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USE OF MOLYBDENUM AS A STRUCTURAL MATERIAL
OF FUEL ELEMENTS IN LEAD OR LEAD-BISMUTH EUTECTIC
COOLED FAST REACTOR TO IMPROVE ITS SAFETY

Abstract. In our previous works has been described that the mean prompt neutron lifetime in fast reactors can
be significantly elongated [1,2]. But if the last parameter is not comparable with the time required for the heat
generated in the fuel elements to transport from a fuel to a coolant, feedback on the effect of changes in coolant
parameters on reactivity during this time will not have time to manifest. Here was studied that the thermal constants
of fuel elements can be shortened by using molybdenum as a structural material of fuel elements. Other aspects
related to the use of molybdenum in nuclear reactors have also been studied.

When performing the study the neutron-physical properties of isotopes of natural molybdenum (nuclear data
library JENDL-4.0) and thermal properties of metallic molybdenum were used.

The following results were obtained:

1. A method for reducing the thermal constant of fuel elements for light water and fast reactors by using
dispersion fuel in cylindrical fuel rods containing, for example, granules of metallic U-Mo-alloy into Mo-matrix was
proposed.

2. The necessity of molybdenum enrichment by weakly absorbing isotopes was shown.

3. Total use of isotopic molybdenum will be more than 50%.

4. Mo has a good corrosion resistance to Pb and Pb-Bi eutectic

A decrease in thermal constants of fuel elements, in combination with an increase in the mean prompt neutron
lifetimes in the absence of the heat transfer crisis in fast reactors, can be promising way for a better reactor operation
safety even under the conditions of the prompt neutron excursions.

Keywords: improvement of fast reactor safety, physic-mechanical characteristics of molybdenum, thermal
constant of fuel elements, corrosion resistance in lead and LBE.

Introduction

It is well known fact that the safety of nuclear reactor in the case of introduction of reactivity
comparable with delayed neutrons fraction depends largely on the properties of fuel and materials
constituting fuel element [3]. Sharp reactivity increase initiates neutron flash, which is suppressed by
means of feedback due to fuel heating and increase of neutron absorption by fertile nuclide (**U or ***Th)
thanks to the Doppler effect. If there is enough time for heat transfer from fuel to coolant then there would
be feedback caused by heating of the coolant. This second feedback depends largely on thermal-physical
characteristics of the fuel element and materials constituting it.

As is known, a refractory material based on molybdenum is characterized by good thermal-physical
properties [4]. Therefore, such a material appears to be attractive when using dispersion fuel elements
with good heat-conducting molybdenum matrix. However, there are some difficulties to use such a
material in the reactor core. Firstly, molybdenum of a natural isotopic composition is quite a strong
absorber of neutrons. Secondly, it is necessary to take into account its compatibility with fuel material on
the one hand and with coolant on the other hand. Resolving these issues is the subject of the present paper.
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Physico — mechanical characteristics of molybdenum and some peculiarities of its nuclear —
physical properties

Natural isotopic composition of molybdenum and some peculiarities of its nuclear-physical properties

Natural isotopic composition of molybdenum is represented by seven stable isotopes with mass
numbers 92, 94-98, and 100, of which **Mo is the most common (23.75%).

Molybdenum has a favorable complex of physico - mechanical characteristics, due to which it is one

of the best structural metals (Table 1).

Table 1 - Physico-mechanical characteristics of molybdenum

Characteristic unit of measurement Value
Crystal cell, 0 nm 0,314737
Atomic radius r, nm 0,139
Atomic volume Q M*/mole 9,42E-06
Atomic mass A a.t.u. 95,941
Ionization potential U eV 7,29
Density at 20°C p Kg/m’ 10,2E+03
Melting temperature T, °c 2587(2625)
Boiling temperature Tyoiling °C 5227
Spesific heat of fusion L, J/kg 0,382
Spesific heat of evaporation L at Thiling J/kg 6,191
Thermal conductivity at 20°C A W/(m*K) 162
Heat capacity at 20°C C, J/(xg*K) 240-250
Thermal expansion at 20°C 0 K 5,1-5,2E-06
Vapor pressure npu T, Pa 2,94(3,47)E-02
Electrical resistivity at 20°C Pe Om*m 5,0-5,7E-08
Magnetic susceptibility mpu 20°C yne m'/Kkg 0,82-0,93E-09
Electron work function A eV 4,33
Emissivity on a smooth surface p 0,4
Modulus of normal elasticity at 20°C kgs/mm” 32000
Shear modulus at 20°C Kgs/mnn’ 12200

Important advantages of Mo are its high values of melting point, normal elasticity modulus and
thermal conductivity with a relatively low density and low coefficient of linear expansion
[5,6,7,8,9,10,11]. Since the density of Mo (10200 kg / m3) is almost two times less than the density of W
(19300 kg / m3), the Mo-based alloys have a much higher specific strength (at temperatures below 1370 °©
C). Molybdenum has a rather low neutron capture cross section; the capture values of some molybdenum
isotopes, in the thermal spectrum is smaller than the zirconium (zirconium alloys are used as a basic
structural material in the core of thermal reactors) capture cross-section (G, yymermal(Zr) = 0.18 barn), and
in the fast spectrum is smaller than iron capture cross-section (6w, v mev(Fe) = 0.06 barn) (Table 2)
[12,13]. Mo has good heat resistance and high radiation resistance [14,15,16], it is characterized by high
corrosion resistance in most alkaline solutions, in liquid metals, as well as in sulfuric, hydrochloric and
hydrofluoric acids at different temperatures and concentrations.

Table 2: Isotopic composition and radiative neutron capture cross-sections of molybdenum at thermal point (En = 0.025 eV)

and in the fast spectrum

Nuclide, atomic Natural nuclei O(n,y), barn O(n,y)» Darn
number of molybdenum composition concentration (E,=0,0253 eV) (E:=1 MeV)
isotope [%] p, 1-E24 cm™
Monat 0,06403 2,55 0,035
92 14,8 0,019 0,033
94 9,3 0,015 0,036
95 15,9 14 0,054
96 16,7 0,5 0,028
97 9.6 2,1 0,055
98 24,1 0,13 0,028
100 9,6 0,199 0,017
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At the same time molybdenum of a natural isotopic composition is characterized by a significantly
larger neutron capture cross-section in the thermal energy range

It means that technology of isotopic enrichment should be applied in order to use molybdenum as a
construction material in thermal reactors. It can be seen from the table that isotopes *“Mo and **Mo
account for almost a quarter of the natural material and are located on the “light” end of isotopes natural
mixture. Their mixture provides about the same neutron capture cross-section as natural zirconium does.
Isotope *°Mo provides a dominant contribution to the total capture cross-section, the atomic weight of
which is intermediate in molybdenum isotopic composition. Use of Mo and '“Mo is not excluded, of
course. Dependence of capture cross-section of these light and heavy isotopes of molybdenum on neutron
energy is shown in figures 1 and 2 (here reactor energy range is considered). One can see that capture
cross-section is generally inversely proportional to neutron velocity, and, generally speaking, the
resonance integral is more than an order of magnitude smaller than that of >**U [12].

., 100
E
Q-'f-'-.
5 £
g< |
Eg [T Mpu
2 ?’a B R‘\\
2200 NNRN
== Mo-92 -\ /!
=< i
= ~ -

1E-5 .

0.01 1 100 1E+4  1E+6

Neutron energy (eV)

Figure 1: Radiative neutron capture cross-section of molybdenum isotopes **Mo
and **Mo on neutron energy (nuclear data library JENDL-4.0)
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Figure 2. Radiative neutron capture cross-section of molybdenum isotopes **Mo
and '"Mo on neutron energy (nuclear data library JENDL-4.0)

Isotopic enrichment of molybdenum for medical purposes and for reducing its radiative
neutron capture.

As is known, the isotopic enrichment is a high-level technology requiring the use of multi-step
separation cascades, and therefore is very expensive. However, for the case of production of enriched
molybdenum there is one important factor that can significantly facilitate the solution of this issue.

There is already a commercial enrichment of molybdenum [17] with the production of the desired
isotopes **Mo and '’Mo for medical diagnosis of early formation of cancerous tumors. Currently, the
diagnosis is the most advanced in the world in the field of medicine and, therefore, the need for these
heavy isotopes of molybdenum is high and continues to rise.

Keeping this fact in mind, it can be assumed that the process of obtaining molybdenum enriched by
the light isotopes ***Mo can be successfully combined with the process of producing heavy isotopes
%Mo and '®Mo. Heavy isotopes are the product at one end of enrichment cascade, while light isotopes are
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the product at the other end. Of course, the structure of the cascade requires to be changed to get rid of the
strong neutron absorber - isotope Mo, atomic weight of which is intermediate in a series of atomic
weights. Since this isotope is in the middle of the spectrum of the atomic weights of molybdenum natural
isotopes (see table 1), a cascade of isotope separation with additional selection in the middle of the
cascade should be used. This problem is considered in [17].

Thermo — physical parameters of metallic molybdenum, important for use as a structural
material of the fuel element

Table 3. Shows some thermo-physical parameters of molybdenum and zirconium that are important
for heat transfer in the fuel element [4, 12, 18].

Table 3 - Nuclear-physical and thermo-physical properties of fuel and structural materials.
*Granules — U-9%Mo; matrix — Mo; the proportion of granules Vy= 0.5

Material Density Trnelting Heat capacity Thermal Time constant of cylindrical
[g/em’] [°C] [107J/(m* K] conductivity fuel element (rod) Ty, [s] (d
(20°C) [W/(m-K)] (1000°K) =9.1 mm)
Zr 6.5 1855 0.23 21.5 0.36
Mo 10.22 2623 0.30 112 0.20
U-9%Mo 17.6 1300 0.35 40 0.36
Dispersion fuel® - - 0.32 71.5 0.26

Apart from the fact that molybdenum has a melting point substantially greater, it also has a more than
5 times greater coefficient of thermal conductivity. Model fuel element of metallic molybdenum is
characterized by a time constant of transferring heat to the environment [3] which is almost two times
smaller than that for zirconium. These attractive properties of molybdenum can be used to create a new
concept of a fuel element for thermal and fast reactors. This structural material is compatible with the
well-known metallic uranium-molybdenum fuel good thermal properties of which are shown in table 3.

Rod fuel element with a small time constant T, for fast reactor and thermal reactor

As is known, fuel material of fuel elements of the world’s first nuclear power plant built in the USSR
(Obninsk) in 1954, was an alloy U-9%Mo. Molybdenum was chosen not only because it is able to
stabilize y-phase of uranium, but also because its alloy with uranium is characterized by a high thermal
conductivity and high nuclear density of uranium (see table 3).

It can be seen that among materials presented in table 3, for creating a fuel element it is preferable to
use dispersion fuel containing granules of a metal alloy U-9%Mo, dispersed into the molybdenum matrix.
To improve the thermal contact of fuel with cladding, the latter also should be produced, for example,
from Mo-based alloy [19].

Experimental studies [20] performed with a model nuclear fuel have confirmed the possibility of
creating such a dispersion fuel (U-Mo - fuel granules, Mo - matrix) both in terms of compatibility over a
wide temperature range of fuel granules, matrix and cladding, and at high fuel burn-up.

Since the thermal conductivity of fuel granules (U-9%Mo) is 2.8 times smaller than that of a
molybdenum matrix, the average thermal conductivity of dispersion fuel material depends to a significant
extent on the proportion of fuel granules, and on their forms. Assuming that fuel granules have a spherical
shape, when their share Vf = 0.5 in dispersion fuel material, the average coefficient of thermal
conductivity of the fuel rod is 71.5 W/(m'K) [18], and the time constant of the fuel element with a
diameter d = 9.1 mm will be 14, = 0.26 sec (see table 3).

Prospects for the use of dispersion fuel elements with molybdenum as a structural material in
fast reactors and corrosion resistance of molybdenum to lead and lead-bismuth eutectic

As for the apparent attractiveness of the possibility of using molybdenum and its alloys as a structural
material in fast reactors (fuel - uranium-molybdenum alloy, the matrix material - molybdenum in
dispersion fuel elements, cladding material - possibly also refractory material), the need for use of
molybdenum enriched by light isotopes still requires to be considered.

It is known that molybdenum and its alloys are compatible with both aqueous coolant (in thermal
reactors), and liquid metals Na, Pb and Pb-Bi [5,21,22,23,24,25,26,27] in fast reactors. Here some results
of different studies, that shows high corrosion resistance to Pb and Pb-Bi coolants.

In work [27] The relative resistance of 21 metals and alloys to mass transfer in liquid lead has been
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measured. Tests were performed in small, quartz thermal-convection loops. The test temperature was
about 800°C, with a thermal gradient of 300 °C existing across the loops. All the metals and alloys

studied, only niobium and molybdenum exhibited a high resistance to mass transfer (Figure 3). Neither of
these metals suffered noticeable mass transfer or corrosion under the test conditions. A transverse section

of the hot-

leg specimen from a molybdenum loop is shown in Fig. 4.
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Figure 3: Mass transfer in liquid lead
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N s ]

Figure 4 - Transverse Section of Hot-Leg Specimen from
a Molybdenum Loop in Which Liquid Lead Was Circulated. 500X

The specimens of molybdenum were immersed in the stirred lead-bismuth for 1000 h, that was heated
up to 700 °C [28]. Oxygen concentration was 5*10° wt.%.

Figure 5 - SEM micrograph of Mo after immersion in 700 °C LBE for 1000 h

Fig. 5 shows the SEM micrograph of the cross section of the molybdenum. There is no significant
weight change of the molybdenum specimen. These results show that after the immersion in high
temperature LBE for 1000 h. At lower temperature, high corrosion resistance of molybdenum in liquid
LBE has been also reported in another works. Fazio et al. (2003) reported that in flowing LBE at 400 °C
molybdenum exhibited smooth surface with no evidence of LBE on the surface and growth of oxide layer.
Hata and Takahashi (2005) reported that in the stirred LBE pool at 450 °C molybdenum had good
corrosion resistance.

The result of the molybdenum after immersion in Pb—Bi is shown in Fig. 6 [29]. Oxygen

concentration was 10°wt.%. (550 °C) - 2* 1075(800 °C)).
Adhered Pb-Bi, Mo

Bi

Mo

50 pm

Figure: 6 SEM-EDX micrograph analysis of molybdenum after immersion in Pb—Bi at 550 °Cfor12h
and then the temperature was increased up to 800 °C and kept there for 12 h
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Figure 7 - SEM-EDX micrograph analysis of molybdenum after immersion in Pb-Bi at 550 °C for around 500 h
and then the temperature was increased up to 800 °C and kept there for 15 h.

Fig. 7 shows the SEM-EDX micrograph analysis of the cross section of the molybdenum after
immersion in Pb—Bi [29]. Oxygen concentration was 10° wt.% (550 °C - 800 °C).

The compatibility test was performed at 673 K and the corrosion and tensile results reported concern
the first 1500-h run of the loop operation [30]. All the materials tested suffered from liquid metal attack
exhibiting a weight loss. The consequent evaluation of the corrosion rate showed that, under the given test
conditions, the refractory metals are more resistant than the steels. The measured weight loss of
molybdenum sample was 9.1*¥10"mg/mm’ (4.7¥10° pm/h). From a metallographic point of view, as is
shown in the SEM micrograph of Fig. 8 metal exhibited an almost smooth interface with the lead—bismuth
alloy. No evidence of liquid metal attack on the surface of material, or of the growth of an oxide layer,
could be detected.

Figure 8: SEM — micrograph of the Mo cross section

The weight loss measured could be associated with both the uniform dissolution and the low
solubility of Mo in Pb—Bi liquid at 673 K.

In another work [31] the specimens of molybdenum were immersed in the lead for 500 h, that was
heated up to 700 °C. Oxygen concentration was 4.5%107 wt.%.

Adhered Ph Mo Adhered Ph Mo

i 20 pm

a b
Figure 9 - SEM(a)-EDX(b) micrograph of cross section
of tested molybdenum specimen after immersion in lead at 700 °C for 500 h
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The figures 4, 5, 6, 7, 8, 9 shows that no penetration of Pb—Bi or Pb into the molybdenum matrix and
no dissolution of molybdenum atoms from specimen into Pb—Bi/Pb. Moreover, no crack on the surface of
the specimens after immersion in Pb—Bi/Pb under transient temperature up to 800 °C/700 °C was
observed.

Fig. 8a shows that neither cracks nor a friable molybdenum oxide layer on the surface of the
specimen occurred.

This results showed that the molybdenum exhibited high corrosion resistance to Pb—Bi up to 800 °C
and to Pb up to 700 °C. In all this work molybdenum specimen has a purity of at least 99.95 wt.% .

However, it is important to note that in a core the combination of a high melting point liquid metal
coolant (e.g., Pb, Pb-Bi et al.) and the fuel element with a cladding based on a refractory (molybdenum-
based) material [19] and with a molybdenum matrix can significantly increase the stability of the core
with respect to the possibility of a crisis in the heat transfer at a jump of reactivity. Using uranium-
molybdenum fuel fits well into the concept of protected fuel cycle based on a mixture of (*>U+>*U) [32].

If two heavy isotopes **"'*Mo would be used for medicine purposes (these isotopes account for about
1/3 of the total of molybdenum), and two light isotopes *****Mo would be used for reactor purposes (these
isotopes account for about 1/4 of the total of molybdenum), then the total use of the isotopic molybdenum
would be over 50%. The rest of the molybdenum without damage may be used in the national economy.

Summary conclusion

All the results presented above allowed us to make the following conclusions:

1. A method for reducing the time constant of the fuel elements allowing us to increase the safety
of light water reactors and fast reactors by using dispersion fuel in cylindrical fuel elements containing,
for example, granules of metallic U-Mo-alloy into Mo-matrix with enrichment by weakly absorbing
molybdenum isotopes was proposed.

2. The use of the isotopic molybdenum would be more than 50%.

3. Molybdenum has the good resistance to lead and LBE.

B.K. Koxaxmer', I'.I'. Ky;mnkos 2, I'.C. Hyp6akosa ', C.B. Pycrem6aeBa '

'On- ®Dapabu aterHmarsl Kazak ¥YnTTeIK YHUBepeuTeTi, Anmmatel, Kasakcras ;
2¥ 1rThIK SIAPOITBIK 3eprrey Yuusepcureti “MUTU”, Mackey, Peceit

KAYHICI3AIKTI ZKOFAPBUJIATY YIIIH, KOPFACBIH HEMECE KOPT'ACBIH-EBTETHUBTI
CAJIKBIHIATBLIFAH KbUIJAM PEAKTOPIA, OTbIH 3JIEMEHTTEPIHIH KYPbLIBIM/IBIK
MATEPHAJIBI PETIHAE MOJIMBAEHAI ITAUJTAJTAHY

AHHOTanusi. 3epTTeyiH HEeri3ri MakcaThl — SIPOJIBIK PEaKTOpJapAblH KayillCi3/iriH apTThIpy YINiH, OTHIH
AJIEMEHTTEPiHIH KYPBUTBIMIBIK MaTepUalbl PETiHAC, MOJUOICHII NaiJalaHyIbl TYCIHAIPY OOJBIN TaOBLIA[IBL.
Konpmanpurran MONMONEHHIH  €pEKIIeNiri, OHBIH HW30TONTHIK KypaMbl, KaTepii ICIKTIH MEIUIMHAIBIK
JUArHOCTUKACHIH/IA TIalTalaHbIIATHIH, 06Ty KacKaIbIHBIH KYMBICH KE3iH/Ie KJIIBIK PETIHAC ANbIHFAaH MOJIUOICHHIH
KYpaMbIHa COMKeC KeleIi.

3epTTey OapbIChIHIA TAOUFU MONMUOACHHIH HEHTPOHBI-Pr3HKaIbK KacueTTepi (JENDL-4.0 smponbIk nepexrep
KiTamrxaHachl) KOHE METaJUT MOJIHOACHIHIH KbUTYJIBIK KACHETTEPl aiJaIaHbUIIBL.

Kereci HoTHXKENIED ATIBIH/IBI:

1. Ilap Topi3ai MUKPOTBIJIIApAbl NalaiaHy >KOJBIMEH JKYPETiH KEHUI Cylibl peakTopyiap YIIiH, COHBIMEH
Katap, MOJMOJEHHIH OJICI3 JKYTBUIATHIH HW30TONTApbIMEH OaifbiThulFan Mo-MarpuuacbiHga Merawr U-Mo-
TYHIPLIKTEPiHIH KYHMAachIHaH TYPAThIH, JUCIEPCTi OTBIH TaianaHy KOJIBIMEH XKYPETIH KbUIaM peakTopap yIIiH
Jie, TBAJIIAPABIH TYPAKThI YaKBITBIH a3alTy o/1iCi YCHIHBLIFaH.

2. Monubaenai aJci3 )KYThUIATHIH N30TONTAPMEH OAMBITY IBIH KaXKEeTTUIITT KOPCETUITeH.

3. MonubaeHHIH H30TONTHIK KYPaMBIHBIH JKaJIIbl KOJIMAHbUTYbI 50%-1aH jKOFaphl.

4. Mo-uig Pb xone Pb-Bi eBreTmBiHIE KOppO3WsAFa XKaKChl Te3IMIUTIF Oap eKEHIITiH JoNeNAeuTiH
JKYMBICTapFa MOy JKaCaIbIHIBL.

MonuOaeHHiH oMCi3 JKYTBUIATEIH HW30TONTaphIMeH OalbIThUIFaH Mo-MaTpumnacekiHnga Metamn  U-Mo-
TYHIpIIIKTEPiHIH KYHMaChIHAH TYPaThIH, OWIHHAP TOPi3i OTHIH/BI OLTIKIIENepIeri TUCIePCTIK OTHIHABI HaiJanaHy
KOJBIMEH JKYPETiH, JKbUIy O6JIeTiH 3JeMEHTTEp TBAAAPBIHBIH TYPAKTHl YaKBITBIH a3afiTy, KEHIT CYJIBl KOHE
KBUIZIAM SIPOJIBIK PEaKTOPIApABIH KayiNCi3AiriH apTThIPYIbIH JaWBIKTHI TOCLTI OOIYBl MYMKIH.
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Tyiiin ce3mep: XbUIIAM peakTOpIapAblH KAyiNCi3AiriH apTTeIpy, MONHOACHHIH (H3HMKa-MeXaHUKAIBIK
cUIIaTTaMalapbl, JKbUTy OOJICTiH DJIEMEHTTEPHiH MKBUIYJBIK TYPaKThIChl, KopracklH MeH LBE-neri xopposusra
TO3IMILTITI.

B.K. Koxaxmer ', I'.I'. Kyaukos %, T'.C. Hyp6akosa ', C.B. Pycrem6aena '

'Kasaxckuii HanpoHanpHblit Yuusepcurer umeHu Anb-Dapadu, Anmatel, KazaxcraH ;
*Hanmonansusiit Mccnenoparensckuii Snepusrii Yuusepcurer “MUDN”, Mocksa, Poccus

HNCIIOJIb30BAHUE MOJIMB/IEHA B KAYECTBE CTPYKTYPHOI'O MATEPHAJIA TOIIJIMBHBIX
SJIEMEHTOB B CBUHIIEBOM NJIK CBUHIIEBHOM-3BTETHYECKOM OXJIA’KAEHHOM
BBICTPOM PEAKTOPE JJIS1 HIOBBIINEHUSA EI'O BE3OITACHOCTH

AnHoTanusi. OCHOBHOM LIEJIbIO UCCIIEJOBAHMUS SIBJISIETCS 0OOCHOBaHHE UCIIOJIb30BAHUS MOJIMOICHA B KA4eCTBE
KOHCTPYKIIMOHHOI'O MaTe€puajia TOIUIMBHBIX OJBJICMCHTOB [Jid IMOBBLIIICHUA 6630HaCHOCTI/I AACPHBIX PEAKTOPOB.
OCOOCHHOCTBIO HCITOJIb3YEMOT0 MOJIMOICHA SBJISETCS TO, YTO €r0 M30TOIHBIA COCTAaB COOTBETCTBYET MOJIHMOICHY,
KOTOPBIH MOJy4YaeTcsi B Ka4eCTBE XBOCTAa NPU pabOTe pa3aeUuTeIbHOrO Kackaia /Ui M3TOTORJICHUS MaTepuaia Jyis
MEIHUIMHCKON TUAarHOCTUKH paKa.

IIpu mpoBeZcHUU WCCIETOBAHUS UCIIOB30BAIUCH HEWTPOHHO-(PH3UUCCKUE CBONCTBA HM30TOMOB MPHPOTHOTO
MoiuOnena (Oubnmoreka saepHbIX jgaHHBIX JENDL-4.0) u Ttemnodu3nueckue CBOWCTBA METAIMYECKOTO
MOJIHOIeHA.

BbUTH [OJTy4eHbI CIEAYIOIIUE PE3yIbTATHI:

1. TIpemntoxen cnocod yMEHBIICHHUS TIOCTOSIHHON BPEMEHHU TBAJIOB KaK JUIS JIETKOBOIHBIX PEAKTOPOB MyTEM
UCIIOJIb30BaHKs IIAPOBBIX MHKPOTBAJIOB, TaK M JUIsi OBICTPBIX PEAKTOPOB IyTEM HCIIOJIB30BAHUS IMCIEPCHOTO
TOIUTMBA, COJAEPIKAIIEro, HapuMep, rpanyisl MeTamummdeckoro U-Mo - ciutaBa B Mo - marpuie ¢ oborameHneM
CJIA0O0ITOTJIOMIAOIIMMH H30TOIIAMH MOIHNOIEHA.

2. Tloka3aHa HEOOXOAUMOCTH OOOTAIICHUS MOJIHOIeHA ¢J1a00 MOTIOMIAIOIIMMA H30TOIAMHU.

3. OO01ee UCIIOIB30BAHUE U30TOTHOTO COCTaBa MO0 eHA cocTaBuT Ooee 50%.

4. BemonHeH 0030p 10 paboTam, rie JOKa3hIBaeTcs, 4T0 MO MMEeT XOpOIIYI0 KOPPO3HOHHYIO CTOMKOCTh B
Pb u eBreTuke Pb-Bi.

YMeHbIICHHE TMOCTOSHHOM BPEMEHHM TB3JIOB TCIUIOBBIACISIONIAX 3JIEMEHTOB, IyTEM HCIOJIb30BAHUS
JIACTIEPCHOHHOTO TOIUIMBA B [WIMHAPUYECKUX TOIUTMBHBIX CTEPIKHSX, COJCPIKAIINX, HAIPUMEpP, TPAHYJIIbI
metamndeckoro U-Mo-ciutaBa B Mo-Matpuiie ¢ oboraiieHiueM ciado MOIJIOMIAIIMME H30TOMAaMU MOJUOIeHa,
MOXET OKa3aThCsl 3aCTY)KMBAIOIMM BHHUMAHHE CIIOCOOOM TMOBBINICHHS O€30MACHOCTH JITKOBOAHBIX M OBICTPHIX
SIIEPHBIX PEAKTOPOB.

KiroueBble ¢ji0Ba: TOBBIIIEHHE 0€30MMACHOCTH OBICTPBIX PEAKTOPOB, (U3UKO-MEXaHUIECKHE XapaKTEPUCTUKU
MOJIUOICHA, TETUIOBAS TIOCTOSTHHAS TETITIOBBIACIIAIONINX JIEMEHTOB, KOPPO3HOHHAsI CTOMKOCTh B cBUHIIE 1 LBE.
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