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The study of phase transformations in intermetallic phases, which are released in the form of fine-dispersed inclusions in binary
alloys based on zirconium Zr - 1.03 at. % Fe; Zr - 0.51 at. % Fe; after ion irradiation and subsequent isothermal annealing was carried
out. Méssbauer spectroscopy on *’Fe nuclei in backscattering geometry with registration of internal conversion electrons, X-ray
spectral analysis, X-ray diffraction analysis and electron microscopy were used. As a result, the observed segregation and phase
composition of the intermetallic phases in the surface layer change under ion irradiation. Subsequent isothermal annealing after
irradiation leads to a change in the concentration of inclusions of intermetallic phases and phase modification in the surface layer.
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®OPMYBAHHS NOBEPXHEBHUX IIAPIB B Zr-Fe CIIVTABAX ITPY IOHHOMY OINPOMIHIOBAHHI
B.I'. Kipiuenko, B.A. Koouasnuk, T.O. KoBanenko, O.0. YcatoBa
Xapxiscoruti Hayionanvhutl ynigepcumem imeni B.H. Kapazina
61022, Xapxis, m. Ce0600u, 4

VY po6oTi npoBeieHO 1OCIIKeHHS (a30BUX NEPETBOPEHb B iHTEpMeTaliuHUX (a3ax, AKi BUAUISIOTHCS y BUIVII APiOHOANCIEPCHUX
BKJIIOUEHb B OIiHApHUX CIUIaBaX HA OCHOBI IMPKOHIIO MiCis iOHHOTO ONPOMIHEHHA 1 MOAANBUIOTO 130TEPMIYHOTO Biamamy.
BHKOPHCTOBYBaIH MeccOayepiBChbKy CIIEKTPOCKOMiI0 Ha sapax - Fe B reoMeTpii 3BOPOTHOrO pOSCIIOBAHHSA 3 PEECTPALii€ro
CJIEKTPOHIB BHYTPILIHBFOI KOHBEPCii, pEHTTC€HOCNIEKTPAIbHUN aHaJi3, peHTTCeHOCTPYKTYPHHI aHaJi3 1 eJIEKTPOHHY MiKpocKorito. B
pe3ynbTaTi BHUSBICHA cerperamis i (a3oBUil CKal WHTEPMETAUTMUECKUX (a3 B IOBEPXHEBOMY IIapi 3MIHIOETbCS MPU iOHHOMY
onpoMiHeHHi. [lomanpmmii i30TepMIUYHME Bifmag MiCHs ONPOMIHEHHS NPH3BOMUTH JIO 3MIHH KOHIIGHTpalil BKIIOYECHb
HHTepMeTajuTdeckux ¢a3 i Moaudikanii Gpa3 B moBepXxHEBOMY IIapi.

KJIFOYOBI CJIOBA: nupkoHiii, cruiasu, (asu, 3picT, cerperaiiisi, ioH, OpOMiHEHHS

O®OPMUPOBAHMUE ITOBEPXHOCTHBIX CJIOEB B Zr-Fe CIINTABAX TP HOHHOM OBJIYYEHUH
B.I'. Kupuuenxo, B.A. KoobL1bHuK, T.A. KoBasnenko, O.A. YcaroBa
Xapvrosckuil HayuonanvHwill yHugepcumem umenu B.H. Kapazuna
61022, 2. Xapvros, ni. Ceo600vl, 4

B paGore mpoBeneno ucciemoBaHue (a30BBIX INPEBPAICHUII B HWHTEPMETAUIMYECKUX (ha3aX , KOTOPHIC BBIICISIIOTCS B BHUJE
MEJIKOZMCIIEPCHBIX BKJIIOUYCHUH B OWHApHBIX CIDIAaBaX Ha OCHOBE IMPKOHMS II0CIE€ HOHHOTO OONY4YeHUs U IIOCIEAYIOLIEro
H30TEPMHYCCKOr0 OTHKHTa. VICIOIb30Bati MeccOayIpOBCKYIO CIEKTPOCKOIMIO Ha sSpax ° Fe B TeoMETpHE 0OpaTHOIO PaCcCessHHs ¢
peructpanueil 3JeKTPOHOB BHYTPEHHEH KOHBEPCHM, PEHTI€HOCHEKTPAJIbHBIM aHaINW3, PEHTTCHOCTPYKTYPHBIM aHalmu3 H
JNIEKTPOHHYI0 MHKpPOCKOIHMIO. B pesynbrare oOHapykeHHast cerperauds M (pa3oBbli COCTaB MHTEpMETalIM4eckux (a3 B
MOBEPXHOCTHOM CIIO€ M3MEHSAETCSl IpH HOHHOM obOmyuenun. [locnenyromuii n30TepMUdecKuii OTKHUT Tocae 00IydeHHs IPUBOAUT K
HM3MEHEHUIO KOHIICHTPALUH BKIIOUEHNI HHTEpPMETAIUTHIECKUX (a3 1 MoanduKanuH (a3 B HOBEPXHOCTHOM CIIOE.

KJIFOYEBBIE CJIOBA: nupkoHHii, CIUIaBbl, CErperanus, HoH, 00Iy4eHIe

Zirconium alloys such as E-110M, E-125, E-635, Zry-2, Zry-4, M5, ZIRLO have been widely used in nuclear
power engineering [1]. The basic problems in the operation of zirconium alloys under irradiation are due to the presence
of radiation growth and radiation creep due to anisotropy of a - zirconium. Used zirconium alloys differ with radiation
growth, radiation creep, corrosion resistance, high temperature strength [2]. The experimental results on the formation
of gradient corrosion-resistant structural-phase states in materials and fuel claddings of thermal reactors have been
considered and summarized [3]. The action by high-temperature pulsed plasma flows is effective for changing the
surface layer of materials. For example, as applied to E110 and E635 zirconium alloys, new structural-phase states
formed by the method of “ion mixing” [3].

Such effects are associated with recently discovered gradient materials with high technological properties [4].
Optimization of gradient materials is realized by introducing nanoparticles into the surface layers. In [5] it is found that
an increase in the surface concentration of iron atoms in zirconium alloys in a layer up to 0.3 pum thick is associated
with an increase in the size of inclusions with an increase in the annealing temperature of the deformed alloys. The
amorphization alloys based on zirconium under ion irradiation was observed [6]. The formation of amorphous
intermetallic phases on the surface of zirconium alloys after ion irradiation can be attributed to the viscosity of zircaloys
and the influence of the viscosity of the metallic matrix on the crystallization of amorphous phases during annealing
after irradiation [6].
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The purpose of this work is the research after ion irradiation of surface layers of zirconium alloys with Fe’’
additions by Mossbauer spectroscopy on Fe*’ nuclei.

EXPERIMENTAL METHODS

For the study alloys Zr - 1.03 at. % Fe, Zr - 0.51 at. % Fe was made. The procedure for their preparation is
described in [6]. Mdssbauer spectroscopy on °'Fe nuclei was used in the backscattering geometry with registration of
internal conversion electrons (CEMS). An X-ray spectral analysis of the surface of annealed zirconium alloy samples
was carried out on a Camebax MBX 268 spectrometer. X-ray study of alloys was carried out on the DRON-3.0. X-ray
diffraction analysis showed that at all stages of thermo mechanical processing of alloys the matrix phase composition is
represented by the alpha-phase of Zr.

RESULTS AND DISCUSSION

The solubility limit of Fe in a-Zr decreases from value 0.0154+0.001 % at 943 K to value 0.004+0.001 % at 713 K
[7,8]. Consequently, when doping zirconium with iron in the metallic matrix of alloys the precipitates of intermetallic
phases of complex composition are formed. In a binary Zr-Fe system 5 intermetallic compounds was found: Zr,Fe,
Zr;Fe, Zr,Fe, ZrFe, and ZrFe; [9]. The equilibrium Zr-Fe phase diagram is shown in Fig. 1 [10].
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Fig. 1. The equilibrium Zr-Fe phase diagram

Parameters of Mossbauer spectra of formed intermetallic phases in Zr-Fe system are given in the Table.

The Mossbauer parameters of the phases in the binary system Zr-Fe

Table

Phase Isomer shift, 5, mm/s Quadruple splitting, Composition, at. % Fe Crystal structure
A, mm/s

ZrFe, -0.22(1) 0.46(1) 67 C15 type

ZrFe -0.31(1) 0.75(1) 33 CuAl type

Zr,Fe -0.12(1) 0.30(1) 33 TiNi type

Zr;Fe -0.33(1) 0.91(1) 25 Re;B type
a-ZrsFe - 0.34(D) 0.85(1) 20 hexagonal structure
B-ZrsFe -0.3(D) 0.75(1) 20 orthorhombic structure

ZrFe (solid solution) 0.04(1) - 0.02 a-phase

CEMS scattering spectrum of the surface of the Zr-1.03 at % Fe alloy after annealing at 970 K for 5 h is shown
on Fig. 2. The spectrum has a doublet structure with doublet parameters characteristic for the phase Zr;Fe.
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According to experimental data the stable phase Zr;Fe is formed after high temperature annealing (1100-1200 K)
and has the orthorhombic Re;B type structure with a=3.326 A, 5=10.988 A, c=8.807 A. Fe atoms in this structure have
only one position and with 6 Zr atoms as nearest neighbors [9].

Deformed alloys characterized broadened X-ray reflexes due to the increase in the dislocation density in the
surface layer, furthermore, the formation of segregations of a second phase on the formed defects.

Analysis of the scattering spectra of annealed deformed alloys in the Zr-Fe system leads to the conclusion that the
surface layer is enriched with intermetallic inclusions, which contain in its composition Fe atoms.

The degree of enrichment of the surface layer due to the creation of a gradient layer as a result of thermal
annealing of deformed alloy is shown in Fig. 3. Experimental data are presented as the diagram in the coordinates C-T
to describe the surface segregation of intermetallic phases inclusions, where C — concentration °'Fe atoms composed of
intermetallic phase; T — the annealing temperature (Fig. 3). The concentration of >'Fe atoms increase with temperature
of annealing emphasizing the greatest increase in iron concentration and consequently the presence of gradient of
intermetallic phases in the surface layer.
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Fig. 2. CEMS scattering spectrum of the surface of the Zr-1,03 a1% Fe Fig. 3. Dependence of iron concentrations in the
alloy after annealing at 970 K for 5 h surface layer Depth 300 nm of the alloy from the thermal
annealing temperature of the deformed layer Zr-1.03
at.% Fe

The results of calculations using the program SRIM-2008.04 of damages cascade and ion profile of the
distribution of iron atoms in the Zr-1.03 at. % alloy under irradiated with iron ions with an energy of 600 keV are
shown in Fig. 4,5.
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Fig. 4. Damage cascade with energy of 600 keV ions Fig. 5. Ton distribution under energy of 600 keV ions

The results of the calculations indicate that there is a weak dependence of the diameter of the cascade band d and
the energy ranges R on the alloy composition and the strong dependence on the ion energy.

The calculations carried out with the help of the SRIM-2008.04 program will make it possible to make an effective
choice of ion irradiation regimes in imitation experiments. The results of calculations of the effect of ion irradiation of a
layer of zirconium-iron alloy which contain 12 at% iron in a layer 300 nm and 600 nm deep, respectively, are shown in
Fig. 6,7.

CEMS spectrum of Zr-1.03 at% Fe alloy surface layer, which enriched up to 12 at. % Fe, after iron ion irradiation
with an energy of 600 keV and after addition annealing at 970 K for 5 h is shown in Fig. 8. This spectrum consists of
two components belonging to the amorphous phase (with a smaller value of quadruple splitting), which was formed
after irradiation and the crystalline phase into which the amorphous phase turns during annealing. The spectrum of the
crystalline phase has a higher value of quadruple splitting.

The dependence of the concentration change AC in the 300 nm layer on the iron content C in the layer and the
additional annealing temperature T after irradiation is shows In Fig. 9. This 3D —diagram demonstrate the dependence
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of the iron content on the annealing temperature in the surface layer 300 nm deep after ion irradiation and after additive
annealing. This data demonstrate the possibility of the controlled formation of gradient layers after thermal annealing
and ion irradiation. Additional annealing reduces the spatial scale of the created gradient structures in the concentration
range of 14-16% and the annealing temperature range of 670-720 K.
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for 5h

Another important problem is the amorphization of intermetallic phases in surface layer under the irradiation by
ions of the amorphous state of alloys, metastable and crystalline phases are formed after further annealing, while the
crystallization temperatures and the entropy of crystallization activation depend on the composition of the alloy.

CONCLUSIONS
Thus, a layer of 300 nm depth enriched with intermetallic inclusions before irradiation of the surface of the
zirconium-iron alloy was created by thermal annealing of the deformed alloys. Irradiation by Fe** ions with energy 600
keV of surface enriched layer leads to transformation of crystalline Zr;Fe to amorphous phase. It is possible to create
multi component gradient structures under ion irradiation of the alloy surface. The growth and disintegration of
inclusions under thermal annealing after irradiation is not controlled by bulk diffusion and the migration of iron atoms
can be associated with the presence of inter phase boundaries was found
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