SHEPreTHKH CTaBHUT IIepel]] MaTepHaloBeJaMU DSl Mpodiem,
CBS3aHHBIX C CO3/laHMEM KOHCTPYKIMOHHBIX MaTepuainoB. CleayeT OTMETUTh, YTO Ha CETOAHALIHMN AE€Hb MaTepuasa
YEXJIOB TBAJIOB, KOTOPBIH IMTO3BOJIMII OBl B ITOJHOW MEpEe peai30BaTh SKOHOMUYHYIO, JUITEIbHYIO U O€30I1acHyI0 padoTy
PBH, paspabotats He ymamoch. M3ydeHne CBONCTB KOHCTPYKIIMOHHBIX MAaTEpPHAJIOB IS SKCIUIYaTHPYEMBIX U
MEPCTIEKTUBHBIX SJCPHBIX YCTAHOBOK IIO-TIPEXHEMY OCTaeTCs OJHOW W3 Ba)KHEHINNX HAyYHO-TEXHHYECKMX 3a/ad.
MeTomaMK PEHTTEHOBCKOM AU(MPAKIMA B MeccOay>pOBCKON CIIEKTPOCKONMHM Ha sapax °'Fe HCCIIel0BaHO BIMSHUE
UMIDIaHTanuy 1oHoB 'Fe ¢ sHeprueii 1 MoB u dmoencom 5*10'%on/cm?, Ha cBOMCTBAa paJlMaliOHHON yCTONYMBOCTH
KOHCTPYKIIMOHHBIX MAaTepHajoB aTOMHOW NPOMBIIIICHHOCTH MeTaluimdeckux Ta um Mo. MeccbayspoBckue
HCCJIEIOBAaHMS MPOBOJWINCH IO JBYM METOIWKaM: 1) B craHgapTHOW reomerpun Ha mpomyckanue (MC) u 2) c
perucrparueil IeKTpoHOB KoHBepcuu u3 noBepxHocTH Mmarepuaia (KOMC). C momompio nporpamMmel SRIM Obina
paccunTaHa KOHLEHTpAIMs HMILIaHTUPOBaHHbIX aroMoB Fe. B pesynpTare mmmiantanuu B MaTpuinsl Ta u Mo
oOHapyxeHO oOpasoBaHue ABYX (a3. OcHoBHas daza B monubueHe (84%) mpencrasiser coOOH TBepIblil pacTBOp
samerenuss Fe B Mo. OcHoBHas ¢a3a B Tantane (78%) oTBeuaer oOpasoBaHuio KomiuiekcoB Fe B matpuie Ta.
[Mony4yeHHbIC PE3yJIBTATHl UCCICIOBAHKS MOTJIA OBl PUMEHSATHCS JJIS PEIICHUs MPOoOJieM 0e30IacHOM IKCILUTyaTaIluH
SACPHBIX YCTAHOBOK M TOBBIMECHUS 3(P(PEeKTHBHOCTH HX (QYHKIMOHHPOBAHUS, IO3BOJIMB IPABHIBHO OIIEHHBATH
pEeCypCHBIE XapaKTEpPUCTUKH MAaTephalioB AKTHBHOW 30HBI W TpEICKa3blBaTh WX TIIOBEJCHHE IIPH BBICOKHX
MOBPEXIAIOIIHX J103aX O0IydeHHS.

KnatoueBble ciioBa: lVmmmanTamus, KOHBEpCHOHHas U aOcopOmmoHHass MeccOay’poBCKas —CIIEKTPOCKOIHS,
peHTreHoBckas nudpaknus, nmporpamma STRIM, paguannoHHBIE TOBPESKACHUS.
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