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Gamma irradiation of the melt span samples of Ti, Zr, Ni_ up to the dose of 10* rad did not result in any substantial changes
of their physical properties (micro hardness and electric resistivity), which is consistent with a high degree of disorder in the initial
microstructure that does not change significantly under irradiation. The present results show that these materials can be considered
as radiation resistant hydrogen absorbers (HABs) for the mitigation of hydrogen hazards in severe accidents in nuclear power plants.
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['amma-onpomiHeHHs 3pa3KiB MBHAKO 3araproBanoro cmiasy Ti, Zr, Nio 1o nosu 10* paj He NPU3BOAMTH JI0 CYTTEBHX 3MiH
iX Qi3MYHHUX BIACTHBOCTEH (MIKPOTBEPIOCTI i IMUTOMOTO EJIEKTPUIHOTO OTIOPY), IO Y3TOMKYETHCSA 3 BUCOKUM CTYIICHEM Oe3laay B
BHXI1JTHOT MIKPOCTPYKTYpi, sIKa HE 3a3HAa€ CYTTEBUX 3MiH IpH onpoMiHeHHi. [IpencTaBneni pe3ynsraTy MoKasyroTh, IO IIi MaTepianu
MOXYTh PO3IIISIATUCS B SIKOCTI paialiifHO-CTIHKMX BOAHEBUX MOIIMHAYIB AJIsl SMCHILICHHS PU3HKIB, [IOB’SI3aHUX 3 BUTOKOM BOJIHIO B
aBapiHUX YMOBax Ha aTOMHHUX €JIEKTPOCTAHIIISAX.

KorouoBi cioBa: nonmHaHHs BOJHIO, aMopdHi crutasy, Gasu JlaBeca, oIpoMiHEHHS.

I'amma-obnyuenure o0pasios ObicTpo 3aKanenHoro cmiasa Ti, Zr, Ni,. g0 noset 10* pan He NPUBOAMT K CYLIECTBEHHBIM
U3MEHEHUSIM HX (U3MYECKHX CBOHCTB (MUKPOTBEPOCTH U YIEIBHOTO EKTPHYECKOTO COPOTHBIICHHS), YTO COIIACYETCS ¢ BHICOKOH
CTENEHbI0 OeCropsaka B UCXOJHONW MHKPOCTPYKTYpe, KOTOpas CYIIECTBEHHO HE M3MeHseTcs npu oOmydenuu. [IpencraBneHHble
Ppe3yJbTaThI TOKa3bIBAIOT, YTO 9TH MaTepHabl MOTYT PaCCMaTPHBATHCS B KAY€CTBE PAIMAlMOHHO-CTOWKUX BOZOPOIHBIX MONIOTHTENISH

JUIS YMEHBIICHUS PUCKOB, CBA3aHHBIX C YTEUKON BOJOPO/a B aBapUIHBIX YCIIOBUSAX HA aTOMHBIX MIEKTPOCTAHIIUAX.
KunroueBsie ciioBa: momomenne Boxopona, aMmopdusie cruassl, ¢assr JlaBeca, obmyueHue.

Introduction

One of the most important issues of the nuclear power
plants operation is the mitigation of hydrogen hazards in
severe accidents in nuclear power plants. To avoid severe
damage of the containment and thus loose the confinement
function for radioactivity release some hydrogen control
and risk mitigation measures exist [ 1]. In particular, passive
auto catalytic recombiners (PARs) have been developed and
have become commercially available in the last decades.
PARs are simple devices, consisting of catalyst surfaces
arranged in an open-ended enclosure. In the presence of
hydrogen (with available oxygen), a catalytic reaction
occurs spontaneously at the catalyst surface and the heat
of reaction produces natural convection flow through the
enclosure, exhausting the warm, humid hydrogen depleted
air and drawing fresh gas from below. Thus, PARs do not
need external power or operator action. However, PAR
capacities are ultimately subject to mass transfer limitations
and may not keep up with high hydrogen rates in some
scenarios so that flammability limits can be reached or
exceeded (e.g. in the immediate vicinity of the hydrogen
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release). Thus, working in high concentrations (>8%) can
initiate deflagration in the PARs due to the hot surfaces of
the catalyst, which shows the need for research to create
other means of hydrogen removal in addition to PARs,
which is addressed in the present paper.

It is known that some metals and alloys can be very
strong hydrogen absorbers (HABs), and the rate and
efficiency of hydrogen absorption depends strongly on
temperature and material structure. Therefore HABs can
be used in some scenarios where PAR capacities are not
sufficient, such as high hydrogen concentrations or places
where exothermic reactions taking place at PAR surfaces
are not desirable. In this respect, melt span alloys of Ti-
Zr-Ni may present a good alternative, since, according to
our research, they can absorb large quantities of hydrogen
(up to 1.7 wt%) without producing extra heat [2, 3].
Their absorption capacity and rate strongly depend on
temperature and show the best characteristics between 400
and 500 °C, and so HABs made from these alloys can be
used in the hot areas of the reactor. Application of a thin
Pd coating dramatically reduces the loading time and
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Fig. 1. Crystal structure of the L-TiZrNi phase before hydrogenation (a) and L-TiZrNiH, , after

hydrogenation (b).

enables absorption at room temperature [4], which shows
the potential of these materials as HABs for power plant
applications.

One of the main questions concerning the applications
of melt spun alloys with a complex structure as HABs for
nuclear power plants is their stability under irradiation.
The main constituent of the irradiation fields in nuclear
power plants are gammas which are hard to shield. Few
existing studies of the effect on gamma irradiation on
Ti, ;Zr, Ni and Ti, Hf, Ni quasicrystals have shown
their resistance to the radiation-induced phase transitions in
the dose range up to 10000 rad [5]. In the present study

we investigate the effect of gamma irradiation on the
physical properties of Ti, Zr, Ni,, melt spun alloys, which
demonstrate high absorption rate and capacity due to a
large fraction of amorphous phase in the initial state prior
to irradiation.

In the following section, the structure and hydrogen
absorption kinetics of Ti, Zr,,Ni,; melt spun alloys are
presented. In section 3, the gamma irradiation setup of
the Ti, Zr,/Ni,, samples is described, and the effect of
irradiation on their micro hardness and electric resistivity
is presented.

Fig. 2. Crystal structure of the (Ti,Zr),Ni phase before hydrogenation (a) and (Ti,Zr),NiH, ; after hydrogenation (b).

BicHuk XHY, cepia «®isunkay, sun. 24, 2016

51



Effect of gamma irradiation on the physical properties of melt span alloys of Ti, Zr, Ni,;

£

g

Wiz hn-:l'u;l.lqﬂrrm:'
£

E 88 8

&

8

b
1 i 1 L] ]

Fig. 3. Micro hardness of Ti, Zr, Ni_. in different states
[2] : 1 — crystalline ingot; 2 — melt span films before
hydrogenation; 3- melt span films after hydrogenation at
400 °C; 4- melt span films after hydrogenation at 450 °C;
5- melt span films after hydrogenation at 500 °C.
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Fig. 4. Micro hardness of the melt span samples after
different irradiation doses.

Structure and hydrogen absorption properties of
Ti3ﬂzr45Ni25

Ingots of Ti, Zr, Ni,, were made of iodine Ti (99,98%),
iodine Zr (99,98%) and electrolytic Ni (99,99%) in the arc
furnace with tungsten electrode in the Ar atmosphere. Melt
span films of thickness 40+60 microns were obtained at
the cooling rate of 10° K/s [2]. The microstructure of as-
received and hydrogenated samples was analyzed means
of X-ray diffraction at XRD installation DRON-4-07 and
scanning electron microscope QUANTA 200 3 D with
micro-analyzer Pegasus 2000.

Ingots of Ti, Zr,Ni ; contain two phases. 98 wt% is
occupied by hexagonal Laves phase L-TiZrNi (C14, MgZn,
type [6]) shown in Fig. la. Its lattice parameters are a =
5,2250A, ¢ = 8,5509A, and the elementary cell volume V
=202,17A%. The remaining 2 wt% is taken by the a-(Ti,Zr)
based solid solution.

After melt spinning, the main phase L-TiZrNi retained
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its geometry with somewhat increased lattice parameters:
a=52294A; ¢ = 8,5621A, V = 202,78 A3, and decreased
fraction - 86.2 wt%. Additional cubic phase occupying
13.8 wt% was formed by melt spinning - (Ti,Zr),Ni, with
a=11,913A; V=1690,69A% which is mediated by 0.132
wt% of oxygen present in the matrix (Fig. 2).

Hydrogenation of samples was done for 4 hours in a
heated vacuumed chamber under initial hydrogen pressure
of 0.5 bar at 400 °C , 450 °C and 500 °C [2]. The maximum
hydrogen content of 1.3 wt% was achieved at 450 °C,
which resulted in a significant increase of micro-hardness
from 520 to 700 kgf/mm? (Fig. 3).

Analysis ofthe microstructure of samples hydrogenated
at 400 °C for 4 hours has shown that it consists of three
phases. The main one (82 wt%) is the hydride of the Laves
phase L-TiZrNiH, , (Fig. 1b) with increased volume: a =
5,4280A; ¢ = 8,9191A, V = 227,58A3. The second phase
(9.6 wt%) is (Ti,Zr),NiH, , witha = 12,586A V=1993,72A°
(Fig. 2b) and the third phase (8.4 wt%) (Ti,Zr),Ni,O with
a=11,398A, V = 1480,76 A3. The relative increase of the
volume of the first two phases, AV/V =12,7% and 17,9%,
respectively, corresponds to the accumulation of hydrogen
in them.

Elementary cell of L-TiZrNiH, , consists 12 metal
atoms and 10.5 hydrogen atoms that fill about 20% of the
vacant hydrogen positions. At 100% occupancy one would
have the phase L-TiZrNiH , with 48 hydrogen atoms per
12 metal atoms, i.e. with exceedingly high ratio H:M = 4:1.
On the other hand, the maximum hydrogen occupancy in
the second phase (Ti,Zr),NiH, is 128 H per 224 positions
amounting to the maximum ratio H:M = 4:3. It means that
for the best performance of this material as the hydrogen
absorber, we need to get rid of oxygen in the system, which
mediates the transformation of L-TiZrNi into (Ti,Zr),Ni.

Effect of gamma irradiation on Ti, Zr Ni,
Gamma irradiation of the samples was done by
Bremsstrahlung gammas produced by 350-500 keV
electrons from the impulse electron accelerator passing
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Fig. 5. Specific electric resistivity of melt span samples
after different irradiation doses.
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through a molybdenum converter. The electron beam
current in the impulse was ~ 2+5 kA and the impulse
duration ~ (1.5+5) 10 s. The dose rate of gamma irradiation
was ~ (3.5+5) 108 rad/s.

The micro hardness of the melt span Ti, Zr, Ni,
samples increases after irradiation from 520 to 700 kgf/
mm? (Fig. 4). However, the effect quickly saturates and
does not seem to depend on the irradiation dose, which may
be due to the random nature of the microstructure change
with increasing irradiation dose. Similarly, there is no clear
tendency in the change of electric resistance of the samples
with increasing irradiation dose (Fig. 5), which seems to
confirm this hypothesis.

Conclusions and outlook

Hydrogenation of the melt span samples of Ti, Zr, Ni,
results in formation of two phases: L-TiZrNiH, , and
(Ti,Zr) ,NiH,. The former phase has a potential to absorb
up to 4 H atoms per a metal atom. On the other hand, the
maximum hydrogen occupancy in the second phase 4:3.
It means that for the best performance of this material as
the hydrogen absorber, we need to get rid of oxygen in the
system, which mediates the transformation of L-TiZrNi
into (Ti,Zr),Ni.

Gamma irradiation of the melt span samples of
Ti,Zr,\Ni,, did not result in any substantial changes of
their physical properties (micro hardness and electric
resistivity) with increasing irradiation dose up to 10* rad,
which is consistent with a high degree of disorder in the
microstructure that does not change significantly under
irradiation.

The present studies have been done on materials
after irradiation. However, the problem needs further
investigations, especially under irradiation,
which is hardly possible to do under reactor conditions
due to obvious technical problems. Existing reports on
the hydrogen behavior in metals under in situ electron
irradiation [7] conclude that “excitation of vibrations
in the hydrogen subsystem” which greatly
accelerates diffusion and release of hydrogen isotopes
from metals at low temperature. The main constituent of
the irradiation fields in nuclear power plants are gammas
which are hard to shield as compared to electrons. Gammas
are converted inside the material into electrons of the same
energies due to the photoelectric effect and ultimately result
in radiation-induced formation of defects and localized
atomic vibrations (LAVs). The existence of LAVs, known
also as discrete breathers, has been demonstrated in solids
of different types and structures ranging from metals to
insulators and from crystals to amorphous medium [8-12].
Recently the interest of researchers has extended to the
study of the role of LAVs in solid state physics and their
impact on the reaction rates in non-equilibrium conditions,
such as exposure to irradiation, oscillating magnetic field,

in situ

occurs

BicHuk XHY, cepia «®isunkay, sun. 24, 2016

temperature and stress gradients [13-18]. We expect that
LAVsproduced in may catalyze various reactions, including
the hydrogen diffusion and storage. These processes will be
investigated in in a subsequent paper.
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UDK 530.122, 514.823, 523.163
PACS 95.30.Sf, 98.62.Sb

Estimating the number of solutions equation of N-point gravitational

lenses algebraic geometry methods
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V.N.Karazin Kharkov National University, Ukraine'?
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One of the main problems in the study of system of equations of the gravitational lens, is the computation of coordinates from the

known position of the source.

In the process of computing finds the solution of equations with two unknowns. The difficulty lies in the fact that, in general, is
not known constructive or analytical algorithm for solving systems of polynomial equations In this connection, use numerical methods

like the method of tracing.

For the N-point gravitational lenses have a system of polynomial equations. Systems Research is advisable to start with an
assessment of the number of solutions. This can be done by methods of algebraic geometry.
Keywords: gravitational lenses, algebraic geometry, Bézout’s theorem.

OpnHi€r0 3 OCHOBHHX 3aBJlIaHb, MIPU JOCIIPKEHHI CHCTEMH PiBHSHB IPaBITAIIHOI JIH3H, € OOYHCICHHS KOOPIUHAT 300paKeHHS

3a BIJOMHM ITOJIOKEHHSIM JKEpea.

VY mporeci 00UNCICHb TOBOIUTHCS 3HAXOAUTH PIIICHHA CHCTEMHU PiBHSAHD 3 ABOMA HEBiToMHUMH. CKIIaTHICTh MOJSATAE B TOMY,
110 B 3arajJbHOMY BHIIAJIKy HE BiJIOMHUI KOHCTPYKTHBHHI a00 aHATITHYHUI aITOPUTM /Il BUPILICHHS CUCTEM HEJHIHHUX PIBHIHB. Y
3B’SI3KY 3 LIUM BJIAIOTHCS JI0 YUCEIEHUX METO/IB ITOAIOHUM METOLy TpacyBaHHSI.

V pa3i N-TouKoBHX IpaBiTalifHNX JIIH3 CHCTEMa PIBHSHD € TOJMHOMUAIBHON. JlOCIiKEHHS TaK0l CHCTEeMH JIOIUIBHO MTOYATH 3
OIIIHKY YHUCIIa pillleHb. MU POBOIMMO 1€ JOCITIHKEHHS METOIaMu anredpaiyHoi reomeTpii.

KurouoBi ciioBa: rpasitaniiiai tiH3u, anrebpaidna reometpis, Teopema besy.

OILHOﬁ U3 OCHOBHBIX 3a4a4d, IIPU UCCICAOBAHUU CUCTEMbI ypaBHeHl/Iﬁ FpaBMTaLlHOHHOﬁ JIMH3bI, €CTh BBIYUCICHHUE KOOpAUHAT

I/I306pa)KeHI/I${ 110 U3BECTHOMY IIOJIOKECHUIO UCTOUYHHUKA.

B npouecce BbUUCICHUN MIPUXOAUTCS HAXOAUTh PELICHUE CUCTEMBbl YPABHEHUH € JByMsSI HEU3BECTHBIMU. TPyIHOCTBH COCTOUT
B TOM, YTO B OOIIEM CiTydae HE M3BECTE€H KOHCTPYKTHBHBIN WM aHAIWTHYECKUI AITOPUTM IJISI PEIICHHS CHCTEM HEIMHEHHBIX
ypaBHEeHUH. B cBsi31 ¢ 3TuM npuberaoT K 9UCIEHHBIM METOaM MOZOOHBIM METOLY TPACCHPOBKH.

B cinyuyae N-ToueuHbIX T'paBUTALIMOHHBIX JIMH3 CUCTEMA YPAaBHEHUH SIBIISETCS MOJIMHOMHUAIbHON. MccnenoBanue Takoil CuCTeMbl
11e71eco00pa3HO HauaTh C OLIEHKU YMCIIa pelleHni. Mbl IPOBOANM JaHHOE HCCIIE0BaHIE METOIaMH aJireOpanyeckoi reoMeTpHH.

KuroueBnble ciioBa: TpaBUTAIIMOHHEIC JIMH3EL, alredpandeckasi reoMeTpust, Teopema besy.

Introduction
According to the general theory of relativity, the light
beam, which passes close to a point source of gravity
(gravitational lens) at a distance & from it (in case

>>r ) is deflected by an angle
g

“= (1)

where Vy - gravitational radius; M - mass point of the lens;

G - gravity constant; ¢ - velocity of light in vacuum.
The detailed derivation of the formula (1) can be
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found in many classic books [1-3]. For N - point of the
gravitational lens, in the case of small tilt angles have the

following equation in dimensionless variables [4], [5]:
> >

- — xX— li
. x—Zmin, @
X—4

5
where li - dimensionless radius vector of point masses

outside the lens, and the mass m, satisfy the relation Zm_ =
1.

The Equation (2) in coordinate form has the form of
system:



